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Meteorites may have contributed amino acids to the prebiotic
Earth, affecting the global ratio of right-handed to left-handed (D/ L)
molecules. We calculate D/ L ratios for seven biological, α-hydrogen,
protein amino acids over a variety of plausible parent body ther-
mal histories, based on meteorite evidence and asteroid modeling.
We show that amino acids in meteorites do not necessarily undergo
complete racemization by the time they are recovered on Earth. If
the mechanism of amino acid formation imposes some enantiomeric
preference on the amino acids, a chiral signature can be retained
through the entire history of the meteorite. Original enantiomeric
excesses in meteorites such as Murchison, which have undergone
apparently short and cool alteration scenarios, should have per-
sisted to the present time. Of the seven amino acids for which rel-
evant data are available, we expect glutamic acid, isoleucine, and
valine, respectively, to be the most likely to retain an initial enan-
tiomeric excess, and phenylalanine, aspartic acid, and alanine the
least. Were the D/ L ratio initially identical in each amino acid, final
D/ L ratios could be used to constrain the initial ratio and the thermal
history experienced by the whole suite. c© 2000 Academic Press

Key Words: exobiology; meteorites; organic chemistry; prebiotic
chemistry; prebiotic environments.
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INTRODUCTION

Amino acids are the building blocks of proteins, among t
most biologically critical molecules. The majority of amin
acids used by living organisms are left-handed (laevorotat
orL-enantiomers) rather than right-handed (dextrorotatory, oD-
enantiomers) (Fig. 1). The questions of why and how life ch
to use onlyL-enantiomers has been considered by many work
from both a biophysical (e.g., Jacqueset al. 1981, Mason 1991,
Cline 1996) and a planetary (e.g., Chyba 1990, 1997) standp

Biology’s choice betweenL- and D-enantiomers may have
been random; that is, either theL or the D molecules would
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enhancedL/D ratio in the prebiotic Earth might have pushed t
first biota to prefer left-handed molecules.L enhancement could
occur either by some process on Earth or by delivery of chir
enhanced extraterrestrial organic material, possibly by wa
meteorites or comets (e.g., Chyba and Sagan 1992, Pier
and Chyba 1999). Amino acids have been found in CM-ty
carbonaceous chondrites (Kvenvoldenet al. 1970), thought to
come from asteroids. The amino acids in meteorites could
created in solution from less complex molecules during a liq
water phase on the asteroid (Peltzeret al. 1984); however, a
mechanism for chiral enhancement during the Strecker synth
is unknown. Bonner (1991) reviews the idea that that amino a
produced in the interstellar medium (ISM) could be nonrace
(D/L 6= 1) due to physical processes such as parity violationβ-
particle bombardment, or exposure to circularly polarized lig
If a nonracemic mixture of amino acids were incorporated into
asteroidal parent body, the chiral signature might be transm
to Earth through meteorite delivery. However, racemization (
process by which enantiomers are naturally converted from
handedness to the other) may take place on the parent bod
erase any initial chiral signature.

This paper investigates whether meteoritic amino acids
retain an initial chiral signature throughout their lifetime. Ma
amino acids are quite resistant to racemization, and so are
considered here (Cronin and Pizzarello 1997). The clas
amino acids we consider areα-hydrogen amino acids, whic
are the amino acids used in terrestrial biology, having the ca
ity to racemize rapidly compared to the age of the Solar Syst
Meteoritic amino acids will experience a range of circumstan
during their lifetimes: incorporation into the Solar System or f
mationin situ, residence on an asteroidal parent body (poss
including aqueous alteration processes), and delivery to E
During these times, the amino acids are subjected to condit
varying in temperature, pH, material state, etc. We investig
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RACEMIZATION OF MET

FIG. 1. The left-handed (L) and right-handed (D) forms of alanine. Both
molecules are chemically identical but their structure is related by a mirror p
(dashed line). Reprinted from Chyba 1997,Nature389, p. 234. Copyright 1997,
MacMillan Magazines Ltd.

how much amino acid racemization takes place during so
possible histories for a variety ofα-hydrogen amino acids.

PARENT BODY THERMAL HISTORY

To obtain bounds on the history experienced by meteo
amino acids, we consider amino acid formation, residence o
asteroid, and delivery to Earth.

Formation. There are two main ways, it is thought, by whic
amino acids make their way into meteorite parent bodies.
first is through the Strecker synthetic process in liquid wa
(Peltzeret al. 1984) on the parent body itself. This process
quires HCN, which has a limitede-folding half-life (0.37-life,
or the time in which the concentration decreases to 1/eof its ini-
tial value) in liquid water at 273 K of∼104 years (Peltzeret al.
1984). Thus, the amino acids would have been formed wi
∼104 years within the parent body. After 104 years, the synthesi
would be over (barring some source of HCN), but liquid wa
might persist.

The second method is incorporation of amino acids into
parent body through accretion of previously synthesized m
cules from the interstellar medium (ISM). Spectroscopic o
servation of grains in the ISM (Pendletonet al. 1994) reveals
features attributable to the C–H stretch in organic mate
Floreset al. (1977) and Norden (1977) showed experimenta
that amino acids could have an enantiomeric excess imp
by selective destruction by circularly polarized ultraviolet r
diation, such as that from the poles of a neutron star (Bon
1991) or an active star-forming region (Baileyet al. 1998). The
conditions for creating such excesses are not uncommon,
chiral excesses of up to a few percent may be created. It is
known whether or to what degree the molecular cloud that
lapsed to form our solar nebula experienced these conditi
However, ample evidence exists for incorporation of supern
ejecta into meteorites (Zinner 1998); consequently, exposur
this material to circularly polarized radiation from a neutr
star, the supernova residuum, might be inferred. Much work
gone into finding other mechanisms that impose chiral exce
on molecules (see Bonner (1991) or Cline (1996) for review

but none has as large an effect as the circularly polarized li
source on ISM molecules.
EORITIC AMINO ACIDS 273
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Accretion. If the ISM origin of organic material is chosen
then location and accretion of the parent body becomes im
tant. The maximum temperatures seen by material in the ce
plane of the solar nebula at 3 AU can be considerable (>1500 K)
(Cassen 1994). Any amino acids in this region would be
stroyed at such temperatures (Rodante 1992). However, tem
atures at larger radial distances and at the disk edges would
been considerably lower. It is possible that radial mixing a
disk settling would provide an influx of organic material th
had been kept at low temperatures and that this material wo
have been incorporated as the asteroid accreted (at lower
ular temperatures). Even if all the potential energy of mate
accreting onto a 100-km body were converted to heat, the ris
temperature (assuming a density of 2500 kg m−3 and a material
heat capacity of 30 J mol−1 K−1) is no greater than 50 K. Chi
rality imposed onto ISM amino acids could be retained as
amino acids are incorporated into an asteroidal body in the in
Solar System and would almost certainly be preserved du
accretion into small bodies at the Solar System edge.

Aqueous alteration. In situ aqueous alteration was an im
portant process on carbonaceous chondrite parent bodies (B
and Chang 1980, Zolensky and McSween 1988). There are a
riety of constraints on the temperature and duration of aque
alteration. There is little evidence of high-temperature post
cretional thermal processing in CM-type carbonaceous m
orites; the aqueous system that produced the alteration in
chondrites was probably at temperatures less than about 3
(DuFresne and Anders 1962, Clayton and Mayeda 19
Zolensky and Browning 1994). The time scales suggested
the duration of liquid water are quite variable, but generally,
observed alteration is thought to be able to occur within 102–
104 years (Zolensky and McSween 1988). This is in agreem
with Lerner’s (1995) argument that the deuterium/hydrogen
tio in Murchison and Allende amino acids, which are deuteriu
enriched, would have equilibrated with deuterium-deple
asteroidal water over time scales longer than∼103 years. Con-
siderations of asteroid environments (Scottet al. 1989) and mod-
eling of asteroidal parent bodies (Grimm and McSween 19
Zolenskyet al. 1989) show as well that these low-temperatu
short-duration aqueous scenarios are reasonable.

If the amino acids were already present on the parent bo
then water would have brought them into solution. If the am
acids were not already present, they presumably formed in
lution via Strecker synthesis (Peltzeret al. 1984) or other syn-
thetic mechanisms such as polymerization of HCN (Lerneret al.
1993), although these processes would not be expected to
produced an initial enantiomeric excess. The time scale
amino acid synthesis, based on HCN thermal decomposition
times, was probably less than∼104 years (Peltzeret al. 1984).
Aqueous extracts of CM chondrites contain free amino ac
along with compounds that yield amino acids on acid hydr
ysis (Croninet al. 1980); about 30% of the total amino ac
ghtcontent is in the form of free amino acids (Cronin 1976). We
model here only the simplest case, racemization of free amino
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274 COHEN AN

acids. Racemization of amino acids in proteins or other pre
sor molecules to subsequently extracted amino acids might
occur.

Racemization is especially rapid in solution, as compare
the dry state (Schroeder 1974, Badaet al. 1994), and the solu
tion phase will prove to be dominant in determining finalD/L

ratios, so the choice of duration and temperature of the aqu
system is critical. To bracket the racemization scenarios, liq
water phases at 273 and 298 K for lifetimes of 103 and 104 years
each were considered. These temperatures and times are
on the meteorite observational and modeling considerations
cussed above. Other regions of the parent body, not sample
the meteorites currently available to us, may have experien
very different aqueous alteration histories and therefore, dif
ent levels of racemization. We assume that all types of ch
amino acids have the same initial chiral signature. We con
ered a variety of initialD/L ratios, from 0.01 to 0.99.

Residence on the parent body.After cooling from the ini-
tial warm temperatures during the liquid-water phase, astero
material spends its lifetime (∼4.5× 109 years) at solar equilib-
rium (about 155 K at 3 AU, assuming an albedo of∼0.1) and is
geologically inactive. Collisions may have significantly hea
parts of the parent body, but the high temperatures assoc
with collisional heating would have destroyed amino acids
together (Rodante 1992). Collisional heating might also h
served to temporarily melt ice near the site of the impact,
lowing localized aqueous alteration to occur, but this effec
neglected here.

Transit to Earth. At some point, material from the paren
body escapes and enters a new orbit which eventually inters
that of Earth. The effective temperature of the meteoroid at 1
is 270 K. We consider elevated temperatures for 106 years (the
Murchison cosmic ray exposure age (Caffeeet al. 1988)), even
though this is an upper limit on the length of time the meteor
spent in near-Earth orbit. However, the meteoroid is dry throu
out this time, and we will show later that in a dry environme
amino acid racemization is negligible at temperatures≤270 K.

Residence on Earth.After a meteorite lands on Earth, it ma
be picked up immediately (as was the case with Murchison),
may not be found for some time. The lifetime of a rock on Eart
surface can be quite variable, depending on environment
composition. In the dry Antarctic, racemization of indigeno
meteoritic material will be quite slow, and Shimoyamaet al.
(1985) have shown that terrestrial contamination is not an is
for some meteorites. On the other hand, if a meteorite la
in a temperate zone and is not found, aqueous alteration
contamination is likely to occur and overprint the indigeno
meteoritic signature. Racemization due to terrestrial weathe
is not considered here.

Table I is a summary of the different steps in the therm

history models used in this paper, with the temperature and t
scale for each.
D CHYBA
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TABLE I
Phases Used to Construct Model Parent Body Thermal Histories

Phase Temperature (K) Time (years

ISM 4 ∼108

Accretion and liquid water 273 or 298 102–104

Residence in asteroid belt 155 ∼4.5× 109

Transit to Earth 270 106

RATE CONSTANT CALCULATIONS

The amino acids considered in this paper are calledα-hydrogen
amino acids, because they have a lone hydrogen atom (thα-
hydrogen) attached to the carbon atom adjacent to the amino
carboxyl groups. Racemization occurs when an H2O or OH−

molecule or another base abstracts theα-hydrogen atom. The
three remaining functional groups rearrange, giving a pla
molecular ion, and a hydrogen ion can then bond on either s
of the plane with equal likelihood. Thus, over time, hydrog
groups detach and reattach, bringing the amino acid mixt
toward enantiomeric equilibrium.

Racemization in natural systems has been extensively stu
for its applications to geological dating (see reviews by Ba
1991 and 1985a). The complete derivation of equations in
section was first presented in Bada and Schroeder (1972).

The racemization process interconverts enantiomers via a
versible first-order reaction,

L-amino acid
kL−→←−
kD

D-amino acid, (1)

wherekL andkD are the first-order rate constants for the forwa
and backward reactions, respectively. The equilibrium rate c
stantKeq is the ratio of the backward to forward reaction co
stantskD/kL, but its inverseK ′ (1/Keq ≡ K ′) is often used for
convenience. For amino acids with a single center of symme
as is the case for most in this study,Keq= 1. However, isoleucine
has two centers of symmetry and hasKeq= 1.3 at pH 7.6 (Bada
1985b).

The ratio of enantiomers, that is, theD/L ratio, follows an
exponential kinetic rate equation,

ln

{
1+ D

L

1− K ′DL

}
t

− ln

{
1+ D

L

1− K ′DL

}
0

= (1+ K ′)kL t, (2)

for all but isoleucine,kL = kD and K ′ = kL/kD= 1. For iso-
leucine,kL was calculated explicitly using 1/K ′ = 1.3, and then
kL ≡ k in further calculations.

The solution to Eq. (2) involves four variables: theD/L ratio,
time, the rate constantkL = k, and temperature. The rate consta
imeis a measure of how fast the racemization reaction takes place.
It follows an Arrhenius relationship:k(T)= Aexp[−E/RT],
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strongly dependent on the conditions of aqueous alteration. A
RACEMIZATION OF MET

TABLE II
Amino Acid Racemization Rate Constants

Derived from Fig. 2

Amino acid Rate constantk (s−1)

Alanine, wet exp[24.91–15863/T]
Alanine, dry exp[21.59–15493/T]
Aspartic acid, wet exp[23.34–14725/T]
Aspartic acid, dry exp[22.45–15493/T]
Glutamic acid exp[22.56–15675/T]
Isoleucine, wet exp[27.24–16913/T]
Isoleucine, dry exp[20.49–15493/T]
Leucine exp[24.30–15750/T]
Phenylalanine exp[19.82–13440/T]
Valine exp[23.61–15754/T]

wherek is the rate constant in s−1, A the frequency factor in
s−1, E the activation energy in J mol−1, R the gas constant in
J mol−1 K−1, andT the absolute temperature. The rate cons
is not a true constant. It is primarily a function of temperature
also varies with the state of the amino acid: in solution or dry
solution,k varies with pH and ionic strength as well. A literatu
search was conducted to determine rate constants at varied
peratures, pH, and states. Data were obtained for seven diff
amino acids: alanine, aspartic acid, glutamic acid, isoleuc
leucine, phenylalanine, and valine.

To determine rate constants, previously published valuesk
or lnk at a given temperature were used, ork was calculated from
amino acid racemization half-lives. After obtaining rate co
stants at a variety of conditions, lnk may be graphed vs 1000/T
taking advantage of the linear relationship lnk= E/RT+
ln A. The resulting graphs are shown in Fig. 2. A least-square
to the data was employed to construct a relationship betwek
and T. The racemization rates for each amino acid as a func
of temperature derived from these graphs are shown in Tab
For T in K, these coefficients yieldk in s−1.

For all seven amino acids, data were found for free amino a
in solution. In all cases, pH was buffered in the range 7–7.6,
total ionic strength varied from 0.01 to 0.5 M. For isoleucin
two lines were fit, one through only the solution data and ano
through the dry values of Schroeder (1974). Dry data for alan
and aspartic acid were obtained following Bada and McDon
(1995), multiplying the isoleucine dry data by 3 for alanin
and 7 for aspartic acid. Wonnacott (1979) demonstrated tha
effect of ionic strength is not important in the racemization
alanine, and so we do not consider ionic strength difference
be significant in our calculations. Bada (1972) and Shou (19
show that racemization rates forα-hydrogen amino acids ar
not strongly affected by pH in the range pH 7–12. The ra
pH 7–12 is the pH range modeled by Zolenskyet al. (1989) of
the aqueous phase on an asteroidal parent body, so we d
consider the effects of pH any further. Our absolute racemiza
rates are consistent with the relative racemization rates in S

and Evans (1980) and Smith and Reddy (1989).
EORITIC AMINO ACIDS 275
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D/L RATIO MODELING

After finding k, there are only two unknowns in Eq. (2):D/L

ratio and time. Two methods of solution both yield useful resul
choosing a time interval gives the racemization extent after t
interval, and choosing a fixedD/L ratio of 0.5 gives the racem-
ization half-life.

Forward modeling involves choosing a time interval, co
structing a temperature–time history, settingK ′ = 1 (or 1.3 for
isoleucine), choosing an initialD/L ratio, and solving Eq. (2) for
theD/L ratio at timet ,(

D

L

)
t

= e2kt R0− 1

e2kt R0+ 1
, (3)

whereR0= [(1+D/L)/(1−D/L)]0. TheD/L ratio was determined
after each time step in hypothetical thermal models based
the steps described in Table I, using the result from each ti
step to determineR0 for the next time step in Eq. (3). A typi-
cal time–temperature history consisted of 550 time steps spa
logarithmically fromt = 1 year tot = 4.5× 109 years.

We chose a range of initialD/L ratios to model, but our con-
clusions do not depend strongly on the initial ratio. For ami
acids with an initialD/L ratio of 0.9 (approximately the exces
Cronin and Pizzarello (1997) report in racemization-resista
amino acids), the extent of racemization depends strongly
the choice of temperature and duration of the liquid water ph
(Figs. 3a and 3b). Over time scales of 103–104 years, a few
amino acids can experience a wide range of final ratios, wh
others are extremely slow to racemize. This range of final rat
may be observable in the final product. If the initial enrichme
were great, the final signature would be very different from t
original. However, for smaller enrichments, the finalD/L ratio
may be close to the initial excess. Modeling a dry environme
shows that racemization does not take place at all when the t
perature of the asteroid is 155 K and is negligible for∼106 years
when the temperature is 270 K (Fig. 3c).

This process can instead be worked backward, beginnin
time t = now with someD/L ratio and determining the initial
ratio. However, this backward process does not work if theD/L

ratio at timet = now is already 1, becauseD/L in Eq. (3) can only
asymptotically approach 1. The exponential form also mea
that for a finalD/L ratio (at timet = now) greater than 0.99, it
takes longer than the age of the Solar System back in time
theD/L ratio to deviate significantly from its original value.

Cronin and Pizzarello (1997) foundL-enantiomeric excesses
in Murchison amino acids which are resistant to racemizat
(α-methyl amino acids), but a racemic mixture (to within 1% a
curacy (Cronin and Pizzarello 1997)) in theα-hydrogen amino
acids investigated. Engel and Macko (1997) reportedL-enantio-
meric excesses in theα-hydrogen amino acids alanine (D/L= 0.5)
and glutamic acid (D/L= 0.3). Backward modeling these ex
cesses (Fig. 4) shows that the initialD/L ratio of alanine is
current alanineD/L ratio of 0.5 implies that the originalD/L ratio
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FIG. 2. Data used to determine racemization ratek. The black line is a least-squares linear fit to the data for each amino acid. The data used for each specific
line fit are discussed in the text. (a) Alanine, (b) aspartic acid, (c) glutamic acid, (d) isoleucine, (e) leucine, (f ) phenylalanine, (g) valine.
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FIG. 3. D/L ratio forward modeling in solution, beginning at timet = 0. TheD/L ratio was determined after each time step in the thermal model descr

in Table I, using the result from each time step as the initial ratio for the next in Eq. (2). A typical temperature–time history consisted of 550 time steps spaced
logarithmically until 4.5 Ga. (a) 273 K, free amino acids in solution, (b) 298 K, free amino acids in solution, (c) 270 K, dry conditions.
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FIG. 4. D/ L ratio backward modeling for glutamic acid and alanine in solution to produce theD/ L ratios reported by Engel and Macko (1997) (alanineD/ L= 0.5
, of time.
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and glutamic acidD/ L= 0.3). The model inputs are the same as for Fig. 3
(a) 273 K water for 103 years. (b) 298 K water for 104 years.

could have ranged from 0.5 to∼0.35. In the case of glutami
acid, the initial ratio was likely identical to its current value,
result that holds true almost independently of aqueous altera
conditions. This makes glutamic acid an especially good ta
of D/L determination experiments in meteorites. We note t
the Engel and Macko (1997) results may be in error (Pizzar
and Cronin 1998), but we consider them here for illustrat
purposes.

Half-lives. Racemization half-life as used in this paper
the time it takes for theD/L ratio to reach 0.5 of its initial value
Setting theD/L ratio to 0.5 in Eq. (2) and solving fort1/2 gives
t1/2= (ln 3)/2k. Figure 5a plots the half-lives of the amino aci
in solution as a function of temperature. At temperatures
interest (150–300 K), the half-lives for this group ofα-hydrogen
amino acids varies over approximately five orders of magnitu
This emphasizes the importance of constraining the tempera
and duration of each environment to which the amino acids
exposed.

DISCUSSION

Both the half-life calculations and the thermal model evo
tion shed light on the behavior of meteoritic amino acids. H
we discuss a number of important issues.

For the bulk of their lifetime before we find them, extrate
restrial amino acids experience cold temperatures and dry
ditions that prevent racemization from taking place at all. Ho
ever, elevated temperatures for even relatively short durat
can serve to begin (and often complete) the racemization r
tion in solution. All seven amino acids considered here, if beg
ning with an initialD/L ratio of 0.9, would reach aD/L ratio of
≥0.99 in 106 years if dissolved into a 298 K solution (Fig. 3b
This amount of racemization requires 107 years or more for five
of the seven amino acids in solutions at 273 K. Figure 5b sh

the 0.99-life, or the time for 99% of the initialD–L mixture to
racemize, as a function of temperature in aqueous solution. T
but were run backward and allowed to proceed only for a specific length
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0.99-life can be considered “total racemization” as current l
oratory chirality measurements have errors on the order of
(Cronin and Pizzarello 1997).

The racemization process during the aqueous alteration p
is extremely sensitive to the assumed time scales and tem
atures. Most of the amino acids experience a degree of rac
ization during aqueous alteration. However, some amino a
show a relatively slow rate of racemization. Glutamic acid a
isoleucine can retain aD/L 6= 1 for 108 years in a 273 K solution
The aqueous alteration phase is the dominant environme
which racemization takes place on the parent body.

Bada and McDonald (1995) have pointed out the large dif
ence in rate of racemization between amino acids in wet vs
environments. The noticeable difference between the dry
constant and the solution rate constant for isoleucine, asp
acid, and alanine implies that rate constants are state-depe
for other amino acids as well. Racemization is extremely s
when the asteroid is dry, in agreement with the noted retarda
of racemization in other anhydrous environments, such as am
(Badaet al. 1994). The cold (155 K), dry conditions experienc
by the asteroid for most of its lifetime prohibit any racemizati
from taking place at all. The warmer (270 K), but still dry, cond
tions in near-Earth orbit can delay racemization for∼106 years,
typical of C2 meteorite cosmic ray exposure ages (Caffee
Nishiizumi 1997).

A common method of extracting amino acids in laboratory s
tings is by crushing the meteorite and extracting free amino a
with hot water. This method is analogous to the parent-b
scenario we envision. Therefore, the amino acids extracted
only water in the laboratory would be the same amino acids
underwent the aqueous alteration phase on the parent body
other common laboratory practice is to add acid to the hot-w
extract (acid hydrolysis). This step breaks some related c
pounds (such as pyroglutamic acid) into amino acids (Coo
he
and Cronin 1995), therefore creating a higher concentration of
amino acids for analysis. Acid hydrolysis is not expected to
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FIG. 5. (a) Half-lives and (b) 0.99-lives in years versus temperature in K for the amino acids described in this paper. Over the temperatures of interest
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(150–300 K), the half-lives vary by about 5 orders of magnitude.

occur in the basic waters of the parent body fluids, and there
it is expected that amino acids will racemize to an extent in
pendent of the state of their acid-labile precursors. Howeve
use the suite ofα-hydrogen amino acids as indicators of pare
body conditions as described here, only the unhydrolyzed ex
of the meteorite can be useful.

Glutamic acid, in particular, exists in meteorite extract larg
as pyroglutamic acid. Analyses of hydrolyzed extracts repor
to an order of magnitude more glutamic acid after acid hydroly
than in the neutral water extract (20 nmol/g vs 2 nmol/g (Sh
and Schulte 1990)), an effect that is explained by breakdow

pyroglutamic acid or other complex molecules in acid (Coop
and Cronin 1995). The reaction between pyroglutamic acid a
ore
e-

, to
t-

ract

ly
up
sis
ck
of

glutamic acid in neutral or slightly basic solutions favors form
tion of pyroglutamic acid (Wilson and Cannan 1937). Thus, sin
free glutamic acid is found in unhydrolyzed extract, we may
gue that it is almost certainly original glutamic acid and not d
rived from a related compound. Further, the unhydrolyzed pa
body solution most likely contained free glutamic acid as we

CONCLUSIONS

We have shown that amino acids in meteorites do not n
essarily undergo complete racemization by the time they

er
nd
recovered on Earth. If the mechanism of amino acid formation
imposes some enantiomeric preference on the amino acids, the
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chiral signature can be retained through the entire history of
meteorite. In particular, original enantiomeric excesses in
teorites such as Murchison, which have undergone presum
short and cool alteration scenarios, should have persisted t
present time. If the conditions of the meteorite’s residence
Earth can be determined, then the thermal history of the am
acids will provide insight into the conditions on the meteor
parent body. Theα-hydrogen amino acids are a potentially en
mous source of information, but of course extreme care mus
taken while studying them to rule out terrestrial contaminati

A separation effect is shown to occur for some likely aque
alteration scenarios. Because each amino acid racemizes
different rate, some can be racemized completely while unde
same conditions, others are unaffected. If the meteorite pa
body experienced only a short wet period, we should expec
be able to observe that this suite of amino acids has differingD/L

ratios, with phenylalanine the most racemic and glutamic a
the least racemic amino acids in the suite examined (Fig. 3
a mechanism for imposing chirality on theα-hydrogen amino
acids createsD/L ratios that are initially identical in each amin
acid, then the finalD/L ratios of each amino acid can be used
constrain the thermal history experienced by the entire suite

An absence of enantiomeric excesses in meteoritic am
acids could mean one of two things: either (a) no chiral exc
ever existed, or (b) the meteorite experienced a combinatio
temperature–time–fluid conditions that allowed the free am
acids to completely racemize. If scenario (a) could be ruled
by the presence of chiral excesses in other types of amino a
(such as those studied by Cronin and Pizzarello (1997)),
limits on the meteorite’s thermal history could be inferred
this suite of amino acids as well.

Since all asteroids do not necessarily undergo the same
mal history, and since thermal histories may vary within
same parent body, a variety ofD/L ratios may be expected be
tween meteorites, even if the initial organic material began w
identicalD/L ratios. Furthermore, the degree of racemization
sensitive to a number of parameters that are not always
to constrain, largely the temperature and duration of a solu
phase.

The final D/L ratio of amino acids in a meteorite does n
necessarily give unambiguous information about the path
produced it. However, this work does imply that delivery
Earth of extraterrestrial organic material with a predetermi
handedness is possible and that this initial chirality may be
terminable.
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