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Meteorites may have contributed amino acids to the prebiotic
Earth, affecting the global ratio of right-handed to left-handed (b/L)
molecules. We calculate b/L ratios for seven biological, «-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.  © 2000 Academic Press

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

INTRODUCTION

have worked equally well. However, an intriguing idea is that an
enhanced/D ratio in the prebiotic Earth might have pushed the
first biota to prefer left-handed moleculessnhancement could
occur either by some process on Earth or by delivery of chirally
enhanced extraterrestrial organic material, possibly by way o
meteorites or comets (e.g., Chyba and Sagan 1992, Pieraz.
and Chyba 1999). Amino acids have been found in CM-type
carbonaceous chondrites (Kvenvoldetnal. 1970), thought to
come from asteroids. The amino acids in meteorites could b
created in solution from less complex molecules during a liquid
water phase on the asteroid (Peltetral. 1984); however, a
mechanism for chiral enhancement during the Strecker synthes
is unknown. Bonner (1991) reviews the idea that that amino acid
produced in the interstellar medium (ISM) could be nonracemic
(D/L # 1) due to physical processes such as parity violafien,
particle bombardment, or exposure to circularly polarized light.
If a nonracemic mixture of amino acids were incorporated into ar
asteroidal parent body, the chiral signature might be transmitte
to Earth through meteorite delivery. However, racemization (the
process by which enantiomers are naturally converted from on
handedness to the other) may take place on the parent body a
erase any initial chiral signature.

This paper investigates whether meteoritic amino acids cal
retain an initial chiral signature throughout their lifetime. Many
amino acids are quite resistant to racemization, and so are n

Amino acids are the building blocks of proteins, among theonsidered here (Cronin and Pizzarello 1997). The class ¢
most biologically critical molecules. The majority of amincamino acids we consider atehydrogen amino acids, which
acids used by living organisms are left-handed (laevorotatoaye the amino acids used in terrestrial biology, having the capac
orL-enantiomers) rather than right-handed (dextrorotatony, or ity to racemize rapidly compared to the age of the Solar Systemnr
enantiomers) (Fig. 1). The questions of why and how life choséeteoritic amino acids will experience a range of circumstance:s
to use only_-enantiomers has been considered by many workedsiring their lifetimes: incorporation into the Solar System or for-
from both a biophysical (e.g., Jacquesal. 1981, Mason 1991, mationin situ, residence on an asteroidal parent body (possibly
Cline 1996) and a planetary (e.g., Chyba 1990, 1997) standpointluding aqueous alteration processes), and delivery to Eartt

Biology's choice betweem- and b-enantiomers may have During these times, the amino acids are subjected to condition
been random; that is, either theor the b molecules would varying in temperature, pH, material state, etc. We investigate
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Accretion. If the ISM origin of organic material is chosen,
then location and accretion of the parent body becomes impol
tant. The maximum temperatures seen by material in the cent
plane of the solar nebula at 3 AU can be considerabl& 0 K)
(Cassen 1994). Any amino acids in this region would be de-
stroyed at such temperatures (Rodante 1992). However, tempe
atures at larger radial distances and at the disk edges would ha
been considerably lower. It is possible that radial mixing and

FIG. 1. The left-handedw) and right-handedn) forms of alanine. Both disk settling would provide an influx of organic material that
molecule_s are chemically identical but their structure is related by_a mirror plaRed been kept at low temperatures and that this material woul
(dashed line). Reprinted from Chyba 198/@re388, p. 234. Copyright 1997, 6 heen incorporated as the asteroid accreted (at lower ne
MacMillan Magazines Ltd. . . .

ular temperatures). Even if all the potential energy of materia
accreting onto a 100-km body were converted to heat, the rise i

how much amino acid racemization takes place during soffnperature (assuming a density of 2500 kg'and a material
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possible histories for a variety ethydrogen amino acids. ~ heat capacity of 30 J mot K~1) is no greater than 50K. Chi-
rality imposed onto ISM amino acids could be retained as the
PARENT BODY THERMAL HISTORY amino acids are incorporated into an asteroidal body in the inne

Solar System and would almost certainly be preserved durin
To obtain bounds on the history experienced by meteori#ecretion into small bodies at the Solar System edge.
amino acids, we consider amino acid formation, residence on ahqueous alteration. In situ aqueous alteration was an im-

asteroid, and delivery to Earth. portant process on carbonaceous chondrite parent bodies (Bun

Formation. There are two mainways, itis thought, by whickand Chang 1980, Zolensky and McSween 1988). There are av
amino acids make their way into meteorite parent bodies. Thety of constraints on the temperature and duration of aqueot
first is through the Strecker synthetic process in liquid wateiteration. There is little evidence of high-temperature postac
(Peltzeret al. 1984) on the parent body itself. This process reretional thermal processing in CM-type carbonaceous mete
quires HCN, which has a limitee-folding half-life (0.37-life, orites; the aqueous system that produced the alteration in CI
or the time in which the concentration decreasegamiits ini- chondrites was probably at temperatures less than about 300
tial value) in liquid water at 273 K of-10* years (Peltzeet al (DuFresne and Anders 1962, Clayton and Mayeda 1984
1984). Thus, the amino acids would have been formed withitolensky and Browning 1994). The time scales suggested fo
~10*years within the parent body. After 4@ears, the synthesis the duration of liquid water are quite variable, but generally, the
would be over (barring some source of HCN), but liquid watesbserved alteration is thought to be able to occur withif-10
might persist. 10* years (Zolensky and McSween 1988). This is in agreemer

The second method is incorporation of amino acids into thath Lerner’s (1995) argument that the deuterium/hydrogen ra
parent body through accretion of previously synthesized mok in Murchison and Allende amino acids, which are deuterium-
cules from the interstellar medium (ISM). Spectroscopic olenriched, would have equilibrated with deuterium-depletec
servation of grains in the ISM (Pendleten al. 1994) reveals asteroidal water over time scales longer that0® years. Con-
features attributable to the C—H stretch in organic materigiderations of asteroid environments (Sebtl. 1989) and mod-
Floreset al. (1977) and Norden (1977) showed experimentallgling of asteroidal parent bodies (Grimm and McSween 1989
that amino acids could have an enantiomeric excess impogadenskyet al. 1989) show as well that these low-temperature,
by selective destruction by circularly polarized ultraviolet rashort-duration aqueous scenarios are reasonable.
diation, such as that from the poles of a neutron star (Bonneif the amino acids were already present on the parent bod
1991) or an active star-forming region (Baileyal. 1998). The then water would have brought them into solution. If the amino
conditions for creating such excesses are not uncommon, aattls were not already present, they presumably formed in sc
chiral excesses of up to a few percent may be created. It is hdton via Strecker synthesis (Peltzeral. 1984) or other syn-
known whether or to what degree the molecular cloud that cahetic mechanisms such as polymerization of HCN (Leetat.
lapsed to form our solar nebula experienced these conditioh893), although these processes would not be expected to ha
However, ample evidence exists for incorporation of supernogeoduced an initial enantiomeric excess. The time scale fo
ejecta into meteorites (Zinner 1998); consequently, exposureamfino acid synthesis, based on HCN thermal decomposition life
this material to circularly polarized radiation from a neutrotimes, was probably less thanl0* years (Peltzeet al. 1984).
star, the supernova residuum, might be inferred. Much work hagueous extracts of CM chondrites contain free amino acid:
gone into finding other mechanisms that impose chiral excesséeng with compounds that yield amino acids on acid hydrol-
on molecules (see Bonner (1991) or Cline (1996) for reviews)sis (Croninet al. 1980); about 30% of the total amino acid
but none has as large an effect as the circularly polarized ligitntent is in the form of free amino acids (Cronin 1976). We
source on ISM molecules. model here only the simplest case, racemization of free amin
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acids. Racemization of amino acids in proteins or other precur- TABLE |
sor molecules to subsequently extracted amino acids might alBbases Used to Construct Model Parent Body Thermal Histories
occur.

Racemization is especially rapid in solution, as compared to Phase Temperature (K) Time (years)
the dry state (Schroeder 1974, Baztaal 1994), and the solu- g\, 4 10
tion phase will prove to be dominant in determining fibal  accretion and liquid water 273 or 298 agot
ratios, so the choice of duration and temperature of the aque@easidence in asteroid belt 155 ~4.5 x 10°
system is critical. To bracket the racemization scenarios, liquitnsit to Earth 270 0

water phases at 273 and 298 K for lifetimes of a@d 1¢ years
each were considered. These temperatures and times are based
on the meteorite observational and modeling considerations dis-
cussed above. Other regions of the parent body, not sampled by RATE CONSTANT CALCULATIONS
the meteorites currently available to us, may have experienced ] ] ] o
very different aqueous alteration histories and therefore, differ- 1€ aminoacids consideredinthis paper are caltégidrogen
ent levels of racemization. We assume that all types of chi@Nino acids, because they have a lone hydrogen atonethe
amino acids have the same initial chiral signature. We consfdtdrogen) attached to the carbon atom adjacentto the amino ar
ered a variety of initiab/L ratios, from 0.01 to 0.99. carboxyl groups. Racemization occurs when aiOtor OH
molecule or another base abstracts éhleydrogen atom. The
Residence on the parent bodyAfter cooling from the ini- three remaining functional groups rearrange, giving a plana
tial warm temperatures during the liquid-water phase, asteroid@lecular ion, and a hydrogen ion can then bond on either sid
material spends its lifetime~4.5 x 10° years) at solar equilib- of the plane with equal likelihood. Thus, over time, hydrogen
rium (about 155K at 3 AU, assuming an albededi.1) and is groups detach and reattach, bringing the amino acid mixture
geologically inactive. Collisions may have significantly heatei@ward enantiomeric equilibrium.
parts of the parent body, but the high temperatures associateRacemization in natural systems has been extensively studie
with collisional heating would have destroyed amino acids &fer its applications to geological dating (see reviews by Bada
together (Rodante 1992). Collisional heating might also ha®891 and 1985a). The complete derivation of equations in thi
served to temporarily melt ice near the site of the impact, aiection was first presented in Bada and Schroeder (1972).
lowing localized aqueous alteration to occur, but this effect is The racemization process interconverts enantiomers via a re
neglected here. versible first-order reaction,
Transit to Earth. At some point, _matt_arial from the parent L-amino acidk<:>L b-amino acid )
body escapes and enters a new orbit which eventually intersects ko
that of Earth. The effective temperature of the meteoroid at 1 AU i
is 270 K. We consider elevated temperatures féryiars (the wherek_ andkp are t_he flrst-order_rate constants _for_the forward
Murchison cosmic ray exposure age (Caféal. 1988)), even and backyvard reactions, respectively. The eqU|I|br|um_ rate con
though this is an upper limit on the length of time the meteorofRjaNtKeq is the ratio of the backward to forward reaction con-
spentin near-Earth orbit. However, the meteoroid is dry throught@ntsko/ K, butits inversek’ (1/Keq = K') is often used for
out this time, and we will show later that in a dry environmengOnvenience. For amino acids with a single center of symmetry

amino acid racemization is negligible at temperatur@go K. ~asisthe caseformostin this stuéliq = 1. However, isoleucine
has two centers of symmetry and hég,= 1.3 at pH 7.6 (Bada

Residence on Earth. After a meteorite lands on Earth, it may1985b).
be picked up immediately (as was the case with Murchison), oritThe ratio of enantiomers, that is, tioeL ratio, follows an
may not be found for some time. The lifetime of a rock on Earth@xponential kinetic rate equation,
surface can be quite variable, depending on environment and
composition. In the dry Antarctic, racemization of indigenous 14D 1+ D
meteoritic material will be quite slow, and Shimoyamiaal. In { L } — { L
(1985) have shown that terrestrial contamination is not an issue t
for some meteorites. On the other hand, if a meteorite lands
in a temperate zone and is not found, aqueous alteration dod all but isoleucinek. =kp and K'=k_/kp =1. For iso-
contamination is likely to occur and overprint the indigenougucine k. was calculated explicitly using/K’ = 1.3, and then
meteoritic signature. Racemization due to terrestrial weatherikg= k in further calculations.
is not considered here. The solution to Eqg. (2) involves four variables: the. ratio,
Table | is a summary of the different steps in the therméime, the rate constakt = k, and temperature. The rate constant
history models used in this paper, with the temperature and timsea measure of how fast the racemization reaction takes plac
scale for each. It follows an Arrhenius relationshipk(T) = Aexp[-E/RT],

— D —p5( =@+ Kkt (2
/D /D
1-K'g 1—Kt}o
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TABLE Il D/L RATIO MODELING
Amino Acid Racemization Rate Constants
Derived from Fig. 2 After finding k, there are only two unknowns in Eq. (2).L
: : : ratio and time. Two methods of solution both yield useful results:
Amino acid Rate constait(s™) choosing a time interval gives the racemization extent after tha
Alanine, wet exp[24.91-15863/T] !nterval, and. choosing a fixewl L ratio of 0.5 gives the racem-
Alanine, dry exp[21.59-15493/T] ization half-life. . . . ) )
Aspartic acid, wet exp[23.34-14725/T] Forward modeling involves choosing a time interval, con-
Aspartic acid, dry exp[22.45-15493/T] structing a temperature—time history, settidg=1 (or 1.3 for
IG'UltamP acid t exF’[[zzé-Zi—ll%%ﬁ’/ TT]] isoleucine), choosing an initiafL ratio, and solving Eq. (2) for
soleucine, we exp 24— H .
Isoleucine, dry exp[20.49-15493/T] theorL ratio at timet,
Leucine exp[24.30-15750/T] Kt
Phenylalanine exp[19.82-13440/T] by _ m’ ©)
Valine exp[23.61-15754/T] L), eXRy+1

whereRy =[(1 4 D/L)/(1 — D/L)]o. TheD/L ratio was determined

after each time step in hypothetical thermal models based o
wherek is the rate constant in 8, A the frequency factor in the steps described in Table I, using the result from each tim
s~!, E the activation energy in J nol, R the gas constant in step to determindR, for the next time step in Eq. (3). A typi-
Jmol! K~1, andT the absolute temperature. The rate constacal time—temperature history consisted of 550 time steps space
is not a true constant. Itis primarily a function of temperature bildggarithmically fromt = 1 year tot =4.5 x 10° years.
also varies with the state of the amino acid: in solution or dry. In We chose a range of initial’L ratios to model, but our con-
solution k varies with pH and ionic strength as well. A literatureclusions do not depend strongly on the initial ratio. For amino
search was conducted to determine rate constants at varied taaids with an initialb/L ratio of 0.9 (approximately the excess
peratures, pH, and states. Data were obtained for seven diffeil@ntnin and Pizzarello (1997) report in racemization-resistan
amino acids: alanine, aspartic acid, glutamic acid, isoleucire@mino acids), the extent of racemization depends strongly o
leucine, phenylalanine, and valine. the choice of temperature and duration of the liquid water phas

To determine rate constants, previously published valuks ofFigs. 3a and 3b). Over time scales off400* years, a few
orInk ata giventemperature were used @ras calculated from amino acids can experience a wide range of final ratios, while
amino acid racemization half-lives. After obtaining rate corsthers are extremely slow to racemize. This range of final ratio
stants at a variety of conditions,krmay be graphed vs 1000 may be observable in the final product. If the initial enrichment
taking advantage of the linear relationship kn=E/RT+ were great, the final signature would be very different from the
In A. The resulting graphs are shown in Fig. 2. A least-squaresdiiginal. However, for smaller enrichments, the fimal ratio
to the data was employed to construct a relationship betkeemay be close to the initial excess. Modeling a dry environmen
and T. The racemization rates for each amino acid as a functighrows that racemization does not take place at all when the ter
of temperature derived from these graphs are shown in Tablegérature of the asteroid is 155 K and is negligiblefdiCf years
For T in K, these coefficients yield in s~2. when the temperature is 270 K (Fig. 3c).

Forall seven amino acids, datawere found for free amino acidsThis process can instead be worked backward, beginning :
in solution. In all cases, pH was buffered in the range 7—7.6, atiche t = now with someD/L ratio and determining the initial
total ionic strength varied from 0.01 to 0.5 M. For isoleucineatio. However, this backward process does not work iftthe
two lines were fit, one through only the solution data and anoth@tio at timet = now is already 1, becauseL in Eg. (3) can only
through the dry values of Schroeder (1974). Dry data for alaniasymptotically approach 1. The exponential form also mean
and aspartic acid were obtained following Bada and McDonatldat for a finalb/L ratio (at timet = now) greater than 0.99, it
(1995), multiplying the isoleucine dry data by 3 for alaningakes longer than the age of the Solar System back in time fc
and 7 for aspartic acid. Wonnacott (1979) demonstrated that theb/L ratio to deviate significantly from its original value.
effect of ionic strength is not important in the racemization of Cronin and Pizzarello (1997) foundenantiomeric excesses
alanine, and so we do not consider ionic strength differencestoMurchison amino acids which are resistant to racemizatior
be significant in our calculations. Bada (1972) and Shou (197@)methyl amino acids), but a racemic mixture (to within 1% ac-
show that racemization rates farhydrogen amino acids arecuracy (Cronin and Pizzarello 1997)) in thehydrogen amino
not strongly affected by pH in the range pH 7-12. The rangeids investigated. Engel and Macko (1997) reportedantio-
pH 7-12 is the pH range modeled by Zolenshyal. (1989) of meric excessesinthehydrogenamino acids alanir@ ( = 0.5)
the aqueous phase on an asteroidal parent body, so we didarat glutamic acidg/L =0.3). Backward modeling these ex-
consider the effects of pH any further. Our absolute racemizatioesses (Fig. 4) shows that the initdL ratio of alanine is
rates are consistent with the relative racemization rates in Snsthongly dependent on the conditions of aqueous alteration. ;
and Evans (1980) and Smith and Reddy (1989). current alanine/L ratio of 0.5 implies that the original L ratio
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FIG. 2. Data used to determine racemization fat&he black line is a least-squares linear fit to the data for each amino acid. The data used for each spe
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. b/ ratio forward modeling in solution, beginning at time- 0. Thep/L ratio was determined after each time step in the thermal model describe
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 55istspacsd
logarithmically until 4.5 Ga. (a) 273 K, free amino acids in solution, (b) 298 K, free amino acids in solution, (c) 270K, dry conditions.
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FIG. 4. ol/Lratio backward modeling for glutamic acid and alanine in solution to produa# thatios reported by Engel and Macko (1997) (alamihe= 0.5
and glutamic acidb/L =0.3). The model inputs are the same as for Fig. 3, but were run backward and allowed to proceed only for a specific length of
(a) 273 K water for 18 years. (b) 298 K water for F0years.

could have ranged from 0.5 t00.35. In the case of glutamic 0.99-life can be considered “total racemization” as current lab-
acid, the initial ratio was likely identical to its current value, @ratory chirality measurements have errors on the order of 19
result that holds true almost independently of aqueous alterat{@ronin and Pizzarello 1997).

conditions. This makes glutamic acid an especially good targetThe racemization process during the aqueous alteration pha:
of D/L determination experiments in meteorites. We note thit extremely sensitive to the assumed time scales and tempe
the Engel and Macko (1997) results may be in error (Pizzareltures. Most of the amino acids experience a degree of racen
and Cronin 1998), but we consider them here for illustrativiegation during aqueous alteration. However, some amino acid
purposes. show a relatively slow rate of racemization. Glutamic acid and

Half-lives. Racemization half-life as used in this paper i§oleucine canretain@L s 1 for 1¢° years in a 273 K solution.
the time it takes for the/L ratio to reach 0.5 of its initial value. Th€& a@queous alteration phase is the dominant environment i
Setting thep/L ratio to 0.5 in Eq. (2) and solving fd,, gives Which racemization takes place on the parent body. _
t1/, = (In 3)/2k. Figure 5a plots the half-lives of the amino acids Badaand McDonald (1995) have pointed out the large differ-
in solution as a function of temperature. At temperatures fiC€ in rate of racemization between amino acids in wet vs dr
interest (150—300 K), the half-lives for this groupehydrogen €nvironments. The not_lceable difference be_tween _the dry rat
amino acids varies over approximately five orders of magnitud&@nstant and Fhe _solu_tlon rate constant for isoleucine, asparti
This emphasizes the importance of constraining the temperat@fé, and alanine implies that rate constants are state-depende

and duration of each environment to which the amino acids RS Other amino acids as well. Racemization is extremely slow
exposed. when the asteroid is dry, in agreement with the noted retardatiol

of racemization in other anhydrous environments, such as amb:
DISCUSSION (Badaet al. 1994). The cold (155 K), dry conditions experienced
by the asteroid for most of its lifetime prohibit any racemization
Both the half-life calculations and the thermal model evolidrom taking place at all. The warmer (270 K), but still dry, condi-
tion shed light on the behavior of meteoritic amino acids. Het®ns in near-Earth orbit can delay racemizationfdit® years,
we discuss a number of important issues. typical of C2 meteorite cosmic ray exposure ages (Caffee an
For the bulk of their lifetime before we find them, extraterNishiizumi 1997).
restrial amino acids experience cold temperatures and dry conA common method of extracting amino acids in laboratory set-
ditions that prevent racemization from taking place at all. Howings is by crushing the meteorite and extracting free amino acid
ever, elevated temperatures for even relatively short duratiomgh hot water. This method is analogous to the parent-body
can serve to begin (and often complete) the racemization reacenario we envision. Therefore, the amino acids extracted wit
tion in solution. All seven amino acids considered here, if beginnly water in the laboratory would be the same amino acids tha
ning with an initialp/L ratio of 0.9, would reach a/L ratio of underwent the aqueous alteration phase on the parent body. A
>0.99 in 16 years if dissolved into a 298 K solution (Fig. 3b)other common laboratory practice is to add acid to the hot-wate
This amount of racemization requires’M@ars or more for five extract (acid hydrolysis). This step breaks some related com
of the seven amino acids in solutions at 273 K. Figure 5b shoywsunds (such as pyroglutamic acid) into amino acids (Coope
the 0.99-life, or the time for 99% of the initi@—L mixture to and Cronin 1995), therefore creating a higher concentration o
racemize, as a function of temperature in aqueous solution. Tdraino 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 ir
(150-300K), the half-lives vary by about 5 orders of magnitude.

occur in the basic waters of the parent body fluids, and theref@latamic acid in neutral or slightly basic solutions favors forma-
it is expected that amino acids will racemize to an extent indéen of pyroglutamic acid (Wilson and Cannan 1937). Thus, since
pendent of the state of their acid-labile precursors. However,ftee glutamic acid is found in unhydrolyzed extract, we may ar-
use the suite af-hydrogen amino acids as indicators of parengue that it is almost certainly original glutamic acid and not de-
body conditions as described here, only the unhydrolyzed extraeed from arelated compound. Further, the unhydrolyzed parer

of the meteorite can be useful. body solution most likely contained free glutamic acid as well.
Glutamic acid, in particular, exists in meteorite extract largely
as pyroglutamic acid. Analyses of hydrolyzed extracts report up CONCLUSIONS

toan order of magnitude more glutamic acid after acid hydrolysis

than in the neutral water extract (20 nmol/g vs 2 nmol/g (ShockWe have shown that amino acids in meteorites do not nec
and Schulte 1990)), an effect that is explained by breakdownessarily undergo complete racemization by the time they ar
pyroglutamic acid or other complex molecules in acid (Coopeecovered on Earth. If the mechanism of amino acid formatior
and Cronin 1995). The reaction between pyroglutamic acid aimposes some enantiomeric preference on the amino acids, tl
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