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Abstract Alkaline hydrothermal systems have received considerable attention as candidates
for the origin and evolution of life on the primitive Earth. Nevertheless, sufficient information
has not yet been obtained for the thermodynamic properties of amino acids, which are
necessary components for life, at high temperatures and alkaline pH. These properties were
estimated using experimental high-temperature volume and heat capacity data reported in the
literature for several amino acids, together with correlation algorithms and the revised
Helgeson–Kirkham–Flowers (HKF) equations of state. This approach enabled determination
of a complete set of the standard molal thermodynamic data and the revised HKF parameters
for the 20 protein amino acids in their zwitterionic and ionization states. The obtained dataset
was then used to evaluate the energetics of amino acid syntheses from simple inorganic
precursors (CO2, H2, NH3 and H2S) in a simulated alkaline hydrothermal system on the
Hadean Earth. Results show that mixing between CO2-rich seawater and the H2-rich hydro-
thermal fluid can produce energetically favorable conditions for amino acid syntheses, partic-
ularly in the lower-temperature region of such systems. Together with data related to the pH
and temperature dependences of the energetics of amino acid polymerizations presented in
earlier reports, these results suggest the following. Hadean alkaline hydrothermal settings,
where steep pH and temperature gradients may have existed between cool, slightly acidic
Hadean ocean water and hot, alkaline hydrothermal fluids at the vent–ocean interface, may be
energetically the most suitable environment for the synthesis and polymerization of amino
acids.

Keywords Abiotic organic synthesis . Origin of life . Prebiotic evolution

Introduction

Since their discovery in the late 1970s, submarine hydrothermal systems have received
considerable attention as candidates for the origin and early evolution of life on Earth (e.g.,
Corliss et al. 1981; Baross and Hoffman 1985; Martin et al. 2008). Hydrothermal vents have
been discovered more than 500 sites throughout the oceans (Tivey 2007; Takai and Nakamura
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2011). Most are located at seafloor spreading zones, which are directly above magma
chambers. Consequently, their effluent comes into direct contact with magma and emerges
at the vent–ocean interface with a temperature often exceeding 300 °C. Such ‘black smokers’
are typically acidic (pH 2–3) and are rich in dissolved transition metals such as Fe(II) and
Mn(II) (Tivey 2007). A new type of vent system, the Lost City hydrothermal field, was
discovered in 2000 more than 15 km from the spreading axis of the Mid-Atlantic Ridge
(Kelley et al. 2001, 2005). Unlike vent systems that are located directly on the spreading zone,
the water circulating these off-axis vents makes no contact with magma, and emerges at a
temperature of around 70–90 °C. Its fluid composition derives from exothermic reactions
between seawater and uplifted mantle peridotite, rather than from interactions between sea-
water and cooling basalts (Martin and Fyfe 1970; Lowell and Rona 2002; Emmanuel and
Berkowitz 2006). The peridotite–seawater reactions associated with the oxidation of iron
produce alkaline fluids (pH 9–11) that are rich in H2 and CH4 and other low-molecular-
mass hydrocarbons (Proskurowski et al. 2008; Konn et al. 2009).

Russell and colleagues have proposed that life arose within alkaline hydrothermal vents
similar to those of the Lost City (Russell et al. 1994, 2010, 2014; Russell 2003, 2007; Martin
and Russell 2007). A proposed beneficial characteristic for life there is the proton gradient at
the interface between the alkaline effluent (pH 10–11) and the possibly slightly acidic Hadean
ocean (pH 5–6) (Macleod et al. 1994; Morse and Mackenzie 1998). Such proton gradients
could have provided a geochemically-generated chemiosmotic potential that may have served
as a template upon which biological chemiosmotic gradients evolved if the two were physi-
cally separated by a semiporous barrier such as a layer of sulfide minerals at a hydrothermal
vent. Alkaline effluent might also provide biologically important heavy metals such as Mo and
W because their sulfide species (e.g. MoS4

2−) are soluble at alkaline pH, but not at neutral pH
(Martin and Russell 2007; Helz et al. 2014). Mo and W are known to catalyze the transfer of
O2− from substrate onto water or vice versa (S + H2O↔ SO + 2H+ + 2e−) at the active sites of
oxido reductases (Doring and Schulzke 2010). These reactions are part of the carbon, nitrogen
and sulfur metabolism and fundamentally important for all organisms (Doring and Schulzke
2010).

One difficulty with this scenario is the instability of ribonucleic acid (RNA) at alkaline pH,
which is incompatible with the RNAworld hypothesis (Gilbert 1986; Joyce 2002). Hydroxyl
groups attack phosphate groups, thereby disrupting the polymeric backbone of the RNA
molecule through transesterification reactions (Li and Breaker 1999). High pH also presents
problems in terms of the availability of inorganic carbon. High pH results in the precipitation
of carbonate minerals and the near complete removal of aqueous inorganic carbon species,
leaving few carbon sources that can be fixed into biomass (Schrenk and Brazelton 2013).
Consequently, this scenario is not without controversy (Bernhardt and Tate 2012), thought it
persists as an active topic of study in both field (e.g., Nakamura et al. 2010) and laboratory
(e.g., Barge et al. 2014) investigations.

To elucidate the role of alkaline hydrothermal systems in the origin of life on the Hadean
Earth, reliable quantitative data must be accumulated to ascertain the reactivity of biomole-
cules at high temperature and alkaline pH. Thermodynamic calculation is a powerful technique
to evaluate the potential for abiotic organic synthesis in aqueous solution. The revised
Helgeson–Kirkham–Flowers (HKF) equations of state (Helgeson et al. 1981; Tanger and
Helgeson 1988) permit the prediction of thermodynamic properties of aqueous species at
temperatures up to 1000 °C and pressures up to 5 kb. To date, the thermodynamic data and the
revised HKF parameters for hundreds of aqueous organic species including amino acids have
been calculated (summarized in LaRowe and Van Cappellen 2011). They have been used to
predict the synthesis and polymerization behaviors of organic species as a function of
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temperature, pressure, pH, and redox state (e.g., Shock and Schulte 1998; Amend and
McCollom 2009).

Amino acids are building blocks of proteins, which are fundamental to life as we know it.
Nonetheless, the revised HKF equations of state have not yet been applied to evaluate the
thermodynamic behaviors of amino acids under alkaline hydrothermal conditions (pH > 9)
(Shock 1992; Amend and Shock 1998; Shock and Canovas 2010) because the revised HKF
parameters for negatively ionized amino acids, which are the dominant species under alkaline
pH, have not been calculated except for a few amino acids (Gly−, Kitadai 2014; Arg− and Lys−,
Dick et al. 2006). These calculations had been limited by the dearth of experimental high-
temperature volume, heat capacity and compressibility data (>100 °C) of the negatively-
charged amino acid species. Since 2001, however, the standard molal volume and heat
capacity of ionization (ΔiV° and ΔiCP

o, respectively) of various amino acids (Ala, Asp, Glu,
Gly, His, Ile, Met, Pro, Ser, Thr, and Val) have been measured experimentally by Woolley and
co-workers as a function of temperature from 5 to 120 °C at 0.35 MPa (Jardine et al. 2001;
Price et al. 2003a,b; Sorenson et al. 2003; Ziemer et al. 2006a,b,c; Ziemer and Woolley
2007a,b,c). These values, together with the reported standard molal thermodynamic data at
25 °C and 1 bar, along with the revised HKF parameters for the zwitterionic amino acids (Dick
et al. 2006), are useful for calculating several revised HKF parameters (c1, c2, σ, ξ and ω; see
Appendix A) for the negatively charged and positively charged amio acid species, respectively.
Although indeterminable parameters (a1, a2, a3, and a4) remain because of the paucity of
experimental compressibility data, these can be estimated based on correlation algorithms
developed by Amend and Helgeson (1997, 2000) and by Dick et al. (2006). The revised HKF
parameters for other amino acids in various ionization states are also generable using the
correlation algorithms in combination with the dataset obtained through the foregoing
procedures.

In this study, a full set of the revised HKF parameters for the 20 protein amino acids in their
zwitterionic, negative and positive ionization states is presented. The obtained parameters
enable calculation of the thermodynamic behaviors of the 20 coded biological amino acids
over widely diverse temperatures and pH values. As a test to evaluate whether or not an
alkaline hydrothermal system is favorable for the abiotic synthesis of amino acids, the Gibbs
energies necessary to synthesize the 20 protein amino acids from simple inorganic precursors
(CO2, H2, NH3, and H2S) under simulated alkaline hydrothermal system conditions on the
Hadean Earth were calculated. Based on the results, together with the temperature and pH
dependences of the energetics of amino acid polymerizations revealed in the foregoing paper
by Kitadai (2014), the suitability of alkaline hydrothermal systems for the synthesis and
polymerization of amino acids is discussed.

Calculation Methodology

The thermodynamic data and revised HKF parameters for the 20 protein amino acids in their
zwitterionic and ionized states were obtained as described below. The revised HKF equations
of state and the thermodynamic conventions adopted for this study are summarized in
Appendix A.

Standard Molal Thermodynamic Data for the 20 Protein Amino Acids at 25 °C and 1 bar

Table 1 presents values of the standard molal Gibbs energy (ΔfGo), enthalpy (ΔfH
o) and

entropy (So) at 25 °C and 1 bar for the 20 protein amino acids. The values for the zwitterionic
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states were referenced from a report by Dick et al. (2006) for all of the coded amino acids
except for Gly and Met, which were referenced respectively from Kitadai (2014) and LaRowe
and Dick (2012). A complete set of ΔfGo and ΔfHo values for the ionized amino acids has
already been calculated by Amend and Helgeson (1997) from data for the corresponding
zwitterionic states (Amend and Helgeson 1997) in combination with the standard molal
properties of ionization (ΔiGo and ΔiHo) reported by Rodante (1989) for all amino acids except
for His, which were referred from Martell and Smith (1982) in accord with

Δ f G
o ionization stateð Þ ¼ Δ f G

o zwitterionic stateð Þ þΔiG
o ð1Þ

and

Δ f H
o ionization stateð Þ ¼ Δ f H

o zwitterionic stateð Þ þΔiH
o ð2Þ

Those values, however, cannot accurately represent the temperature dependences of the
ionization constants of amino acids reported in the literature (data not shown). Therefore,
the values of ΔfG

o and ΔfHo for the ionization states (except for Gly+, Gly−, and Cys−, which
were taken from a report by Kitadai (2014) for Gly+, Gly−, and from one by Dick et al. (2006)
for Cys−), were revised in the present study using the procedure adopted by Amend and
Helgeson (1997) using experimental ΔiGo and ΔiHo data reported more recently (Ala+ and
Ala−, Ziemer et al. 2006c; Arg+, Arg2+, His+, His2+, His−, Leu+, Leu−, Phe+, Phe−, Trp+, Trp−,
Tyr+, Tyr− and Tyr2−, Smith and Martell 2004; Arg−, Lys+, Lys−, Lys2+, Nagai et al. 2008;
Asn+, Asn−, Kochergina et al. 2011; Asp+ and Asp−, Glu+ and Glu−, Ziemer and Woolley
2007c; Asp2− and Glu2−, Hamborg et al. 2007; Cys+ and Cys2−, Goldberg et al. 2002; Gln+,
Gln−, Kochergina et al. 2013; Ile+ and Ile−, Thr+ and Thr−, Ziemer and Woolley 2007a; Met+

and Met−, Ziemer and Woolley 2007b; Pro+ and Pro−, Sorenson et al. 2003; Ser+ and Ser−,
Ziemer et al. 2006b; Val+ and Val−; Price et al. 2003b). The values of So at 25 °C and 1 bar for
the ionization states were subsequently calculated from the values of ΔfGo and ΔfHo presented
in Table 1 using values of So for elements (O2(g), H2(g, C(graphite), N2(g), and S(cr; rhombic))
referred from a report by Cox et al. (1989) (see Eq. (A4)).

Retrieval of the Revised HKF Equations of State Parameters

A complete set of the revised HKF parameters and the standard molal heat capacity (CP
o) and

volume (Vo) values at 25 °C and 1 bar for the 20 protein amino acids was obtained as follows.
All values for the zwitterionic states and Arg+, Arg−, Asp−, Cys−, Glu−, His+, Lys+, Lys−,

and Tyr− were taken from a report by Dick et al. (2006), whereas those for Gly+ and Gly− were
taken from a report by Kitadai (2014). The values of c1, c2 and ω for Ala+, Ala−, Asp+, Glu+,
His−, Ile+, Ile−, Met+, Met−, Pro+, Pro−, Ser+, Ser−, Thr+, Thr−, Val+, and Val−were retrieved by
simultaneous regression of experimental CP

o data as a function of temperature (Jardine et al.
2001; Price et al. 2003a,b; Sorenson et al. 2003; Ziemer et al. 2006b,c; Ziemer and Woolley
2007a,b,c) with Eqs. (A13) and (A17). An example of the regression is presented in Fig. 1a as
a line on plots of ΔCP,n

o vs. 1/(T–Θ)2 for Ser+. The values of ΔCP,n
o , the non-solvation

contribution to CP
o of Ser+, were calculated from Eq. (A17) using experimental CP

o data
together with the value of ω presented in Table 1. A value of ω was chosen, which linearized
the trend of data points in the regression plots in this figure based on least-squares method. It
follows from Eq. (A13) that the intercept and slope of the regression line correspond
respectively to c1 and c2. The obtained ω for each amino acid was then combined with
experimental Vo values provided in the reports noted above to calculate ΔVn

o from
Eqs. (A14) and (A18). Regression lines of ΔVn

o as a function of 1/(T–Θ) (e.g. Fig. 1b) have
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the intercept of σ and slope of ξ (Eq. (A14)). Experimental compressibility data as a function
of temperature, which are necessary to retrieve values of a2 and a4 from Eq. (A8), are not
available in the literature for the 17 species listed above. The values of a2 and a4were therefore
estimated provisionally from correlations between Vo, a2 and a4 for cationic and anionic states
of amino acids given in a report by Dick et al. (2006) (a2×10

−2=−1.25+0.105×Vo and a4×
10−4=−2.18−0.721a2×10−2 for anionic states, and a2×10

−2=−13.50+0.105×Vo and a4×
10−4=−5.48−0.721a2×10−2 for cationic states). By combining the obtained σ, ξ, a2, and a4
values using Eqs. (A15) and (A16), the values of a1 and a3 were calculated. Table 1 presents
the obtained revised HKF parameters, together with the CP

o and Vo values at 25 °C and 1 bar
calculated from Eqs. (A17) and (A18). These values show close agreement between the
predicted and experimental CP

o data as a function of temperature (Fig. 2a–i). The values,
however, do not accurately represent the temperature dependences of Vo of several amino acids
determined experimentally (Fig. 2j–r) (e.g., the predicted value of Vo for Ala+ at 120 °C is
72.1 cm3 mol−1, which is 1.6 cm3 mol−1 lower than that reported by Ziemer et al. (2006c, b, c);
73.7 cm3 mol−1). However, the error in volumetric units (1.6 cm3 mol−1) corresponds to an
energetic error of only 0.04 cal mol−1 bar−1, which is small compared to the uncertainty
associated with CP

o. Consequently, the error in Vo only slightly influences the equilibrium
calculations for the relevant species. As demonstrated in the next section, a predicted curve for
Ala± protonation (Ala± + H+ → Ala+) calculated using the data and parameters presented in
Table 1 are closely consistent with the corresponding experimental measurements in a broad
temperature range (0–250 °C; Fig. 5a). Deviation of calculated Vo values from experimental
ones (Fig. 2j–r) has also been observed for other amino acids, particularly at higher temper-
atures (Kitadai 2014; Dick et al. 2006).

Sufficient experimental calorimetric and volumetric data as a function of temperature are
not available in the literature for other ionization states of amino acids to generate a regression
for retrieval of their revised HKF parameters. Instead, these parameters were calculated from
correlation algorithms using values obtained using the procedures explained above. Figure 3
presents correlations of CP

o, Vo, σ, and c1 of the zwitterionic state and the cationic state (or the
zwitterionic state and the anionic state) of neutral amino acids (Ala, Gly, Ile, Met, Ser, Thr, and
Val). The values for Pro were not included in this figure because Pro has an imino group
instead of the amino group. Each correlation shows good linear relations particularly for CP

o

and Vo. The correlation lines depicted in each figure were therefore used to estimate the values
of CP

o, Vo, σ, and c1 for Asn
+, Asn−, Gln+, Gln−, Leu+, Leu−, Phe+, Phe−, Trp+ and Trp− from

Fig. 1 a Nonsolvation contribution to the standard molal heat capacity (ΔCP,n
o ) of Ser+ as a function of

1/(T–Θ)2. b Nonsolvation contribution to the standard molal volume (ΔVn
o) of Ser+ as a function of 1/(T–Θ).

Symbols denote experimental data reported in the literature. Lines present results of regression analysis obtained
in this study
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the values for their zwitterionic states presented in Table 1 (values of σ for their zwitterionic
states were calculated from Eq. (A15) using the values of a1 and a2 presented in Table 1).

The cationic states of neutral amino acids are formed from the corresponding zwitterionic
states by the protonation of the α-carboxylic group (−COO− + H+ → −COOH). For basic
amino acids (Arg, His, and Lys), the protonation of the α-carboxylic group occurs when their

Fig. 2 Standard molal heat capacity (CP
o, (a)–(i)) and volume (V°, (j)–(r)) of ionized amino acids as a function of

temperature. Curves were calculated using the revised HKF equations of state together with thermodynamic data
and HKF parameters presented in Table 1. Symbols denote experimental data reported in the literature: Ala
(Ziemer et al. 2006c), Asp and Glu (Ziemer and Woolley 2007c), His (Jardine et al. 2001; Price et al. 2003a), Ile
and Thr (Ziemer and Woolley 2007a), Met (Ziemer and Woolley 2007b), Pro (Sorenson et al. 2003), Ser (Ziemer
et al. 2006b), and Val (Price et al. 2003b). No error bar is shown in this figure when the reported uncertainty
associated with the experimental data is less than the symbol size
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speciations change from a cationic to a di-cationic state. The zwitterionic vs. cationic corre-
lations depicted in Fig. 3 were therefore used to estimate the values of CP

o, Vo, σ, and c1 for
Arg2+, His2+ and Lys2+ from those for Arg+, His+ and Lys+ presented in Table 1. The
correlations were also used to estimate the values for Cys+ and Tyr+ from those for Cys±

and Tyr± presented in Table 1 because these amino acids protonate their α-carboxylic group in
the zwitterionic to cationic transformation.

Similarly, speciation change of neutral amino acids from zwitterionic to anionic state
involves deprotonation of the α-amino group (−NH3

+ → −NH2 + H+). The deprotonation is
observed in acidic amino acids (e.g. Asp) when their speciation changes from an anionic to a
di-anionic state. The zwitterionic vs. anionic correlations presented in Fig. 3 were therefore
used to estimate the values for Asp2−, Cys2− and Glu2− from those for Asp−, Cys−, and Glu−

presented in Table 1.
The methodologies are inapplicable to estimation of the values for Tyr2− because Tyr2− is

formed from Tyr− by side chain hydroxyl group (−OH → −O− + H+) deprotonation. The
values of CP

o, Vo, σ, and c1 for Tyr
2− were therefore calculated provisionally on the assumption

that the side chain hydroxyl group of Tyr (Tyr− → Tyr2− + H+) deprotonation causes the same
changes in the values of CP

o, Vo, σ, and c1 as those generated by the side chain carboxyl group
of Glu (Glu± → Glu− + H+) deprotonation. The calculations can be represented as

ΞTyr2− ¼ ΞTyr−− ΞGlu�−ΞGlu−ð Þ ð3Þ
Therein, Ξ stand for CP

o, Vo, σ, and c1 of the respective species.
Provisional estimates of ω for the cationic (Asn+, Gln+, Leu+, Phe+, Trp+, Cys+ and Tyr+)

and anionic (Asn−, Gln−, Leu−, Phe−, and Trp−) amino acids were calculated using the
correlations between ω and the standard molal entropy of hydration (ΔShyd

o ) reported by
Dick et al. (2006). Also, the values of ΔShyd

o for the amino acids were referred from that

Fig. 3 Correlations of CP
o, Vo, σ, and c1 of the zwitterionic state and the cationic state (or the zwitterionic state

and the anionic state) of neutral amino acids (Ala, Gly, Ile, Met, Ser, Thr, and Val)
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report. The correlations between ω and ΔShyd
o of alkali-group and fluoride-group metal ions

(Dick et al. 2006) were used, respectively, to estimate the values of ω for the cationic and
anionic amino acids. Similarly, the values of ω for the di-cationic (Arg2+, His2+ and Lys2+) and
di-anionic (Asp2−, Cys2− and Glu2− and Tyr2−) amino acids were calculated using the
correlations between ω andΔShyd

o for the alkaline earth metal ions and various divalent anions
presented in Fig. 4. The values of ΔShyd

o shown in this figure were referred from a report by
Marcus (1994). Those of ωwere referred from another report by Shock et al. (1997), except for
C2O4

2− (Shock 1995).
The values of c2 for the amino acids were then calculated from Eq. (A17) using the values

of CP
o, c1, and ω presented in Table 1.

The values of a1, a2, a3, and a4 for the cationic (Asn
+, Gln+, Leu+, Phe+, Trp+, Cys+ and

Tyr+) and anionic (Asn−, Gln−, Leu−, Phe−, and Trp−) amino acids were estimated as follows.
First, the values of a2 and a4 were calculated using correlations between V

o, a2 and a4 reported
by Dick et al. (2006). The values of a2 were then used, together with the values of σ estimated
using the foregoing procedures, to calculate the values of a1 from Eq. (A15). The values of a3
were calculated from Eqs. (A15), (A16), and (A18) using the values of a1, a2, a4, and Vo

presented in Table 1.
No correlation equations or high-temperature calorimetric and volumetric data are available

in the literature for the values of a1, a2, a3, and a4 for di-cationic (Arg
2+, His2+ and Lys2+) and

di-anionic (Asp2−, Cys2− and Glu2− and Tyr2−) amino acids. Dick et al. (2006) demonstrated
that the slopes of the correlations between Vo, a2, and a4 for cationic, anionic and zwitterionic
amino acids are independent of charge, although the intercepts are charge-dependent.
Therefore, the slopes of the correlations for di-cationic and di-anionic amino acids were
assumed to be roughly equal to those for the other ionization states of amino acids. The
intercepts for di-cationic amino acids were estimated on the assumption that the intercepts
differ from those for cationic amino acids by the same values as the differences between the
intercepts for cationic amino acids and zwitterionic amino acids. The intercepts for di-anionic
amino acids were calculated similarly. The estimated correlation equations are written as

a2 � 10−2 ¼ −22:20þ 0:105� Vo ð4Þ

Fig. 4 Correlations between ω and ΔShyd
o at 25 °C and 1 bar for alkaline earth metal ions (□) and various

divalent anions (◊). Values ofΔShyd
o presented in this figure were referred from a report by Marcus (1994). Those

of ω were referred from Shock et al. (1997), except for C2O4
2−, which was referred from Shock (1995)
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Fig. 5 First, second, and third dissociation constants of the 19 protein amino acids. Curves were calculated with
the revised HKF equations of state together with the thermodynamic data and the revised HKF parameters
presented in Table 1. Symbols denote experimental data reported in the literature: Ala ( , Izatt et al. 1961; ,
Anderson et al. 1967; Δ, Gillespie et al. 1995; □, Wang et al. 1996; ○, Clarke et al. 2005; ◊, Ziemer et al. 2006c),
Arg (□, Smith and Martell 2004; Δ, Nagai et al. 2008), Asn (◊, Kochergina et al. 2011), Asp (□, Smith and Smith
1942; ◊, Ziemer and Woolley 2007c; ○, Hamborg et al. 2007), Cys (◊, Coates et al. 1969), Gln (◊, Kochergina
et al. 2013), Glu (◊, Ziemer andWoolley 2007c; ○, Hamborg et al. 2007; Δ, Nagai et al. 2008), His (◊, Price et al.
2003a; Δ, Nagai et al. 2008), Ile (Δ, Ziemer and Woolley 2007a), Leu (◊, Smith and Martell 2004), Lys (□, Smith
and Martell 2004; ○, Humblot et al. 2006; Δ, Nagai et al. 2008), Met (◊, Ziemer andWoolley 2007b; ○, Hamborg
et al. 2007), Phe (□, Izatt et al. 1961; ◊, Anderson et al. 1966; , Smith and Martell 2004; ○, Hamborg et al.
2007; Δ, Nagai et al. 2008), Pro (◊, Sorenson et al. 2003; Δ, Clarke et al. 2005; ○, Hamborg et al. 2007), Ser (□,
Gergely et al. 1972; ◊, Ziemer et al. 2006b), Thr (□, Izatt et al. 1964; ○, Gergely et al. 1972; ◊, Ziemer and
Woolley 2007a; Δ, Nagai et al. 2008), Trp (Δ, Nagai et al. 2008), Tyr (○, Smith and Martell 2004; Δ, Nagai et al.
2008), and Val (◊, Price et al. 2003b)
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and

a4 � 10−4 ¼ −8:18−0:721a2 � 10−2 ð5Þ
for di-cationic states, and

a2 � 10−2 ¼ 2:30þ 0:105� Vo ð6Þ
and

a4 � 10−4 ¼ −1:58−0:721a2 � 10−2 ð7Þ
for di-anionic states. Values of a1 and a3 were then calculated using a2, a4, σ, and V

o presented
in Table 1 from Eqs. (A15), (A16), and (A18).

Based on group additivity algorithms developed by Amend and Helgeson (1997, 2000) and
Dick et al. (2006), thermodynamic properties of an amino acid are separable into two
contributions as shown below.

ΞAA ¼ Ξ AABB½ � þΞ SC½ � ð8Þ
Therein, ΞAA, Ξ[AABB], and Ξ[SC] respectively stand for any thermodynamic data or revised

HKF parameters for the amino acid, amino acid backbone, and side-chain group. Because a
complete set of the data and parameters for the 20 protein amino acids was obtained using the
procedure described above, these were then used to calculate the corresponding values of
[AABB] and [sc]. The calculation procedure and retrieved values are presented in Appendix B.

Energetics of Amino Acid Synthesis Under Alkaline Hydrothermal Systems

A complete set of the standard molal thermodynamic data is presented in Table 1 along with the
revised HKF parameters for the 20 protein amino acids. This set enables, for the first time,
prediction of the thermodynamic behavior of amino acids over broad ranges of temperature and
pH. For instance, Fig. 5 shows the dissociation constants (pKa) of 19 amino acids (curves),
together with the corresponding experimental measurements reported in the literature (symbols),
for temperatures of 0–300 °C (the pKa values of Gly are not shown in this figure, but are presented
in another report; Kitadai 2014). The curves were calculated using the following equation.

ΔrG
o ¼ −RTlnK ð9Þ

Therein, T and R stand for the temperature in units Kelvin and the gas constant (8.31447 J
mol−1 K−1); ΔrGo denotes the standard Gibbs energy of reaction. The value of ΔrGo was
calculated by combining the standard Gibbs energies of formation (ΔGo) of the individual
compounds involved in the reaction.

ΔrG
o ¼

X
ΔGo

products−
X

ΔGo
reactants ð10Þ

The ΔGo of amino acids at any temperature and pressure was calculated from Eq. (A19)
using the data and parameters presented in Table 1. Pressure was set to 1 bar at <100 °C, with
saturated water vapor pressure (Psat) at ≥100 °C. It is apparent in Fig. 5 that the predicted curves
show close agreement with the experimental measurements for each reaction at all tempera-
tures. The agreement supports the validity of the dataset presented in Table 1. It is noteworthy
that the experimental measurements at temperatures higher than 150 °C are not available in the
literature for most of the amino acids, likely because the amino acids themselves decompose
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rapidly under such conditions. Thermodynamic predictions depicted in Fig. 5 thus provide
useful information for the ionization states of amino acids in experimentally inaccessible region.

To evaluate whether or not an alkaline hydrothermal system is favorable for the abiotic
synthesis of amino acids, which may be a necessary step for the chemical evolution of life (e.g.
Rode 1999), Gibbs energies necessary to synthesize amino acids from inorganic precursors in
such systems were calculated. Several researchers have estimated the composition of fluids in
primitive hydrothermal systems (e.g., Macleod et al. 1994; Amend and McCollom 2009).
Recently, Shibuya et al. (2010) reported, based on thermodynamic calculations, that deep-sea
hydrothermal systems in the Hadean and early Archean periods were dominated by highly
alkaline (pH >10), high-temperature (approx. 350 °C) hydrothermal activity even at the
spreading zone because of a high concentration of ΣCO2 in the early ocean (>0.2 mol/kg).
High dissolved ΣCO2 keeps the activity of Ca

2+ very low owing to the precipitation of calcite
(Ca2+ + CO3

2−→ CaCO3), which then increases pH through reactions between plagioclase and
epidote (2Ca2Al3Si3O12(OH) + 2H+ ↔ 3CaAl2Si2O8 + Ca2+ + 2H2O) (Shibuya et al. 2010).
That prediction was later supported by results of a heating experiment using basalt andCO2-rich
seawater at 250 and 350 °C (Shibuya et al. 2013). In the present calculation, the CO2

concentration in the simulated Hadean seawater was set to 200 mmol/kg (the atmospheric
CO2 pressure equilibrated with the simulated seawater is about 5 bar; Helgeson et al. 1978;
Shock et al. 1989). The temperature and pH of the hydrothermal fluid were set to 350 °C and
10.0, respectively (Table 2). The pH of the Hadean seawater was assumed to be 5.0 (Russell
2003; Russell et al. 2010). The temperature of the Hadean ocean is still under debate, ranging
from 90 °C (Russell and Hall 1997) to less than 0 °C (Bada et al. 1994; Bada 2004) depending
on interpretation of geological records. I choose a conservative temperature of 25 °C because of
the absence of consensus. Other dissolved species than CO2, and their concentrations in the
ocean and in the hydrothermal fluid were taken from an estimation by Amend and McCollom
(2009) except for the Cl− concentration, which was varied to adjust the pH of the two end-
members to desired values (pH10.0 for the hydrothermal fluid and pH5.0 for the Hadean

Table 2 Compositions of end-member fluids used in the mixing calculations (all concentrations, millimolal)

Seawater Hydrothermal fluid

T [°C] 25 350

pH 5.0 10.0

H2(aq) 0.00054 16

ΣCO2 200 0.01

O2(aq) 10−9 0

Na 464 607

Cl 539 516

Ca 14.2 20

Mg 31.1 0.001

Fe 0.12 0

K 0.1 10

CH4 0 2.0

ΣH2S 0.0002 0.1

SO4
2− 0.1 0

SiO2(aq) 0.11 0.005

NH3 10−5 10−5
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seawater). Amend and McCollom (2009) defined the fluid composition based on the
composition of the Lost City vent fluids. Their estimation therefore is directly applicable
in this study to simulate amino acid synthesis under Hadean alkaline hydrothermal
systems. The composition of the Hadean seawater allows complete dissolution of min-
erals including calcite (CaCO3), magnesite (MaCO3), siderite (FeCO3), brucite
(Mg(OH)2), pyrrhotite (FeS), and pyrite (FeS2).

The two solutions were then mixed to simulate mixing of the hydrothermal fluid with seawater
near such hydrothermal systems. The model starts with 100 % seawater at 25 °C with subsequent
gradual increases of the percentage of vent fluid at 350 °C. The composition and chemical
speciation of the mixed fluid were recalculated continuously after each step. The temperature of
the mixed solution was assumed to change in proportion to the mixing ratio of the two end-
member fluids. Pressure was set to 250 bar. The effect of pressure on the ΔGo of amino acids is
small compared with that of temperature (Shock 1992). Thus, calculation results presented below
do not significantly change if deeper (500 bar; ~5000 m) or shallower (10 bar; ~100 m) ocean
vents are considered. All redox reactions were presumed to be inhibited kinetically on the
timescales of mixing (Amend and McCollom 2009). It has been shown that redox reactions
among single carbon compounds other than CH4 (CO2, CO, HCOOH, CH3OH) reach their
equilibria rapidly at high temperature condition (>225 °C) (McCollom and Seewald 2003;
Seewald et al. 2006). At equilibrium, however, thermodynamic drives for the abiotic synthesis
of amino acids from these compounds are the same. To simplify data interpretation, possible
existences of the reduced forms of CO2 were not considered in the fluid mixing calculation.
Minerals were allowed to precipitate during the mixing, except for graphite and dolomite, which
were presumed to be kinetically inhibited (Amend and McCollom 2009). All calculations were
performed using the Visual MINTEQ version 2.61 computer program. The thermodynamic
datasets needed for this calculation were generated from Eqs. (A19), (9), and (10) using
thermodynamic data and the revisedHKF parameters forminerals (Helgeson et al. 1978), aqueous
species (Shock et al. 1989, 1997) and complexes (Sverjensky et al. 1997; McCollom and Shock
1997). The ΔGo of H2O at any temperature and pressure was calculated using polynomial
equations reported by Helgeson and Kirkham (1974). Activity coefficients for aqueous species
were calculated using the extended Debye–Huckel equation (Helgeson et al. 1981).

Figure 6 presents changes in the activities of CO2,Tot (¼ aCO2
þ aHCO−

3
þ aCO2−

3
), NH3,Tot

(¼ aNH3
þ aNHþ

4
), H2STot (¼ aH2S þ aHS− ; S

2− was not considered because the dissociation

constant of HS− is very small (K=10–18.51 at 20 °C; Schoonen and Barnes 1988), implying that
S2− is never a dominant aqueous species), and H2 and pH during mixing. The activities of
H2STot and H2 showed steep increases at the initial stage of the mixing in the logarithmic scale.
They then increased gradually with the mixing ratio of vent fluid. A reverse trend was
observed for the activity of CO2,Tot. pH showed a sigmoid-type increase, with the center at
about 225 °C. This result is mainly owing to the buffering effect of CO2. As can be seen in
Fig. 7, a speciation change of CO2 to HCO3

− is calculated with the center at about 225 °C. A
similar changing pH trend was reported for a mixing calculation by Amend and McCollom
(2009). However, their reported curve is steeper than that observed in this study because their
simulated concentration of CO2 in seawater (22.7 mmol kg−1) is about one order of magnitude
smaller than that assumed in this study (200 mmol kg−1). Lower CO2 concentrations have a
smaller buffering effect on pH, making pH change more sharply.

The Gibbs energy of reaction (ΔrG) of amino acid synthesis is calculable using the
following equation as

ΔrG ¼ ΔrG
o þ RT lnQr ð11Þ

in which Qr stands for the activity product given as shown below.
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Qr ¼ ∏
i
a
νi;r
i ð12Þ

Therein, νi,r stands for the stoichiometric reaction coefficient of the ith species in the reaction,
which is positive for products and negative for reactants. As inorganic precursors, this study
selected CO2, NH3, H2S, and H2 respectively as sources of carbon, nitrogen, sulfur, and
hydrogen. CH4 was not used instead of CO2 because CH4 formation from CO2 (CO2 + 4H2

→ CH4 + 2H2O) is a strong thermodynamically favorable reaction (e.g., ΔrGo=−195 kJ mol−1

at 25 °C and 250 bar (Helgeson and Kirkham 1974; Shock et al. 1989; Shock and Helgeson
1990)). Consequently, syntheses of amino acids fromCH4 require much larger amounts of extra
energy than those from CO2. Nitrogen oxides (NO2

−, NO3
−, etc.) and sulfur oxides (SO3

2−,
SO4

2−, etc.) might be regarded as alternate sources of nitrogen and sulfur. However, direct
formation of amino acids from these compounds in aqueous solution has not been reported in
the relevant literature. The combination of CO2, NH3, H2S, and H2 has also been used in several
thermodynamic calculations for abiotic syntheses of biomolecules under hydrothermal systems

Fig. 6 Calculated activities of CO2,Tot (¼ aCO2
þ aHCO−

3
þ aCO2−

3
), NH3,Tot (¼ aNH3

þ aNHþ
4
), H2STot

(¼ aH2S þ aHS− ) and H2 and pH resulting from mixing of seawater with alkaline hydrothermal fluid presented
in Table 2

Fig. 7 Mole fractions of CO2, HCO3
−, and CO3

2− as a function of temperature at 250 bar during mixing of
seawater and alkaline hydrothermal fluid presented in Table 2
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(Amend and Shock 1998; McCollom and Amend 2005; Amend and McCollom 2009; Shock
and Canovas 2010). The choice of these compounds supports direct comparisons of the results
obtained in the present study with those of the reported studies. The synthesis equations of
amino acids from the compounds have been presented in earlier reports (e.g., Table 1 in Amend
and Shock 1998). For that reason, they are not shown in this manuscript. The equations were
used together with the fluid compositions determined with the mixing model (Fig. 6) to
calculate the ΔrG necessary to synthesize amino acids at each mixing step from Eq. (11). The
activity of each amino acid was set to 10−6 (Shock and Canovas 2010). The value (10−6) was
selected arbitrary because the concentrations of amino acids in the Hadean ocean and hydro-
thermal fluids are not known. Consequently, negative ΔrGmeans that the aqueous environment
can synthesize amino acids with activities of more than 10−6, although positive values do not.

Figure 8 shows the ΔrG of synthesis of the 20 protein amino acids as a function of
temperature. The values of ΔrG decreased drastically at temperatures from 25 to 50 °C. Then
they increased gradually at higher temperatures for all amino acids. The former declines (25→
50 °C) are attributable to the rapid increases of the activities of H2 and H2STot in the same
temperature range (Fig. 6). The subsequent increases of ΔrG, however, cannot be explained
clearly from the activity changes of inorganic precursors because the activity of H2 continues to
increase, whereas that of CO2,Tot decreases (Fig. 6). The activity of NH3,Tot also increases
slightly at temperatures of around 200 °C (Fig. 6) because of the speciation change from NH4

+

to NH3. To understand the observed changing trends of the ΔrG, the contributions from the
ΔrGo-term as well as the compositional variation expressed in the Qr-term must be considered.

Figure 9 presents the standard Gibbs energies of reaction (ΔrGpH
o ) of the amino acid

synthesis as a function of temperature and pH, as calculated from Eq. (11) setting the activities
of all species to one, except for H+. Only the contribution from the activity of H+ on the Gibbs
energies was considered in order to evaluate the pH dependences (the procedure for calculating
ΔrGpH

o is described in Appendix C). The values ofΔrGpH
o at neutral pH are consistent with the

Fig. 8 Calculated ΔrG of synthesis of the 20 protein amino acids as a function of temperature at 250 bar during
mixing of seawater and alkaline hydrothermal fluid presented in Table 2
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reported counterparts (Amend and Shock 1998; McCollom and Amend 2005; Amend and
McCollom 2009) except for Gly and Met, of which the thermodynamic data for their
zwitterionic states were updated in this study. At 25 °C, all amino acids showed minimum
ΔrGpH

o at pH of about 6 (Fig. 9). The values increased greatly with increasing pH, particularly
at pH >10. At pH=11.0, for instance, theΔrGpH

o values are an average of 134 kJ mol−1 higher
than those at pH=6.0. The energetic gap corresponds to the difference in the equilibrium
constant (K) of 3.0×1023 (calculated from Eq. (9)). That tremendous value reflects that the
energetics of amino acid synthesis have strong pH dependence. At higher temperatures, the
positions of the minimumΔrGpH

o shifted slightly toward alkaline pH. At 200 °C, the minimum
ΔrGpH

o locates at pH of about 6.5, where the values are an average of 15 kJ mol−1 lower than
those at neutral pH (pH=5.2 at 200 °C). The superiority, however, is small compared with the
subsequent increases of the ΔrGpH

o at higher pH (Fig. 9). That superiority is also obscured by
the greater increase of the ΔrGpH

o with temperature (Fig. 9). Consequently, amino acid
syntheses under higher temperature and alkaline pH are thermodynamically unfavorable
compared with those at lower temperature and neutral pH.

The temperature and pH dependences of ΔrGpH
o (Fig. 9) are a major cause of the gradual

increase of the ΔrG observed in the mixing calculation at temperatures higher than 50 °C
(Fig. 8). Both the increases of temperature and pH (Fig. 6) shift ΔrG toward higher values
(Fig. 9). Further steep increases of ΔrG at >300 °C (Fig. 8) are attributable to the sharp decline
of the activity of CO2 (Fig. 6). It is noteworthy, however, that the ΔrG in the mixing fluid is
lower than that in 100 % seawater in a wide temperature range (Fig. 8). The values of ΔrG at
50 °C are mostly negative, indicating that many amino acids can be formed at concentrations
that are higher than the micro-molar level if the equilibrium can be attained. Such energetic

Fig. 9 Standard Gibbs energies of reaction of the amino acid synthesis as a function of temperature and pH
(ΔrGpH

o ), which was calculated from Eq. (11) setting the activities of all species to one except for H+ (see the text)
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favorability is a consequence of the mixing between the CO2-rich seawater and the H2-
rich hydrothermal fluid. A similar changing trend of ΔrG with a local minimum at about
50 °C was also observed in a mixing calculation by (Amend and McCollom 2009)
assuming a lower concentration of CO2 in seawater (22.7 mmol kg−1) and lower
temperature of hydrothermal fluid (140 °C). The H2 concentration in deep-sea hydro-
thermal systems in the Hadean period was expected to be much higher than the present
level because of the abundant presence of ultramafic rocks called komatiites under the
seafloor (Takai et al. 2006; McCollom and Seewald 2013). Unlike basalt, a major
constituent of the present oceanic crust, komatiites can produce H2 effectively through
serpentinization because of their low silica content (McCollom and Seewald 2007, 2013).
Hadean alkaline hydrothermal systems can therefore be regarded as having good poten-
tial for the abiotic synthesis of amino acids assuming kinetic pathways for their synthesis
exist, which is not in most cases obviously true. Acidic hydrothermal systems may also
be considered as a favorable environment if sufficiently high concentrations of reducing
components (H2, NH3, H2S) were provided. However, such systems cannot provide the
best pH condition for the amino acid synthesis (neutral; pH~6 at 25 °C) through mixing
with the slightly acidic seawater (pH~5). Similarly, if the Hadean seawater was hotter
than the assumption made in this study (e.g., 70 °C vs. 25 °C), mixing the seawater with
fluids in alkaline hydrothermal systems cannot decrease the temperature sufficiently and
consequently, the energetic costs for the synthesis reactions increase. Consequently, hot,
alkaline hydrothermal systems beneath cool, slightly acidic Hadean ocean are an ener-
getically excellent setting among possible vent–Ocean combinations. An important
strength of the present calculation is that the speciation changes of amino acids as well
as inorganic precursors are regarded as functions of temperature and pH. If further
geochemical knowledge related to the primitive hydrothermal systems were obtained,
more accurate evaluation of the potential for amino acid synthesis would be possible
using the same methodology as that adopted in this study.

Early life may have required not only amino acids, but also peptides. It has been
shown that the thermodynamic stability of peptides relative to hydrolysis increases with
temperature, and that it exhibits a maximum at moderately alkaline pH (e.g., pH of
approx. 9.5 at 25 °C) (Shock 1992; Kitadai 2014). If amino acids are present in
hydrothermal systems, higher concentrations of peptides can be produced at a higher
mixing ratio of hydrothermal fluid. As a test to examine that possibility, the activity of
glycylglycine (GlyGly) equilibrated with Gly (activity = 0.001) was calculated assuming
the temperature and pH conditions depicted in Fig. 6 using the thermodynamic data and
the HKF parameters reported by Kitadai (2014). Results (Fig. 10) show that the activity
of GlyGly reaches its maximum level at a temperature of about 225 °C. The optimum
temperature is much higher than those for amino acid synthesis (which peak near 50 °C;
Fig. 7). Russell and co-workers have proposed that life arose within compartments in
FeS (and NiS) precipitates at an alkaline hydrothermal mound, where cool (≤20 °C),
slightly acidic CO2-rich Hadean Ocean water (pH 5–6) met hot, reduced alkaline solution
rich in H2, H2S, and NH3 (pH 9–11) (Russell 2003; Russell and Martin 2004; Russell
et al. 2010). At the vent–ocean interface, ocean water permeates into the vent structure
across the precipitated FeS-bearing walls. Inhibition of flow, partial containment and
catalytic surfaces provided by the (Fe,Ni)S compartments could potentially produce a
highly reactive chemical environment. If amino acids are synthesized in the initial stage
of the permeation with the aid of the catalytic activity of (Fe,Ni)S (Huber and
Wachtershauser 2006), then subsequent increases of temperature and pH caused by fluid
mixing might facilitate polymerization of amino acids. (Fe,Ni)S can also catalyze amino
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acid polymerizations (Huber and Wachtershauser 1998; Huber et al. 2003; Milner-White
and Russell 2011; Bianchi et al. 2012), provided amino acids can be sufficiently
concentrated. (Fe,Ni)S compartments therefore could have supported both the generation
and polymerization of amino acids. A concern of this model is whether amino acids can
be accumulated sufficiently within the compartments to produce sufficient concentration
of peptides to support the origin and early evolution of life. Future investigation of the
(Fe,Ni)S–amino acid interaction (e.g. adsorption) is expected to be helpful not only to
estimate the concentrations but also to constrain possible combinations of amino acids
necessary for the complexification of organic materials for the origin of life.

Conclusion

A complete set of the standard molal thermodynamic data and the revised HKF
parameters for the 20 protein amino acids are described as results of this study
(Table 1). The dataset enabled prediction of the thermodynamic behaviors of the protein
amino acids over broad ranges of temperature and pH. As a test to ascertain whether
the alkaline hydrothermal system is favorable or not for abiotic synthesis of amino
acids, the author calculated the ΔrG necessary to synthesize the 20 protein amino acids
from inorganic precursors (CO2, H2, NH3, and H2S) under a simulated alkaline hydro-
thermal system on the Hadean Earth. Results showed that the mixing between the CO2-
rich seawater and the H2-rich hydrothermal fluid can produce energetically favorable
conditions for the amino acid syntheses, particularly in the lower-temperature region of
such systems. The mixing was also expected to provide favorable conditions for the
polymerization of amino acids, but the optimum temperature (about 225 °C) was much
higher than those for the amino acid syntheses (about 50 °C). The Hadean alkaline
hydrothermal setting presumably provided steep pH and temperature gradients between
cool, slightly acidic CO2-rich Hadean Ocean and hot, alkaline hydrothermal fluids rich
in H2, NH3, and H2S at the vent–ocean interface, as simulated in the mixing calcula-
tion. That setting is an energetically excellent environment for amino acid synthesis and
polymerization.

Fig. 10 Activity of GlyGly equilibrated with Gly (activity = 0.001) calculated assuming the temperature and pH
conditions depicted in Fig. 6
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Appendix A

Standard State Conventions

The standard state convention adopted for H2O is unit activity of the pure solvent at any
temperature and pressure. The convention for other aqueous species corresponds to the 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 ðA1Þ

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 energies (ΔGo) and enthalpies (ΔHo) of aqueous species are
expressed as apparent standard molal Gibbs energies and enthalpies of formation, which are
defined as

ΔHo≡Δ f H
o þ Ho

P;T−H
o
Pr ;Tr

� �
ðA2Þ

and

ΔGo≡Δ f G
o þ Go

P;T−G
o
Pr ;Tr

� �
ðA3Þ

where ΔfGo and ΔfHo represent the standard molal Gibbs energy and enthalpy of formation of
the species from the elements at the reference temperature (Tr=298.15 K) and pressure (Pr=
1 bar), and where Go

P;T−G
o
Pr ;Tr

and Ho
P;T−H

o
Pr ;Tr

respectively denote the differences between

the standard molal Gibbs energy and enthalpy at the temperature (T) and pressure (P) of
interest, and those at Tr and Pr.

The values of ΔfGo and ΔfHo and the standard molal entropy at 25 °C and 1 bar (SoPr ;Tr
) are

related to the following.

ΔGo
f ¼ ΔHo

f −Tr SoPr ;Tr
−SoPr ; Tr ; elements

� �
ðA4Þ

In that equation, SoPr ; Tr ; elements
represents the total standard molal entropy at 25 °C and

1 bar of the elements making up the species of interest. The values of SoPr ;Tr
of the elements

used for this study were referred from a report by Cox et al. (1989).

Summary of the Revised HKF Equation of State

The revised HKF equations of state are consistent with the separation of variables shown
below.

Ξ ¼ ΔΞn þΔΞs ðA5Þ
Therein, Ξ stands for any standard molal property of an aqueous species. In addition, ΔΞn

and ΔΞs respectively refer to the nonsolvation and solvation contributions to Ξ.
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The nonsolvation contributions to the standard molal isobaric heat capacity (CP
o), volume

(Vo) and isothermal compressibility (κT
o) of an aqueous species (ΔCP,n

o , ΔVn
o, and ΔκT,n

o ,
respectively) are given in the literature (Tanger and Helgeson 1988) as

ΔCo
P;n ¼ c1 þ c2

T−Θð Þ2−
2T

T−Θð Þ3
 !

a3 P−Prð Þ þ a4ln
Ψþ P

Ψþ Pr

� �� �
ðA6Þ

ΔVo
n ¼ a1 þ a2

Ψþ P
− a3 þ a4

Ψþ P

� �
1

T−Θ

� �
ðA7Þ

and

Δκo
T ;n ¼ a2 þ a4

T−Θ

� � 1

Ψþ P

� �2

ðA8Þ

where a1, a2, a3, a4, c1, and c2 represent temperature-independent and pressure-independent
parameters of the species of interest, and where Θ and Ψ respectively represent solvent
parameters equal to 228 K and 2600 bar.

The solvation contributions to CP
o, Vo, and κT

o are expressed as

ΔCo
P;s ¼ ωTX þ 2TY

∂ω
∂T

� �
P

−T
1

ϵ
−1

� �
∂2ω
∂T2

� �
P

ðA9Þ

ΔVo
s ¼ ωQþ 1

ϵ
−1

� �
∂ω
∂P

� �
T

ðA10Þ
and

Δκo
T ;s ¼ ωN þ 2Q

∂ω
∂P

� �
T

−
1

ϵ
−1

� �
∂2ω
∂P2

� �
T

ðA11Þ

where ω denotes the solvation parameter of the species of interest, ε stands for the dielectric
constant of H2O, and Q, N, Y, and X represent the Born functions defined respectively as
− ∂ 1=ϵð Þ

∂P

� �
T
, ∂Q

∂P

� �
T
, − ∂ 1=ϵð Þ

∂T

� �
P
, and ∂Y

∂T

� �
P
. The values of Q, N, and Yused for this study were

taken from Shock et al. (1992), but those of N correspond to the values reported by Tanger and
Helgeson (1988). The partial derivatives of ω with respect to temperature and pressure are
taken as

∂ω
∂T

� �
P

¼ ∂ω
∂P

� �
T

¼ ∂2ω
∂T2

� �
P

¼ ∂2ω
∂P2

� �
T

¼ 0 ðA12Þ

for all the neutral and charged groups and species considered below (Amend and Helgeson
1997, 2000; Dick et al. 2006).

At P≈Pr, Eq. (A6) reduces to the equation presented below.

ΔCo
P;n ¼ c1 þ c2

T−Θð Þ2 ðA13Þ

Contributions by the pressure-dependent terms are negligible for pressures of less than a
few hundred bar (Dick et al. 2006). Eq. (A7) can be written as
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ΔVo
n ¼ σþ ξ

T−Θ
ðA14Þ

by defining the parameters σ and ξ as

σ≡a1 þ a2
Ψþ P

ðA15Þ

and the following expression.

ξ≡a3 þ a4
Ψþ P

ðA16Þ

By taking account of Eqs. (A5) and (A12) together with Eqs. (A9) and (A13) for CP
o or

Eqs. (A10) and (A14) for Vo, it is possible to write

Co
P ¼ c1 þ c2

T−Θð Þ2 þ ωTX ðA17Þ

and the following.

Vo ¼ σþ ξ
T−Θ

−ωQ ðA18Þ

The revised HKF equations of state for ΔGo, ΔHo, and So can be written as (Tanger and
Helgeson 1988)

ΔGo ¼ ΔGo
f −S

o
Pr ;Tr

T−Trð Þ−c1 Tln
T

Tr

� �
−T þ Tr

� 	
−c2

1

T−Θ

� �
−

1

Tr−Θ

� �� 	
Θ−T
Θ

� �
 �

þ c2
T

Θ2 ln
Tr T−Θð Þ
T Tr−Θð Þ
� 	
 �

þ a1 P−Prð Þ þ a2ln
Ψþ P

Ψþ Pr

� �

þ 1

T þΘ

� �
a3 P−Prð Þ þ a4ln

Ψþ P

Ψþ Pr

� �� 	

þ ω
1

ϵ
−1

� �
−ωPr ;Tr YPr ;Tr Tr−Tð Þ þ 1

ϵPr ;Tr

−1
� 	

ðA19Þ

ΔHo ¼ ΔHo
f þ c1 T−Trð Þ−c2 1

T−Θ

� �
−

1

Tr−Θ

� �� 	
þ a1 P−Prð Þ þ a2ln

Ψþ P

Ψþ Pr

� �

þ 2T−Θ
T−Θð Þ2

" #
a3 P−Prð Þ þ a4ln

Ψþ P

Ψþ Pr

� �� 	

þ ω TY þ 1

ϵ
−1

� �
−T

1

ϵ
−1

� �
∂ω
∂T

� �
P

−ωPr ;Tr TrYPr ;Tr þ
1

ϵPr ;Tr

−1
� �

ðA20Þ

and
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So ¼ SoPr ;Tr
þ c1ln

T

Tr

� �
−
c2
Θ

1

T−Θ

� �
−

1

Tr−Θ

� �
þ 1

Θ
ln

Tr T−Θð Þ
T Tr−Θð Þ
� 	
 �

þ 1

T−Θ

� �2

a3 P−Prð Þ þ a4ln
Ψþ P
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� �� 	

þ ωY−
1

ϵ
−1

� �
∂ω
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� �
P

−ωPr ;TrYPr ;Tr ðA21Þ

respectively.

Appendix B

Based on group additivity algorithms developed by Amend and Helgeson (1997, 2000) and
Dick et al. (2006), thermodynamic properties of an amino acid are separable into two
contributions as shown below.

ΞAA ¼ Ξ AABB½ � þΞ SC½ � ðB1Þ
Therein, ΞAA, Ξ[AABB], and Ξ[SC] respectively stand for any thermodynamic data or revised

HKF parameters for the amino acid, amino acid backbone, and side-chain group. Depending
on the protonation state of functional groups in the amino acid structure, the amino acid
backbone and the side-chain group have positive, neutral, or negative charge (e.g., [AABB−] +
2H+ ↔ [AABB] + H+ ↔ [AABB+]). The data and parameters for [AABB], [AABB−],
[AABB+], and all side-chain groups of the 20 protein amino acids have been reported by
Dick et al. (2006). However, the parameters for [AABB+] and [AABB−] were calculated using
the corresponding values for single amino acid by combination with those for [AABB] (e.g.,
a1, a2, a3, a4, c1, c2, and ω for [AABB−] were calculated from
Ξ AABB−½ � ¼ Ξ AABB½ � þΞLys−−ΞLys) because of the paucity of available thermodynamic prop-
erties of charged amino acids at the time. The data and parameters for [Lys] and [Arg] were
then retrieved from corresponding values of Lys− and Arg− by subtracting the contribution of
[AABB−] (e.g., Ξ Lys½ � ¼ ΞLys−−Ξ AABB−½ �). Similarly, the data and parameters for [Arg+],
[Asp−], [Cys−], [Glu−], [His+], [Lys+], [Tyr−] were calculated using the values of corresponding
amino acids together with those of [AABB] (e.g., Ξ Argþ½ � ¼ ΞArgþ−Ξ AABB½ �). Because many
thermodynamic properties of charged amino acids were updated in this study, the values for
the compounds described above were recalculated in the manner described below.

First, the data and parameters for [Arg+], [Asp−], [Cys−], [Glu−], [His+], [Lys+] were
calculated using the corresponding values for [AABB] given by Dick et al. (2006) together
with those for the amino acids presented in Table 1 from the following, as

Ξ SCþ½ � ¼ ΞAAþ−Ξ AABB½ � ðB2Þ
for [Arg+], [His+], [Lys+], and

Ξ SC−½ � ¼ ΞAA−−Ξ AABB½ � ðB3Þ
for [Asp−], [Cys−], [Glu−].

Second, the data and parameters for Ala+, Arg2+, Asn+, Asp+, Cys+, Gln+, Glu+, Gly+,
His2+, Ile+, Leu+, Lys2+, Met+, Phe+, Ser+, Thr+, Trp+, Tyr+, and Val+ presented in Table 1 were
correlated with the corresponding values for [Ala], [Arg+], [Asn], [Asp], [Cys], [Gln], [Glu],
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[Gly], [His+], [Ile], [Leu], [Lys+], [Met], [Phe], [Ser], [Thr], [Trp], [Tyr], and [Val] reported by
Dick et al. (2006), except for [Met], [Arg+], [His+], and [Lys+], which were taken from
LaRowe and Dick (2012) for [Met], and which were calculated from Eq. (B2) for [Arg+],
[His+], and [Lys+] (Fig. 11a–l). The values for Pro were not included in this figure because Pro
has the imino group instead of the amino group. It follows from Eq. (B1) that the intercepts of
the regression lines (slopes = 1) shown in Fig. 11a–l correspond to the data and parameters for
[AABB+]. Because no linear relation was observed for a3 and ω (Fig. 11h and l), these were
calculated from Eq. (A17) and (A18) using the values retrieved from the correlation depicted
in Fig. 11. The value of So at 25 °C and 1 bar for [AABB+] was calculated from Eq. (A4) using
the values of ΔfGo and ΔfHo obtained using the procedure described above together with values
of So for elements taken from Cox et al. (1989). Similarly, the data and parameters for Ala−,
Asn−, Asp2−, Cys2−, Gln−, Glu2−, Gly−, His−, Ile−, Leu−, Met−, Phe−, Ser−, Thr−, Trp−, Tyr−,
and Val− presented in Table 1 were correlated with the corresponding values for [Ala], [Asn],
[Asp−], [Cys−], [Gln], [Glu−], [Gly], [His], [Ile], [Leu], [Met], [Phe], [Ser], [Thr], [Trp], [Tyr],
and [Val] reported by Dick et al. (2006), except for [Asp−], [Cys−], and [Glu−], which was
calculated from Eq. (B3) (Fig. 11m–x). All values except for So at 25 °C and 1 bar, a3, and ω
were retrieved from the intercepts of the regression lines depicted in Fig. 11m–x, whereas the
three properties were calculated from Eqs. (A17), (A18), and (A4) using the retrieved values.

The data and parameters for [AABB−] were then used to calculate those of [Lys], [Arg], and
[Tyr−] as the following.

Ξ Lys½ � ¼ ΞLys−−Ξ AABB−½ � ðB4Þ

Ξ Arg½ � ¼ ΞArg−−Ξ AABB−½ � ðB5Þ

Ξ Tyr−½ � ¼ ΞTyr2−−Ξ AABB−½ � ðB6Þ
The data and parameters obtained through the procedure described above are presented in
Table 3.

Appendix C

In this appendix, the calculation procedure of ΔrGpH
o is described using the synthesis reaction

of Met from CO2 (H2CO3 is the actual dissolved structure of CO2 in aqueous solution), NH3,
H2S, and H2 as a model. The reaction is written as

5CO2 þ NH3 þ H2Sþ 11H2→Met C5H11NO2Sð Þ þ 8H2O ðC1Þ
Among the components in this equation, H2CO3, NH3, H2S, and Met change its speciation

depending on the temperature and pH. The speciation changes can be incorporated by
rewriting the equation as presented below.

5 a CO2 þ H2Oð Þ þ bHCO3
− þ cCO3

2−� �þ dNH4
þ þ eNH3ð Þ þ fH2S þ gHS−ð Þ

þ 11H2→ hMetþ þ iMet� þ jMet−
� �þ 13H2Oþ −5b−10cþ d−g−hþ jð ÞHþ ðC2Þ

Therein, the italic characters denote the mole fractions of respective species (a+b+
c=d+e=h+ i+ j=1). H+ was added at the right side of the equation to maintain the
charge balance. By combining the equation with Eq. (10), (11), and (12), the Gibbs
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energy necessary to synthesize Met from the inorganic precursors at a given pH,
ΔrGpH

o , is represented by the following equation.

Fig. 11 Correlations of the thermodynamic data and the revised HKF parameters between amino acids and
corresponding side-chain groups. Regression lines have slopes of unity and intercepts that correspond to the data
and parameters for [AABB+] and [AABB−]
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ΔrG
o
pH ¼ ΔrG

o þ –5b–10cþ d–g−hþ jð ÞRT ln10–pH ðC3Þ
The mole fractions at any temperature and pH are calculable using the protonation constant

of respective species as the following.

a ¼

KHCO−
3
aHþ

γCO2

1

γCO2−
3
KCO2−

3
aHþ

þ 1

γHCO−
3

þ KHCO−
3
aHþ

γCO2

ðC4Þ

b ¼

1

γHCO−
3

1

γCO2−
3
KCO2−

3
aHþ

þ 1

γHCO−
3

þ KHCO−
3
aHþ

γCO2

ðC5Þ

c ¼ 1−a−b ðC6Þ

d ¼

KNH3aHþ

γNHþ
4

1

γNH3

þ KNH3aHþ

γNHþ
4

ðC7Þ

e ¼ 1−d ðC8Þ

f ¼
KHS−aHþ

γH2S

1

γHS−
þ KHS−aHþ

γH2S

ðC9Þ

g ¼ 1− f ðC10Þ

h ¼
KMet�aHþ

γMetþ

1

γMet−KMet−aHþ
þ 1

γMet�
þ KMet�aHþ

γMetþ

ðC11Þ

i ¼
1

γMet�

1

γMet−KMet−aHþ
þ 1

γMet�
þ KMet�aHþ

γMetþ

ðC12Þ

j ¼ 1−h−i ðC13Þ

Therein, Ki represents protonation constants of the species i at any temperature and
pressure calculated from Eq. (9) using thermodynamic data and the revised HKF
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parameters presented by Shock et al. (1989, 1997) for HCO3
−, CO3

2−, NH3, HS
−, and

those presented in Table 1 for Met± and Met−. In addition, γi stand for the activity
coefficient of the species i calculated using the extended Debye–Huckel equation
(Helgeson et al. 1981). The values of ΔrGpH

o for the other amino acids were calculated
in the same manner as those described above.
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