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Abstract

Background: Proteins of various compositions are required by organisms inhabiting different
environments. The energetic demands for protein formation are a function of the compositions of
proteins as well as geochemical variables including temperature, pressure, oxygen fugacity and pH.
The purpose of this study was to explore the dependence of metastable equilibrium states of
protein systems on changes in the geochemical variables.

Results: A software package called CHNOSZ implementing the revised Helgeson-Kirkham-
Flowers (HKF) equations of state and group additivity for ionized unfolded aqueous proteins was
developed. The program can be used to calculate standard molal Gibbs energies and other
thermodynamic properties of reactions and to make chemical speciation and predominance
diagrams that represent the metastable equilibrium distributions of proteins. The approach takes
account of the chemical affinities of reactions in open systems characterized by the chemical
potentials of basis species. The thermodynamic database included with the package permits
application of the software to mineral and other inorganic systems as well as systems of proteins or
other biomolecules.

Conclusion: Metastable equilibrium activity diagrams were generated for model cell-surface
proteins from archaea and bacteria adapted to growth in environments that differ in temperature
and chemical conditions. The predicted metastable equilibrium distributions of the proteins can be
compared with the optimal growth temperatures of the organisms and with geochemical variables.
The results suggest that a thermodynamic assessment of protein metastability may be useful for
integrating bio- and geochemical observations.

Background

Owing to the growing body of compositional data for
microbial proteins and the exploration of environments
that are extreme from the human standpoint, it has
become possible in recent years to draw correlations
between the compositions of proteins and environmen-
tal parameters such as temperature [1]. Accounting for
the underlying causes of the observed correlations
between environmental parameters and protein

composition is an ongoing challenge. Biochemical
approaches are based in part on the notion that proteins
from thermophilic and hyperthermophilic organisms
should have greater structural stabilities than their
mesophilic counterparts [2]. Compositional features of
thermophilic proteins that may enhance their structural
stabilities include increased numbers of hydrophobic
residues, stronger charge interactions on the protein
surfaces, and other properties of the amino acid
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sequence [3]. However, it has also been suggested that, at
least for sulfur, the elemental makeup of proteins is
correlated with the chemical compositions of the
environment [4]. This study was motivated by the desire
to explore a possible thermodynamic explanation for the
relationship between protein composition and the
extracellular environment, which is shaped in part by
geochemical constraints.

A thermodynamic assessment of protein metastability
provides a framework for describing the relationship
between geochemistry and protein composition that
until now has received relatively little attention. The
geochemical literature abounds with examples of theo-
retical calculation of the compositions of stable and/or
metastable equilibrium reference states as a way to
predict the distributions of, and reaction pathways
among, minerals and inorganic or organic aqueous
species [5, 6]. In recent years, the calculation [7-11]
and experimental investigation [12-14] of metastable
equilibrium states in biogeochemical systems has gained
traction. The primary advantage of extending a frame-
work of this type to proteins and other biomacromole-
cules is that it places biochemical reactions in the same
context as observations on the inorganic systems to
which microbial metabolic pathways are coupled.
Temperature, pressure, oxidation state and pH are just
some of the variables that are commonly measured in
geochemical studies that also appear explicitly in the
thermodynamic representation of protein metastability
reactions.

This study was undertaken in order to explore the
thermodynamic relationships between geochemical vari-
ables and protein composition for model proteins from
a number of organisms adapted to different environ-
ments. The cell-surface glycoproteins in archaea and the
surface-layer proteins in bacteria [15, 16] were chosen
for this purpose because they are intimately associated
with the extracellular aquatic and mineralogical setting.

Because experimental values of the standard molal Gibbs
energies of the model proteins were not available, they
were calculated using previously reported group additiv-
ity and equations of state algorithms that are referenced
to ionized unfolded aqueous proteins [17, 18]. These
values are requisite for calculating the composition of
the metastable equilibrium state in an open system
described by chemical potentials of basis species, or
perfectly mobile components [19-22]. The predicted
chemical activities of species can then be displayed on
chemical predominance and/or speciation diagrams
whose axes correspond to intensive chemical variables.
Because of the lack of integration of algorithms for
calculating thermodynamic properties of proteins in
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available geochemical equilibrium software packages,
the task of calculating and graphically representing the
metastable equilibrium distributions of the proteins was
managed through development of the CHNOSZ soft-
ware package, which is introduced in this study.

The implementation of the thermodynamic algorithms
and data into the package is described first below. The
results of the calculations for the model system of
proteins are then described and are displayed primarily
in the form of diagrams depicting the calculated
metastable equilibrium distributions of the proteins.
The graphical depictions shown below are only limited
portrayals of the metastable equilibrium states of
systems of proteins, which are in fact multidimensional
functions of thermodynamic variables. The predicted
response of at least one of the metastability reactions
between proteins from hyperthermophilic and mesophi-
lic organisms appears to be aligned with the differences
in temperature, pressure and oxidation state between
their environments. However, more tests in other
systems will be required to assess the generality of the
approach. Some potential implications of the findings
are addressed briefly in the concluding remarks, and the
paper is finished with a section devoted to the methods
adopted for writing protein metastability reactions and
computing their thermodynamic properties.

Implementation

The CHNOSZ software package consists of source code,
data files, and documentation. It is written for the cross-
platform R software environment [23]. The package can
be freely downloaded from the project website at http://
www.chnosz.net. The features of the package, its basic
program structure, and the thermodynamic database are
summarized in the following paragraphs.

Features

CHNOSZ was developed in order to ease calculations of
1) the standard molal thermodynamic properties of
chemical species and reactions as a function of tempera-
ture and pressure, 2) the standard molal thermodynamic
properties and equations of state parameters of neutral
and ionized proteins using group additivity algorithms,
3) the chemical affinities of formation reactions of
species of interest from basis species describing the
system, and to assist in 4) generating metastable
equilibrium activity diagrams for systems of biomole-
cules and/or other species.

The functions provided in CHNOSZ are suitable for
either interactive use or scripted operation. The diagrams
that are produced can be viewed on screen or saved as
postscript files. Because the thermodynamic database
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includes the chemical formulas of species in addition to
their standard molal thermodynamic properties, func-
tions operating on user-input chemical reactions have
the option to check, and possibly automatically correct,
the mass balance of the reactions. This feature can speed
up user interaction with the program and the writing of
program scripts. The program has been designed with
features in mind and is not presently optimized for
speed. Most of the diagrams shown below can be
produced in under a minute, but temperature-pressure
diagrams of the same resolution require substantially
more computational time, owing to the number of times
the equations of state subroutines are called.

The package was developed with the goal of analyzing
protein reactions, but the range of systems that can be
studied using the software is limited only by the species
available in the thermodynamic database, to which the
user can make either temporary or persistent additions or
updates. Complete documentation of the functions,
including examples derived from the geochemical
literature and this study, is provided with the package.
Usage of the major functions in CHNOSZ is summarized
below.

Standard molal properties

The relationships among the primary functions provided
in CHNOSZ and some of the accessory functions are
depicted in the flowchart shown in Fig. 1. Calculation of
the standard molal thermodynamic properties of species
and chemical reactions as a function of temperature and
pressure is implemented in the primary function subcrt.
The name of this function is a variation of the name of
the SUPCRT92 software package [24]. The temperature
and pressure ranges of calculations possible using subcrt
are the same as those for SUPCRT92.

The accessory function water implements two computa-
tional options for calculating the thermodynamic and
electrostatic properties of liquid H,O as a function of
temperature and pressure. The first of these options
provides an interface to the FORTRAN subroutine named
H2092D.F that was distributed with SUCPRT92 [24]
and that is included in the CHNOSZ source package. The
calculation of the properties of liquid H,O in this case is
consistent with data and equations from Refs. [25-27]
and others (see Ref. [24]). The stated temperature and
pressure limits of applicability for these calculations,
described in Ref. [24], are from 0.01°C and Psar (i.e., 1
bar at temperatures below 100°C and the saturation
vapor pressure of H,O at higher temperatures) to 2250°
C and 30000 bar. However, electrostatic properties of the
solvent, which are required by the revised Helgeson-
Kirkham-Flowers (HKF) equations of state for aqueous
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Figure |

Functions and data flow in the CHNOSZ program.
Data sources are represented by ellipses, and functions by
boxes. Computations in CHNOSZ are initiated by the user
accessing the primary functions, shown in bold font. The
accessory functions, shown in normal font, perform many of
the underlying calculations.

species, can not be computed above 1000°C and 5000
bar. An alternative computational option for the proper-
ties of liquid H,O corresponds to the IAPWS-95
formulation for thermodynamic properties [28] coupled
with equations for electrostatic properties taken from
Ref. [29].

The functions denoted by eos in Fig. 1 actually consist of
two functions, hkf, for calculating as a function of
temperature and pressure the standard molal thermo-
dynamic properties of aqueous species using the revised
HKF equations of state [30-33], and cgl, for calculating
the properties of crystalline, gaseous and liquid (except
H,O) species. The heat capacity equation implemented
in CHNOSZ for these species contains up to six terms, as
used in Ref. [34]; the first three terms are those in the
Maier-Kelley equation [35, 36] which is used in the
SUPCRT92 package.

The accessory function info provides a bridge between
the thermodynamic and protein databases and the other
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functions. The function known as makeup is concerned
with conversion between various computer- and human-
readable representations of the chemical compositions
of species. Its primary purpose is to transform the
chemical formulas of species contained in the thermo-
dynamic database (e.g., 'C4H6NO4-' for aspartate) into
dataframe objects (which in R are similar to matrices
with named columns and rows) so that other functions
or makeup itself can perform further calculations on the
stoichiometries of species. This function is also respon-
sible for transforming a compositional dataframe back
into a one-line chemical formula, and for calculating the
reaction coefficients of basis species in formation
reactions of the species of interest. It is with the aid of
this function that subcrt checks whether a user-input
chemical reaction is balanced with respect to mass and
charge and automatically corrects the reaction if the
necessary basis species have been defined.

Examples of the usage of the info and subcrt functions
are shown in the program transcript in Fig. 2. The
standard molal thermodynamic properties at 25°C and
1 bar and the equations of state parameters of chicken
lysozyme (LYSC_CHICK, accession no. P00698 in the
Swiss-Prot database [37]) can be retrieved using the code
shown in Fig. 2a. The properties and parameters whose
values appear in the example are standard molal Gibbs
energy (AG°) and enthalpy (AH®) of formation from the
elements (cal mol ™), standard molal entropy (S°), heat
capacity (C3) and ¢; (cal K' mol™), standard molar
volume (V°) (cm® mol™), a; (cal bar' mol™), a, and @
(cal mol"), as (cal K bar! mol'), and a4 and ¢, (cal K
mol ™). The parameters a;, a,, as, a4, ci, ¢, and @ are
species-dependent coefficients in the revised HKF equa-
tions of state. Note that the properties and parameters of
proteins returned by info are those of nonionized
proteins; the ionization contributions to thermodynamic
properties of proteins are calculated using a separate
function. Sample code for calculating the standard molal
thermodynamic properties of LYSC_CHICK as a function of
temperature at Psyris shown in Fig. 2b, where the units are °
C (T), bar (P), g cm™ (p, density of water) and those listed
above for the standard molal properties. The reaction-
balancing feature of subcrt is demonstrated in Fig. 2¢ for
Reaction 1 (below). In this mode, all the user has to do is
identify the basis species in the system and the reaction
coefficients of the proteins, and the program finds the
correct quantities of basis species to add to the reaction.

Chemical dffinities and metastability diagrams

The primary function subcrt and the related accessory
functions permit calculation of the standard molal Gibbs
energies of protein formation reactions and correspond-
ing values of the equilibrium constants (K, in Eqn. M7).

http://www.geochemicaltransactions.com/content/9/1/10

Calculation of the activity products and chemical
affinities of reactions (Q, and A, in Eqn. M7) is
implemented in the sequence of primary functions
basis, species, affinity that is depicted in Fig. 1.

Two conditions are required of a valid set of basis species
in CHNOSZ: 1) the number of basis species is equal to
the number of elements (and charge, if present). 2) The
stoichiometric matrix denoting the elemental composi-
tion (and charge if present) of the basis species, which is
square according to condition (1), is non-singular and
has a real inverse. These two conditions ensure that a
formation reaction for any species of interest in the
system can be written using only positive or negative real
numbers as reaction coefficients on the basis species. The
basis species themselves can be any species that are
present in the thermodynamic database, including
nonionized proteins. The function basis also permits
redefining the physical states of basis species (if a
corresponding species in that state is present in the
thermodynamic database) and/or setting the activities
(a) or fugacities (f) of the basis species to be used in the
following calculations. These values have default settings
given by log a = -3 for aqueous species, log f = 0 for gases
and log a = 0 for other species. The function basis can
also be used to assign a buffer to one or more basis
species so that the activities or fugacities of those basis
species are taken from the buffer system.

After defining the basis species, the user can select any
number of species of interest using the primary function
species. The user may also call species to remove species or
to alter the chemical activities or fugacities of the species of
interest to be used in the calculations of chemical affinity.
These values default to log a = -3 for aqueous species, log
f =0 for gases and log a = 0 for other species.

The function affinity permits calculation of log Q, and A,
of formation reactions (such as those represented
generically by Reaction M1) using Eqn. (M7) taking
into account the activities and/or fugacities of the basis
species and the species of interest. The contributions of
the Q, and K, terms to the calculation are denoted
conceptually in Fig. 1 by the two arrows, from the top
and left, respectively, pointing toward the box labeled
affinity. The calculations of chemical affinity can be
carried out at a single point in temperature, pressure,
chemical activity space, or as a function of one or two of
T, P and logarithms of chemical activity or fugacity of the
basis species. The accessory function buffer is invoked by
affinity if one or more basis species were previously
associated with a buffer system; the activities or
fugacities of the basis species constrained in this way
are then used by the program to calculate log Q, using
Eqn. (M5).
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(a)

> info(PLYSC_CHICK?)

protein: found LYSC_CHICK (C613H959N1930185510, 129 residues).
info: 3021 refers to LYSC_CHICK, C613H959N1930185510 aq (BBA+03).
> info(3021)

name abbrv formula state sourcel source2 date G H
3021 LYSC_CHICK <NA> C613HI959N1930185510 ag BBA+03 <NA> <NA> -4206050 -10369700
S Cp v al a2 a3 a4 ¢l c2 omega Z

3021 4175.86 6415.553 10420.89 251.258 34688 450.87 -4085000 7768.7 -7015000 -794000 0

> subcrt (’LYSC_CHICK?)
subcrt: 1 species at 15 values of T and P (wet).

$species
name formula state ispecies

3021 LYSC_CHICK C613H958N1930185510 aq 3021
$out
$out$LYSC_CHICK

T P rho logK G H S v Cp
1 0.01 1.000000 0.9998289 3286.749 -4108100 -10510350 3684.4086 10049.21 4409.319
2 25.00 1.000000 0.9970614 3083.063 -4206050 -10368700 4175.860 10420.9%5 6415.518
3 50.00 1.000000 0.9880295 2919.759 -4317263 -10199867 4722.506 10600.23 7073.981
4 75.00 1.000000 0.9748643 2788.465 -4442106 -10018826 5261.992 10708.15 7376.581
5 100.00 1.013220 0.9683926 2682.511 -4580176 -9832092 b5779.892 10782.93 7548.444
6 125.00 2.320144 0.9390726 2596.618 -4730554 -9641E637 6273.262 10840.94 7665.198
7 150.00 4,757169 0,9170577 2526.937 -4892670 -9448098 6742.892 10891.15 7760.881
8 175.00 8.918049 0.8923427 2470.400 -5065799 -92651881 7190.897 10940.05 7856.945
9 200.00 15.536499 0.8647434 2424.600 -5249238 -9052464 7620.111 10994.29 7974.628

10 225.00 25.478603 0.8338733 2387.628 -5442322 -8848798 8034.140 110863.40 8146.453
11 250.00 39.736493 0.7990719 2357.970 -5644461 -8638774 8438.039 11165.02 8439.891
12 275.00 £59.431251 0.7592362 2334.423 -5855127 -8417956 8840.380 11338.89 9030.924

-
w

300.00 85.837843 0.7124075 2316.077 -6074053 -81l75407 9259.928 11694.88 10613.444
325.00 120.457572 0.6545772 2302.366 -6301438 -7875355 9754.686 12644.61 15882.325
15 350.00 165.211289 0.5746875 2293.456 -6539432 -7308661 10654.664 17027.35 60917.017
(c)

> basis(’CHNOS’)

C HN O S ispecies logact state

n
=

0210020 69 -3 aq
H20 0 20 10 1 0 liq
NH3 0 3100 68 -4 aq
H25 02001 70 -7 aq
02 00020 2469 -80 gas

> subert(c(?CSG_METVO’,’CSG_METJA®),c(-1/563,1/530),T=c(25,50,100))
protein: found CSG_METVO (C2575H4097NE450884S11, 553 residues).
protein: found CSG_METJA (C2555H4032N6400865514, 530 residues).

subcrt: 2 species at 3 values of T and P (wet).

subcrt: reaction is not balanced; it is missing this composition:

c H N 0 S

-0.1643352 -0.1988672 -0.04118189 -0.03352213 -0.006523593

subcrt: adding missing composition from basis definition and restarting...
subcrt: 7 species at 3 values of T and P (wet).

$reaction

coeff name formula state ispecies
3022 -0.001808318 CSG_METVO C2B78H4097N6450884S511 aq 3022
3023 0.001886792 CSG_METJA C255B5H4032N6400865514 agq 3023
69 -0.184335187 co2 €02 aq 69
1 -0.0311371903 water H20 1ig 1
68 -0.041181890 NH3 NH3 ag €3
70 -0.006523593 H25 H25 aq 70
2469 0.163142721 oxygen 02 gas 2469
$out

T P logk G H S v Cp

1 25 1.00000 -12.09114 16495.26 17332.75 2.824065 -4.911481 -7.379423
2 50 1.00000 -11.11283 16431.84 17160.39 2.268477 -5.111446 -6.544202
3 100 1.01322 -9.57098 16341.70 16848.21 1.369472 -5.355989 -6.0805641

Figure 2

Transcript of CHNOSZ session to calculate thermodynamic properties of proteins and reactions. Commands at
the prompt (>) were entered to calculate (a) the standard molal thermodynamic properties at 25°C and | bar and equations of
state parameters of nonionized chicken lysozyme (LYSC_CHICK), (b) the standard molal thermodynamic properties of
lysozyme as a function of temperature at Psa and (c) the standard molal properties of the nonionized counterpart to Reaction
| as a function of temperature at PsaT.
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The results of the calculations performed by affinity are
accepted as input by diagram, which produces the
diagrams using plotting functions provided in the R
distribution. Many options are available for adding labels
and legends and otherwise customizing the plot style.

Thermodynamic database

The database of thermodynamic properties packaged
with CHNOSZ is contained in a file named OBIGT.csv.
Work on this database was motivated by a software
project developed by H. C. Helgeson and coworkers,
named OrganoBioGeoTherm, that provides a Windows
interface to the SUPCRT92 program (J. J. Donovan,
personal communication).

The thermodynamic data file has records for over 2500
inorganic, organic and biochemical crystalline, gaseous,
liquid and aqueous species. The thermodynamic data
were originally taken from the data file distributed with
the SUPCRT92 package. Updates since that time were
taken from the SLOP98 data file downloaded from
http://geopig.asu.edu and from recent reports of thermo-
dynamic data and revised HKF equations of state
parameters for aqueous inorganic and organic species,
as well as proteins and other species of biogeochemical
interest [[38-40], and others]. The records in the data file
include the names, states and chemical formulas of the
species, up to two literature citations, and values of the
standard molal thermodynamic properties at 25°C and
1 bar and equations of state parameters. The comma-
separated-value (.csv) file format permits rapid reading
of the data file by the CHNOSZ program or other
software as well as addition to or modification of the file
contents by the user. The CHNOSZ package also
provides utility functions that can be used to export or
import thermodynamic data to or from the SUPCRT92
data file format.

The data file protein.csv of amino acid compositions of
proteins has records for over 200 proteins including those
referred to in the present study. The user can add the
composition of a protein to CHNOSZ by modifying this file,
or at run time by inputting the amino acid composition of
the protein at the command line or requesting a search of
the online Swiss-Prot database http://www.expasy.org[37]
through the function called protein.

Results

The model cell-surface proteins used in this study are
listed in Table 1. The selected organisms were chosen to
represent diverse geochemical environments. It can be
seen from the optimal growth temperatures given in
Table 1 that three of the organisms (M. jannaschii, M.
sociabilis and M. fervidus) are hyperthermophilic, others

http://www.geochemicaltransactions.com/content/9/1/10

such as M. wvoltae are mesophilic, and one organism
(M. burtonii) is psychrotolerant. The chemical formulas
and standard molal Gibbs energies of the proteins
shown in Table 1 are those calculated for the nonionized
aqueous proteins. Although the real proteins form
crystalline or paracrystalline lattices on the cell surface
[41], we are restricted at this time to using an aqueous
group additivity model for lack of a crystalline analog.
The present formulation is also restricted to the poly-
peptide molecules of proteins and does not take account
of the presence of the carbohydrate chains in the
glycoproteins. The standard molal Gibbs energies of
ionized proteins were calculated in the present study by
combining those of the nonionized proteins with
ionization contributions (see Ref. [18] and the
Methods).

The relative metastabilities of the model proteins were
calculated as a function of temperature, pressure and
chemical activities or fugacities of basis species. Results
of the calculations are presented below primarily on
metastable equilibrium activity diagrams depicting
either the predominant protein species as a function of
two intensive variables, or on speciation diagrams
showing the metastable equilibrium chemical activities
of proteins as a function of a single variable. The
computations were carried out using the CHNOSZ
software package together with a program script for use
with the package that is provided in Additional File 1.

Predominance diagrams

To assess the relative metastabilities of surface-layer
proteins from different organisms as a function of
temperature, pressure and oxidation state, we can first
write a reaction between the cell-surface proteins from
M. voltae and M. jannaschii as

1

=3 Cas75H4010.935N 6450884511 gy oy T 0-164C03(q) + 0.031H,0 + 0.04 INH ) + 0.006H 8 )

1 -55.870
= ﬁczsssH 3976.130N 6400865514 ¢ ypmp apy T 0-16302(g) + 0.004H,

(1)
which is a specific statement of Reaction M2 for the
ionized proteins. The coefficient in front of each of the
protein formulas is the reciprocal of the number of amino
acid residues in the corresponding protein. Hence,
protein length is conserved in Reaction 1. Let us now
write a specific statement of Eqn. (M8) for Reaction 1 as

0.163 0.004
1/530 ro-163,
a [e) H+
_ CSG_METJA 2(g)
log K, = 4,/ 2.303RT + log 7723 +log 0164 00310041 ,0.006"
4CSG_METVO CO2(aq) H20 "NH3(4q) H2S
(2)

where R stands for the gas constant and log K; and A,
denote, respectively, the logarithm of the equilibrium
constant and the chemical affinity of Reaction 1.
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Table I: Model proteins used in the present study.

http://www.geochemicaltransactions.com/content/9/1/10

Organism Tope Protein® ID Length Formula®© AG}C
Methanothermus sociabilis 88 [62] CSG_METSC P27374 571 C23|2H4405N74703725|6 -21875
Methanocaldococcus jannaschii 85 [43] CSG_METJA Q58232 530 Cy555H4032N4008655 14 -24236
Methanothermus fervidus 83 [63] CSG_METFE P27373 571 C23|5H44| | N7470372$|4 -21796
Haloarcula japonica 42 [64] CSG_HALJP Q9C4B4 828 C3669H5647N97/O | 488 -43458
Methanococcus voltae 38 [42] CSG_METVO Q50833 553 Ci575H4097N6450884S 1 -24881
Methanococcoides burtonii 23 [65] CSG_METBU Q 12YZ7 278 C 1 362H2| 1 |N355044254 -11677
Acetogenium kivui 66 [66] SLAP_ACEK' P22258 736 C3584H5648N9260I |3ss -29331
Bacillus stearothermophilus 65 [67] SLAP_BACST P35825 1198 C5676H9| |3N|4390|863S3 -48792
Bacillus Iicheniformis 50 [68] SLAP_BACL| P49052 844 C3977H6396NI0680I286SZ -33598
Aeromonas salmonicida 23 [69] SLAP_AERSA P35823 481 C2250H3530N6|307|652 -18233

a. T, stands for laboratory optimal growth temperatures in °C, which were taken from the indicated sources. b. Compositions of cell-surface

glycoproteins (CSG) from archaea and surface-layer proteins (SLAP) from bacteria were taken from the Swiss-Prot/UniProt database [37] using the
noted accession numbers (IDs). Signal sequences were excluded where annotated, and names of the proteins except CSG_METBU correspond to
those used in the Swiss-Prot database. c¢. Chemical formulas and standard molal Gibbs energies of formation from the elements at 25°C and | bar

(AG} , in keal moI") were calculated for nonionized aqueous proteins.

The equal-activity boundary shown in Fig. 3a between
CSG_METVO and CSG_METJA is consistent with meta-
stable equilibrium between the proteins, or A; = 0. The
location of the boundary can be calculated by combining
Eqn. (2) with A; = 0, the equilibrium constant of the
reaction, and the reference activities of the basis species
and proteins. In this study, the reference activities of the
proteins were set to 10~ and those of the basis species set
to the values listed in the Methods.

In Reaction 1 it can be noted that O, appears on the same

—55.870

side of the reaction as C,555H3976.130N 6400865814[(35(;_METIAM] ;

hence, the metastability of this protein is increased
-56.065
11(cse_MEVO,49)

by decreasing log foz(g) , which can be seen in Fig. 3a. It
is also apparent from Fig. 3a that at pH 7, the
formation of CSG_METJA is predicted to be favored
by increasing pH. However, at pHs less than ~6,
increasing pH favors formation of CSG_METVO. This
observation is consistent with the variation in the
charges of the proteins as a function of pH, which are
shown normalized to the lengths of the proteins in Fig.
4a. For example, at pH 2, the charge per residue of
CSG_METJA is greater than that of CSG_METVO, and a
statement of Reaction 1 written for the proteins in their
calculated ionization states at this pH would have
H* as a reactant instead of a product. The standard
molal Gibbs energies of the ionized proteins which
were used to calculate log K, are depicted in Fig. 4b per
residue of protein.

relative to that of Cjs575H 4040 935N 64508845

Figure 3a was generated in CHNOSZ using a sequence of
commands similar to the following. The complete
program script for this and the other figures is provided
in Additional File 1:

basis(" CHNOS +*)

species(c("CSG_METSC","CSG_METJA", CSG_METFE",
"CSG_HALJP"," CSG_METVO","CSG_METBU","SLAP_ACEKI",
"SLAP_BACST","SLAP_BACLI"," SLAP_AERSA"))

a < —affinity (pH = ¢ (0,14), O2 = ¢ (-85,-60))

diagram(a)

(3)

Execution of the first command shown in Example 3
defines the basis species characterizing the chemical
system. Here, 'CHNOS+' is a keyword that identifies the
basis species used in this paper and that appear in
Reaction 1. The second command defines the species of
interest, corresponding to the proteins listed in Table 1.
With the third command, the chemical affinities of the
formation reactions of each of the proteins are
calculated on a two-dimensional grid as a function of
pH and log foz(g) and the results assigned to a
temporary object. Finally, the fourth command instructs
the program to produce a metastable equilibrium
activity diagram for the system, which in this case is a
predominance diagram as a function of pH and log
foz(g)- The reference temperature and pressure and
activities of the basis species and proteins are not
explicitly specified in Example 3, and are set to default
values by the program that correspond to those
described in the Methods.

The approach used in CHNOSZ to make predominance
diagrams does not rely on writing metastability
reactions as represented by Reaction 1 but instead on
using formation reactions for the proteins. For exam-
ple, a specific statement of Reaction M1 for
CSG_METJA in its computed ionization state at 25°C,
1 bar and pH 7 is
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Relative metastabilities of proteins. log fOZ(g) -pH
diagrams at 25°C and | bar were constructed using activities
of the basis species given in the Methods. Predominance field
boundaries correspond to metastable equilibrium activities
of proteins equal to 1073, The diagrams were made for (a) all
of the proteins listed in Table | and (b) the proteins listed in
Table | except for those appearing in the first diagram. The
dashed line appearing in each diagram represents the lower
(reducing) stability limit of H,O.

2555C0 5(4q) +1042H,0 + 640NH 5, +14H,S )
= CosssH3076.130N 6100865510 g o +2643.50 ) +55.870H".

CSG_METIA, ag)

Using CHNOSZ, the chemical affinities of Reaction 4
and its counterparts for any other specified proteins of
interest are first computed using Eqn. (M7). The
chemical affinities of the formation reactions are then
compared with one another to determine the theoreti-
cally predominant protein given the input conditions,
which is the one with the highest chemical affinity of
formation per residue. In this way, it is possible to

http://www.geochemicaltransactions.com/content/9/1/10

0-2_ T T T T L

_ (a) ;

01 /——— .

& i ]

_-:3 0.0 .

e I So ;

~—-0.1 — . ]
N . METJA SN

02f WMETVO—\ "=~ —3

r HALJP = =~ ___ _]

_0.3'...|...|...|...|...|...|...

0 2 4 6 8 10 12 14
pH

AG®j/residue, kcal/mol

Figure 4

Properties of archaeal surface-layer proteins. Shown
are calculated values of the net charge per residue (a) and
standard molal Gibbs energy of formation from the elements
(b) at 25°C and | bar for surface-layer proteins from
archaeal species listed in Table I. The computed charges per
residue of CSG_METFE and CSG_METSC are
indistinguishable from one another in (a).

generate predominance diagrams like those shown in
Figs. 3a and 3b for any number of proteins. The diagram
shown in Fig. 3a was produced using all ten proteins
listed in Table 1, but only some of the proteins
predominate at different points in the diagram. Remov-
ing these proteins from consideration leads to the results
shown in Fig. 3b, where the metastability relationships
among some of the less metastable proteins are depicted.

Chemical activity (speciation) diagrams
To calculate the chemical activities of proteins in
metastable equilibrium, let us consider two ways of
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writing the formulas of proteins in chemical reactions.
The first is represented in Reaction 1 above, in which are
entered the whole formulas of proteins. If the conditions
are such that metastable equilibrium between the
proteins in this reaction corresponds to activities of the
proteins each equal to 107, we have in Eqn. (2)

log(a%:/ssci?valA /aIC/SSGSjAETVO) = -0.0002. If we decrease

log foz[g) by a single unit, it follows from Eqn. (2) that
1/530 1/553

log (acke uema / 4k apvo ) = -0.0002 + 0.163 =

0.1628. Accordingly, supposing that dcsc merja is held
constant at 107, the activity of CSG_METVO would be
~1073, a vanishingly small quantity. The relative
metastabilities of proteins computed using this approach
are shown graphically in Fig. 5a, where it can be seen
that the logarithms of activities of the non-predominant
proteins drop precipitously.

Let us propose to write the formulas of proteins in
metastability reactions as residue equivalents instead of
whole protein formulas. The chemical formula or any
standard molal thermodynamic property of a residue
equivalent of a protein is defined to be that of the
protein divided by the length of the protein. In contrast,
assuming activity coefficients of proteins and residue
equivalents to be unity, the chemical activity of the
residue equivalent of the jth protein (aresidue, j) is equal
to the chemical activity of the protein (4;) multiplied by
the length of the protein (n;):

aresidue,j = nj X aj- (5)

We can rewrite Reaction 1 in terms of the residue
equivalents of the proteins as

Ca56H7.307N 1166015968 00301 s mmorny + 0-164C0 2(ag) +0-03TH,0 +0.041NH 35 + 0.006H 8 )

= Cy21H7.502N12080, 61156%2(5“““” csemmaa T0:16302(g) + 0.004H".
(6)
In Reaction 6, the coefficients on the reactant and
product residue equivalents are both set to unity. Hence,
in both Reactions 1 and 6 protein length is conserved.
Using Eqn. (M8) we can write for Reaction 6,

0.163 0.004

f a
Aresidue, CSG_METJA O2(g) H+

+log .
Areci ~ > 0.164 0.031 0.041 0.006
residue, CSG_METVO COz(uq)aHzo NH3(aq]aHzS

(7)
Let us now consider conditions such that the metastable

equilibrium activities of the proteins are each equal to 107>.
From Eqn. (5) we have d esique, csg_mema = 0.530 and dyesique,

logKs = Ag /2.303RT + log

csG_Mmervo = 0.553, s0 10g (dresidue,csG_METIA Aresidue,
csc_MeTvo) = - 0.018. Now, if log foz(g) is decreased by
one unit, it follows from Eqn. (7) that to maintain
metastable equilibrium, 10g (dresidue,csc.mETIA/ Gresidue,
cse Mervo) = -0.018 + 0.163 = 0.145. Supposing desidue,

http://www.geochemicaltransactions.com/content/9/1/10
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Figure 5

Metastable equilibrium chemical activities of
proteins. Logarithms of chemical activities of the proteins
listed in Table | were calculated at 25°C and | bar using
reactions written for (a) whole protein formulas or (b)
residue equivalents of the proteins. Activities of the basis
species were set to the values given in the Methods, and
initial activities of the proteins were set to 10, The vertical
dashed lines represent the lower stability limit of H,O.

csc_MeTa to be held constant at 0.530 (dcsg_mEema = 103 ),
Aresidue,csc_mervo would be 0.380 (acsc_metvo = 1071°).
This type of assessment leads to the results shown
graphically in Fig. 5b, where it can be seen that the
metastable equilibrium activities of the proteins as a
function of log f. 0, are within a few log units of each
other, even for the non-predominant proteins.

The diagram shown in Fig. 5b was actually constructed
using CHNOSZ by taking account of the formation
reactions of residue equivalents of the proteins, instead
of the metastability reaction represented by Reaction 6.
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To demonstrate this procedure, let us write the formation
reaction for the residue equivalent of CSG_METVO as

4.656C0 5(4g) +1.935H,0 + 1.166NH 55) + 0.020H,S )

-0.101 N
= CALGSGH7.307N1.16601.S‘JBSOAOZO(m,d"C,CSQMH\,OM) +4.8250,) +0.101H

(8)
and that for the residue equivalent of CSG_METJA as

4.821C0 5(4) +1.966H,0 +1.208NH 5 ) + 0.026H,S ()

= C4,821H7,502N1.zosol.63255%%2i2,id%m iy T 4988050 + 0.105H".

)

Specific statements of Eqn. (M8) for Reactions 8 and 9
are, respectively,

-0.101
Cass6H7307N1.16601.59850.020(residue, c56_MFTVO,aq)

Ag/2.303RT =logKg — log( a féﬁ;sa,ollm ]

4656 1935 1.166 0.020
+lOg(“COZ(M)aHZO NH,) H,S )

and
1988 0.105
Aq | 2.303RT = logK, — log| a.. <0105 3988,
9 9 (‘4“1”75"2N11050‘"‘3250"2‘5(residue.<,>(,7.\,u-:||A,m,) Oy H+
4.821 1.966 ~1.208 0.026
+log| a a a a .
g[ COxaqy Ha0 "NHj(qp) "H,S )

At metastable equilibrium, Ag = Ao, i.e. the chemical
affinities of the formation reactions of the residue
equivalents are equal. Values of log Kg = -367.714 and
log Ko =-379.687 can be obtained using standard molal
Gibbs energies at 25°C and 1 bar of the basis species and
of the ionized proteins at pH 7 (see Fig. 4b). Let us also
substitute the reference activities of the basis species
described in the Methods and log foz(g] = -80 to write
Ag/2.303RT =0.189 - loga (12)

-0.101
Ca656H7307N1.16601.59580 020(residue, CSG_METVO,aq)

and

Ay [2.303RT =0.593 - loga

(13)

There are three unknowns in Eqns. (12) and (13).
Conservation of protein length leads to a third equation:

CaiatH50:N1 20801 63250550 e, 0 META )

=1.083,

1

a. 010 +a, 0105
Ca56H7307N 116601 59850530t s mEv0ay  Ca21H7.502N1 20801 63285580, csGETA a0)

(14)

where the value on the right-hand side corresponds to initial

activities of the proteins each equal to 107. Solving Eqns.
; a .

(12)_(14) glVeS C4_6561I7,307N1,16601v59880%%8(lresidueycs(;7MEIV0,aq)

0307, ¢ ~0.105 = 0.776 and

Cys21H7500N 1‘20301~(’3250~02(’(residue,CSCiMl—_'l‘lA,aq)

As or 9)/2.303RT = 0.703.

The addition of any protein to the system increases by
one the number of unknowns in Eqn. (14) but also

http://www.geochemicaltransactions.com/content/9/1/10

provides another equation in the form of Eqns. (12) and
(13). The procedure to set up and solve these equations
has been encoded in a general form in CHNOSZ and was
used to produce the diagrams shown in Fig. 5. The
CHNOSZ program includes options to analyze the
protein formation reactions using whole protein for-
mulas or their residue equivalents, which were used to
construct Figs. 5a and 5b, respectively. The logarithm of
total activity of protein residues is 0.8211 in each of
these figures, which corresponds to the sum of the
activities of the residue equivalents of the ten model
proteins whose starting activities are 107.

Another way of representing the chemical speciation in a
protein system is on a degree of formation diagram. The
degree of formation of the kth protein (o) can be
calculated from

j
O = Qresidue,k / 2 aresidue,j' (15)
j=1

where j: k denotes the number of proteins in the
j P
system, zlaresi due,j TePresents the total activity of
protein residues, and Ekak =1. The degrees of forma-
1

tion of the proteins corresponding to the logarithms of
activities shown in Fig. 5b are depicted in the figure in
Additional File 2. This degree of formation diagram aids
in visualization of the computed relative abundances of
the proteins on a non-logarithmic scale.

The residue-equivalent approach was used in this
study only to produce the diagrams shown in Fig. 5b
and Additional File 2. The predominance diagrams
shown elsewhere were produced using whole protein
formulas in the formation reactions. Extending the
residue-equivalent method to these diagrams would
subtly alter the positions of the predominance field
boundaries, more so for reactions between proteins
that differ significantly in length. The differences in
the locations of the predominance field boundaries
can be assessed in part by comparing the locations of
the crossover between predominant proteins in Figs.
5a and 5b.

Temperature and pressure diagrams

The approach described above for constructing Fig. 3 in
CHNOSZ was used to produce the diagrams shown in
Figs. 6a and 6b. These diagrams portray the metastabil-
ities among the predominant model proteins as a
function of temperature or pressure and log fOz(g) Ctis
immediately apparent that log f 0,, and temperature
have a close relationship along a reaction boundary. For
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all of the reactions represented by the predominance
field boundaries in Fig. 6a, increasing temperature is
accompanied by an increase in the value of log foz(g) .
Hence, for a small positive increment in temperature at
constant log foz(g), the metastability of CSG_METJA
increases relative to that of CSG_METVO. If values of log
f 0, instead correspond as a function of temperature
to the water stability limit (shown by the dashed line in
Fig. 6a), increasing temperature would actually favor the
formation of CSG_METVO relative to CSG_METJA.

We can recover nominal values of log foz[g) in the
natural environments of M. voltae and M. jannaschii from
geochemical data. The first of these organisms was
originally isolated from the sediment of an estuary [42]
and the other inhabits submarine hydrothermal vent

—55_""I""I""I""
F(a) CSG_HALJP
-60 |
C
B
(@]
o
= 75 ]
-80 :
, CSG_METFE
_85 FETEN A 2 S AR fr| [ EFETETE I AV AE A AT B
0 20 40 60 80 100 120 140
T,°C
—65|||||
f(b) CSG_HALJP
-70 ]
3 - CSG_METVO
S -75F - .
=2 ]
ke - ]
-80 | CSG_METJA ]
_85:-.:_..|....|....|....|....|....'
500 1000 1500 2000 2500 3000
P, bar
Figure 6

Temperature and pressure dependence of protein
metastability. Predominance diagrams were constructed as
a function of log fo2 o and (a) temperature at Psar or (b)
pressure at 25°C. The dashed line in each diagram represents
the lower stability limit of H,O.
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environments [43]. Values of dy,, (activity of dis-
solved hydrogen) were taken from [44] and converted to
log foz(g] using the law of mass action for H,O = Hj(4q)
+ 0.50;(,) evaluated at 25°C and 1 bar to calculate a
nominal range of log foz(x) for estuarine sediment of -73
to -70. Values of log foz(g) obtaining in mixed
hydrothermal vent fluid and seawater at 100°C are in
the range of -65 to -60 [45]. The first of these ranges
would plot near the CSG_HALJP - CSG_METVO
boundary in Fig. 6a at 25°C and the second one near
the boundary between CSG_METVO and CSG_METJA at
100°C. This observation might support the notion that
proteins from hyperthermophilic organisms like M.
jannaschii are thermodynamically favored relative to
those from mesophilic organisms by increasing tem-
perature accompanied by changes in the geochemical
oxidation state.

It appears in Fig. 6b that increasing pressure also
generally favors those proteins in lower oxidation states,
but that the dependence of equilibrium log foz(x) values
on pressure is small relative to their dependence on
temperature.

Proteins as chemical activity buffers

The chemical activities of basis species buffered by
reacting protein assemblages correspond to the locations
of the (pseudo)invariant points on metastable equili-
brium predominance diagrams. Equal activities of three
proteins correspond to the triple point, which is a
pseudoinvariant point, in the predominance diagram
shown in Fig. 3b. The number of independent variables
on the axes of this diagram is two; in an eight-
dimensional predominance diagram (of temperature,
pressure and six chemical activities) one could distin-
guish the true invariant points in this system where nine
proteins coexist with equal metastable equilibrium
activities.

Let us ask what are the activities of CO;(,q) , H,O, NH;
(aq) and H,S(,,) if they are buffered by a hypothetical
metastable assemblage made up of the proteins from the
METXX organisms listed in Table 1, at T = 100°C, P =
1000 bar, pH 7, log foz[g) = -58 and activities of proteins
equal to 107. At this temperature, pressure and pH the
calculated charge of the cell-surface protein from M.
jannaschii is -64.933. Consider then the formation
reaction for this protein, which except for charge is
equal to Reaction 4:

2555C0 5(4q) + 1042H,0 + 640NH 5 ) + 14H,8 ()

N -64.933
= CasssH3967.067N 6000865 16 e sy 2643:50 54 +64.933H

(16)
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A rearranged statement of Eqn. (M8) for this reaction can
be written as

530A,4/2.303RT — 2555log AC0, 0 ~ 64010gaNH3w —14log ap s, —1042 logay o

=logK,; —loga T 2463.510gf02m —-64.933logay;,

. 64933
(‘2494 H 3967. 067N 61 i()BMS‘)(('S(I,M[T‘M,uq

(17)

where A 15 =A;6/530, and the right-hand side works out
to -4772.316 at the conditions stated above. At
metastable equilibrium, the values of A ;s and its
counterparts for the other proteins in the hypothetical
assemblage are all equal. It follows that we can combine
Eqn. (17) with its counterparts for the four other
proteins, dropping the subscripts on 4, to write

530 2555 1042 640 147 | A/2303RT | 4795 316

571 2812 1066 747 16| | ~1084coy,, -5785.204

553 2575 1070 645 11 x| —logay,o |=|-5021.307 |, (18)

278 1362 519 355 4 ~logay,, ~2683.266

571 2815 1071 747 14| | _loea -5825.691
81,5,

where the rows on the right-hand side and in the
stoichiometric matrix on the left-hand side correspond
to the proteins from the METXX organisms listed in
Table 1. Solving Eqn. (18) gives A /2.303RT = -0.739,
log dco,,, = -8.44, log ay,o = 7.92, log annu,,,
27.92 and log 4y,s,,, =-13.09. These values signify that
the formation reactions of the proteins per residue are
energetically unfavorable (4 is negative) and that the
hypothetical protein assemblage may not be metastably
present (for example, the large positive values for a0
and 4w, differ from probable natural ranges).
Unambiguous identification of a natural metastable
protein assemblage may require more comprehensive
calculations coupled with insight gained from experi-
ments and observations in the field.

The pseudoinvariant point representing the buffer
assemblage described above is shown in Figs. 7a and
7b. The same pseudoinvariant point is present in both
figures, but different variables are projected onto each
diagram. The temperature-pressure relationships appear-
ing in Fig. 7a suggest that metastability of CSG_METJA
increases relative to that of CSG_METVO with increasing
temperature and/or pressure, but that the sensitivity to
temperature is much greater than that to pressure. These
relationships are also apparent in Figs. 6a and 6b. In the
projection of Fig. 7a all the proteins at the pseudoinvar-
iant point are not visible, but in Fig. 7b convergence of
the five predominance fields is apparent. Note the
similarity in Figs. 7b and 3a of the reaction boundary
between CSG_METVO and CSG_MFETJA, as well as the
nearly horizontal boundary between CSG_METSC and
CSG_METFE, which would be expected from the

http://www.geochemicaltransactions.com/content/9/1/10

closeness of their ionization states as a function of pH
(see Fig. 4a for the ionization states at 25°C).

Concluding remarks

A computer program called CHNOSZ was introduced in
this paper for producing metastable equilibrium chemi-
cal activity diagrams for proteins. The methods used here
were borrowed from geochemistry, and the program
with the accompanying thermodynamic database is
suitable for performing thermodynamic calculations in
inorganic and mineral systems as well as organic and
biochemical systems, or combinations thereof.

3000 — ]
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Q C ]
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500 :
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Figure 7

Metastabilities of proteins around a pseudoinvariant
point. Activities of COj(aq), NH3(aq), H2S(aq) and H,O were
calculated using a buffer consisting of the proteins from the
METXX organisms listed in Table |. The variables set in the
buffer calculation were activities of proteins equal to 1073,
T =100°C, P = 1000 bar, log fo,, =-58and pH 7. The
diagrams show the variation of protein metastability as a
function of (a) temperature and pressure and (b) log foz(g)
and pH. The dashed line in (b) represents the lower stability
limit of H,O at this temperature and pressure.
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To investigate the utility of the program for a geochemical
description of protein reactions, metastability diagrams
were produced for surface-layer proteins from a number
of bacteria and archaea. The diagrams show either the
metastably predominant proteins as a function of two
intensive variables or the metastable equilibrium chemi-
cal activities of proteins as a function of one variable. The
primary variables of interest in this study were log fOZ(g) ,
pH, temperature and pressure. It was found that the
predicted metastable equilibrium state of the system
responded dramatically to changes in these variables.
Representing the proteins in reactions by their residue
equivalents instead of whole protein formulas gave rise to
predicted equilibrium states in which many proteins
coexist metastably with comparable chemical activities.

In the preceding sections we have considered the
theoretical metastable equilibrium relationships among
only a few model proteins. Because the software is now
available to do so, a plethora of predictions concerning
the energetically favorable outcomes of any number of
overall protein mutation reactions is now within reach.
Consideration of the results presented above, and of the
wide range of model systems that could potentially be
investigated in a similar manner, leads to the conclusion
that the metastable equilibrium distribution of proteins
in many cases does not mirror geobiochemical reality.
Nevertheless, the ability to quantify the characteristics of
metastable equilibrium reference states as a function of
geochemical variables may be of utility in identifying
specific pathways in evolution where the resulting
proteins are relatively energetically favored. These
particular outcomes may reflect a tendency for natural
selection to increase the fit between phenotypes and
their environments [46].

A thermodynamic and geochemical perspective on the
relative metastabilities of proteins permits a quantitative
integration of observations on the geosphere and
biosphere. This study has only touched the surface of
the myriad possible environments and organisms, the
properties and chemical compositions of which are
becoming more well constrained through experiment
and observation. As these data grow in abundance, they
will provide other opportunities where thermodynamic
description of the chemical speciation of proteins can be
tested and calibrated.

Methods

The thermodynamic conventions and relations used to
compute the relative metastabilities of proteins in the
present study are summarized below. The computational
assessment depends first on the adoption of standard
states for the species appearing in chemical reactions.

http://www.geochemicaltransactions.com/content/9/1/10

Standard state conventions

The standard state convention adopted for aqueous
species other than H,O corresponds to unit activity of
a hypothetical one molal solution referenced to infinite
dilution at any temperature and pressure [30, 47]. The
conventional standard molal thermodynamic proper-
ties of both the aqueous electron and proton are taken
to be zero at all temperatures and pressures [48]. For
gases, the standard state convention is unit fugacity of
the hypothetical pure ideal gas at 1 bar and any
temperature. The standard state convention adopted
for solids and liquids, including H,O, corresponds to
unit activity of the pure substance at any temperature
and pressure.

Protein formation and metastability reactions

The compositions of species of interest, such as proteins,
are represented by linear combination of the composi-
tions of basis species in a system (for an application in
geochemical systems, see Ref. [49]). The number of basis
species is the minimum required to write formation
reactions for all possible species of interest. There are no
thermodynamic restrictions on the actual identities of
the basis species, and the basis species do not necessarily
correspond to thermodynamic components in the
system of interest [50]. Hence, the choice of basis species
may be constrained by the chemical activities that can be
measured in a system or that are thought to behave as
perfectly mobile components [22]. The basis species
used in the present study are CO,(,q), HoO, NHj(,g),
H2S(aq)r H* and Oz(g)-

Let a generic chemical formula fé)r the jth ionized protein
be written as CC]_HHjNNjOOjSSj’ , where C;, Hj, N;, O;, §;
and Z; denote the number of moles of the corresponding
element (or charge) in one mole of protein. These
coefficients can be non-integer and positive or negative
(e.g., Z; usually is negative at some alkaline pHs). The
formation reaction from basis species of one mole of the
jth protein can be written as

~ +
CiCO,q) + NjNH3 gy + S H,S(pg) + Z;H" +

Hj-3N;j-28;-Z;
i 12 j ]]HZO

Hj-3Nj-25i-Z
oj—zc]-—( P ) |
2

2

(19)

+

N z
Oyg) = Ce,Hy Ny 00 87 .

The reaction coefficients on the basis species in Reaction
M1 are completely determined by the chemical formulas
of the protein and of the basis species. Depending on the
sign of the coefficients in front of the basis species, they
would appear in specific statements of Reaction M1 as
reactants or products.
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A generic metastability reaction between two proteins
(j = 1andj = 2) can be written as

1 2z [Cr ¢ Ny Np Sy 8
—Ce Hy Ny Op S5 +| —=-—|CO +| —=—— |NH +| —=-— |H,S
m ¢, 1NN, Yo, s, ["2 n 2(aq) n, m 3(aq) ny m 2°(aq)

(Hz Hl)_3(N2 Nl)_2(52 $1 ]_(22 Zl)
+[Zz Zl]n*+ np m na "12 mam)(n2 m ]y,

ny m

(Hz Hy }_3[ Ny Nj }_2( S2_$%1 }_( Z2 2 ]
{02 01 J_Z[ C G ]_ np m np m ny m ny nj

ny nj ny nj 2

N 1 Z
=5 CeutlinNy,00,5
(20)

which corresponds to the difference between specific
statements of Reaction M1 forj =2 and j = 1, divided by
n, or ny, respectively. Here, 1/n; and 1/n, denote the
conservation coefficients for the corresponding proteins.
Reaction M2 is balanced with respect to mass and charge
for any values of n; and n,. If n; = n, = 1, Reaction M2
denotes the mass balance constraints for the formation
of one mole of product protein at the expense of one
mole of reactant protein. Other values may be chosen for
n; and n,, depending on what is specified about the
conservation constraints in the system. For example, if
n; = C; and n, = C,, the protein metastability reaction
conserves carbon [18] (i.e., the coefficient on CO,(,4) in
Reaction M2 becomes zero). The protein metastability
reactions considered in the present study are written for
n; equal to the length of the jth protein.

Relation of reaction energetics to activities of basis
species

The standard Gibbs energy of the rth formation or
metastability reaction ( AG; ) can be expressed as

AG: = ZﬁmAc;’,

r

(21)

where 7;, and AG; denote, respectively, the stoichio-
metric reaction coefficient and standard molal Gibbs
energy of formation from the elements of the ith basis
species or protein in the reaction. For products in a
reaction, f;, > 0. The corresponding equilibrium

constant of the reaction (K,) is given by

log K, = -AG; / 2.303RT. (22)
The equilibrium constant, like AG;, is a standard-state
property which is is independent of composition and
depends on temperature and pressure. The non-

http://www.geochemicaltransactions.com/content/9/1/10

standard-state counterpart to K, is the activity product
of the reaction (Q,), which can be computed using

(23)

where a; represents the chemical activity of the ith species
in the reaction. For gaseous species, 4; in Eqn. (M5) is
replaced by the fugacity of the species (f;). Activity and
fugacity coefficients are taken in a first approximation in
this study to be unity.

The activity or fugacity of the ith aqueous or gaseous
component is related to its chemical potential (y;) by [6]

Wi = +RTlnLi—,ui° +RTIna;,

1

(24)

where 7 denotes the standard chemical potential of the
ith species and f; stands for the fugacity of the species
in its standard state, which is unity for gases.

The chemical affinities of reactions (A,) can be computed

from [51]
A, = 2.303RT log (K,/Q,), (25)

which can be combined with Eqn. (M5) to write for
Reaction M2

A2
Z2
CCoHE,NN>00,S
2MHaNN7 00,8 teo, Mo s oy
logK; =4, /2.303RT +log 2+ logazg, aniiSatit, o2 o, okt )

a

. Z

CeHHINNG OO S

In an equilibrium state, A, = 0 for metastability reactions
and Eqn. (M8) reduces to the logarithmic analog of the
law of mass action equation for Reaction M2.

Reference activities of basis species and proteins

The reference temperature and pressure correspond to
25°C and 1 bar, respectively. The reference chemical
activities of basis species used in this study are given by
log apy,0 =0, log 4co,,, = -3, log anmn,,, = -4, log
au,s,,, =-7 andlogan, =-7 (pH 7). The reference value
for log ay;,0 corresponds to pure water, and the others
are nominal values that generally fall within the
compositional ranges of hydrothermal fluids and sea-
water [52]. The reference chemical activities of proteins
are taken to be 103, which is a nominal value that is
similar to experimental concentrations used in protein
unfolding studies [53].

Equations of state
The standard molal thermodynamic properties of aqu-
eous species as a function of temperature and pressure
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can be evaluated using the revised Helgeson-Kirkham-
Flowers (HKF) equations of state [30-33, 54, 55]. The
temperature dependence of the standard molal thermo-
dynamic properties of crystalline, gaseous and liquid
species other than H,O are calculated using a standard
equation for heat capacity [34, 35, 56]. For the basis
species other than H" and ¢, values of the standard
molal thermodynamic properties and of the equations of
state parameters were taken from Refs. [55, 57] (CO;(4q),
NHj3(aq) and H,S(,44)) and [58, 59] (Oy(y)). The equations
of state adopted for liquid H,O in the present study are
those used in the SUPCRT92 software package [24].

Group additivity algorithms for ionized proteins

The standard molal properties and revised HKF equa-
tions of state parameters of ionized proteins are
calculated in the present study using group additivity
algorithms and data taken from Ref. [18] and outlined
briefly below. The standard molal Gibbs energy of the jth
unfolded protein with net charge denoted by Z;
(AG;P]_zj ) can be written as

AGUPJ.ZI = AGUP;’ + AGion,j/

(27)
where AG] o stands for the standard molal Gibbs
energy of the' completely neutral (nonionized) unfolded
protein and AGj,,; stands for the contribution of
ionization of sidechain and terminal groups to the
standard molal Gibbs energy of the ionized protein. The
latter term can be calculated by first writing

AGiop,j = E 1, &iAGion i/

1

(28)

where, for the ith type of ionizable sidechain or
backbone group, n; ; represents the number of moles
of the group in one mole of protein, ¢; denotes the
degree of ionization of the group (0 <o; < 1), and
AG;,,; corresponds to the standard molal Gibbs energy
of ionization of the group. Values of ¢; and AGj, ; in
Eqn. (M10) were taken in a simple approximation to be
equal for all occurrences of a given ionizable group. It
may be possible to refine this approach in the future by
taking account of interactions of charged residues on the
protein surfaces (Ref. [60] and others since).

o

Although and AGj,,; in Eqns. (M9) and (M10) are
functions only of temperature and pressure for any
protein in a defined charge state, o; in Eqn. (M10) is a
function of temperature, pressure, and solution pH [18].
Hence, AGj,,; and can be effectively computed for a
given protein in different ionization states as a function
of pH as well as of temperature and pressure. The net

http://www.geochemicaltransactions.com/content/9/1/10

charge of the jth protein (Z;) as a function of
temperature, pressure and pH can be calculated using

Zj: E niljaiZi,
i

where Z; denotes the charge (+1 or -1) of the ith ionized
group and ¢; (also in Eqn. M10) is given by

(29)

1
aA = ’
' 1+1OZi(PH_PKi)

(30)

where pK; represents the negative logarithm of the
equilibrium constant for the deprotonation reaction of
the ith ionizable group.

For a protein composed of a single polypeptide chain,
the values of AG,0 in Eqn. (M9) can be calculated from
the group additivity algorithm represented by [17, 18]

20
AGEIPJO = AGiaagp) + (1; = DAGupgg; + ansc]iAG[osc]if

(31)

where AGjaagp), AGupps) and AG[sc) denote the stan-
dard molal Gibbs energies of the amino acid backbone
group, unfolded protein backbone group, and the ith
type of amino acid sidechain group, respectively, 15,
stands for the number of moles of the ith type of amino
acid sidechain group in one mole of the protein, and

20

nj= 2”[SCL

i=1

(32)

represents the total number of amino acid residues, or
length of the protein. Values of n[sc), for the model
proteins considered in the present study were retrieved
from the Swiss-Prot/UniProt protein sequence database
[37] (see Table 1).

The thermodynamic properties of unfolded aqueous
proteins calculated using the above equations are taken
in a first approximation to be representative of the
proteins of interest, which may be folded and/or present
in crystalline form in cells. Two observations lend
support to the applicability of the unfolded protein
reference state for the present calculations: 1) The
standard molal Gibbs energies of protein folding
would tend to cancel each other in metastability
reactions, in which proteins appear on both sides of
the reaction. 2) The Gibbs energy of unfolding for a
small to average-sized protein is about two or three
orders of magnitude smaller than the standard molal
Gibbs energy for the unfolded protein itself. For
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example, the Gibbs energy of unfolding of chicken
lysozyme is ~14.5 kcal mol' at 25°C [61], but the
standard molal Gibbs energy of this protein at 25°C and
1 bar is ~-4.2 x 10 kcal mol™ (see Figs. 2a and 2b). The
size of the unfolding property in this case is much smaller
than the ca. + 5% uncertainty ascribed to the group
additivity algorithm [18]. It should be noted, however,
that the compositional consequences of protein folding
include changes in ionization state, and preferential
surface exposure of charged residues [1], which would
be manifested by changes in the reaction coefficients of
basis species that might affect the outcome of metast-
ability calculations to a greater extent than the differences
in Gibbs free energy alone.
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