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ABSTRACT

Stable carbon isotope ratios (613C) were determined for alanine, proline, phenylalanine, valine,
leucine, isoleucine, aspartate (aspartic acid and asparagine), glutamate (glutamic acid and glu-
tamine), lysine, serine, glycine, and threonine from metabolically diverse microorganisms. The
microorganisms examined included fermenting bacteria, organotrophic, chemolithotrophic,
phototrophic, methylotrophic, methanogenic, acetogenic, acetotrophic, and naturally occurring
cryptoendolithic communities from the Dry Valleys of Antarctica. Here we demonstrated that
reactions involved in amino acid biosynthesis can be used to distinguish amino acids formed
by life from those formed by nonbiological processes. The unique patterns of 63C imprinted
by life on amino acids produced a biological bias. We also showed that, by applying discrimi-
nant function analysis to the §'3C value of a pool of amino acids formed by biological activity,
it was possible to identify key aspects of intermediary carbon metabolism in the microbial
world. In fact, microorganisms examined in this study could be placed within one of three meta-
bolic groups: (1) heterotrophs that grow by oxidizing compounds containing three or more car-
bon-to-carbon bonds (fermenters and organotrophs), (2) autotrophs that grow by taking up car-
bon dioxide (chemolitotrophs and phototrophs), and (3) acetoclastic microbes that grow by
assimilation of formaldehyde or acetate (methylotrophs, methanogens, acetogens, and ace-
totrophs). Furthermore, we demonstrated that cryptoendolithic communities from Antarctica
grouped most closely with the autotrophs, which indicates that the dominant metabolic path-
ways in these communities are likely those utilized for CO, fixation. We propose that this tech-
nique can be used to determine the dominant metabolic types in a community and reveal the
overall flow of carbon in a complex ecosystem. Key Words: Amino acids—Stable carbon iso-

tope ratio—Isotopic-ratio gas chromatography mass spectrometry—CO, fixation. Astrobiology
6, 867-880.
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INTRODUCTION

ONE OF THE EFFECTS of biological activity is to
alter and rearrange the stable carbon iso-
tope composition (§'3C) of an environment.
How biology alters an environment has become
a way for scientists to identify and quantify the
impact of life on the planet (Schidlowski et al.,
1983; Schidlowski, 2001). Insight into many el-
emental cycles on the planet has been garnered
by examining the bulk changes in carbon, ni-
trogen, sulfur, hydrogen, and oxygen isotopes
in response to biology. Advancements in the
1960s (Abelson and Hoering, 1961) increased
the efficiency of examining the stable carbon
isotope composition of individual amino acids.
Abelson and Hoering (1961) showed that this
chromatographic approach provided a more
rapid and powerful way to examine the bio-
chemistry of life and the different ways in which
life impacts the environment. Specifically, they
demonstrated that individual amino acids
formed by biology had significant variations in
their 6!3C. These variations or isotope anom-
alies were shown to be associated with metab-
olism being carried out by life. Thus, it is easy
to understand the analytical power of amino
acid specific stable isotope ratio analysis. Since
amino acid biosynthesis is a ubiquitous process
for biology, specific stable isotope ratio analy-
sis of amino acids holds enormous promise as
an approach for delineating life from abiotic
processes and examining the subtle differences
between the biosynthetic pathways exploited
by life.

Life has evolved a great deal of flexibility with
regard to what can be used as a source of food.
This flexibility is due in large part to the myriad
of ways life has devised with which to assimilate
carbon for growth. The metabolic flexibility we
observe is due in large part to the adaptability of
the citric acid cycle (CAC), also known as the tri-
carboxylic acid or Krebs cycle (Gest, 1987; Huy-
nen et al., 1999).

To date, every cell characterized utilizes some
portion of the CAC. Despite its ubiquity, how-
ever, few microorganisms utilize a complete bat-
tery of CAC enzymes (Huynen et al., 1999). The
reactions of the CAC that have been demon-
strated to be well conserved are those that are
essential for the maintenance of oxaloacetate,
pyruvate, and a-ketoglutarate pools (Kornberg
and Quayle, 1958; Kornberg, 1970). The mainte-
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nance of cellular pools of oxaloacetate, pyruvate,
and a-ketoglutarate is essential for the biosyn-
thesis of all amino acids. Therefore, the defining
feature of metabolic diversity is how a range of
carbon assimilation pathways can be utilized
while still satisfying this fundamental biochem-
ical requirement for growth by adapting the
CAC. Compound-specific stable isotope analy-
sis of amino acids provides a straightforward
analytical approach to examine life’s metabolic
diversity in the world by tracking the isotopic
change in the pools of oxaloacetate, pyruvate,
and a-ketoglutarate. Therefore, such an ap-
proach makes it possible to tie variations in in-
termediary carbon metabolism in biological
communities back to biogeochemical phenom-
ena. The examination of carbon isotope anom-
alies in individual amino acids has been utilized
as a tracer of physiological, environmental, eco-
logical, and archaeological phenomena (Sarbu et
al., 1996; Abraham et al., 1998; Pelz et al., 1998;
Boschker et al., 1999; Pancost et al., 2000, 2001;
Zhang et al., 2005). It has allowed for the exam-
ination and comparison of the dietary practices
of modern and ancient humans (Fogel et al.,
1997; Fogel and Tuross, 2003). It has also been
utilized to examine the allocation of nutritional
resources in insect reproduction (O’Brien et al.,
2002) and document climatic changes over time
in various regions of the world (Johnson et al.,
1997, 1998).

While amino acids are ubiquitous in extant life,
it has been shown that certain amino acids com-
monly formed by life (i.e., glycine, alanine, as-
partic acid, and glutamic acid) are also formed by
nonbiological processes (Miller, 1953; Yuen et al.,
1984; Haberstroh and Karl, 1989; Hennet et al.,
1992; Marshall, 1994; Amend and Shock, 1998;
Bada and Lazcano, 2002; Bernstein et al., 2002;
Mufioz Caro et al., 2002; Shock, 2002). An impor-
tant illustration of this phenomenon has been ob-
served in meteoritic samples examined to date
(Kvenvolden et al., 1970, 1971; Epstein et al., 1987;
Engel et al., 1990; Bada et al., 1998; Glavin et al.,
1999). It is clear that amino acids can be formed
abiologically under the conditions meteorites en-
counter before they enter the planets influence
(Yuen et al., 1984; Bernstein et al., 2002; Munoz
Caro et al., 2002). We propose that biochemical
pathways imprint a carbon isotopic pattern that
allows amino acids formed by life to be readily
distinguished from those formed by nonbiologi-
cal processes.
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MATERIALS AND METHODS

Description of microbial samples

Microorganisms examined in this study were
obtained from the American Type Culture Col-
lection (Table 1). The strains utilized were culti-
vated as previously described (http://www.
ATCC.org/) unless otherwise noted. The com-
plex microbial communities studied were iso-
lated from the Dry Valley of Antarctica. The min-
eralogy, sampling, and storage of the Antarctic
sandstone communities and lichens examined in
this study have been previously described (Fried-
mann ef al., 1993; Sun and Friedmann, 2003).

Preparation of samples

Dried cellular material (1-3 mg) was hy-
drolyzed in 1 ml of 6.0 N hydrochloric acid at
110°C for 20 h. After the sample was carefully
dried under a stream of dinitrogen gas, the hy-
drolyzate was derivatized with acidified iso-
propanol followed by esterification with trifluo-
roacetic acid anhydride, following a previously
described method (Silfer et al., 1991). The result-
ing mixture of derivatized amino acids was di-
luted in 200 ul of dichloromethane for subsequent
analysis. All Antarctic rock extracts were initially
extracted from the rock in nanopure water at
100°C for 24 h. After extraction, the amino acids
extracted from enriched samples were deriva-
tized and prepared as described above.

Gas chromatography-isotope ratio mass
spectrometry analysis

Stable carbon isotope data are presented us-
ing the standard convention 8'C = [Reample/
Rstandard — 1] X 103, where R is the 13C/12C ratio
of the sample and standard, respectively. Stable
carbon isotope values are reported relative to the
Pee Dee Belemnite standard. Derivatized amino
acids were injected on a split-splitless injector
(1:10 split) at 220°C and separated on a 50-m HP
Ultra-1 column in a Varian model 3400 gas chro-
matograph (Hewlett Packard, Palo Alto, CA). The
resolved amino acids were then combusted indi-
vidually in a Finnigan GC continuous flow inter-
face (Thermo Electron Corp., Waltham, MA) at
940°C and then measured as CO, on a Delta XL
Plus isotope ratio mass spectrometer (Thermo
Electron Corp.). Samples were run in triplicate,
unless noted (Table 1), along with standards of
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known isotopic composition. The 8'3C (%o) val-
ues of samples were corrected and calculated by
using the measurements of known standards as
previously described (Fogel and Tuross, 2003).
The analytical error in measuring the derivatized
amino acids was typically *+0.4%.. Errors in the
standards used to correct for the carbon added
during derivatization ~were approximately
+0.3%0. Standard deviations of corrected §'3C
values for all variance in sample and standard
preparation and the correction for the addition of
C from the derivatization step were 1.5 * 0.9 %o.
For interpretation, amino acids with 6'3C values
within 1.5%0 of each other have statistically sim-
ilar values.

Data analysis

To determine whether there were any strong
statistical relationships in the §'3C measured for
amino acids that share common intermediates
and carbon backbones (Fig. 1) and are intercon-
nected by intermediary carbon metabolism (Fig.
1), the 6'3C values of amino acids (Table 2) were
characterized by least squares linear regression.
In each case and for consistency, the §'3C of the
precursor amino acid was designated as the in-
dependent variable (X), and the §'3C of the down-
stream amino acid was designated the dependent
variable (Y). We used the 95% confidence esti-
mates of the slopes to determine whether they
differed significantly from 1:1. Residuals were
tested for normality using Shapiro-Wilks algo-
rithm; in all cases they satisfied the assumptions
of parametric analysis.

The 8'3C values of amino acids from various
cultured microorganisms were compared and
contrasted utilizing discriminant function analy-
sis (DFA). DFA allowed us to determine whether
a set of individual §'3C values of amino acids
from representative microorganisms could be
used to place various microorganisms into
groups defined using a priori metabolic char-
acteristics. Three groups were identified, and
variations between groups were compared to
evaluate whether the data significantly discern
similarities or differences among these prede-
fined groups. DFA analysis allowed us to define
a statistical plane, where the characteristics and
differences between various sets of §!3C values of
amino acids could be visualized statistically and
graphically in two dimensions utilizing JMP ver-
sion 5.0 (SAS Institute, Cary, NC).



“proe drpAxoqIedt ‘YOI

arqeoridde joN BIJIOSUOD DI[OqeION UMOUUN onouadorAydATog Aymunuraod uayoI] paje[osy
arqeoridde joN PI}IOSUOD DT[OqRIDIA umowun onauaorAydAjog Ayunuwwod suojspueg
ydonorAyiow Kemyped suries
0SS002DDLV /ydonojaoe /ydonouedin /3unys 21e[AX0A[3 /904> VDL, erveg TN SISUap1auo vjjauvmays
9PAd YD 2AnONpaI
160SEDDLV ydonouedip /nmnys 23e[Ax0A[3 /904> v L. eaeyoIy SnaLwjvfjos snqojofing
92600/DD1V ydonojaoe /ydonouedin junys a3e[AX0A[3 /9[04 VDL erveg T 1100 v1yI14aYydST
9€T6EDDLV Tojuouriog 9PA> VDL eLaloeg WNn21AIMQo3a0n wniprijsorD
20/SE€DD1V ISJUSWLID] PAd VDL erIa)oeg 1youLiaal1aq wn1p1iso;D)
96661DD1LV ydonoue3ip 94> YOI erIa)oeg SNUVILLY 011q120fInsac]
685EYDDLY ydonouelip a4 VOL erRRg ULV DS0JOULIIY T
/8SEFDDIV ydonouedip apAd VDL eaeyOIy snsorinf snav0o0ihd
EYACEDDLY ydonouedip 924> VDL eIRYIIY 12120 SNI00001ULIDY T,
SI/F1DDLV ydonorAyieoN Kemyped auriag ervjoeyg suanb.i00xa wn11a1ovqoIAyIAN
87SESDDLY ydonorAyley Kemyped auriag erIaoRyg snydoaghyzom snjydopyan
Aysperdourpy
81£61DDLY ydomoyyrjowayd Aemyred sreydsoydsiq asomqry er1vjoeg vapdoana spuowI0SOLIN
¥81/2DD1V ydomnojoyg Kemyyed ayeydsoydsiq asomnqry erLeg -ds sysfooydauhs
€F8ESDDLV ydonojoyg Aemyyed ayeydsoydsiq asomqry erveg sisuagvyd vuignaids
7S967DD1LV ydonojoyg Kemyyed yDO I aAnONpay eriapeyg wnpidag wnigoiogy>)
CEFISDDLY ydonoyjrowayd Kemyped yDO T aanonpay erIa)oeg snjydoand xafinby
8095€DDLV 28030y Kemyred v awrdzuaod [£1a0e aAnIONPIY ervpeg 21J20UULIY] D]]2L00]A]
G6ESEDDLY uaSoueyloN Kemyped v awdzus0d [£300r 2ATIONPIY eoRYOIY SUDL0Q1JIID DUIIIVSOUDYIIN
¥/2€€DDILV uaSoueya| Kemypped v awrdzus0o [£300€ aAONPIY eaeyIy WNIIOIULIOS WN1IdODQOUDLIIN
80T6¥DDLV ydonojeoy Aemyped v awdzua0d [£390€ 2ATIEPIXO ervpeg SUDPIXNOJIOV WNNIVIUL0JOfINSI(]
uoypUSISIp dnous orjoquiaN Avonygvd a170qviaIN wopSuryy WSIUDSIO
D01V

SOILSIMAIDOVIAVHY) OI'TOAdVIAIN AdY HNOS ANV AdNLS SIHT, NI d4ZI'TIL) SNIVILS T 914V ],



ISOTOPE EFFECTS AND AMINO ACID BIOSYNTHESIS

871

(07 o taPryd arh rrabalam

....................... *f_

PYRUVATE

==TChA Cpele intermedinneg ==
1

3P.GLYCERATE  msf- surinn (see] and glrene (i) '

w2 |anine (ala)
OXALOACETATE ssssslileo<partate (apx)

alpha-ketoglutarate sesiiieglutamate (glx) ‘

(Transamination)
(+NH;)

FIG. 1. Schematic showing the connection of amino acids through CAC-intermediate pools. TCA, tricarboxylic acid.

RESULTS

Amino acids connected through intermediary
metabolism and CAC reactions

Here, it should be noted that, because of the
process utilized for hydrolysis, it is impossible to
distinguish between glutamic acid and gluta-
mine, as well as aspartic acid and asparagine. In
both instances, therefore, we refer to the total
pools of glutamic acid and glutamine as gluta-
mate, and of aspartic acid and asparagine as as-
partate.

Biology forms aspartate and alanine by adding
an amine group to oxaloacetate and pyruvate, re-
spectively (Fig. 1). This process of nitrogen as-
similation is referred to as transamination. It has
been shown that, during transamination, a major
shift in the §'°N occurs (Macko et al., 1987). Dur-
ing this process, however, no significant shift in
813C is observed. This is because the significant
carbon isotope effects during amino acid biosyn-
thesis occur during reaction steps where carbon-
carbon bonds are formed (carboxylation) and bro-
ken (decarboxylation) (Hayes, 2001). Therefore, it
is valid to treat aspartate and alanine as carbon
isotope proxies for oxaloacetate and pyruvate.
When the 8'3C values of aspartate and alanine,
formed by a representative group of microor-
ganisms, were compared and contrasted utilizing
least square linear regression analysis, we found

a strong linear correlation: Y = (0.90)X + (—2.6),
with 72 of 0.95. The strong linear correlation is a
consequence of well-conserved anapleurotic
pathways that link the replenishment of oxaloac-
etate pools to the replenishment of pyruvate
pools.

Glutamate is formed by the transamination of
a-ketoglutarate. Utilizing the same rationale as
previously discussed, we were able to consider
glutamate an isotopic proxy of a-ketoglutarate
(Fig. 1). When the 6'3C values of aspartate and
glutamate from individual microorganisms were
examined, a strong linear correlation was ob-
served: Y = (1.01)X + (—1.8), with r? of 0.88. The
strong linear relationship between glutamate and
aspartate is a consequence of a-ketoglutarate and
oxaloacetate being linked in all cells through
well-conserved reactions of the CAC.

Pyruvate and 3-phosphoglycerate are two of
the most important carbon intermediates in the
carbon metabolism of every cell. Also, pyruvate
and 3-phosphoglycerate are connected through
reactions that link carbohydrate metabolism and
the CAC (Fig. 1). Serine is formed from the
transamination of 3-phosphoglycerate. Therefore,
serine can be viewed as a carbon isotopic proxy
for 3-phosphoglycerate. When the §'3C values of
biologically formed serine and alanine were com-
pared and contrasted, we observed a linear cor-
relation defined as a line represented by the equa-
tionY = (1.17)X + (4.8), with 72 of 0.74. The linear
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correlation between serine and alanine is not as
strong as previous examples. This, however, is
consistent with what is known about the reac-
tions that link carbohydrate metabolism and the
CAC. Significant variation exists in the enzyme
reactions and pathways that connect carbohy-
drate metabolism to the entrance to the CAC. For
example, depending on the carbon substrate be-
ing used, either the cell will need to breakdown
complex carbohydrates (or sugars) to pyruvate,
or it will take pyruvate and form sugar through
gluconeogenesis (Kornberg and Quayle, 1958;
Kornberg, 1970; Gest, 1987). Because of this, there
is more variation in what carbon bonds are bro-
ken and formed than in the previous linkage we
have observed. So while there is a linear correla-
tion between the §3C of serine and alanine, it is
not surprising in retrospect that it is not as strong
as for alanine and aspartic acid or glutamic acid
or aspartic acid. This is an indication that the en-
zymatic and chemical linkages between carbohy-
drate metabolism and the CAC have more di-
versity and variation than they do between the
CAC and anapleurotic pathways. Despite this
fact, however, biology still places a stable carbon
isotope imprint on alanine and serine it forms.

Can the analysis of amino acids with DFA
provide insight into the patterns of
intermediary metabolism?

Three distinct a priori groups defined on the ba-
sis of their ability to assimilate and utilize carbon
nutrients were selected to determine whether
there were any patterns of intermediary carbon
metabolism that could be elucidated from the
813C values of the amino acids characterized in
this study. Typically, DFA is exploited as an a
priori analytical approach to ascertain whether
groups of data sets can be related by a set of pre-
dictors. The mathematical and statistical founda-
tion of DFA consists of finding a functional trans-
formation that gives the maximum ratio of
difference between a set of group multivariate
means and the multivariate variance within two
groups (Davis, 1986). Accordingly, an attempt is
made to delineate based upon maximization
between varying groups, while simultaneously
maximizing within group variance. The predic-
tors characteristics, in this case the §13C values of
nine amino acids, are related to form groups
based upon metabolic similarities of nine-dimen-
sional space, which are then compared with
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groups that are input by the user as a priori knowl-
edge of carbon utilization by microorganisms.
DFA enabled us to test the validity of our meta-
bolic groups based on the §'3C values of the
amino acids noted above.

DFA can be viewed as the opposite of multiple
analysis of covariance (MANCOVA). MANCOVA
is used to determine the effect on multiple depen-
dents of a single categorical independent, while
DFA analysis is utilized to see the effect on a cate-
gorical dependent of multiple interval indepen-
dents. DFA differs from cluster analysis in that, in
DFA, the groups are determined beforehand and
the object is to determine the linear combination of
independent variables that best discriminates
among groups. In cluster analysis, the groups are
not predetermined, and, in fact, the object is to de-
termine in which cases groups may be clustered
(Davis, 1986; Puroit and Rocke, 2003; Dworzanski
et al., 2004; Tsai et al., 2005). Conversely, DFA has
two steps: (1) an F test or Wilks-lambda is used to
test whether the discriminant model as a whole is
significant (Tables 3 and 4), and (2) whether the F
test shows significance. Then the individual inde-
pendent variables are assessed to see which ones
differ significantly in mean by group, and these are
used to classify the dependent variable. The inde-
pendent variables or predictors in this case are the
individual 6'3C for alanine, proline, glutamate, as-
partate, valine, leucine, isoleucine, threonine, and
glycine from heterotrophs, including fermentative
anaerobes, methylotrophs, methanogens, aceto-
gens, chemolithoautotrophs, and phototrophs. The
Wilks-lambda is used in an analysis of variance (F)
test of mean differences in discriminant analysis,
such that the smaller the lambda for an indepen-
dent variable, the more that variable contributes to
the DFA. The F test of Wilks-lambda shows which
variable’s contributions are significant. Wilks-
lambda is sometimes called the U statistic. More
relevant to this study is the finding that the Wilks-
lambda can also be used in a second context to test
the statistical significance of the DFA model as a
whole.

Our analysis indicates that the DFA model that
relied on (1) heterotrophs, which included the fer-
menters and organotrophs, (2) autotrophs, which
included the chemolitotrophs and phototrophs,
and (3) acetoclastic microbes, which included the
methylotrophs, methanogens, acetogens, and
acetotrophs as a priori descriptions of metabolic
groups was well described by the §3C values of
the nine amino acids in our study (Fig. 2).
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TABLE 3. RESULTS OF LINEAR REGRESSION ANALYSIS BETWEEN AMINO AcCID PRECURSORS AND PRODUCTS

Y (dependent) X (independent) ~ Number — r>  Intercept  Slope  Slope 95% confidence interval® p

Aspartate (Asx)?  Alanine (Ala)® 29 0.95 —-2.64 0.90 0.084 <0.0001
Threonine (Thr)  Aspartate (Asx) 29 0.93 —2.73 1.15 0.123 <0.0001
Lysine (Lys) Aspartate (Asx) 22 0.89 —-7.71 0.80 0.129 <0.0001
Proline (Pro) Glutamate (GIx) 29 0.94 -1.65 0.96 0.099 <0.0001
Serine (Ser) Glycine (Gly) 28 0.59 —0.49 0.55 0.362 <0.0001
Serine (Ser) Alanine (Ala) 28 0.74 4.81 1.17 0.274 <0.0001
Glutamate (GIx)¢ Aspartate (Asx)° 29 0.88 -1.75  1.01 0.283 <0.0001
Valine (Val) Alanine (Ala) 29 086 —13.05 0.90 0.142 <0.0001
Leucine (Leu) Alanine (Ala) 29 0.82 —14.72 0.82 0.151 <0.0001

aAll slopes except threonine versus aspartate and serine versus glycine were within one confidence interval of 1.0.

bAlthough aspartate is not synthesized from alanine, the metabolic intermediate from which alanine is synthesized
(pyruvate) supplies carbon skeletons for the intermediate from which aspartate is synthesized (oxaloacetate), via
anapleurotic pathways (phosphoenolpyruvate carboxylase and pyruvate carboxylase).

¢Although glutamate does not share a common biosynthetic pathway with aspartate, the intermediates that both
are directly formed from (a-ketoglutarate and oxaloacetate) are connected by common portions of the tricarboxylic

acid cycle in all cells.

Isotopic relationship between amino acids that
share common carbon intermediates

The 8"3C of amino acids formed from a-ketoglu-
tarate have a strong statistical correlation due to a
shared carbon backbone (Table 3). Proline shares a
common five-carbon backbone with glutamic
acid and glutamine. We were able to determine
the 813C for both proline and glutamate in 29 mi-
crobial samples (Table 2). The §'3C of the proline
examined in our study ranged from —6.8%o to
—64.3%0 with a mean of —24.9 = 13.0%0, while
the 613C of the glutamate pool ranged from
—0.3%0 to —60.9%0 with a mean of —24.2 *
13.1%o. When the 83C values of proline and glu-
tamate from individual microorganisms were
treated as individual points and analyzed utiliz-
ing least square linear regression analysis, a
strong linear relationship was observed as a line
represented by the equation Y = (0.96)X +
(—1.65) with a correlation of confidence (r?) of
0.94.

The 8"3C wvalues of amino acids formed from ox-
aloacetate have a strong statistical correlation due to
a shared carbon backbone (Table 3). Threonine shares
a common four-carbon backbone with aspartic

acid and asparagine. We were able to determine
the 8613C for both threonine and aspartate in 29
samples (Table 2). The 6'3C of threonine exam-
ined in our study ranged from —1.2%o to —63.2 %o
with a mean of —22.7 = 14.4%., while the aspar-
tate pool ranged from —3.5%0 to —54.2%. with a
mean of —22.1 = 12.1%.. The §'3C of threonine in
comparison with that of aspartate from individ-
ual microorganisms showed a strong linear rela-
tionship represented by the equation Y =
(0.93)X + (—2.73) with an 72 of 0.93.

While both lysine and isoleucine have more
than four carbons in their backbone, they still
share oxaloacetate as their common metabolic in-
termediate with aspartate. The 613C for lysine was
determined in 22 microbial samples, and the §1°C
for isoleucine was determined in 29 samples. The
813C wvalues of lysine ranged from —8.1%. to
—51.3%0 with a mean of —24.9%o * 9.4%.. The
813C of isoleucine examined in our study ranged
from —11.6%0 to —64.4% with a mean of
—28.9%0 * 12.1%o. When the §!3C values of lysine
and aspartate were plotted relative to each other,
a linear relationship represented by the equation
Y = (0.80)X + (—7.71) with an 72 of 0.89 was de-
termined. When we compared the &13C of
isoleucine and aspartate by a similar approach,

TaBLE 4. ResurLts oF WILks TEST FOR ANALYSIS IN TABLE 3

Test Value Approx F

NumberDF DenDF Prob > F

Wilks” lambda 0.0122 6.5644

27 50.291 0.0001




ISOTOPE EFFECTS AND AMINO ACID BIOSYNTHESIS

875

rae

Lichens:
Unknown

&

Canonical Score 2

A
o

-2 1

o Autotrophs
F 3
&

=)

»
«+ TCA cycle bypass
|{-| Metabolic shunts

.
* -

*

<
Q

Heterotrophs

-5

Canonical Score1

T 1

0

FIG. 2. Schematic of metabolic classification revealed by DFA. Results of the DFA are shown, with categories se-
lected by mode of carbon acquistion. Heterotrophs (circles), autotrophs (triangles), organisms with tricarboxylic acid
(TCA) shunts (diamonds), and lichens (squares) formed distinct clusters based on amino acid §'3C, with no statisti-
cal mismatches. Archaea are indicated by gray-filled symbols. Crosshairs indicate means = standard error for each

group.

the data scatter was correlated along a line rep-
resented by the equation Y = (0.91)X + (—8.66)
with an 2 = 0.83.

The 8'3C of amino acids formed from pyruvate
have a strong statistical correlation due to a shared
carbon backbone (Table 3). Valine and leucine con-
tain five and six carbon backbones, respectively;
however, they both still share pyruvate with
alanine as a common metabolic intermediate.
The 813C for valine, alanine, and leucine were
determined in 29 microbial samples (Table 2).
The 53C values for valine ranged from —12.0%o
to —69.7%0 with a mean of —32.6%0 * 12.7%o
The 8'3C values for leucine were nearly identi-
cal to those observed for valine, —11.9%. to
—70.5%. with a mean value of —32.5%. =
11.9%o. The 8'3C of both valine and leucine were
compared and contrasted to the §'3C of alanine
from individual microorganisms utilizing least
square linear regression analysis. Lines with
best fits of Y = (0.90)X + (—13.0) with an 72 of

0.86 and Y = (0.82)X + (—14.7) with an 7> of
0.82, respectively, were calculated.

The 8'3C of amino acids formed from 3-phospho-
glycerate have a strong statistical correlation due to a
shared carbon backbone (Table 3). The 8'3C for both
serine and glycine was determined in 28 samples
(Table 2). In our study, the weakest linear corre-
lation observed between amino acids that are con-
nected through biosynthetic pathways in mi-
croorganisms was between serine and glycine.
We found that scatter between the §'3C of serine
and glycine yielded a line represented by the
equation Y = (0.55)X + (—0.49) with an 72 of 0.59.

Complex microbial communities: cryptoendolithic
communities from the Antarctic Dry Valleys

The Antarctic Dry Valleys are some of the cold-
est and driest environments on the planet. This
extreme environment is seen by some as a possi-
ble analog for Mars environments, past and pres-
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ent. While the Dry Valleys may be barren of
multicellular life, such as plants and animals,
complex communities of microorganisms that are
able to survive despite the harsh conditions exist
there. In the Dry Valleys of Antarctica, microor-
ganisms colonize the pore spaces of exposed
rocks and are, thereby, protected from the desic-
cation. Culture-based physiological studies and
microscopy have been used to characterize the
cryptoendolithic communities (Friedmann et al.,
1993; Sun and Friedmann, 2003). Recently, a 165
rRNA phylogenetic study allowed the commu-
nity structure of lichen-dominated and cyanobac-
terial-dominated endolithic communities from
Antarctica to be compared and contrasted (de la
Torre et al., 2003). Both communities are domi-
nated by a relatively small number of phylotypes
that, due to their relative abundance, presumably
represent the main primary producers. In lichen-
dominated communities, de la Torre et al. (2003)
found that three rRNA sequences, from a fungus,
a green alga, and a chloroplast, which had been
previously identified by other approaches, ac-
counted for over 70% of the clones analyzed. In
contrast, cyanobacterium-dominated communi-
ties were found to contain, in addition to
cyanobacteria, a member of the a-subdivision of
the Proteobacteria (potentially capable of aerobic
anoxygenic photosynthesis) and an apparent
member of a new 165 rRNA defined clade within
the Thermus-Deinococcus bacterial phylogenetic
division. Despite the phylogenetic differences ob-
served in both communities, however, one would
anticipate that CO,-fixing microorganisms would
dominate the carbon isotope characteristics of the
organic material formed in the ecosystems.

To test this hypothesis, we analyzed the iso-
topic signature of the amino acids extracted from
sandstone rocks from the Antarctic Dry Valleys.
The sandstone had previously been examined by
a range of microscopic and organic techniques,
and found to have a complex microbial commu-
nity dominated by cyanobacteria (Sun and Fried-
mann, 2003). As shown (Fig. 3), we found that the
amino acids examined from similar communities
were clearly formed by biological activity. We
were able to see the signal despite the physical
and chemical barriers anticipated due to interac-
tions between the sandstone-matrix and organic
material. We found that the §'3C pattern of the
amino acid pools isolated from the sandstone
samples shared many of the isotopic characteris-
tics previously observed in pure cultures culti-
vated in the laboratory for this study. Further-
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more, DFA analysis of the §!3C of the alanine,
proline, glutamate, aspartate, valine, leucine,
isoleucine, threonine, and glycine indicates that
they were formed in communities where CO; fix-
ation was the dominant metabolism (Fig. 3).

The results of our analysis of the §!3C of amino
acids from cryptoendolithic communities from
the McMurdo Dry Valley were consistent with
the interpretations of the physiology of such com-
munities made previously by microscopy, cul-
ture-based investigations, and molecular studies.
Therefore, DFA analysis of these Antarctic com-
munities made it possible to reveal the au-
totrophic signal produced by the primary-pro-
ducing bacteria that dominate the carbon cycle in
the ecosystem. This indicates that amino acid-
specific stable carbon isotope analysis provides a
powerful method for determining what meta-
bolic pathways are involved in the cycling of car-
bon in the environment.

DISCUSSION

Amino acids are defined as molecules that con-
tain both amino and carboxylic acid functional
groups. Over 500 molecules have been discov-
ered and synthesized that can fit this ubiquitous
chemical description. Extant life uses a subset of
a-amino acids to form macromolecules. In par-
ticular, life synthesizes a-amino acids in which
the amino and carboxylate functional group are
attached to the a-carbon. Furthermore, 20 “com-
mon” amino acids have been found in extant life.
These amino acids have been well characterized,
and their linkage to the universal genetic code has
been well documented (Crick, 1968; Sjostrom and
Wold, 1985; Wetzel, 1995). However, it should be
noted that our knowledge of the code is con-
stantly evolving. For example, two novel amino
acids were recently isolated and characterized
(Stadtman, 1987; Hao et al., 2002). Seleno-cysteine
is a selenium-containing amino acid with the
structure of cysteine, in which a selenium atom
replaces the sulfur atom. The amino acid is se-
lectively incorporated into many redox enzymes
at a UGA codon, which typically indicates a stop
codon (Zinoni et al., 1986; Stadtman, 1987). The
novel amino acid pyrrolysine in methanogens is
incorporated into several enzymes involved in
the synthesis of methane (Zinoni et al., 1986;
Stadtman, 1987; Hao et al., 2002). The physiolog-
ical importance of these two amino acids is still
not entirely understood.
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Finally, life demonstrates a bias toward certain
enantiomers in the formation of proteins. For ex-
ample, amino acids used to form peptides are in
the L-configuration, while those found associated
with peptidoglycan, which occurs in cell walls in
bacteria, are biased toward the D-configuration
(Madigan et al., 2002). Recent research has fo-
cused on chirality as an important feature of life
origins and as a means of distinguishing biolog-
ically formed amino acids from those formed by
nonbiological processes (Engel and Nagy, 1982;
Bada, 1997; Cronin and Pizarello, 1997; Engel and
Macko, 1997; Bonner and Bean, 2002; Brinton et
al., 2002; Sparks et al., 2005; Vandenabeele-Tram-
bouze et al., 2005).

Amino acids can be formed by processes that
require no biology. In the interstellar medium, it
has been proposed that amino acids can be
formed using a Fischer-Tropsch chemical mech-
anism. This mechanism allows amino acid for-
mation to occur in cooled nebular gases (CO, Hp,
and NH3j) on the surfaces of catalytic icy-dust
grains (Hayatsu and Anders, 1981). On planetary
bodies (e.g., Earth and Mars), it has been shown

that amino acids can be formed utilizing spark-
discharge gas-phase chemistry. Miller (1953) and
Miller and Urey (1959) demonstrated that amino
acids could be formed when a mixture of reduced
gases (CHy, NH3, Hp, and H,O) is subjected to
electrical discharge in a closed system. Interest-
ingly, the resulting product of this experiment is
a mixture of amino acids and dicarboxylic acids,
which closely mimic the distribution of organics
observed in the Murchison meteorite (Wolman et
al., 1972).

Amino acid synthesis by extant life proceeds
by a set of mechanisms that are very different
from those proposed for the formation of mete-
oritic amino acids (Hayes, 2001; Savidge and
Blair, 2004; McDonald and Storrie-Lombardi,
2006). For example, amino acid synthesis includes
the fixation of nitrogen in the form of ammonia
by assimilation into keto-acids. The keto-acids are
provided by intermediates formed by carbohy-
drate metabolism (i.e., glycolysis or gluconeoge-
nesis) in the case of serine, and CAC intermedi-
ates for the formation of alanine, aspartate, and
glutamate. Formation of serine, alanine, aspar-
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tate, and glutamate serves as an initial step in the
biosynthetic pathways that lead to the formation
of every other amino acid. The reactions that
make up these branching and interconnected
pathways consist of rearrangements of the initial
carbon skeleton and the assimilation of CO, and
methyl groups onto the basic carbon framework
supplied by the CAC and glycolysis (Kornberg,
1970).

We are comparing the mechanistic differences be-
tween amino acids formed by a Fischer-Tropsch or
Miller-Urey type reaction and the one-carbon addi-
tions and carbon-backbone rearrangements used by
extant biology. How carbon bonds are formed and
broken in nonbiological versus biological synthesis
of amino acids can be differentiated by measuring
the stable carbon isotope patterns in the amino acids.
In fact, when the isotopic composition of meteoritic
amino acids and the data set from this study are
compared and contrasted, clear differences emerge.
The isotopic fractionation in amino acids formed by
nonbiological processes looks very different from a
pool of amino acids formed by biology (Engel and
Nagy, 1982; Cronin and Pizarello, 1997; Engel and
Macko, 1997; Fox, 2002). Furthermore, it has been
reported that there is almost unity in the §!3C of the
alanine and aspartate formed by a Miller-Urey syn-
thesis (Engel et al., 1995). This is also consistent with
the mechanism proposed for the formation of as-
partate and alanine in the Murchison meteorite
(Yuen et al., 1984). The 8'3C values of alanine be-
tween aspartate pools formed by biology differ sig-
nificantly. The fractionation pattern in the pools of
aspartate and alanine formed by biology differ in
their 613C values by AC = 2-6 parts per million
(Tables 2 and 3). Also, there is a distinctive range of
isotope carbon fraction between the pools of aspar-
tate and glutamate formed by biology (Tables 2 and
3). The observed isotope fractionation anomalies are
associated with biology. For example, they are
caused by carboxylation and decarboxylation of ox-
aloacetate and pyruvate. These key carboxylation
and decarboxylation reactions are catalyzed by
pyruvate and phosphoenolpyruvate carboxylases.
The other enzymes that link the pools of oxaloac-
etate, pyruvate, and a-ketoglutarate are found
within the CAC pathway (Kornberg, 1970). The iso-
topic anomalies reported for these classes of en-
zymes (Schmidt and Winkler, 1979; O’Leary et al.,
1981; Hayes, 2001) are consistent with the A3C =
26 parts per million (Tables 2 and 3) carbon isotope
effect measured in our study.

In this study, we looked at complex communi-
ties that formed inside sandstone rocks found in
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the Dry Valleys of Antarctica to determine whether
a biochemical signature could be measured. We ad-
mit work with more communities is required be-
fore the power of this method as a means of ana-
lyzing environmental samples can be definitively
determined. It is clear that the next key stage of this
work will be to apply DFA to natural samples char-
acterized by a greater number of phylotypes and
metabolic diversity (e.g., it was not known to what
degree the large portion of organics synthesized in
these communities by primary producing au-
totrophic microorganisms influenced the ability to
obtain the CO, fixation signature). Despite these
concerns, however, it is clear that unique carbon
isotopic signatures can be teased from a complex
microbial community using our method. Biology
imprints, on a pool of amino acids, a biosignature
that indicates how and what a microbial commu-
nity metabolizes. Our method can also be used as
a means by which to distinguish amino acids
formed by biology and nonbiological processes.
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