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Abstract—The enantiomeric and carbon-isotopic composition of the amino acid isovaline have been analyzed
in several samples of the Murchison meteorite and one sample of the Murray meteditantiomeric
excesses of the amino acid were found to range from 0 to 15.2%, varying significantly both between meteorite
stones and at short distances within a single stone. The upper limit of this range is the largest enantiomeric
excess measured to date for a biologically rare meteoritic amino acid and raises doubts that circularly polarized
light irradiation could have been the sole cause of amino acids chiral asymmetry in meteorites. Individual
andL-isovaline8*3C values ware found to be abotitl8%., with no significant differences between the two
enantiomers to suggest terrestrial contamination. The amino acid relative abundance also varied between
samples, with isovaline/alanine ratios of 0.5 to 6.5. X-ray diffraction analyses of contiguous meteorite
fragments suggest a possible correlation between isovaline and hydrous silicates abundzomesght ©

2003 Elsevier Science Ltd

1. INTRODUCTION in meteorites could be the result of asymmetric decomposition,
brought about by ultraviolet circularly polarized light (UV
CPL) irradiation of meteoritic organic compounds during their
syntheses (Cronin and Pizzarello, 1997; Engel and Macko,
1997). The likelihood of this assumption was supported by
theoretical and experimental work showing that UV CPL can
e!produce enantiomeric excesses within the range so far observed
in meteorite amino acids (Balavoine et al., 1974; Cronin and
Pizzarello, 1997).

To further characterize enantiomeric excesses in meteorites,
and to constrain the possible mechanism of their formation in
prebiotic environments, we have assessed the extent of chiral
asymmetry, relative distribution, and likely petrological asso-
ciation of meteoritic isovaline (2-amino-2-methylbutyric acid).

eThis is one of the most abundant optically active amino acids in
meteorites, where it is present with the largestxcess (9%)
(Pizzarello and Cronin, 2000). We have used several samples
of the Murchison and Murray carbonaceous chondrites, both
from interior and near-surface fragments, and from different
curatorial facilities. To exclude the possibility of terrestrial
contamination, thé*3C of b- andL-isovaline enantiomers were
measured individually by gas chromatography-combustion-iso-
tope ratio mass spectrometry (GC-C-IRMS) in five representa-
tive samples of the two meteorites.

The exclusive one-handedness of terrestrial amino acids and
sugars is essential to the formation, structure, and function of
biopolymers and is a defining molecular trait of terrestrial life.
The unknown origin of this “homochirality” has been investi-
gated for well over a century, since Pasteur first discovered it.
The ensuing debate has paralleled in scope and rationale th
more general studies about the origin of life: was biologic
homochirality the product of prebiotic processes, or the result
of selection brought about by life itself? Was it because of
choice or chance? Was it at first broad-scaled, or was it of
limited extent?

The finding of small but significant-enantiomeric excesses
(ee) in some amino acids of carbonaceous meteorites that ar
rare or unknown in the biosphere (Cronin and Pizzarello, 1997)
appears to indicate that interstellar and planetary chemical
evolution (i.e., purely physicochemical abiotic processes) could
yield chiral asymmetry. It also suggests a possible prebiotic
contribution to the origin of biologic homochirality by impact
delivery of meteoritic material to the early Earth, i.e., if the
organic compounds found in carbonaceous chondrites are rep-
resentative of some fraction of the organic milieu present on the
early Earth (Chyba and Sagan, 1992), the small meteoritic
enantiomeric excesses could have provided a chiral bias suffi-
cient for amplification that culminated in homochirality (Piz-
zarello and Cronin, 2000). Themethyl-«-amino acids, which 2. MATERIALS AND METHODS
have shown significant enantiomeric excesses in meteorites, are, ; Samples
known to resist racemization, and are helix formers when
polymerized (Altman et al., 1988; Formaggio et al., 1995), Murchison analyses listed in Table 1 were obtained from powdered

seem particularly well suited for such a role in prebiotic chem- stones of 3 to 20 g weight, although the actual chiral analyses for some
istry were performed with smaller portions of the powders. They are desig-

. . . . nated by their curatorial source: ASU indicates various specimens from
It has been proposed that the optical activity of amino acids the collections of the Arizona State University (Center for Meteorite
Studies, ASU 828), and SMIT indicates specimen USNM 5341 ob-
tained from the Smithsonian Institution. Sample ASU '70 was residual
* Author to whom correspondence should be addressed powder that had been stored below 0°C since the initial analyses of
(pizzar@asu.edu). Kvenvolden et al. (1970). The | and E letters following these denom-
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Table 1. L-Enantiomer excess and relative distribution of meteoritic
isovaline from large (3-25 g) Murchison stones.

No. Sample L-ival ee% (n) o ival/aa® ival/aiba®
1 ASU'70 | 3.6(7) +0.3 20 0.31
2 ASUTOE 3.0(5) +1.3 13 0.27
3 ASU | 6.0 (5) +04 1.0 0.27
4 ASUI 5.2 (14) +05 — —
5 ASU | 15.2(8) +0.2 6.8 0.28
6 ASUE 12.6 (6) +04 0.8 0.24
7 SMIT E 0.2 (6) +0.3 0.3 0.15
8 SMITE 3.4(8) +0.6 0.5 0.21
9 ASUa”lI 10.6 (33) +0.6 2.6 0.29

10  Standard 1° —0.4(8) +0.6

11 Standard 2 -1.0(22) +0.6

2 Abundances obtained by integration of GC-MS peaks.
b Average of data from Table 2.
¢ For correction of samples 1-3 and 7-8.

inations indicate interior (=5 mm from the surface) and exterior
fragments, respectively. The samples 1 to 5 listed in Table 2 are ~0.5-g
contiguous fragments taken ~5 mm below the fusion crust from the
face of afreshly broken ASU stone. Isotopic analyses were conducted
for some of these samples (Table 3), chosen from those remaining in
sufficient amount after chiral analyses to represent different enantio-
meric distribution in the meteorite. The Murray meteorite isotopic
values listed in Table 3 were obtained from new analyses of a portion
of alarge meteorite sample used for a previous study (Pizzarello and
Cronin, 2000), and stored frozen since.

2.2. Sample Preparation

All samples were powdered in an agate mortar and the amino acids
and other water-soluble compounds were extracted with 100°C water.
The extracts of larger stones (Table 1) were concentrated by rotary
evaporation, acidified, applied to a cation exchange column, and then
eluted sequentially with water and 2 N NH,OH. Various amounts of the
basic eluates were set aside for total amino acid analyses and the
remaining were dried, redissolved, and applied to a C18 semiprep
reverse-phase column for the collection of fractions containing indi-
vidual or sets of amino acids of equal carbon chain length. For 0.5-g
samples (Table 2), onetenth of the extracts were used for direct
analyses and the remaining processed by reverse-phase chromatogra-
phy without desalting. All reverse-phase eluted fractions were again
desalted on a small ion-exchange column, and the NH,OH eluates
derivatized to give the amino acid N-trifluoroacetyl (TFA)-isopropyl
esters for gas chromatography—mass spectrometry (GC-MS) analysis.
Details of these preparative procedures are also provided in Pizzarello
and Cronin (2000).

2.3. Molecular and Chiral Analyses

Enantiomeric analyses were carried out by GC-MS with a Hewlett-
Packard (HP) 5580/HP 5970 or HP 5580A/HP5970B instruments and

Table 2. Spatial variation of L-isovaline enantiomer excesses (ee)
within a Murchison stone.?

Sample
no. L-iva ee% (n) o ivalda ivalaiba

1 15.0 (6) +1.0 21 0.24
2 3.8(8) +0.6 0.5 0.20
3 14.6 (5) +0.4 29 0.30
4 6.2(8) +0.5 0.5 0.31
5 13.2(6) +0.4 6.7 0.40
Standard 0.4(8) +0.6

2From the ASU collection.

Table 3. 6*°C (%o) values? of meteoritic L- and p-isovaline.

Sample? L-ival ee% L-ivd 8C o Dp-iva §°C o
1. Murchison | 13.2 +18.0 0.3 +16.0 19
2. Murchison | 6.0 +17.8 19 +11.5 1.6
3. Murchison E 12.6 +21.9 12 +19.9 0.9
4. Murchison E 0 +17.5 — +17.3 —
5. Murray | 6.0 +20.0 25 +18.8 17
6. Standard® —28.0 0.9 —31.9 1.2

2Values %o (PDB) were obtained by GC-C-IRMS and corrected for
derivatization and average standard fractionation (see Methods). Val-
ues are averages of three analyses, except for 4, which are the averages
of two.

b Samples, top to bottom, are also described as sample 5 in Table 2,
as samples 3, 6, and 7 in Table 1, and in Fig. 2.

¢ Combined pL peak: —30.5%o.

capillary column coated with a chiral B-hepta amylose phase (25 m X
0.25 mm, 0.7 um thickness, Chirasil-Dex CB, Chrompack). The op-
erating conditions were as follows: He gas flow, 1.0 mL/min; temper-
ature program: 70°C, 5 min, 70 to 100°C at 2°/min, 100 to 200°C at
4°/min. Enantiomeric excesses (ee = L% — D%) are standard corrected
mean values based on n integrated ion intensities, where n includes
multiple specific ions selected from multiple runs. Significance of the
difference between the sample and standard mean values was calcu-
lated by Student’s t test of two independent means (Ipsen and Feigdl,
1970). The elution times of the N-TFA-isopropy! esters of isovaline
enantiomers on Chirasil-Dex CB were established to be L (S) < D (R)
by the use of individual enantiomer standards (ACROS organics).

Before integration or isotopic analyses, the chromatographic purity
of the enantiomeric derivatives was established by scanning and adding
the fragmentation masses of all the spectra along each individual peak.
The subsequent subtraction of one peak’s total of added spectra from
that of the other would clearly show the presence, if any, of interfering
masses in the spectra of either enantiomer (Pizzarello and Cronin,
2000). GC-MS analyses also allowed an overview of the amino acids
present in the fraction samples and any possible interferences with the
targeted isovaline. The meteorite fraction containing isovaline was also
found to contain the other five carbon «-amino acids valine and
norvaline, plus some of the B- and y- amino acid species. All are
known (Cronin et a., 1985) and were identified with large chromato-
graphic separation from isovaline.

2.4. |sotopic Analyses

For GC-C-IRMS, GC conditions were the same as for GC-MS, the
only difference being a He flow of 1.2 mL/min. A Finnigan high-
temperature conversion interphase |11, and Mat Delta*-XL IRMS were
used. Oxidation was at 960°C with a ceramic oxidation reactor bearing
NiO/CuQO/Pt wires. Isotopically calibrated n-akane standards (Chiron
AS, Trondheim, Norway) were analyzed frequently throughout the
analyses to confirm the efficiency of combustion catalysts in the oxi-
dation reactor.

Data were analyzed with Finnigan ISODAT software. Standard CO,
8'3C was —41.72 (PDB)%o. The & notation expresses the isotopic ratios
asfollows: 8% = (Rempie — Retandard/Retandara) X 10°. For carbon R =
12C/*3C and the standard for the analyses was PDB. §*3C (PDB) of
isopropanol was found to be —27.89%o, by elemental analyzer (EA)-
IRMS, and that of trifluoroacetic anhydride (TFA) was —40.3%o, as
determined by GC-C-IRMS of N-TFA ammonia. Individua mass bal-
ance equations for derivatization correction were therefore §°C,,,; =
[6%Cyeriva — 0.3 (—27.89) — 0.2 (—40.3)]/0.5.

Standard p- and L-isovaline isotope values were determined with
both racemic and individual enantiomer standards, the latter standards
being injected either separately or combined. Small (~1 to 4%o) dif-
ferences were found for the §°C values of the individual enantiomers
when determined after chromatography of the combined standards.
These are due mainly to the tailing of the peaks and increase upon
decreasing baseline resolution, e.g., with samples that are too large.
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Fig. 1. Plot of measured relative peak intensities for XRD 7.2A peak
for serpentine as compared with the 3.88 A pesk for olivine, vs.
serpentine (wt%) in five standard mixtures.

These differences were determined by using the ISODAT integration
values of manually defined standard peaks and a curve-fitting software
designed for the analysis of overlapping peaks (PeakFit version 4.06,
SPSS; Goodman and Brenna, 1994). Results by the two methods were
comparable and allowed the optimization of conditions. For meteorite
analyses, runs that did not meet the baseline resolution criteria estab-
lished by standard analyses were discarded. For analyses of samples
showing acceptable GC baseline resolution, individual meteoritic L-
and p-isovaline pesks were manually defined giving an equal time
parameter to their integration, which was taken from the start of the L-
peak to the start of the b-peak on the m/z 44 trace. |sotopic values were
then corrected on the basis of the average difference recorded for the
standards injected before and after meteorite samples analysis.

2.5. Petrographic Analyses

We prepared four standards with different mixtures of antigorite
serpentine (the dominant mineral of fine grained matrix) and forsterite
(an olivine and the dominant mineral of coarse-grained meteorite
components). For each, we made high-precision X-ray diffraction
(XRD) scans through the highest intensity diffraction peak for serpen-
tine (d = ~7.2 A) and one diagnostic peak for forsterite (d = 3.88 A),
to determine the relation of peak intensity to weight percentage of each
of the two minerals in the mixture. Meteorite and standard samples
were prepared by slurring the powder with acohol on a glass dide,
allowing the samples to dry in air, and analyzed under identical
conditions. XRD scans were collected on a Scintag XDS2000 diffrac-
tometer that used Cu-Ka radiation at 45 kV and 40 mA. Data were
acquired by spinning the samples while running from 10° to 15° and
30° to 40° 2-6 at a scan rate of 0.25°/min with a 0.02° step. Errors for
this procedure are estimated at 10% (Fig. 1).

2.6. Standards and Blank

A procedural blank and a bL-isovaline standard were carried through
the entire meteorite sample procedure. The pL-isovaine standard (Al-
drich, recrystallized) 8*°C was —28.35%0 (EA); carbon fractionation at
derivatization was found to be —2.2%o.

3. RESULTS AND DISCUSSION

Figure 2 displays an example of the chromatographic reso-
Iution that was obtained for meteoritic isovaline after the pre-
parative procedures described above. Asthe figure shows, these
resulted in a clear analytical separation of the amino acid

enantiomers that allowed detailed chiral and isotopic analyses
unhindered by interference. The results of Murchison isovaline
molecular and enantiomeric analyses are summarized in Tables
1 and 2 that list, respectively, data sets obtained from larger
meteorite stones of various provenience and from smaller frag-
ments taken contiguously from a single stone (~1 cm center to
center). Values are given for L-isovaine (ival) enantiomeric
excess percentage and for the abundance ratios of the amino
acid relative to alanine (ala, 2-amino propanoic acid) and to
a-aminoisobutyric acid (aiba), i.e., the achiral lower homo-
logue of isovaline within the group of a-branched amino acids.

As the data show, the magnitude of L-isovaline enantiomeric
excesses was found to differ greatly between small and larger
meteorite stones alike and to vary from 0 to 15.2%. The range
of this variability is much larger than previously established by
Pizzarello and Cronin (2000) and its upper limit of L-ee =
15.2% extends well beyond the theoretical boundaries set for
amino acid decomposition by UV CPL. This irradiation is
chiral electromagnetic energy that isinherently asymmetric and
can affect a chira amino acid either through synthesis or by
asymmetric photolysis of its racemate. Although the former has
not been demonstrated in the laboratory, enantiomeric excesses
of up to 2.5% have been produced by UV CPL photolysis of
racemic leucine (Flores et al., 1977; Nishino et a., 2002). The
differential photolysis by UV CPL hasits basis on the unequal
absorption by the two enantiomers of a chiral molecule for this
irradiation. It is expressed by the anisotropy factor g, given by
the ratio between the difference in UV CPL absorption by the
two enantiomers (expressed by their extinction coefficients)
and the average total absorption, i.e., the larger this difference
and the g for amolecule, the larger will be the differencein the
extent of photolysis between the two enantiomers and the
resulting ee. Thegisastrict physical parameter that dictatesthe
extent of enantiomeric excesses achieved by a given chira
molecule with the duration of the reaction and before both
enantiomers are completely decomposed. For amino acidsthe g
is quite low, ~0.02 (Balavoine et a., 1974; Nishino et a.,
2002), and restricts the possible enantiomeric excesses by UV
CPL to a maximum of ~10%, a value obtained only with
99,99% decomposition and at the acidic pH of 1 (Nishinoet al.,
2002). From this perspective, the L-excesses measured for
meteoritic isovaline would seem to refute the suggestion that
UV CPL was the sole causation of its asymmetry.

Could isovaline enantiomeric differences between meteorite
samples be the result of varying degrees of terrestrial contam-
ination? Besides surface samples, interiors of meteorites can
also acquire microbial contamination (Oro’ and Tornabene,
1965; Steele et al., 1999) and isovaline is not unknown in the
biosphere where it occurs in fungal peptides in the p-configu-
ration (http//w.w.w.cryst.bbk.ac.uk/peptaibol/welcome.html).
Thisisthe opposite configuration from that of common protein
amino acids and, were isovaline a contaminant in the meteorite,
it would be expected to both reduce the L-ee and lower the
isotopic values of the p-enantiomer of the indigenous amino
acid (Engel et a., 1990). The isotopic analyses of meteoritic
isovaline (Fig. 3), and the §*3C values listed in Table 3, do not
support this latter possibility.

It can be seen from the data that the isovaline carbon from
four Murchison samples and one Murray sample is isotopically
heavy, as expected (Engel et al., 1990; Pizzarello et a., 1991),
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Fig. 2. GC-MS analysis of a derivatized (N-TFA, O-isopropyl) Murray isovaline sample with 6% L-ee, m/z 168 single

ion trace.

and that the p-enantiomer is only dlightly lighter than the
L-enantiomer. Considering that A8*3C value is <2%. in four of
the five samples and that the o values are of comparable
magnitude, the significance of these differences is doubtful.
Certainly there is no isotopic basis for believing the L-excess to
be aresult of contamination. In the case of sample 2, for which
the A8™3C is relatively large, the possibility of terrestrial con-
tamination in the p-enantiomer appears possible, in which case
the measured L-enantiomeric excess is a minimal value. Also,
there is no reason to suspect that any unknown procedural
interference would have altered the isotopic comparison of the
D-, L-isovaine GC-C-IRMS peaks. Although some factors
(e.g., kinetic effects resulting from uneven performance of
injection or combustion interface; see Meier-Augenstein, 1997,
for a review) could influence the absolute accuracy of the

isotopic values and increase the variability of repeat data, they
would leave unchanged the relative isotopic values of the two
enantiomers, at least when analyzed contemporaneously.

The apparent indigenous nature of large enantiomeric ex-
cesses for isovaline in both the Murchison and Murray mete-
orites, and the inadequacy of the UV CPL photolysis model for
the generation of amino acids asymmetry, requires usto look to
other possible processes for their production. In this context, it
is worth considering the relative abundance ratios of the amino
acids listed in Tables 1 and 2. The data show that the ratios of
a-methyl amino acidsto a-H amino acids (of which theival/ala
ratio is representative) vary significantly even within small
distances of the same stone, whereas the distribution of
a-methyl amino acids to each other (ival/aiba) remain nearly
congtant. Another interesting notation from theses molecular
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Fig. 3. m/z 44 (bottom) and 45/44 (top) traces of a GC-C-IRMS analysis of Murray L- and p-isovaline enantiomers.
Analysis was preceded by HPLC separation to give a sample contained only five-carbon amino acids.

analyses, which is not reported in Table 2 and was obtained by
the quantitative estimate of absolute amino acid amounts in the
small contiguous samples, was that it is the distribution of
a-amino isobutyric and isovaline that vary between samples,
whereas that of alanine remain fairly stable.

Considerable variations in the relative composition of amino
acids from different Murchison stones (Cronin and Pizzarello,
1983), and in particular the independent behavior of the
a-branched amino acids (Pizzarello and Cronin, 2000), were
noted before. This study appears to confirm the suggestion that
a-methyl amino acids comprise a separate subset of meteoritic
compounds that differs from other amino acids both quantita-
tively and in their degree of asymmetry. This apparently inde-
pendent variation of asymmetry carrying a-methyl amino acids
cannot be explained in simple terms of varying reactivity or
conditions during their formation.

The distinguishing features observed to date for this sub-
group of a-amino acids are those of being less prone than o-H
amino acids to form derivatives, i.e., they are mainly extracted
as “free” amino acids (Cronin and Pizzarello, 1983) and of
displaying L-enantiomeric excesses. These differences could
till be explained within a common pathway of formation for
the two sets of a-amino acids (a-H and «-akyl) by the reactive
hindrance of the alkyl substituent toward formation of a-alkyl
amino acid derivatives and the resistance to racemization of
a-amino acids lacking an a-hydrogen during water processes
(Pollock et d., 1975). However, a similar search for intrinsic
properties of «-alkyl amino acids that could account for their
varying relative abundance does not offer a likely explanation.
For example, if the differences ival/ala ratios between samples
were due to a lower stability of the «-H amino acids, and their
decomposition or formation of derivatives upon parent body
water alteration, it would be hard to explain the cases we
observed where a-alkyl amino acids are very low against a
constant suite of a-H species. A varying stability of a-methyl

amino acids, on the other hand, could account for their abun-
dance but not enantiomeric variability because they do not
racemize. (Also, were this the case, it seems that their abun-
dance would have a negative relation to parent body water
processes instead of a positive one; vide infra.)

Ultimately, we have to consider the implication of distinct
synthetic pathways for the two subgroups of meteoritic
a-amino acid or of their possible association with different
matrix phases. Were these phases identified, they might also
shed light on the locale or locales where meteoritic amino acids
symmetry breaking took place. In broader terms, this possibil-
ity was investigated by Cronin (1989) who was able to show a
relation between the total amino acid content of five different
CM chondrites and their content of hydrous “poorly character-
ized phases’ (PCP), as determined by McSween (1987) on the
basis of mass-balance calculations. When the amino acid abun-
dance values used by Cronin were plotted again in terms of
individual amino acid content, a linear correlation was found
only between PCP and isovaline abundance (i.e., no correlation
was seen between alanine and PCP distribution; Cronin, per-
sonal communication).

Given the large heterogeneity we have observed between
meteorite samples in this study, it is possible that the accuracy
of the above correlation could have been compromised by
differences between the various stones that were utilized for
amino acid and PCP analyses. Therefore, we have undertaken
a petrological survey of the very meteorite samples for which
amino acid content was known (Table 2), and obtained X-ray
diffraction spectra (XRDS) of their entire powders. To acquire
a quantitative profile that could be related to amino acid abun-
dances, we analyzed the powders in reference to standards
simplified to represent the main features of Murchison miner-
alogy. Standards contained variable amounts of the hydrous
silicate serpentine and the anhydrous silicate forsterite that are
the dominant minerals in the carbonaceous chondrites fine
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Fig. 4. X-ray diffraction scans collected for the entire powders of
samples 2 (top) and 5 (bottom), see Tables 2 and 4. Inserts for each
show more detailed scans through the diagnostic peaks at 7.2 and 3.88
A, which were collected at a slower scan rate to provide a better
measure of background pesks and used for the mineralogical determi-
nation.

grained matrix and the olivines of coarse grained components,
respectively. The accuracy of these standard analyses is shown
in Figure 1 (see Materials and Methods, in which details of
meteorite and standard analyses can also be found), and repre-
sentative XRDS of two meteorite powders are shown in Figure
4.

The total and relative amounts of serpentine and olivine
obtained by XRDS of the five Murchison samples are listed in
Table 4 and their mass abundance ratios are plotted with the
corresponding ival/ala ratios in Figure 5. Although the data
points for the analyses are limited to five, a good relation is
shown between isovaline and serpentine distribution in these
Murchison powders, which agrees with the correlation ob-
served by Cronin between isovaline and PCP content in five
carbonaceous chondrites.

Table 4. Spatial variation of Serpentine and Olivine abundance®
within a Murchison stone.

Sample®  Serpentine  Olivine  serp/oliv + serp®  serp/oliv®
1 3191 1520 0.64 15
2 1283 424 0.75 20
3 1982 126 0.94 9.1
4 1971 889 0.69 1.6
5 1788 84 0.96 133
2 As total count of X-ray photons.
b Asin Table 2.
¢ From raw intensities.
9 Mass ratios.

14
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12 1| o ivalala T
10 -
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T T T T
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Fig. 5. Amino acid and silicate relative abundances within a Murchi-
son fragment. isovaline/aanine are asin Table 2, and serpentine/alivine
are relative to standards (Table 4 and Fig. 1). 0 = = 0.5.

4. CONCLUSIONS

It seems unlikely that ee values as high as those determined
for the amino acid isovaline in this study could have been
reached by UV CPL photolysis aone, i.e., by asingle exposure
of meteoritic amino acids to UV CPL. Baavoine et al. (1974)
discussed the possibility that recurrent photolytic processes by
UV CPL could produce substantial asymmetry in organic com-
pounds. This repeated exposure can be envisioned during in-
terstellar cloud collapse (Cronin and Reisse, 2003) and would
give larger enantiomeric excesses, albeit with loss of total
compound, both in organics with low anisotropy, as the amino
acids, and in those with larger anisotropy, which could then act
as catalysts for the secondary propagation of optical activity.
Although these irradiation processes remain possible as a sole,
or partial, sources of asymmetry for amino acids in meteorites,
the correlation shown in some Murchison fragments between
asymmetry-carrying isovaline and hydrous silicates appears
also to suggest that the formation of meteoritic amino acid
L-excesses may have been secondary to their interaction with
the lithic environment. Were this the case, it would shift the
burden of asymmetry to meteoritic minerals and the possibility
that, at some point in their cosmic history, they could have
acquired asymmetry of chiral centers or entire assemblages.

A locale associated with water processes for the causation or
amplification of enantiomeric excesses in Murchison and Mur-
ray amino acids would concur with our present understanding
of the formation of these meteoritic compounds. On the basis of
their overall molecular and isotopic distribution, it is postulated
that most organic compounds in carbonaceous chondrites
formed during a period of parent body water alteration by the
reactions of volatile, low-molecular-weight interstellar precur-
sors (see Cronin and Chang, 1993, for a review). More point-
edly for amino acids and hydroxy acids, a Strecker-like syn-
thesis from adehydes and ketones, HCN, water, and ammonia
has been proposed (Peltzer and Bada, 1978). The possibility
that this reaction could, in fact, represent a pathway of forma-
tion for amino acids in meteorites appears confirmed by the
finding in Murchison of imino acids, compounds also predicted
by the Strecker synthesis (Lerner, personal communication;
Pizzarello and Cooper, 2001).

So far, however, no hypotheses has sufficiently addressed the
differences in molecular, chiral, and isotopic (Pizzarello et a.,
unpublished results) distribution of meteoritic a-alkyl-amino
acids in the context of their formation that may have been, at
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least in part, unique in including chiral selection. It should be
noted that Tables 1 and 2 show only a partia correlation
between a high content of «-methyl amino acids (i.e., high
ival/ala) and the magnitude of their enantiomeric excess. This
may indicate that additional processes of formation may have
been at work for these amino acids as well, besides the one(s)
that lead to symmetry braking. Although the molecular data
presented here add to past and recent reports of large distribu-
tion variability in meteoritic organic suites (Cronin, 1989;
Pizzarello et al., 2001), the observation of variable extent of
enantiomeric excesses in Murchison isovaline is new. This
variability, together with the partial correlation in ival abun-
dance and ee noted above, point to complex, possibly multiple,
synthetic processes for meteoritic amino acids for which we
cannot as yet account and which will require further extensive
detailed investigation.

The expanded range of L-excesses recorded for isovaline in
several meteorite samples alows renewed speculation about
the possible contribution of meteoritic amino acidsto the origin
of terrestrial homochirality as well as speculation on the like-
lihood that molecular asymmetry held an astrobiological sig-
nificance for the origin of life elsewhere. As noted before
(Pizzarello and Cronin, 2000), the a-methyl amino acids, al-
though not common in the extant biosphere, would have been
well suited to provide the early Earth with both enantiomeric
excesses and means for their amplification by subsequent
chemical evolution. These amino acids, by not being amenable
to racemization and having helix-inducing and stabilizing ef-
fects, could retain initial enantiomeric excesses in agueous
environment and effectively amplify even modest enantiomeric
excesses by the formation of secondary structures (Brack and
Spach, 1981) or by intervening as asymmetric catalysts in
prebiotic processes.
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