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Abstract Why does life use α-amino acids exclusively as building blocks of proteins? To
address that fundamental question from an energetic perspective, this study estimated the
standard molal thermodynamic data for three non-α-amino acids (β-alanine, γ-aminobutyric
acid, and ε-aminocaproic acid) and α-amino-n-butyric acid in their zwitterionic, negative, and
positive ionization states based on the corresponding experimental measurements reported in
the literature. Temperature dependences of their heat capacities were described based on the
revised Helgeson–Kirkham–Flowers (HKF) equations of state. The obtained dataset was then
used to calculate the standard molal Gibbs energies (ΔGo) of the non-α-amino acids as a
function of temperature and pH. Comparison of their ΔGo values with those of α-amino acids
having the same molecular formula showed that the non-α-amino acids have similar ΔGo

values to the corresponding α-amino acids in physiologically relevant conditions (neutral pH,
<100 °C). In acidic and alkaline pH, the non-α-amino acids are thermodynamically more
stable than the corresponding α-ones over a broad temperature range. These results suggest
that the energetic cost of synthesis is not an important selection pressure to incorporate α-
amino acids into biological systems.

Keywords Abiotic organic synthesis . Origin of life . Chemical evolution

Introduction

Why does life use α-amino acids exclusively as building blocks of proteins? To resolve that
fundamental question, extensive discussion has progressed from various scientific viewpoints,
including (1) the availability of amino acids on the primitive Earth, (2) the stability of amino
acids relative to decomposition and racemization, (3) functional utility in biochemical pro-
cesses, and (4) the energetic cost of synthesis (Weber and Miller 1981; Cleaves 2010). The
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fourth factor was evaluated previously by Cleaves (2010) through comparison of the enthalpy
of formation (ΔfH) of several α-amino acids with β-amino acids containing the same side-
chain structures. No meaningful enthalpic difference was observed, implying that the energetic
cost is not an important selection pressure to incorporate α-amino acids into biological
systems. This result suggests that structural differences between the two are more important
factor.

The values of ΔfH used in that evaluation represent the enthalpy of amino acids at a
physiological condition. It is noteworthy, however, that amino acids show vastly different
thermodynamic properties depending on the environmental conditions. With increasing pH
from acidic to alkaline, for instance, the net charge of an amino acid molecule changes from
positive to neutral to negative because of the deprotonation of the functional groups (−NH3

+

→ −NH2 + H+, −COOH→−COO− + H+). Each ionization state has mutually different
thermodynamic properties (Kitadai 2014, 2015). Additionally, their properties have mutually
different temperature dependences. Because various environments have been proposed as
important sites for the chemical evolution of amino acids on the Hadean Earth (e.g., submarine
alkaline hydrothermal systems by Sakata et al. (2010) and acidic tidal pools on beaches by
Rode (1999)), evaluating the synthetic costs of non-α-amino acids over broad temperature and
pH ranges is worthwhile, as is comparing their values with those of corresponding α-amino
acids.

As a starting point to this end, this study determined basic sets of the standard molal
thermodynamic data for three non-α-amino acids (β-alanine (β-Ala), γ-aminobutyric acid (γ-
ABA), and ε-aminocaproic acid (ε-ACA)) and α-amino-n-butyric acid (α-ABA) in their
zwitterionic, negative, and positive ionization states based on the corresponding experimental
measurements reported in the literature. Temperature dependences of their heat capacities were
described based on the revised Helgeson–Kirkham–Flowers (HKF) equations of state
(Helgeson et al. 1981; Tanger and Helgeson 1988). These four amino acids were selected
because they have been synthesized in many prebiotic experiments simulating the surface
environment of the Hadean Earth or the early solar nebula (Zaia et al. 2008). In fact, these have
been detected from almost all types of carbonaceous chondrites (Glavin et al. 2011). β-Ala is
among the most abundant amino acids identified in CI carbonaceous chondrites (Glavin et al.
2011; Burton et al. 2014), whereas εACA is in CH and CB chondrites (Burton et al. 2013). γ-
ABA and α-ABA typically exhibit intermediate concentrations between the two (Glavin et al.
2011; Burton et al. 2013, 2014). Therefore, the four amino acids could have influenced the
selection of α-amino acids for protein synthesis during the origin and early evolution
of life. Another significance for the four amino acids is that these have different
numbers of carbon atoms between the amino group (−NH3

+) and the carboxyl group
(−COO−) (one, α-ABA; two, β-Ala; three, γ-ABA; five, ε-ACA). Comparison of
their thermodynamic properties therefore allows evaluation of the contribution from
the intramolecular interaction of the two functional groups. That information is
expected to be useful to discuss why life exclusively uses amino acids with the
shortest -NH3

+ ↔ −OOC- distance (i.e., α-amino acids).

Calculation Methodology

The thermodynamic data and revised HKF parameters for α-ABA, β-Ala, γ-ABA, and ε-
ACA in their zwitterionic, positive and negative ionization states were obtained in the manner
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presented below. The thermodynamic conventions and the revised HKF equations of state
adopted for this study are explained in Appendix 1.

Standard Molal Thermodynamic Data for non-Protein Amino Acids at 25 °C
and 1 bar

Table 1 presents values of the standard molal Gibbs energy (ΔfG°), enthalpy (ΔfH°)
and entropy (S°) at 25 °C and 1 bar for the four non-protein amino acids. The values
of ΔfG° for zwitterionic β-Ala and γ-ABA (β-Ala± and γ-ABA±, respectively) were
calculated from ΔfG° of the respective crystalline states (ΔfGcr

o ) by consideration of
their solubilities in water at 25 °C and 1 bar (Msat=7.869 mol kg−1 for β-Ala± and
11.25 mol kg−1 for γ-ABA±; Romero and Oviedo 2013) together with their activity
coefficients (γsat).

Table 1 Standard molal thermodynamic data at 25 °C and 1 bar and the revised HKF equation of state
parameters for β-alanine (β-Ala), α-amino-n-butyric acid (α-ABA), γ-aminobutyric acid (γ-ABA), and ε-
aminocaproic acid (ε-ACA) in their zwitterionic, positive, and negative ionization statesss

Species ΔfGoa ΔfHoa SoPr, Tr
b Cp

ob Voc c1
b c2

d×10−4 ωe×10−5

α-ABA± −86.13 −137.19 46.70f 55.0 76.7g 65.1 −4.95 0.00

α-ABA+ −89.25g −137.51g 56.12g 87.8 84.9g 84.5 0.70 −0.20
α-ABA− −72.72g −126.42g 37.84g 43.6 75.6g 65.7 −6.40 0.99

β-Ala± −88.82 −131.72 41.49 18.2h 58.5i 39.6h −9.90h 0.15h

β-Ala+ −93.67j −132.82j 54.09j 54.6 65.2k 109.0 −9.97 3.72

β-Ala− −74.78j −120.44j 32.41j 15.7 60.0k 49.8 −9.25 1.66

γ-ABA± −86.95 −139.03 43.31 32.3 73.5i 6.9 −5.17 −3.92
γ-ABA+ −92.45l −139.43l 60.40l 66.2 82.0k 74.4 −5.36 −0.29
γ-ABA− −72.55l −126.96l 35.50l 27.3 75.5k 36.3 −7.20 −0.62
ε-ACA± −85.78 −153.68 55.45 66.4m 104.7i 31.6 −0.57 −3.92
ε-ACA+ −91.75n −153.36n 76.55n 96.5 115.5k 98.6 −3.96 0.65

ε-ACA− −71.05° −140.12° 51.45° 60.6 107.7k 51.8 −1.60 −1.32

a kcal mol−1

b cal mol−1 K−1

c cm3 mol−1

d cal K mol−1

e cal mol−1

f Shock and Helgeson (1990)
g Price et al. (2003)
h Plyasunov and Shock (2001)
i Shahidi and Farrell (1978)
j Smith and Martell (2004)
k Shahidi (1980)
l King (1954)
mAhluwalia et al. (1977)
n Christensen et al. (1968)
o Smith and Smith (1942)
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Δ f G
o ¼ Δ f G

o
cr−RTln γsat �Msatð Þ ð1Þ

In this equation, T and R respectively stand for the temperature in Kelvin and the gas
constant (1.98721 cal mol−1 K−1). The γsat of the zwitterionic species were referred from a
report by Lilley (1985), where the values in near-saturated aqueous solutions of the respective
amino acids are presented. TheΔfGcr

o of crystalline β-Ala± and γ-ABA± was calculated using
ΔfH° of the respective solids at 25 °C and 1 bar (ΔfHcr

o =–133.63 kcal mol–1 for β-Ala±; da
Silva et al. 2010 and −138.87 kcal mol−1 for γ-ABA±; Skoulika and Sabbah 1983) together

with those of S° at 25 °C and 1 bar (SoCr; Pr ;Tr
¼ 30:26 cal mol–1K–1 for β-Ala±, Paukov et al.

2009; and 37.89 cal mol−1 K−1 for γ-ABA±, Paukov et al. 2013) as shown below.

Δ f G
o
cr ¼ Δ f H

o
cr−Tr SoCr; Pr ;Tr

−SoPr ; Tr ; elements

� �
ð2Þ

Here, SoPr ; Tr ; elements
represents the total standard molal entropy at 25 °C and 1 bar of the

elements making up the species of interest (O2(g), H2(g), C(graphite), and N2(g)). The values
of S° for the elements were taken from a report by Cox et al. (1989).

The ΔfH° of aqueous β-Ala± and γ-ABA± were calculated using the ΔfHcr
o of respective

solids described above by consideration of their standard enthalpies of solution at 25 °C and
1 bar (ΔsolHo=1.91 kcal mol−1 for β-Ala± and −0.15 kcal mol−1 for γ-ABA±, Prasad and
Ahluwalia 1976) as presented below.

Δ f H
o ¼ Δ f H

o
cr þΔsolH

o ð3Þ
The values of S° at 25 °C and 1 bar for aqueous β-Ala± and γ-ABA± were subsequently

calculated from Eq. 2 using the values of ΔfGo and ΔfHo presented in Table 1.
The values of ΔfG°, ΔfH°, and S° at 25 °C and 1 bar for α-ABA± were reported previously

by Shock and Helgeson (1990) (−87.12 kcal mol−1, −138.18 kcal mol−1, and
46.7 cal mol−1 K−1, respectively). However, because of the paucity of experimental data for
α-ABA± at that time, these values were estimated provisionally using the correlation between
the standard molal properties of α-amino acids and the number of carbon atoms in their
structures (e.g., ΔfH° of α-ABA±=−5.67×4–115.50 kcal mol−1). More recently, the ΔfHcr

o of
crystalline α-ABA± was determined experimentally as −138.77 kcal mol−1 (Yang et al. 1999).
That value, together with the ΔsolHo of α-ABA± reported by Prasad and Ahluwalia (1976)
(1.58 kcal mol−1), gives the ΔfH° of aqueous α-ABA±=−137.19 kcal mol−1 (calculated from
Eq. 3). This ΔfH° value was used for this study. It was used in combination with the S° at
25 °C and 1 bar as estimated by Shock and Helgeson (1990), to calculate the ΔfG° for α-ABA±

(−86.13 kcal mol−1, calculated from Eq. 2).
The values of ΔfG°, ΔfH° and S° at 25 °C and 1 bar for ε-ACA± were obtained as follows.

First, ΔfH° was calculated from Eq. 3 using the reported ΔfHcr
o (−153.35 kcal mol−1,

Contineanu et al. 2005) and ΔsolH
o (−0.33 kcal mol−1, Prasad and Ahluwalia 1976) of

crystalline ε-ACA±. Second, the provisional estimate of S° at 25 °C and 1 bar was calculated
using group additivity algorithms developed by Amend and Helgeson (1997; 2000)
and Dick et al. (2006). Based on that algorithm, the standard molal thermodynamic
data and the revised HKF parameters for ε-ACA± (Ξε−ACA� ) are calculable using the
corresponding values of γ-ABA± (Ξγ−ABA� ) together with those of the [−CH2-] group

(Ξ −CH2½ �) as shown below.

Ξε−ACA� ¼ Ξγ−ABA� þ 2� Ξ −CH2−½ � ð4Þ
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The Ξγ−ABA� used in this calculation was taken from Table 1. Also, Ξ −CH2½ � was referred
from a report by Dick et al. (2006). The uncertainty of S° at 25 °C and 1 bar associated with the
additivity prediction is ±0.50 cal mol−1 K−1 (Amend and Helgeson 1997; Dick et al. 2006).
The value of S° was then used together with the values of ΔfH° obtained using the procedure
described above, to calculate the ΔfG° of ε-ACA± from Eq. 2 (−85.78 kcal mol−1).

The values of ΔfG
o, ΔfHo, and S° at 25 °C and 1 bar for the ionization states of the non-

protein amino acids were calculated from the values of the corresponding zwitterionic states
(Table 1) in combination with the standard molal properties of ionization (ΔiGo, ΔiHo, and
ΔiSo) reported in the literature (Price et al. (2003) for α-ABA+ and α-ABA−, Smith and Martell
(2004) for β-Ala+ and β-Ala−, King (1954) for γ-ABA+ and γ-ABA−, Christensen et al.
(1968) for ε-ACA+, and Smith and Smith (1942) for ε-ACA−) in accord with the following.

Δ f G
o ionization stateð Þ ¼ Δ f G

o zwitterionic stateð Þ þΔiG
o ð5Þ

Δ f H
o ionization stateð Þ ¼ Δ f H

o zwitterionic stateð Þ þΔiH
o ð6Þ

and

SoPr ;Tr
ionization stateð Þ ¼ SoPr ;Tr

zwitterionic stateð Þ þΔiS
o ð7Þ

Retrieval of the Revised HKF Equations of State Parameters for Heat Capacity

The values of the standard molal heat capacity (CP
o) at 25 °C and 1 bar and the revised HKF

parameters for the temperature dependence of CP
o (c1, c2 and ω; see Appendix 1) of the four

non-protein amino acids were obtained as described below.
All values for β-Ala± were referred from Plyasunov and Shock (2001), which allows

prediction of the temperature dependence of CP
o of β-Ala± consistent with experimentally

obtained results (Gucker and Allen 1942; Clarke et al. 2000; Hakin and Liu 2006; Fig. 1a). The
values for α-ABA± were determined previously by Shock and Helgeson (1990). However,
because of the paucity of experimental data for α-ABA± at that time, these values were
estimated provisionally with the aid of a correlation between the values of CP

o at
25 °C and 1 bar and c2 for several carboxylic acids (HCOOH, CH3COOH, and
C2H5COOH). Consequently, the estimated values do not accurately represent the
temperature dependence of CP

o for α-ABA± reported in the literature (Hakin et al.
1994; Price et al. 2003; Fig. 1b). The c1, c2, and ω values of α-ABA± were therefore
updated for the present study by simultaneous regression of experimental CP

o data as a
function of temperature (Hakin et al. 1994; Price et al. 2003) with Eq. 14. Figure 2
shows the regression as a line on plots of CP

o vs. 1/(T–Θ)2. A value of ω was chosen
to linearize the trend of data points in the regression plots in this figure based on
least-squares method. It follows from Eq. 14 that the intercept and slope of the
regression line respectively correspond to c1 and c2. The obtained values were then
used to calculate the CP

o of α-ABA± at 25 °C and 1 bar from Eq. 14. The temperature
dependence of CP

o predicted for α-ABA± calculated using the parameters presented in
Table 1 is closely consistent with the experimental data (Fig. 1b). The same method-
ology was applied for retrieval of the c1, c2, ω, and CP

o values for α-ABA+, α-ABA−,
β-Ala+, β-Ala−, γ-ABA±, γ-ABA+ and γ-ABA− (Figs. 1a,b and c, and Table 1).
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Themethodology is not applicable for ε-ACA± because of the paucity of experimentalCP
o data

as a function of temperature. The values of c2 and ω for ε-ACA± were therefore estimated
provisionally from Eq. 4 using the corresponding values of γ-ABA± (Table 1) and those of
[−CH2-] reported by Dick et al. (2006). The c1 for ε-ACA

±was then computed from Eq. 14 using
the estimated c2 and ω values together with the experimental CP

o data at 25 °C and 1 bar
(278.0 J mol−1 K−1; Ahluwalia et al. 1977). The values of c1, c2, and ω and CP

o at 25 °C and
1 bar for ε-ACA+ and ε-ACA− were subsequently obtained by (1) computing the temperature
dependence of CP

o of ε-ACA± from Eq. 14 (Fig. 1d), by (2) calculating the CP
o of ε-ACA+ and ε-
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Fig. 1 Experimental (symbols) and calculated (curves) standard molal heat capacity (CP
o) of a β-alanine, b α-

aminobutyric acid, c γ-amino-n-butyric acid, and d ε-aminocaproic acid in their zwitterionic, positive and
negative ionization states as a function of temperature. No error bar are shown in this figure because the reported
uncertainty associated with experimental data is less than the symbol size
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Fig. 2 Standard molal isobaric heat capacity (CP
o) of zwitterionic α-amino-n-butyric acid as a function of

1/(T–θ)2. Symbols represent experimental data reported by Hakin et al. (1994) and by Price et al. (2003). The line
shows results of regression analysis obtained in this study
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ACA− as a function of temperature using that of ε-ACA± (Fig. 1d) in combination with the heat
capacities of protonation of ε-ACA± and ε-ACA− reported in the literature by Christensen et al.
(1968) andWang et al. (1996) for ε-ACA± + H+→ ε-ACA+, and by Smith and Smith (1942) and
Gillespie et al. (1995) for (ε-ACA− + H+ → ε-ACA±), and by (3) regressing the data to retrieve
the c1, c2, and ω and CP

o for ε-ACA + and ε-ACA− using the procedure described above.
Table 1 also presents values of the standard molal volumes (Vo) at 25 °C and 1 bar for non-

protein amino acids reported in the literature (Price et al. (2003) for α-ABA±, α-ABA+, and α-
ABA−, Shahidi and Farrell (1978) for β-Ala±, γ-ABA± and ε-ACA±, Shahidi (1980) for β-
Ala+, β-Ala−, γ-ABA+, γ-ABA−, ε-ACA+, and ε-ACA−).

Computational Uncertainties

Uncertainties associated with the thermodynamic data and revised HKF parameters for
the four non-protein amino acids (defined here as Ξunc.) are presented in Table 2. The
values of ΔfGunc.

o , ΔfHunc.
o , and Sunc.

o at 25 °C and 1 bar for α-ABA±, α-ABA+, α-
ABA−, β-Ala±, β-Ala+, β-Ala−, γ-ABA±, γ-ABA+ and γ-ABA− were assessed from
the reported experimental uncertainties. The value of Sunc.

o for ε-ACA± was estimated
to be ±0.50 cal mol−1 K−1 (Amend and Helgeson 1997; Dick et al. 2006). The value
was used, together with the ΔfHunc.

o for ε-ACA± (assessed to be ±0.30 kcal mol−1

from the uncertainties in the ΔfHcr
o (0.28 kcal mol−1, Contineanu et al. 2005) and the

ΔsolH
o (0.02 kcal mol−1, Prasad and Ahluwalia 1976) of crystalline ε-ACA±), to

calculate the ΔfGunc.
o for ε-ACA± to be ±0.45 kcal mol−1. The uncertainties in ΔfG°,

ΔfH°, and S° for ε-ACA+ and ε-ACA− were then calculated from the corresponding
uncertainties for ε-ACA± in combination with those for the ionization of ε-ACA±

reported in the literature (Smith and Smith 1942; Christensen et al. 1968).
The uncertainties in CP

o, c1, c2 and ω for α-ABA±, α-ABA+, α-ABA−, β-Ala+, β-Ala−, γ-
ABA±, γ-ABA+ and γ-ABA− were estimated from the scatter of the experimental data points
in the regression calculations (Fig. 2). Those for β-Ala± and ε-ACA± were referred from Shock
and Helgeson (1990) and Amend and Helgeson (1997). The values of Cp, unc.

o , c1,unc., c2,unc.,
and ωunc. for ε-ACA

+ and ε-ACA− were calculated by combining the corresponding uncer-
tainties for ε-ACA± with those arose from the regression calculations for their CP

o values as a
function of temperature.

Table 2 also presents the reported experimental uncertainties in Vo at 25 °C and 1 bar for the
four non-protein amino acids.

The uncertainties estimated above (Table 2) can be used to calculate temperature depen-
dences of the ΔfGunc.

o . Fig. 3 shows the values of ΔfGunc.
o as a function of temperature (0–

200 °C) for the four non-protein amino acids calculated by combining the contributions from
the uncertainty in the data and parameters for the respective amino acids presented in Table 2
using Eq. 16. α-ABA±, α-ABA+ and α-ABA− showed relatively large values of ΔfGunc.

o over
the examined temperature range, whereas those for β-Ala±, ε-ACA±, ε-ACA+ and ε-ACA−

increased rapidly at >50 °C (Fig. 3). The former uncertainties originate majorly from
the uncertainty in the ΔfHcr

o of crystalline α-ABA± (±1.22 kcal mol−1; Yang et al.
1999), whereas the latter from the uncertainties in ω (~2.5 cal mol−1; Table 2). Note
that the ΔfGunc.

o values correspond to maximum uncertainties because the additive
contributions from each data and parameter may either increase or decrease the value
of ΔfGunc.

o . Cancellation of these contributions would result in lower uncertainties than
those shown in this figure.
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Thermodynamic Behaviors of Non-α-Amino Acids as a Function
of Temperature and pH

The standard molal thermodynamic data and the revised HKF parameters obtained in this
study are useful for predicting the thermodynamic behaviors of non-protein amino acids over
wide ranges of temperature and pH. For instance, Fig. 4 shows the protonation constants
(logKprot.) of α-ABA (Fig. 4b), β-Ala (Fig. 4c), γ-ABA (Fig. 4d), and ε-ACA (Fig. 4e),
together with the corresponding experimental measurements reported in the literature, for
temperatures of 0–200 °C. For comparison, the logKprot. values for Ala (Kitadai 2015) are also
depicted in Fig. 4a. The curves were calculated by the following equation.

Table 2 Estimated uncertainties in the standard molal thermodynamic data at 25 °C and 1 bar and the revised
HKF equation of state parameters for β-alanine (β-Ala), α-amino-n-butyric acid (α-ABA), γ-aminobutyric acid
(γ-ABA), and ε-aminocaproic acid (ε-ACA) in their zwitterionic, positive, and negative ionization states

Species ΔfGoa ΔfHoa SoPr, Tr
b Cp

ob Voc c1
b c2

d×10−4 ωe×10−5

α-ABA± ±1.40 ±1.26 ±0.50 ±0.6 ±0.6 ±0.2 ±0.13 ±0.01

α-ABA+ ±1.40 ±1.27 ±0.54 ±0.5 ±2.2 ±0.2 ±0.12 ±0.01

α-ABA− ±1.40 ±1.27 ±0.56 ±0.6 ±1.3 ±0.2 ±0.13 ±0.01

β-Ala± ±0.23 ±0.24 ±0.47 ±2.0 ±0.3 ±0.5 ±0.50 ±2.50

β-Ala+ ±0.23 ±0.34 ±0.47 ±0.2 ±0.7 ±0.0 ±0.05 ±0.01

β-Ala− ±0.23 ±0.26 ±0.47 ±0.2 ±0.8 ±0.0 ±0.05 ±0.01

γ-ABA± ±0.09 ±0.09 ±0.17 ±1.1 ±0.2 ±0.5 ±0.24 ±0.01

γ-ABA+ ±0.09 ±0.10 ±0.23 ±0.8 ±0.6 ±0.2 ±0.21 ±0.01

γ-ABA− ±0.09 ±0.10 ±0.23 ±0.3 ±0.7 ±0.1 ±0.08 ±0.01

ε-ACA± ±0.45 ±0.30 ±0.50 ±2.0 ±0.3 ±0.5 ±0.50 ±2.50

ε-ACA+ ±0.46 ±0.34 ±0.80 ±2.0 ±0.8 ±0.7 ±0.71 ±2.51

ε-ACA− ±0.45 ±0.30 ±0.50 ±2.0 ±1.1 ±0.5 ±0.52 ±2.51

a kcal mol−1

b cal mol−1 K−1

c cm3 mol−1

d cal K mol−1

e cal mol−1
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o) for the four
non-protein amino acids as a
function of temperature calculated
using the uncertainties in the data
and parameters for the respective
amino acids presented in Table A1
from Eq. 16
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ΔrG
o ¼ −RTlnK ð8Þ

Therein, ΔrG
o denotes the standard Gibbs energy of reaction, as calculated using combining

the standard molal Gibbs energies (ΔGo) of the individual compounds involved in the reaction.

ΔrG
o ¼

X
ΔGo

products−
X

ΔGo
reactants ð9Þ

The ΔGo of the non-protein amino acids at any temperature was calculated from Eqs. 13
and 14 using the data and parameters presented in Table 1. Pressure was set as 1 bar at
<100 °C, with saturated water vapor pressure (Psat) at ≥100 °C. It is apparent from Fig. 4 that
the predicted curves show close agreement with the experimental measurements for each
reaction at all temperatures. Experimental logKprot. data at >100 °C were obtained under
various pressures ranging from the saturated water vapor pressure (Psat) (Hamborg et al. 2007)
up to 1.52 MPa (Wang et al. 1996). However, the influence of pressure on the protonation
ΔrG

o of amino acid is small (e.g., an increase of pressure from Psat to 250 bar is expected to
increase the protonation ΔrGo of Ala− by 0.01 kcal mol−1 at 100 °C and by −0.02 kcal mol−1 at
200 °C (Kitadai 2015)). Consequently, the agreement between the experimental (symbols) and
calculated (curves) logKprot. values (Fig. 4) supports the consistency of the dataset presented in
Table 1.

The values of logKprot. for the zwitterionic state (AA
± + H+ → AA+) and the anionic state

(AA− + H+ → AA±) increased concomitantly with increasing distance between the amino
group and the carboxyl group in an amino acid structure (DNHþ

3 ↔COO− ) in all the examined

temperature range (Fig. 4). The positive correlation is explainable by consideration of the
entropic (ΔrSprot.

o ) and enthalpic (ΔrHprot.
o ) contributions to the protonation Gibbs energy

(ΔrGprot.
o ):

ΔrG
o
prot: ¼ ΔrH

o
prot:−TΔrS

o
prot: ð10Þ

As might be apparent from Table 3, the values of TΔrSprot.
o for the zwitterionic amino acids

increased concomitantly with increasing the DNHþ
3 ↔COO− , whereas those of ΔrHprot.

o showed

no clear correlation. The values of ΔrSprot.
o are influenced primarily by the reduction in the

number of solute species (e.g., β-Ala± + H+ → β-Ala+; two→ one) and by the release of H2O
molecules from the hydration spheres of charged species when an amino acid is protonated
(Gillespie et al. 1995). The reduction in the number of solute species is the same among the
amino acids examined. Therefore, the difference in the TΔrSprot.

o value is attributable to the
release of H2O molecules. The H2O molecules in the hydration spheres are in a more ordered
state than those in bulk water because of the interaction between the water dipoles and the
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Fig. 4 Experimental (symbols) and calculated (curves) logK values for the protonation of a alanine, b α-amino-
n-butyric acid, c β-alanine, d γ-aminobutyric acid, and e ε-aminocaproic acid as a function of temperature
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charged moieties. Consequently, the entropy of the bulk system increases when protonation
occurs because H2O molecules influenced by H+ and the carboxyl group (−COO−) are released
to a higher entropy state of H2O molecules in the bulk water. The increase is smaller in the case
of α-amino acids (Ala± and α-ABA±) because the proximity of the amino group (−NH3

+) and
the carboxyl group (−COO−) partially neutralizes their charges in their structure, resulting in
less interaction with H2O molecules. For ε-ACA±, the separated zwitterion charges influence
an increasing number of water molecules. Consequently, more water molecules are released to
the bulk phase, resulting in a higher TΔrSprot.

o value.
A similar explanation is applicable for the decrease in the TΔrSprot.

o of the anionic amino
acids with increasing the DNHþ

3 ↔COO− (Table 3). Aside from the TΔrSprot.
o , the ΔrHprot.

o of the

anionic amino acids showed negative correlation with DNHþ
3 ↔COO− (Table 3). The values of

ΔrHprot.
o are all negative (i.e., exothermic reaction) because, through the protonation, an electric

energy sufficient to separate the negatively charged amino acid (AA−) and positively charged
H+ ion is released into the bulk system. The released energy increases concomitantly with
increasing DNHþ

3 ↔COO− because the charge separation results in higher stabilization of the

zwitterionic amino acids as a result of the stronger -NH3
+ ↔ H2O interaction. The increase of

the DNHþ
3 ↔COO− causes a steeper decrease of the ΔrHprot.

o than the increase of the TΔrSprot.
o

(Table 3); so the logKprot. values increased in the order of Ala ≈ α-ABA < β-Ala < γ-ABA
< ε-ACA.

How do the different protonation behaviors arising from the distance of -NH3
+ ↔ –OOC-

influence the Gibbs energy of formation of amino acids? To examine the influence, the ΔGo of
β-Ala, γ-ABA, and ε-ACA were calculated as a function of temperature and pH, and were
compared with those of α-amino acids having the same molecular formula (β-Ala vs. Ala, γ-
ABA vs. α-ABA, and ε-ACA vs. Leu; Fig. 5). At neutral pH, the non-α-amino acids showed
similar ΔGo values with the corresponding α-amino acids over the entire examined tempera-

Table 3 Thermodynamic properties of protonation of alanine, α-amino-n-butyric acid, β-aminobutyric acid, γ-
aminobutyric acid, and ε-aminocaproic acid at 25 °C and 1 bar

Protonation reaction ΔrHprot.
o TrΔrSprot.

o logKprot.

(kcal mol−1) (kcal mol−1)

Ala± + H+ → Ala+ −0.70 2.49 2.34

α-ABA± + H+ → α-ABA+ −0.31 2.81 2.29

β-Ala± + H+ → β-Ala + −1.10 3.76 3.55

γ-ABA± + H+ → γ-ABA+ −0.41 5.10 4.03

ε-ACA± + H+ → ε-ACA+ −0.32 6.29 4.37

Ala− + H+ → Ala± −10.91 2.54 9.86

α-ABA− + H+ → α-ABA± −10.77 2.64 9.83

β-Ala− + H+ → β-Ala± −11.28 2.71 10.29

γ-ABA− + H+ → γ-ABA± −12.07 2.33 10.56

ε-ACA− + H+ → ε-ACA± −13.56 1.19 10.80

All values are calculated using the thermodynamic data presented in Table 1 except for alanine, which are
referred from Kitadai (2015)

12 N. Kitadai



ture range (25–200 °C) (i.e., the differences in ΔGo between the non-α-amino acids and α-
amino acids close to the error; Fig. 3). In contrast, negative ΔGo values were calculated for the
differences at acidic and alkaline pH, except for ε-ACA at the highest temperature (200 °C). In
the two pH regions, amino acids change their ionization states from negative to zwitterionic
(alkaline pH→neutral pH) and from zwitterionic to positive (neutral pH→acidic pH).
Ionization states of amino acids have mutually different ΔGo values with the magnitude
decreasing in the order of AA−>AA±>AA+ (Table 1). With decreasing pH from alkaline to
acidic, the ΔGo of amino acids decreases because of the change in the ionization state from
negative to zwitterionic to positive. Because the non-α-amino acids have higher logKprot.

values than the α-amino acids have (Fig. 4), the decrease in ΔGo occurs at higher pH.
Consequently, the non-α-amino acids show smaller ΔGo values in the pH region between
the logKprot of the non-α-amino acids and the logKprot of the α-amino acids.

The calculation for ΔGo (Fig. 5) cannot clearly explain life’s exclusive usage of α-amino
acids as building blocks of proteins because α-amino acids showed no meaningful difference
in the ΔGo value from the corresponding non-α-amino acids in physiologically relevant
conditions (neutral pH, <100 °C). In acidic and alkaline pH, α-amino acids are thermody-
namically less stable than the corresponding non-α-ones over a broad temperature range
(Fig. 5). However, selection of α-amino acids is still possible even in the two pH regions if
α-amino acids have important benefits in biochemical utility or in other physicochemical
properties sufficient to overcome the thermodynamic disadvantage (Weber and Miller 1981;
Cleaves 2010). A possible advantage of α-amino acids over non-α-ones is their tendency to
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Fig. 5 Differences in the standard molal Gibbs energy of formation between a β-Ala and Ala, b γ-ABA and α-
ABA, and c ε-ACA and Leu as a function of pH at 25, 100, 150, and 200 °C, calculated using the
thermodynamic data and the revised HKF parameters presented in Table 1 for the non-protein amino acids
and those reported by Kitadai (2015) for the protein amino acids. The ionic strength was set to 0.1 (NaCl). The
activity coefficients for aqueous species were calculated using the extended Debye–Hückel equation (Helgeson
et al. 1981). Dashed vertical lines represent neutral pH positions (the pH where the concentration of H+ equals to
that of OH−) at respective temperatures
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form more stable structures in protein synthesis (Weber and Miller 1981). Insertion of carbon
atoms between the amino and carboxyl groups leads to greater conformational freedom caused
by internal rotations about the C-C bond, which makes it difficult to form ordered secondary
structures.

It is also conceivable that life emerged from environments rich in energy and nutrients
where the synthesis of α-amino acids (and non-α-amino acids) is thermodynamically favor-
able. Promising candidates proposed so far are Hadean alkaline hydrothermal settings, where
fluid mixing between hot and alkaline hydrothermal fluids (>100 °C, pH ≥9) and cool and
slightly acidic Hadean ocean water (≤25 °C, pH 5–6) generates energetically suitable condi-
tions for the synthesis of α-amino acids (Amend andMcCollom 2009; Kitadai 2015). The ΔGo

of α-amino acid synthesis from simple inorganic precursors (e.g., CO2 and NH3) depend
greatly on the mixing ratio of the hydrothermal fluid and seawater as well as the compositions
of the two end-member fluids (Amend and McCollom 2009; Kitadai 2015). In such condi-
tions, the amino acid composition may be controlled by kinetics rather than thermodynamics;
so preferential formations of α-amino acids may be possible in the presence of effective
inorganic catalysts. Wachtershauser and co-workers have shown that a hydrothermal heating of
CO and CN− in the presence of Fe/Ni precipitates (sulfides or hydroxides) effectively generate
α-amino acids including glycine, alanine, and serine (Huber and Wachtershauser 2006; Huber
et al. 2012). Non-α-amino acid has not been observed in their experiments. Conversely, if life
emerged in energetically limited environments, then selection pressure for less costly amino
acids is expected to be a non-negligible factor. Consequently, the usage of non-α-amino acids
might present an alternative.

Concluding Remarks

This study estimated the standard molal thermodynamic data at 25 °C and 1 bar and
the revised HKF parameters for the temperature dependence of CP

o for four non-
protein amino acids (α-ABA, β-Ala, γ-ABA, and ε-ACA). Thermodynamic calcula-
tions using the dataset showed that non-α-amino acids are thermodynamically more
stable than α-amino acids with the same molecular formula in acidic and alkaline pH
regions over a broad temperature range. This result suggests that the energetic cost is
not an important selection pressure to incorporate α-amino acids into biological
systems. It is noteworthy that a discrepancy exists between simple thermodynamic
calculations and actual energetic costs for amino acid synthesis in metabolic processes
(Akashi and Gojobori 2002; Higgs and Pudritz 2009). Consequently, the dataset
obtained in this study alone cannot lead to a comprehensive understanding of the
role of energetics in the selection of α-amino acids. The point of this study is to
provide a quantitative base for future investigation of this topic. I also recognize that
many non-protein amino acids (e.g., isovaline) can be regarded as competitors of α-
amino acids besides the four considered here. Determination of the thermodynamic
properties of these amino acids must be done later, at time when sufficient experi-
mental data are available.
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Appendix 1

The standard state convention adopted for this study for aqueous species is unit activity of the
species in a hypothetical one molal solution referenced to infinite dilution at any temperature
or pressure. The conventional standard molal thermodynamic properties of a charged aqueous
species are given as the following.

Ξ ¼ Ξabs−ZΞabs
Hþ ð11Þ

Therein, Ξ and Ξabs respectively stand for any conventional and absolute standard molal

properties of the aqueous species of interest. Ξabs
Hþ signifies the corresponding absolute standard

molal property of the hydrogen ion. In addition, Z represents the charge of the aqueous species
of interest.

The standard molal Gibbs energy (ΔGo) of aqueous species is expressed as the
apparent standard molal Gibbs energy of formation, which is defined as shown
below.

ΔGo≡Δ f G
o þ Go

P;T−G
o
Pr ;Tr

� �
ð12Þ

Therein, ΔfG
o represents the standard molal Gibbs energy of formation of the species from

the elements (O2(g), H2(g), C(graphite), and N2(g)) at the reference temperature (Tr=25 °C)
and pressure (Pr=1 bar), and Go

P;T−G
o
Pr ;Tr

denotes the difference between the standard molal

Gibbs energy at temperature (T) and pressure (P) of interest, and that at Tr and Pr. This term
can be evaluated using the following expression.

Go
P;T−G

o
Pr ;Tr

¼ −SoPr ;Tr
T−Trð Þ þ

ZT

Tr

Co
Pr
dT−T

ZT

Tr

Co
Pr
dlnT þ

ZP

Pr

V o
TdP ð13Þ

In that equation, SoPr ;Tr
designates the standard molal entropy at Tr and Pr, Co

Pr

represents the standard molal isobaric heat capacity at Pr, and VT
o denotes the standard

molal isothermal volume at the temperature of interest. Consequently, evaluation of
the Co

Pr
and VT

o of aqueous species facilitates calculation of the ΔGo at high temper-

atures and pressures. This study specifically examines the Co
Pr
, which allows predic-

tion of the temperature dependence of ΔGo.
Based on the revised HKF equation of state for aqueous species, the isobaric form of the

heat capacity is given as (Schulte et al. 2001)

Co
P ¼ c1 þ c2

T−Θð Þ2 þ ωTX ð14Þ

where c1, c2, and ω represent species-dependent equation-of-state parameters, and where Θ
denotes a solvent-dependent parameter equal to 228 K for H2O. In addition, X indicates a Born
function defined as shown below.
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In that equation, ε stands for the dielectric constant of H2O (Shock et al. 1992).
Temperature dependences of the uncertainties in ΔGo for the non-protein amino

acids (Fig. 3) were calculated from the uncertainties in the data and parameters for
the respective amino acids presented in Table 2 using the following equation:

where δ denotes uncertainty, and Y represents the Born function defined as

(Shock et al. 1992).
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