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Kinetics of the racemization of amino acids at 225-275°C
using a real-time monitoring method of hydrothermal reactions
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Abstract

The monitoring method of rapid hydrothermal reactions was successfully applied to the racemization of amino acids at
225-275°C. The rate constants of racemization of alanine, leucine, and phenylalanine were determined and the apparent
activation energy was 124 kJ mol~" for alanine, 120 kJ mol~" for leucine, and 115 kJ mol~" for phenylalanine, which are in
good agreement with previous data at lower temperatures. In the course of the study, the observation of the formation of
alanine anhydride, which is not possible by the conventional batch method, has been succeeded. Further, the cyclization
of L-alanyl-L-alanine was possible to be monitored and it was confirmed that the reaction was much faster than racemization of
alanine. Basing on the kinetic investigations, the importance of the racemization of amino acids is discussed from the
viewpoint of the hydrothermal origin of life. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

It is widely believed that hydrothermal systems
such as hydrothermal vents in deep ocean have played
important roles for the emergence of life under the
primitive earth conditions (the hypothesis on the
hydrothermal origin of life) [1,2]. For instance, there
have been successful studies, which demonstrate the
formation of biologically important molecules such as
proteins under the hydrothermal conditions [3-7]. In
addition, phylogenetic analyses indicate that the
last common ancestor of all present organisms had
the nature of hyperthermophiles [8—11]. Besides, the
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rapid degradation of biomolecules is considered as a
stumbling block in the hypothesis on the hydrothermal
origin of life [12—15]. For instance, the low stability of
RNA at high-temperatures is in conflict with the RNA
world hypothesis [16-22]. However, during investiga-
tions the detailed kinetics of the degradation and
formation of these molecules under hydrothermal
environments, we have been confronted with difficulty
on monitoring the reactions at high-temperatures.
Thus, as one solution, we have recently proposed a
new monitoring method of hydrothermal reactions
[23-25].

On the other hand, the racemization and the ampli-
fication of asymmetric compounds are interesting
from the viewpoint of emergence of chiral molecules
at the time of origin of life. For instance, the rapid
racemization of amino acids at high-temperatures
would have forbidden the emergence of advanced
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functions as being observed in the modern organisms.
Further, the racemization is useful in geochronology
[26,27]. However, real-time monitoring the racemiza-
tion of amino acids over 200°C is difficult or impos-
sible, then the rate constants at high-temperatures
have been exclusively obtained by extrapolation of
the Arrhenius plots determined at lower temperatures
[28-31]. In the present study, the scope of the real-
time monitoring method was investigated for the
racemization of amino acids, then monitoring the
racemization of alanine, leucine, and phenylalanine
has been succeeded at 225-275°C at 10 MPa.
Further, the condensation of two alanine molecules
to form alanine anhydride was possible to be follow-
ed during racemization, while no oligopeptide was
found. The kinetic analysis demonstrates the use-
fulness of the monitoring method and the importance
of the racemization of amino acids is discussed
from the viewpoint of the hydrothermal origin of
life.

2. Experimental
2.1. Chemicals
L-Alanine was purchased from Peptide Institute

Inc. (Osaka, Japan) and alanine anhydride (mixture
of pL and meso 3,6-dimethyl-2,5-piperazinedione),
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L-alanyl-L-alanine, and bD,L-,D,L-alanylalanine were
purchased from Sigma—Aldrich Japan (Tokyo, Japan).
All other reagents used were obtained from Sigma (St.
Louis, MO, USA) and Wako (Osaka, Japan).

2.2. Apparatus

The monitoring system for hydrothermal reactions
was set up as described in previous studies (Fig. 1)
[24,25]. The system consists of a 1 1 H,O reservoir, a
high-pressure HPLC pump (model PU-980, JASCO
Corporation, Japan), a sample injector (Rheodyne,
with 0.1 ml sample loop), a hydrothermal reactor, a
cooling bath, and a back-pressure tubing, sampling
port, and a temperature controller. The system was
connected with transfer lines (0.1 or 0.25 mm inner
diameter (i.d.) of stainless steel (SUS) tubing), and
double-distilled water, was filtered with a 0.2 pm
membrane filter, was pumped from the reservoir
against the back-pressure on the system. The pressure
in the reactor was regulated using back-pressure tub-
ing at 10 MPa. The flow reactor consisted of tubing
and a heating block, which the temperature was con-
trolled at +1%. The residence time in tubing was
controlled by changing the flow rate of the pump at
0.05-2 ml min~' and using tubing with different sizes.
The inner volumes of 0.1 and 0.25 tubing mm i.d.
tubing were determined by weighing with and without
filling water at 25°C.
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Fig. 1. Hydrothermal system: the system consists of a H,O reservoir, a high-pressure pump, a sample injector, a hydrothermal reactor, an ice
bath, a back-pressure equipment and sampling port, and a temperature controller.
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2.3. Sample preparation and kinetic analysis

Sample solutions containing 0.01-0.5 M amino
acid, 0.1 M NaCl, 0.05 M MgCl, were prepared and
pH was adjusted with 0.01 M HCI or 0.01 M NaOH
solutions. An amount of 0.1 ml of the sample solution
was injected to the flow system and the sample
exposed at a high-temperature was withdrawn from
the sampling port at an appropriate time period after
the sample injection and immediately quenched to
0°C. The sample was analyzed by HPLC (Shimadzu
HPLC LC-10A, Kyoto, Japan) with a chiral separation
column CROWNPAK CR(+) (Daicel Chemical In-
dustries Ltd., Tokyo, Japan). The HPLC analysis was
carried out at 25°C and a wavelength 220 nm was used
for detection.

A computer program SIMFIT was used for evalua-
tion of the rate constants [32].

3. Results and discussion
3.1. Racemization of amino acids

HPLC charts of the products of racemization of
L-alanine at 275°C are shown in Fig. 2. p-Alanine and
alanine anhydride were assigned using authentic sam-
ples, and unknown peaks were also detected. The
reaction curves of racemization of alanine were suc-
cessfully determined at 225-275°C and 0.02-0.5 M
alanine using the present system (Fig. 3). Besides, in
order to see if the tubing material affects the racemi-
zation, polyetheretherketone (PEEK) tubing was test-
ed at 225°C. The reaction curves using SUS and PEEK
tubing were in good agreement, so no influence of the
inner wall of SUS and PEEK tubing was confirmed.
Thus, further investigations were performed using
SUS tubing since SUS tubing bears at higher tem-
peratures than PEEK tubing. The extents of the pro-
ducts of racemization from L-alanine to p-alanine and
its reverse reaction were in good agreement at the end
of the reaction (Fig. 3a and b). Besides, the formation
of alanine anhydride isomers was less pronounced at
low concentrations of alanine (Fig. 2a and b).
Although, the reaction curves indicate that the HPLC
peaks of L-alanine and isomers of alanine anhydride
are somewhat overlapping (Figs. 2c and 3a and b), it
was possible to determine the rate constants of the
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Fig. 2. HPLC chromatograms for the racemization of L-alanine.
The reactions were carried out in the presence of 0.1 M NaCl,
0.05 M MgCl, at initial pH = 7.0 at 275°C. (a) 0.05 M L-alanine,
residence time: 2.9 s. (b) 0.05 M L-alanine, residence time: 58.1 s.
(c)0.2 M vr-alanine, residence time: 116 s. Abbreviations: L, L-alanine;
D, D-alanine; cAA, alanine anhydride; prol, unknown product 1; pro2,
unknown product 2.

racemization and the formation of alanine anhydride.
The racemization of alanine is described by following
equations.

L-alanin=D-alanine (D)
d
~% [L-alanine] = k,c[L-alanine]

— kyye[D-alanine] 2)

[0/
i B =2 ©

where k., is the rate constant of racemization, and [D]
and [L] indicate p-amino acid and L-amino acid,
respectively. The first-order rate plots expressed by
Eq. (3) demonstrate that the racemization of alanine
obeys the first-order rate kinetics at low concentration
of alanine (Fig. 4) since the yield of alanine anhydride
isomers is low (Fig. 2a and b).

By conventional batch methods, real-time monitor-
ing the formation of alanine anhydride is not possible
because of rapid cyclization of alanylalanine at high-
temperatures [13]. However, the formation of alanine
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Fig. 3. The reaction curves for the racemization of L-alanine and p-
alanine. The reactions were carried out in the presence of 0.1 M
NaCl, 0.05 M MgCl,, 0.5M L- or p-alanine at initial pH = 7.0 at
275°C. (a) vr-alanine, (b) p-alanine. (Q) L-alanine + alanine
anhydride isomer; (@) p-alanine; () alanine anhydride isomer;
(/) unknown product 1; (A) unknown product 2.
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Fig. 4. The first-order rate plots for the racemization of L-alanine.
The reactions were carried out in the presence of 0.1 M NaCl,
0.05 M MgCl,, 0.05 M L-alanine at initial pH = 7.0 at 275°C. (O)
275°C; (@) 250°C; ([0) 225°C.

anhydride was possible to be followed by the present
method. The extent of alanine anhydride isomers
increases with increasing the alanine concentration
and the reaction temperature, and the extent was not
significant at 225 and 250°C (Fig. 2a and b). This fact
is consistent with previous studies, in which the yield
of diketopiperadine formed from glycine increases
with increasing temperature [7,13,33]. In addition,
the formation of dipeptide isomers from alanine
monomer was not detected in the products. Thus,
the formation of alanine anhydride is expressed by
Eq. (4)

Alanine + a]aninek—>alanine anhydride 4)
Pip

where k;, indicates the rate constant of the formation
of alanine anhydride. According to the model com-
bined using Eqgs. (1) and (4), the values of kg, and k;,
were determined by SIMFIT for both the reactions
from L-alanine and from p-alanine at the concentration
range 0.02-0.5 M. The rate constants were basically
independent on the concentration of alanine and on
whether the racemization starts from L- or p-alanine.
Thus, the rate constants k. and kp;, were ultimately
determined to obtain a best fit by SIMFIT using all the
reaction curves simultaneously (Table 1). In addition,
the values of k.. were less dependent on pH at 225-
275°C, which is also in coincidence with previous
studies [28,30].

In order to evaluate the rate of the formation of
alanine anhydride, the disappearance of rL-alanyl-L-
alanine and that of the mixture of p,L-alanyl-p,L-
alanine enantiomers to form alanine anhydride were
monitored using the present system in a short time
scale (Figs. 5 and 6) and the first-order rate plots were
determined (Fig. 7). HPLC charts show the cyclization
of L-alanyl-L-alanine within 5 s, in which the retention
time of the product formed from L-alanyl-L-alanine
coincided with that of authentic alanine anhydride
(Fig. 5). During the cyclization of L-alanyl-L-alanine,
the hydrolysis of L-alanyl-L-alanine was not observed,
which is in contrary to a result observed for glycine
[13]. Fig. 6 indicates that the cyclization of L-alanyl-L-
alanine is much faster than the racemization of alanine
and the formation of alanine anhydride from two
alanine molecules. The cyclization from b,L-alanyl-
D,L-alanine had similar rate to that from r-alanyl-L-
alanine. Thus, the formation of alanine anhydride can
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Table 1
The rate constants of racemization of alanine, formation of alanine anhydride, and cyclization of r-alanyl-L-alanine®
T (°C)
225 250 275
pH=7
krae 571 (137 £ 0.07) x 1073 (3.69 £ 0.10) x 1073 (1.35 £ 0.02) x 1072
kpip 7'M N.D. N.D. (5.57 £0.12) x 107>
keye 671 N.D. N.D. (2.87 £ 0.15) x 107!
pH =4
krae 571 (1.20 £ 0.02) x 1073 (352 £027) x 1073 (1.28 £ 0.07) x 1072
pH =10
krae 571 (132 £ 0.05) x 1073 (2.82 £ 0.03) x 1073 (1.07 £ 0.04) x 1072

# The rate constants were determined by SIMFIT using all the reaction curves in the presence of 0.1 M NaCl, 0.05 M MgCl,, 0.02-0.5 M

alanine. N.D.: not determined.

be expressed by Egs. (5.1) and (5.2).

L-alanine + L-alanine — L-alanyl-L-alanine 5.1)
dim
L-alanyl-L-alanine—alanine anhydride (5.2)

cyc

where kg, is the rate constant of the formation of
dipeptide Eq. (5.1) and k.. is that of cyclization of
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Fig. 5. HPLC chromatograms during cyclization of L-alanyl-L-
alanine. The reactions were carried out in the presence of 0.1 M
NaCl, 0.05M MgCl,, 0.025M L-alanyl-L-alanine at initial
pH=7.0 at 275°C. Residence time: (a) 0.40s, (b) 4.03s.
Abbreviations: L-ala-L-ala, L-alanyl-L-alanine; cAA, alanine anhy-
dride.
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Fig. 6. The reaction curves for the formation of alanine anhydride
from L-alanyl-L-alanine. The reaction was carried out in the
presence of 0.1 M NaCl, 0.05M MgCl,, 0.025M L-alanyl-L-
alanine at initial pH = 7.0 at 275°C. (Q) L-alanyl-L-alanine; (@)
alanine anhydride.
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Fig. 7. The first-order rate plots of the formation of alanine
anhydride from L-alanyl-L-alanine. The reaction conditions are the
same as shown in Fig. 5.
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linear L-alanyl-L-alanine. The magnitude of k.. deter-
mined from the slope in Fig. 7 is 0.287 & 0.015 s ' at
275°C, so the rate of cyclization is remarkably faster
than that of the formation of alanine anhydride from
two alanine molecules (kyip = 5.57 x 103 M 's™ !,
Eq. (4)). The reaction curves shown in Figs. 3 and 6
demonstrate that the rate of formation of alanine
anhydride and that of cyclization of L-alanyl-L-alanine
are notably different. Thus, the magnitude of kg, is
considered to be approximately equal to k;, since the
formation of dimer is regarded as the rate determining
step. In other words, the present system enabled to
determine the rate constant of dimerization of alanine
at 275°C. Further, the fact that no L-alanyl-L-alanine
was detected during the formation of alanine anhy-
dride supports this model. That is to say, L-alanyl-L-
alanine does not remain as a primer for elongation
since the cyclization of alanylalanine immediately
occurs with much faster rate than the elongation of
alanine. This is consistent with a previous study, in
which the yield of glycine peptides was fairly low
compared with glycine anhydride in the model reac-
tion of a hydrothermal vent in deep ocean [7].

The racemization of leucine and phenylalanine was
also followed using the chiral separation HPLC. The
fact that by-products <10% were detected during the
racemization of leucine and phenylalanine at 275°C
and at 50-100 s may indicates that the cyclization
occurred. First-order rate plots were determined on the
basis of Eq. (3) as shown in Fig. 8, which gave good
fits, and the rate constants are summarized in Table 2.

The apparent activation energy (E, ,pp,) Was deter-
mined from the slopes of the Arrhenius plots of k.
(Fig. 9, Table 3), and E, ,,, for alanine, leucine, and
phenylalanine was in good agreement with a previous
study carried out at lower temperatures [34].

3
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Fig. 8. The first-order rate plots for the racemization of L-leucine
and L-phenylalanine. The reactions were carried out in the presence
of 0.1 M NaCl, 0.05M MgCl,, 0.01 M L-amino acid at initial
pH =7.0. (a) r-leucine, (b) L-phenylalanine. (O) 275°C; (@)
250°C; ([O) 225°C.

3.2. Implications on the origin of life

Asymmetric biopolymers are considered to be
essential to construct life on the earth. For instance,
the information flow from DNA to protein in cell is
warranted by the existence of asymmetric biopoly-
mers. In other words, the biological functions of

250 275

Table 2
The rate constants of racemization of L-leucine and L-phenylalanine®
T (0O
225
L-leucine
krae (571 (3.74 £ 0.09) x 107*
L-phenylalanine
Keae 571 (1.04 £ 0.01) x 1073

(1.97 £+ 0.03) x 1073 (7.25 £ 0.09) x 1073

(436 £ 0.03) x 1074 (142 £ 0.02) x 1072

# The racemization was determined in the presence of 0.1 M NaCl, 0.05 M MgCl,, 0.01 M amino acids.
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Fig. 9. Arrhenius plots for the racemization of alanine, leucine,
and phenylalanine. Rate constants: 225-275°C (this study), 139°C
[34].

Table 3
Apparent activation energy for the racemization of amino acids

Amino acids Ejapp (KJ mol ™)

Alanine 124
Leucine 120
Phenylalanine 115

proteins could have not appeared unless the rate of the
primitive biological reactions was much greater than
that of racemization of amino acids [22]. According to
the present study, the half-lives of amino acids are
estimated to be 32 day (alanine), 52 day (leucine), and
15 day (phenylalanine) at 110°C, so the racemization
at 110°C is regarded as much slower than the enzy-
matic reactions even in hyperthermophiles. On the
other hand, the half-lives of amino acids are 25-50 s at
275°C, 80-175 s at 250°C, and 250-950 s at 225°C, so
the racemization of amino acids at 225-275°C might
be considered as being too fast to construct primitive
enzymatic reactions. However, on the contrary, if
primitive enzymatic reactions were relatively so fast
compared with the racemization of amino acids, the
primitive enzymatic reactions could have played actual
roles [19,25]. Thus, one should be careful when decid-
ing whether the rate of racemization at hydrothermal
conditions is too fast for prebiotic evolution or not.
On the other hand, it would be interesting to com-
pare the stability of amino acid and nucleic acid
monomers. The hydrolysis of 5'-ATP is much slower
than the racemization of amino acids, in which the
half-lives of 5'-ATP is 5.8 ms at 275°C, 21 ms at

250°C, and 82 ms at 225°C [25]. Thus, 5'-ATP is
considered to be about 10* times more labile than
the amino acids since racemization is the fastest
degradation process for amino acids [13,14]. How-
ever, E, ,pp of 5'-ATP hydrolysis (120 kJ mol ') is not
much different from that of the racemization of amino
acids (115-124 kI mol™ "), so the relative difference
between the stability of 5'-ATP and amino acids are
not much dependent on temperature. That is to say, the
results support that amino acids are more stable than
nucleic acids over wide range of temperatures.
Moreover, the fact that the rate of dimerization of
alanine has similar magnitude to racemization seems
to be a problem for the asymmetric peptide formation
under hydrothermal conditions. Additionally, the pre-
sent study shows that the hydrolyses of alanine anhy-
dride and alanylalanine are much slower than the
racemization of alanine. Besides, the fact that the
cyclization of alanylalanine inhibits the oligomeriza-
tion of alanine to form alanine peptides is analogous to
that the cyclization of trinucleotides on montmorillo-
nite inhibits the elongation of oligonucleotides [35].
These facts might suggest that higher yield of linear
oligopeptides would occur using catalysts such as clay
minerals [35,36], which could prohibit the cyclization
of alanylalanine or catalyze the elongation of alany-
lalanine. Based on these considerations, it will be
interesting to search possible conditions, where an
asymmetric formation of oligopeptide could occur
under hydrothermal conditions against racemization.
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