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Site-specific charge regulation model for amino acids in aqueous solutions
Alejandro Gallegos and Jianzhong Wu”
Department of Chemical and Environmental Engineering, University of California, Riverside,
CA 92521, USA
Abstract
The aim of this work is to develop a predictive model for describing the electrostatic behavior of
amino acids in aqueous solutions. A three-bead coarse-grained model is proposed that
distinguishes the side chain of each amino acid from its terminal amine and carboxyl groups in
order to quantify the correlated ionization of multiple sites due to the intramolecular Coulomb
interaction. To capture how this interaction varies with the solution condition (e.g., pH, ion
types and salt concentrations), we have developed a thermodynamic model that accounts for the
nonideality resulting from the interaction of amino acids with various solvated ions in an
aqueous solution, such as the molecular volume exclusion effects, solvent-mediated electrostatic
interactions, van der Waals attraction, and short-ranged hydrophobic and hydration forces. With
a small set of parameters characterizing the intermolecular interactions and dissociation
equilibrium, the thermodynamic model is able to correlate experimental data for the activity
coefficients and solubility of amino acids in pure water as well as aqueous sodium chloride
solutions. Moreover, it predicts apparent equilibrium constants for the charge regulation of all
natural amino acids in excellent agreement with experimental data. Importantly, the
thermodynamic model allows for the extrapolation of the intrinsic equilibrium constants for the

ionizable functional group in isolation from the influence of other charged functional groups of
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amino acids. As a result, the model enables to predict the charge behavior for all natural amino
acids under arbitrary solution conditions.
1. Introduction

Understanding the charge behavior of amino acids is of vital importance not only because
they are the building blocks of polypeptides and proteins but the charge regulation of these
biomolecules plays a pivotal role in a broad range of technological applications such as
bioadhesives! 2, smart materials®>, and anti-fouling coatings® 7. Due to the complexity of
interactions presenting within a protein as well as the multi-scale structure correlations, it can be
difficult to isolate the influence of any one particular amino acid. Thus, studying the behavior of
amino acids as building blocks can serve as an initial step toward comprehending the solution
properties of proteins and polypeptides.

Each amino acid molecule is composed of a basic amino group (-NH;), an acidic
carboxyl group (-COOH), and an organic X group (also referred to as the side chain). Natural
amino acids are distinguished by their side-chain characteristics and can be divided into three
categories: those with electrically charged side chains, either positive or negative depending on
the ionizable functional group, those with polar uncharged side chains, and those with
hydrophobic side chains. In the latter category, glycine, cysteine and proline are special because
the glycine side chain consists of a single hydrogen atom, cysteine can form disulfide bonds, and
proline has a side chain that forms a ring with the nitrogen atom in the backbone. If the side
chains are not ionizable, amino acids predominately exist as zwitterions because the amino and
carboxyl groups are usually charged in the pH range from 3 to 9. For those with ionizable side
chains, such as lysine or aspartic acid, the side chain ionization leads to a unit charge for the

amino acid; however, the zwitterionic nature of the backbone persists.
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In an aqueous solution, the electrostatic charge of amino acids depends on the solution
pH and other thermodynamic conditions such as the salt types, ionic strength, and the solution
composition. A comprehensive description of their solution behavior thus necessitates
understanding the charge regulation of all ionizable groups (viz., the local environment dictates
the charge status of each ionizable group). The speciation of amino acids, i.e., the fractions of
functional groups according to their ionization states, is intrinsically associated with the
protonation/deprotonation of the terminal amino and carboxyl groups as well as the ionizable
groups in the side chains. A simple description of charge regulation is through the Henderson-
Hasselbalch equation,® which predicts that the ionization of the functional groups depends only
in the difference in the equilibrium constant and the solution pH. However, as discussed above,
the ionization of each functional group also depends on its interactions with other ionizable
groups in the same molecule as well as with other solvated species in the solution. The
Henderson-Hasselbalch equation is problematic to describe charge regulation of amino acids as it
assumes independent ionization and is applicable only to ideal solutions.

An ad hoc fix to the Henderson-Hasselbalch equation is to adjust the equilibrium
constant according to the solution conditions®. This modification lumps the true equilibrium
constant with the thermodynamic non-ideality resulting from the inter- and intra-molecular
interactions. The so-called apparent equilibrium constant can be measured experimentally and,
as expected, its value is found to change with the salt concentration as well as the salt type (i.e.,
NaCl versus KCI) !9,  Unfortunately, accurate measurements of the apparent equilibrium
constant in arbitrary conditions can be difficult from the experimental perspective. While the
apparent equilibrium constant for an isolated group is equivalent to its thermodynamic

equilibrium constant in the limit of infinite dilution (viz. in an ideal solution), experimental
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measurements at such conditions are not practical for molecules with multiple ionizable sites
such as amino acids. Indeed, the equilibrium constants reported in the literature are usually
obtained at salt concentrations at or above 10 mM!0. In addition, the choice of experimental
procedure (e.g., titration or spectroscopy) can also factor in to the difference in the equilibrium
constants!!. Theoretically, one should be able to determine the equilibrium constant based on the
change in the Gibbs free energy through quantum-mechanical calculations. However, current
first-principles approaches provide only estimates and are highly sensitive to the calculation
setup such as system size and specific basis sets!? 3. Inclusion of explicit water molecules and
salt ions only further complicates the theoretical calculation. Thus, the development of a robust
thermodynamic model that incorporates key physics will allow for accurate description of amino
acids across all solution conditions.

A conventional method to represent the activity coefficients of amino acids in their
different charged states is given by the specific ion interaction theory (SIT) !4 5. In this
approach, the activity coefficients of individual ions are given by a modified Debye-Hiickel
theory supplemented with an additional term to account for non-electrostatic interactions. The

latter is assumed empirically to be proportional to the ionic strength, viz., £(/)I where [ is the
ionic strength, and &(/) is the proportionality coefficient. 1% 17 In general, (/) is not universal,

which depends on the identity of the ionic species and can be chosen to be a constant or a
function of ionic strength to improve the correlation with the experimental data. Despite its
simplicity, SIT is able to describe the apparent equilibrium constants because it accounts for
electrostatic interactions and solvent-mediated interactions with a large number of empirical
paramaters'!- 1819 Pitzer’s equation has also been used as an alternative approach to the Debye-

Hiickel theory?. Although the computation becomes more sophisticated, Pitzer’s equation agrees
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well with the experimental data for the activity coefficients and apparent equilibrium constants
of several amino acid solutions. Like SIT, the practical applicability of Pitzer’s equation is
compromised by the large number of empirical parameters?!- 22,

In our previous work, we developed an augmented primitive model (APM) that captures
the thermodynamic properties of natural amino acids in aqueous sodium chloride solutions using
a 1-bead model?®. Unlike the SIT and Pitzer’s equations, the parameters employed in the APM
has clear physical significance as they are related to the molecular excluded volumes and
valences of the amino acids, as well as the solvent-mediated short-range interactions.
Accordingly, the activity coefficients can be decomposed into a repulsive contribution due to
volume exclusion, an attractive contribution due to electrostatic interactions, and an additional
contribution due to water-mediated effects. However, a fundamental problem with the APM
(and other one-bead models) is that it treats the charge of each amino acid molecule as a sum
over the charges of its functional groups, i.e., an amino acid molecule with a positively charged
amino group and negatively charged carboxyl group is considered neutral. Thus, there is no
contribution to the activity coefficient from electrostatic interactions within the same molecule
when the amino acid is in its zwitterionic form. Alternative models have been proposed to
account for the dipole nature of the zwitterion such as the perturbation theory by Khoshkbarchi
and Vera??%. A major disadvantage of the one-bead model is that it neglects the intramolecular
correlations that could influence the ionization behavior of different functional groups within the
same amino acid molecule. For example, the presence of the positively charged amino group
will favor the ionization of the carboxyl group in the vicinity. Such effect is reduced by an

increase of the salt concentration due to the electrostatic screening effects.
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The purpose of this work is to develop a coarse-grained model that distinguishes the side
chain charge from those on the amino acid backbone, and thus allows for the predictions of the
activity coefficient and apparent equilibrium constant. Importantly, this model can be utilized
for the extrapolation of the intrinsic equilibrium constants for the ionizable functional group in
isolation from the influence of other charged functional groups in the amino acid molecule.
Such a thermodynamic model requires a reasonable description of both the inter- and intra-
molecular interactions between the amino acid and all solvated species in the aqueous medium.
While a precise description of hydration and water-mediated forces in microscopic details is
beyond the scope of the present work, their contributions to thermodynamic properties can be
reasonably described with semi-empirical models such that the parameters can be fixed by
comparison with experimental data.

2. Thermodynamic Model and Methods

2.1 A coarse-grained model for the aqueous solutions of amino acids

Valine

Protonation of
backbone carboxyl

I/hyd
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Figure 1. A coarse-grained representation of an amino acid (e.g., Valine) that accounts for the
hydration change resulting from the charge regulation of the ionizable groups.

We propose a 3-bead augmented primitive model (3bAPM) to represent amino acid
molecules dissolved in an aqueous solution. While the 3-bead model is not able to capture the
molecular structure with atomistic details, it enables to distinguish the ionization of a side chain
from that for the amino and carboxyl groups, as illustrated in Figure 1. We assume that each
segment is tangentially connected to the other two segments (i.e., the side chain segment is
connected to the amine and carboxyl segments while the amine and carboxyl segments are also
in contact with each other). In the case of proline, we employ only a two-bead model due to the
ring connecting the side chain and the amine group, respectively. lonizable segments can exist
in either uncharged or charged state, and the segment diameter depends on the ionization state of
the amino acid as a whole. Other solvated ionic species (salt ions, proton, and hydroxyl ions) are
considered within the framework of the augmented primitive model and are represented by
charged hard spheres. Water is treated implicitly through a dielectric continuum. For simplicity,
we lump all short-range interactions between amino acids and ionic species in an aqueous
environment in terms of a square-well potential. While the simple model lacks atomic details
and does not reflect the anisotropic nature of amino acid molecules, it provides a flexible
framework to represent the thermodynamic non-ideality. Despite extensive research, a first-
principles approach to predicting water-mediated interactions remains theoretically challenging.
By adopting an effective potential, we are able to capture the essential physics without having to
consider the microscopic details?’- 28,

Myriad of interactions can occur between amino acid and its surrounding environment.

First of all, there exist non-electrostatic interactions between the charged forms of the amine and
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carboxylate segments (é&,. ). In addition, there are interactions between the charged

amine/carboxyl segment and ionic species in the solution (e.g., & and ¢, . in the square-

N*.CIm
well potential). Initial parameter fitting indicated that these two are close to each other; thus, we

set ¢ =&

v o =€o na » OUt it would likely be beneficial in future work to quantify the appropriate

parameters for a wide range of salt species. Parameters Eve o and Ev o /&g oy Are assumed

the same for all amino acids (besides proline) since they all share a common backbone. Note
that the backbone-backbone and backbone-salt interactions are only when the amino acid is in its
zwitterion form. Besides, additional interactions must be considered between the side chains, the
backbone amines, and the backbone carboxyl groups. To minimize the number of unknown
parameters, we designate a general interaction parameter between the side chain and the amino

acid ¢, ,. Lastly, for neutral amino acids, we consider non-electrostatic interactions between

the side chain and the salt ions €y natrer For amino acids with charged side chains, we treat

them in a similar fashion as the neutral amino acids, except for arginine and lysine. For
histidine, aspartic acid, and glutamic acid, the amino acid takes the neutral form when the
backbone amino and carboxyl groups are charged. Therefore, we employ the same parameters as
above. For the latter two amino acids, the neutral form is assigned when both the side chain and
backbone carboxyl group are charged. Initial fittings indicated that the interaction between the
charged side chain and charged carboxyl group/chloride ion was similar in value to between the

charged amino group and charged carboxyl/chloride ion; therefore, we set Evi g T o and

Agx*,cr =Cvia "o

In an aqueous solution, amino acids can exist in multiple charge states in chemical

equilibrium with one another. With the termini and side chains represented by three tangentially
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connected hard spheres, we can assign spin-like state values to each segment and specify the
charge state of the entire molecule by the combination of these spin values. The charge state of

each amino segment is given by s, =[0,+1] where ‘0’ denotes in its uncharged form, -NH,, and

‘+1” is for the charged form, -NH5*. Similarly, the charge state of each carboxyl segment is

given by s, =[0,—1], where ‘0’ represents the uncharged form, -COOH, and ‘-1’ represents the
charged form, -COO-. The non-ionizable side chains are fixed at state s, =0 while the
ionizable side chains can be either positively charged, s, =[0,+1], or negatively charged,
s, =[0,—1]. For example, lysine contains a positively charged side chain and its charge state is

specified by Lys[0,-1,+1] when its amino group in the backbone is uncharged while its carboxyl
group (-1) and sidechain (+1) are oppositely charged.
2.2. Ionization reactions and equilibrium constants

An important feature of our 3-bead coarse-grained model is that we distinguish different
ionizable groups in amino acids and explicitly account for the influence of both inter- and
intramolecular interactions on their chemical equilibrium. Due to the short separation between
ionizable groups in the amino acid, the ionization of one group is strongly influenced by the
charge states of other groups in the same molecule. Thus, an amino acid must be defined by the
charge states of its backbone amino (N) and carboxyl functional (O) groups as well as the charge
state of its sidechain (X). For glycine, the protonation reactions are associated with that of the
amino group:

~NH,+H" <>—NH; )

and that of the carboxyl group:

—O +H" < —OH. 3)
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In the case of Lysine, Arginine, and Histidine, their sidechain amino groups will be ionized by
adding a proton, as shown in Eq. (1) while for aspartic acid and glutamic acid, their sidechain
carboxyl group will be ionized by losing a proton as shown in Eq. (2).

The equilibrium constants for the protonation reaction of the ionizable groups N and O

are given by

:CX[+1’SO’SX]7/X[+17S09S)(] 1

K; 4
A Cy [O,SO,SX] ¥y [O,SO,SX] Ci¥ e ’ @)
Ko = xlon0si] 7l 0] 1 ; (5)

Cy [SN,—I,SX] Vx [SN,—I,SX] Copi ¥

where c,[s,,s,,s,] and y,[s,,s,,s,] are the molar concentration and activity coefficient of
the amino acid in its charge configuration, ¢, ., and y, . are the concentration and activity

coefficient of the proton. The activity coefficient of each species is related to its excess chemical
potential, which accounts for the inter- and intramolecular interactions. The equilibrium constant

for the protonation reaction in the side chain of Lysine, Arginine, or Histidine is given by

Gy [SN,SO,-I-l] Vx [SN,SO,-I-l] 1

KT = : (6)
H Cy [SN,SO,O] Yy [SN,SO,O] Cpi ¥
Similarly, the equilibrium constant for the sidechain in Aspartic acid or Glutamic acid is
2 b 0 b b 0
K)Y;(X) — CX [SN SO ] yX [SN SO ] 1 (7)

Cy [SN,SO,—I] Yy [SN,SO,—I] [y '
In Egs.(3-6), the thermodynamic equilibrium constant, K,T((l.) , reflects the functional group i in
the amino acid X ; it is independent from the charge status of other ionizable groups in the amino
acid. In other words, the physical contributions (i.e., the intramolecular interactions) is separated
from the chemical contributions (viz., binding of proton) to the ionizable equilibria. In general,

the equilibrium constant is a thermodynamic quantity defined by the change in the chemical
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potentials of reactants and products at their reference states, i.e., each species in an ideal solution
at unit molar concentration. Our reference states used in the 3bAPM for amino acid monomers
can be easily extended to the ionization equilibria of polypeptides since we have isolated the
functional groups from one another such that the formation of peptide bond has no effect on the
intrinsic equilibrium constant.

Whereas the solution composition can be monitored with various analytical tools, it is not
feasible to directly measure the thermodynamic equilibrium constant because the activity
coefficients are often unknown. As a result, the thermodynamic equilibrium constant is typically
lumped together with the activity coefficients into its apparent value as shown below for the
backbone amino group:

Yy [O,so,sx]exp{,b’ujf [O,SO,SX]}

% _Cy [+1,SO,SX] 1
Vx [+1,sO,sX]eXp{,6’u§(’ [+1,S0,SX]}

= =KT
e Cy [O,SO,SX] [

X(N)

Yy (8)

where B=1/(k,T), k, and T are the Boltzmann constant and the absolute temperature,
respectively. Note that even in the infinite dilution limit, there is still a pair interaction
contribution u{ which results in a difference between the thermodynamic equilibrium constant

and the apparent equilibrium constant measured in experiments.

If the ionizable groups are isolated (i.e., no intramolecular interactions) in an ideal
solution, the activity coefficients are negligible and there is no difference between apparent and
true equilibrium constants. In general, the apparent equilibrium constant is influenced by both
the inter- and intramolecular correlations which vary with the solute composition.
Unfortunately, it is difficult to distinguish the concentration of individual charge configurations
of the amino acid such as [+1,0,0] and [+1,-1,0]. Thus, the apparent equilibrium constant

measured in experiments is related to the average contribution of each configuration
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I _<cX [+1,SO,SX]> 1

xn <CX[O,SO,SX]> C,

where (L ) denotes the thermal (or Boltzmann) average (i.c., the expected value) of the quantity

)

of interest (in this case, the concentration of the amino acid with its backbone amine group either

charged or uncharged). The thermal average of the concentration is given by?°

eXp{—ﬂZﬂ;’(f) [Si]_ﬂ”; [SN’S0>SX]}/]/X [SN’SO’SX]

<cX [SN,SO,SX]>=CX

(10)

—
=
—_—

where ,uf(l(l.)(sl.):si[ pH —logK)T((,.)]lnIO is the chemical binding energy, and
pH =-log[c,.y,.] is the negative logarithm of the proton activity. The electrostatic pair

interaction u§ is given by the direct coulomb interaction between the segments in their
respective  states. The  proportionality  factor =  satisfies the  condition

DD (exlsyash.si D =cy and ¢} is the total concentration of the amino acid X. We
Sy K Sy

can define the probability « of finding the amino acid X in configuration [s,,s,,s,] to be

tot

alsy,Sy,Sy1={cy[Sy>80,5y )/ cy . Thus, by plugging Eq.(9) into Eq.(8), we arrive at the

following expression for the apparent equilibrium constant:

ZZGXP{—IB/I;O) [Sé]_ﬂﬂ)[?(X)[S;(]_ﬂu; [+1’S,0’S;(:|}/7/X [+1’S'0’S;(:|
K’ — KT 7. 5o Sk (11)
0T S expl =Bl [, ] - Bl [ - sl [0.50., 1} 7 [0.535, ]

o o
So Sy

Clearly, the experimentally measured value depends on the ionization equilibria of the amino
acid by which charge configurations dominate. As a result, the proton concentration cannot be

easily separated out, like that in Eq.(7), since the reported apparent equilibrium constants depend

. . . . H
on ¢, . through the chemical ionization energy sy ;.
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Due to the strong non-ideality of amino acids in aqueous solutions, the equilibrium
constants for the amino group and carboxyl group may differ by almost 7 orders of magnitude?.
When measuring the equilibrium constant for the amino group, the proton concentration will be

on the order of 10 ( pH =~ 9), and the chemical ionization energy for the carboxyl group will be

approximately equal to -15 kgT. Therefore, the ionized form of the carboxyl group will be
roughly 107 more prevalent than the non-ionized form, meaning that we can eliminate the charge
configurations that are extremely unlikely to contribute to the apparent equilibrium constant

(viz., [+1,0,0] and [0,0,0]). For amino acids without an ionizable sidechain, Eq. (10) reduces to

, :<cX[+1,s0,sX]> I or 7X[0,—1,0]exp{ﬂu§[0,—l,0]} ,
e [00s005i]) €Y e [FL-L0]exp{ pug [+1,-1,0])

In the case of the carboxyl group, we can write the apparent equilibrium constant as

(12)

(ex[sv-0se]) 1 7y [+1,=1,0]exp{Bug [+1,-1,0]}

=K . 13
Cy [SN,—I,SX ]> CH* e d ( )

K' .
7 [+1,0,0]exp {ﬂuﬁ(l [+1,0, 0]} "

x©) = <

For fitting the experimental results, it is convenient to express the equilibrium constants in the

logarithmic form:

log K, = log Ky, +10g 7, [0,~1,0]+log 7,,.
]+ﬂu§j [0,-1,0] - u' [+1,-1,0] (14)

—lo +1,-1,0
g7l n10

and

logK o) = logK)T((O) +logy,[+1,-1,0]+logy, .
Bus [+1,-1,0] - Bu [+1,0,0] - (15)

—lo +1,0,0]+
grxl ] 10

Amino acids with ionizable side chains like lysine or aspartic acid contain ionizable
groups that have equilibrium constants close to those of the terminal N/O groups of the same

charge. For those cases, the amino acids take possible configurations in which the side chain
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charge is strongly correlated with that of a terminal group. As a result, Eq.(8) can no longer be
simplified, and the apparent equilibrium constant remains a function of the proton concentration.
One method to overcome this difficulty is to determine the apparent equilibrium constant at the
pH in which the ionizable group of interest is 50% charged. Alternatively, we can assume
sequential ionization, i.e., the first group ionizes before the second group. For example, the first
protonation step of lysine is the ionization of the amine group in the side chain where the
backbone carboxyl group is negatively charged. In the second protonation step, the backbone
amine group ionizes in the presence of both the charged side chain amine group and the charged
backbone carboxyl group. In the last protonation step, the carboxyl group de-ionizes while the
two other amine groups are charged. We find that these two assumptions are equivalent within
the precision of the correlated model parameters and we have chosen to use the second
assumption due to its simplicity. Nonetheless, Eq.(10) is important from a fundamental
standpoint because it sets up the appropriate framework to describe organic molecules with same
charged ionizable groups that share a similar equilibrium constant.
2.3. Activity coefficients

As discussed in our recent work for the ionization of weak polyelectrolytes?®, we can

specify the activity coefficient y, of the amino acid in different charge states as

kyTlny, [SN9SO>SX] = Uy (SN)+lugx (So)‘*'ﬂ)e? (SX)_kBTlnyX [SNaSOaS)(]- (16)
The first three terms on the right side of Eq. (15) are the excess chemical potential of each

segment, 4, i.e., the deviation from the chemical potential of species i in an ideal solution
resulting from the intra- and inter-molecular interactions. According to 3bAPM, the excess

chemical potential can be decomposed into the contributions due to the hard-sphere repulsion

(hs), electrostatic correlation (el), and solvent-mediated interactions(sw), respectively,
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ex __

p = (17)
The detailed expression for each contribution can be found in Supporting Information. Note that

the activity coefficient of the electrolytes, protons, and hydroxyl ions are given by the APM

model, y, =exp(fu"). In Eq.(15), —k,TIny,[s,.s,,s,] accounts for the work required to
connect the three beads of the amino acid into its given configuration [s,,s,,s,]. It1is this term

that distinguishes our amino acid model from previous methods by accounting for the intrachain
interactions and correlation effects.
We can decompose the cavity correlation function into two contributions to the intrachain

correlation effects

Iy, [sy.50.85y | =0y [sy.50.55 [+ Iy [sy,50.5¢] (18)
where the first term results from the connection of hard spheres, and the second results from the
electrostatic interactions between the charges sites. The hard-sphere contribution accounts for
the fact that it is favorable to have two hard spheres near one another which will reduce the total
excluded volume of the two spheres. Within our three-bead model, the work is given by the
contact value of the radial distribution function 3°

2
1 n, n,

In y/* =1 — ’
ny, [SN,SO,SX] n 1—n3+4(1_n3)2 TN,X(SN’SX)+72(1_n3)3 TN,X(SN’SX)

1 n n’ 2_
+1n + 2 7. (sy,s, ) +——2——17, (5,5 19
1_n3 4(1—1’13)2 N,O( N 0) 72(1—1’13)3 N,O( N o) (19)

1 n n z_
+In + : Sy )J+———— ,
l=n,  4(1-n,)’ Fou (50:51) 72(1-n,)’ Fou (50:51)

where the first term on the right describes the pair interaction between the amino terminus and

the side chain, and the second term describes the pair interaction between the backbone amino
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and carboxyl group in their respective charge states. Here, n,= Z,- po’r  and
n, = Z[ po.7/6 are the weighted densities related to the particle number density p, and the

particle diameter o, of the species in the system, and 7, ,(s;,s;) = 20,(s,)o;(s,) /[0,(s;) + T ,(s,)]

is the effective radius of the contact area between the hard spheres i and j in their states s; and s;.
Because the intra-chain correlation is related to the charge configuration through the volume
change of a segment upon ionization, it will influence the ionization behavior of the amino acid.
The electrostatic contribution accounts for the screened interaction between charged functional
groups and can be approximated by the radial distribution function of charged hard spheres from

the mean spherical approximation (MSA)3!:

el l & 4
lnyXl[SN’SO’SX]z_G (f: P )I:Zz'\?r(SN)Zoff(So)_ZN(SN)ZO(SO)]
N.o\PN>%0
lB eff eff
_ 7 A -Z Z 20
O'N,X(SNaSX)I: " (SN) ' (SX) N(SN) X(SX):' 0
[

where the effective valence is given by

Z7 (s,) =[s,—no(s,)’1/[1+To(s)]. 21)
In the above equations, /, is the Bjerrum length, 7 is related to the asymmetry in the size and
valence of species [see Eq.(S13)] and is typically negligible for the systems of interest, x and [’
are the Debye and MSA screening parameter, respectively, which are functions of the ionic

strength?’. In combination with the direct Coulomb energy u“, Eq.(19) accounts for the
screened electrostatic pair interaction between the trimer segments (N-O, N-X, and O-X) . By
including Eq.(17) when determining the activity coefficients, we take into account the influence

of intramolecular correlations on the activity coefficient, and therefore the correlated ionization
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of individual functional groups in each amino acid molecule. Lastly, the activity coefficient of

the amino acid is given by a weighted average of all possible configurations:

ZEDWINN A LS | Ry (22)

sy So Sy

2.3 Evaluation of the model parameters

We calibrate the activity coefficient model for amino acids in aqueous solutions of
sodium chloride using experimental data for the activity coefficient, solubility, and apparent
equilibrium constant. For amino acids dissolved in a sodium chloride solution, the solute species
consist of the amino acid in its different charge configurations, sodium and chloride ions, as well
as protons and hydroxyl ions. Based off our previous correlations with the APM?3, the hard
sphere diameters for sodium ion, chloride ion, proton, and hydroxyl ion were determined to be
3.22 A, 3.62 A, 5.00 A, and 3.22 A, respectively. These parameters were able to reproduce the
experimental data for the mean activity coefficients from low to moderate salt concentrations
(<1.0 M). Although not considered in this work, it has been identified that there may be changes
in the hydration of the solvated species as well as changes in the dielectric constant of the
solution as the amino acid and salt concentration are increased 3% 33. However, such details are
not easily quantified, and they are most relevant at higher salt concentrations; thus, we have
chosen to simplify our model by not considering the concentration-dependent hydration of

solvated species or the variation of the dielectric constant of the solution.

The hard-sphere diameter ¢/* of the three amino-acid segments (N, O, and X) can be

linearly correlated with their van der Waals diameters o, o/° =1.71A+0.3175""", where the
coefficients were determined by fitting the experimental data for the activity coefficient of amino

acids in aqueous solutions®**. Thus, the size of the amine (—NH, ) and carboxyl group (-COO")
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in their charged state is the same for all amino acids and that their diameters are fixed at 2.79 A

and 3.05 A, respectively. In addition, we determine the short-range interactions &, ; by

comparison to experimental data for activity coefficients. Note that glycine is solely governed

by the interactions mediated through its backbone (viz., &, ,=0); thus, the side chain

interactions for the other amino acids are uniquely determined.

It can be expected that an amino acid molecule may change its hydration diameter as its
functional groups protonated/deprotonated, i.e., as the amino acid changes its charge state. We
determined the volume change from the neutral state to either of its charged state based off the
correlation with the experimental data for the apparent equilibrium constants. The change in the

segment volume and the interaction parameters (&, . ; and ¢, j) serve as the fitting parameters

to describe the ionization equilibria of amino acids where the interaction parameters best agree
with activity coefficient data. We assume that the change in the hydration due to the ionization
is uniform along the segments with a thickness of Ar. Thus, the change in the hard-sphere

diameter of the segments upon the change in volume satisfies the following expression®>:

Z Z[(O-i + 2AV)3 _Ui] =Via (23)

i={N,0,X}
where o, refers to the hard-sphere diameter of the charged amino segment, charged carboxyl
segment, and neutral side chain segment, and Ar is the change in segment radius due to the
hydration change of the amino acid given by the hydration volume V, ,. Thus, the change in
hydration applies to the entire amino acid molecule but not to any specific functional group (i.e.,
segment).
The parameters for amino acids were estimated by fitting experimental data using

MATLAB 2021a. The data used in this work is available in the supporting information of our
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previous publication?®. To determine the parameters, we minimize the following objective

function (OF):
OF = Z[éexp _ écal ]2 (24)
where & refers to the experimental data for the activity coefficients of amino acids and the

apparent equilibrium constants. The uncertainty in experimental data was typically small (within
symbol size) or unreported.

3. Results and Discussion

3.1 Activity coefficients for amino acids in aqueous solution

Table 1. The hard-sphere diameter and the interaction energy in units of A and kgT, respectively,

for neutral amino acids based off correlation to experimental data for the activity coefficient.

Segment o inW (A) O_ihs (A) Exi o Entiomar
~NH; | 3.39 2.791 0.161 0.150
—coo | 4211 3.05 0.161 0.150
Ex x Ex Naticr
Gly 2.628 2.548 - -
Ala 3.713 2.892 -0.072 0.052
Val 4.895 3267 | -0.424 | -0.179
Leu 5.317 3.401 -0.799 -
Side Cys 4423 3117 1.199 -
Chain Met 5.344 3.410 2490 | -0.148
Trp 6.438 3757 | -0.347 -
Phe 5.748 3.538 | -0.273 -
Ser 4.081 3.009 0.389 0.230
Thr 4.657 3.192 0.078 0.053
Asn 4.891 3.266 0.316 0.292
Gln 5.314 3.400 | -0.000 -
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We first investigate the influence of intermolecular interactions on the activity coefficient
for amino acids as a function of both the amino acid concentration as well as the salt
concentration. In order to compare with experimental data, we employ fitting parameters based
off the molecular size of the amino acid as well as its interactions with amino acids and salt ions
through either its side chain or its backbone. The parameters for neutral amino acids are listed in
Table 1. The interaction energy between amine and carboxyl segments is fixed at 0.161 kgT
while their interactions with salt ions is 0.150 kgT. The similarity in their value reflects the
short-range electrostatic nature of the interaction. By accounting for these contributions to the
activity coefficient of each amino acid, we are then able to isolate the contribution due to the side
chain.

Table 1 indicates that there is an increase in the repulsion between side chains from
Alanine to Valine to Leucine; however, one might expect it to be attractive consider their
hydrophobic nature. Because our model does not distinguish the X-X interaction from X-N* and
X-CI interactions, the repulsion must originate from the disruption of hydrogen bonding and
local water structure between the amino acids. We expect that the favorable aggregation of the
hydrophobic groups in the solution is outweighed by the disruption of the hydrogen bonding by

the polar backbone (i.e., &y , >0 while ¢, .

<0). On the other hand, Serine and Threonine
have an attractive contribution from the side chain to other amino acids which can be attributed
to the hydroxyl group in their backbone that can form hydrogen bonds. However, threonine has
an additional methyl group in its side chain compared to serine which could limit the
accessibility to the hydroxyl site, and therefore it explains the reduced favorable interaction. In

the case of phenylalanine and tryptophan, the aromatic interactions between its side chain are

attractive, but the inability to hydrogen bond would lead to some repulsion between two amino
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acids. As a result, phenylamine shows almost no interaction between the side chain and another
phenylalanine while the interaction between tryptophan’s side chain is repulsive. For the case of
cysteine and methionine, there is an attraction between the side chain and the amino acid, which
is likely related to the possible sulfur interactions. Lastly, both asparagine and glutamine are
attractive since their side chains can form hydrogen bonds, but the attraction between
glutamine’s sides chains is diminished due to the additional carbon in its side chain. Meanwhile,
the side chain interactions with the salt ions are either repulsive for the hydrophobic cases (Val,
and Met) or attractive for the hydrophilic side chains (Ser, Thr, Asn, and Gln). Due to the small
side chain of Alanine (viz., a methyl group), it does not disrupt the backbone-salt interaction.
The addition of a methyl group in the side chain of Threonine compared to Serine results in a

diminished attraction to the salt ions from the side chain.
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Figure 2. Activity coefficient of different amino acids in aqueous amino acid solution at 25 °C
from experiments 36-38 (symbols) and theoretical correlation (lines). (a) Attractive: Serine (S),
Glycine (G), Methionine (M), and Threonine (T) and (b) Repulsive: Valine (V), Leucine (L),
Alanine (A), Tryptophan (W).

Neutral amino acids
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We first consider neutral amino acids in aqueous sodium chloride solutions around their
isoelectric points, i.e., the pH at which the molecule carries no net electrical charge. For neutral
amino acids, the isoelectric point is typically around pH=6, and thus the proton and hydroxyl
ions are dilute relative to the salt concentration. Figure 2 presents a comparison between the
theoretical correlations and experimental data for the activity coefficients of eight neutral amino
acids as a function of amino acid molality in a salt-free solution. In all cases, our model provides
a quantitative description of how the activity coefficient of amino acids is influenced by the itself
interactions.

Figure 2a shows four cases in which the amino acid favorably interacts with itself,
leading to a decrease in the activity coefficient as the molality of amino acid is increased. On the
other hand, Figure 2b shows four cases in which the activity coefficient of the amino acid
increases with the rise of the molality of the amino acid. According to our 3bAPM model, the
backbone-backbone interaction is the same for all amino acids, and thus the amino acids differ
based on their side chain contribution. The differences in the activity coefficient can be
understood as a delicate balance between the volume exclusion term (viz., hard-sphere repulsion)
and the short-range interactions (viz., square-well potential) from the side chain. In general,
amino acids with attractive contributions originating from the side chain favor the addition of the
amino acid as indicated by the decrease in the activity coefficient. At higher amino-acid
molalities, the stronger repulsion originating from the hard-sphere exclusion, thereby increasing
the activity coefficient. In the case of alanine, the activity coefficient is nearly unity even up to

2.0 molality due to the weak repulsion between its side chains.
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Figure 3. Activity coefficients of (a) glycine, (b) serine, (c) alanine, and (d) threonine in aqueous
solutions of amino acids and sodium chloride from experiments®-4* (symbols) and theoretical
correlation (lines).

We next consider the activity coefficients of neutral amino acids in aqueous solutions at
different concentrations of sodium chloride. In general, the addition of salt at a fixed amino acid
molarity result in the reduction of the activity coefficient because the amino acid interacts
favorably with the salt ions. As the molality of salt in the solution increases, the volume
exclusion term begins to dominate the activity coefficient and leads to the large increase in

activity coefficient for alanine and threonine. In Figure 3a, we see that the increase in glycine
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and salt molality reduces the activity coefficient due to the favorable interactions of the backbone
with other backbones and salt ions. A comparison of Figure 3a and 3b indicates that the addition
of the serine side chain does not alter the trend in the reduction of the activity coefficient as the
molality of serine or salt is increased, but the reduction becomes less significant because of the
stronger excluded volume effect. At 0.8 molality, the higher salt curves are starting to collapse,
suggesting that the volume exclusion outcompetes the attractive interactions between the amino
acid. On the other hand, Figure 3¢ shows that the activity coefficient of alanine increases with
added alanine. While the add salt reduces the activity coefficient at low alanine molality, the
effect is less significant at high molality of the amino acid. Interestingly, alanine differs from
glycine by only a methyl group in its side chain, yet the activity coefficients show significant
differences, which indicates that even short side chains can play a major role in dictating the
solvation behavior. Lastly, we consider the activity coefficient of threonine in Figure 3d, which
contains a methyl and a hydroxyl group in its side chain. While the agreement between our
model and the experiments is not as satisfactory as other cases, we see that our model does
capture the non-monotonic effects of added threonine and salt molality on the activity
coefficient. The hard-sphere repulsion plays a major role in the activity coefficient of threonine
as seen by the non-monotonic effect of salt molality even at low molality of threonine.

Different from previous models for amino acids, the activity coefficients of these
“neutral” amino acids contain an electrostatic component since the backbone amino and carboxyl
groups are considered explicitly. The increase in salt concentration will increase the attractive
electrostatic correlations resulting from the electrostatic interactions between the charged
functional groups and the ions in solution. However, there is a contrasting effect as the attractive

electrostatic interaction between the positively charged amino group and the negatively charged
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carboxyl group will be screened by the increase in the salt concentration. As a result, the
electrostatic component of the activity coefficient varies less significantly with salt
concentration, but it is still overall an attractive contribution. While the comparison between our
model and the experimental data is not perfect, we are able to provide at least a semi-quantitative
description of the activity coefficients of neutral amino acids as a function of the concentrations
of amino acid and salt ions. Importantly, our 3-bead model can predict the non-monotonic
effects of added amino acid and salt due to the stronger excluded volume effects at high
molarity.
Acidic and basic amino acids

The computational procedure to describe the acidic and basic amino acids is more
complicated than that for the neutral amino acids. As previously discussed in Section 2.1 and
2.2, we must account for the ionization equilibria between the different configurations of the
amino acid in order to determine their partial contributions to the activity coefficient. In
addition, the measurements in pure water are taken at the isoelectric point of the amino acid;
thus, we must self-consistently determine the isoelectric point during the ionization equilibria
(i.e., adjust pH such that the charge neutrality and mass conservation is satisfied). While
histidine and arginine tend to have one dominant configuration at the isoelectric point, lysine and
aspartic acid both have same-charged ionizable groups with equilibrium constants that are close
to one another, and therefore multiple configurations are possible. If the amino acid is added in
its salted form, then typically one configuration is dominant (e.g., arginine in ArgHCI exists in
its configuration [+1,-1,+1]).
Table 2. The hard-sphere diameters in units of A for charged amino acids based off correlation

to experimental data for the activity coefficient and apparent equilibrium constants.
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Hard-sphere diameter of side chain (o , )
Z -2 -1 0 +1 +2
Arg - 4.370 4.577 3.595 3.894
Lys - 4.342 3.892 3.476 4.270
His - 3.951 4.0628 3.3528 4.095
Glu 3.972 3.384 3.860 3.524 -
Asp 3.912 3.247 3.890 3.908 -

Table 3. The interaction energy in units kgT for charged amino acids based off correlation to

experimental data for the activity coefficient and apparent equilibrium constants.

We next investigate the influence of intermolecular interactions on the activity
coefficients for acidic and basic amino acids in their neutral and charged forms. Different from

that for neutral amino acids, we must calibrate our model parameters by comparison with the

Interaction
parameters
€ 0 X Exo Na*/CI”

Arg 1.408 0.410
Lys 0.499 0.447
His 0.911 0.597
Glu -0.964 0.741
Asp -0.964 0.741
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experimental data for both the activity coefficient and apparent equilibrium constant. The
parameters for these amino acids are listed in Table 2 and 3. In general, we find a noticeable
volume change between the different charge states, although there is no clear trend between the
different charge states. The amino acid is smallest when both the side chain and backbone
groups are charged. For the interaction parameters, we find that arginine interacts with itself
strongly, which can be attributed to the polar side chain. Lysine can form hydrogen bonds
through its side chain amino group which leads to the self-attraction and attraction with other
amino acids. Histidine, on the other hand, can interact with its aromatic group. We specify the
aspartic acid parameters based off glutamic acid’s parameters since the limited data available for
aspartic acid indicates that the activity coefficient data of aspartic acid is slightly less than
glutamic acid*!. The repulsion between amino acids could be related to what is known as
hydration repulsion in which the strong local hydrogen bonding network is disrupted by the
nearby amino acid. Due to its high polarity, the salt effect on aspartic acid and glutamic acid is
significant. On the other hand, lysine shows no favorable interaction with the salt ions, and the
interactions is only weakly favorable when charged because of its long carbon chain. In contrast,
arginine can interact favorably with the salt ions due to the highly polar group at the end of its

side chain. Lastly, histidine can attract the salt ions via the cation-pi interaction*?.
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Figure 4. Activity coefficients of (a) lysine, (b) arginine, (c¢) histidine, and (d) glutamic acid in
pure water (squares) and salted form (circles) from experiments*!- 4344 and theoretical correlation
(solid lines).

Figure 4 compares the theoretical results with the experimental data for the activity
coefficients of basic and acidic amino acids at their isoelectric point and in their salted forms.
Our model shows excellent agreement for the basic and acidic amino acids in their charged and
uncharged forms, indicating that the ionization equilibria are well captured by our coarse-grained
model. In general, we find that the salted form has a lower activity coefficient that the neutral

form. The difference can be attributed to the attractive electrostatic correlations between the
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ionized functional groups and the salt in the solution. Both histidine and arginine show a
significant decrease in the activity coefficient as the molality of the amino acid is increased until
high molality at which the hard-sphere repulsion begins to dominate. In the case of lysine,
however, the activity coefficient slightly decreases with the molality of the amino acid at low
concentration. For glutamic acid, only the salted form shows a decrease in the activity
coefficient whereas the neutral form of glutamic acid only increases with added glutamic acid.
Our model well captures the activity coefficient data in both charged and uncharged forms. The
only exception is the neutral lysine; our model predicts that the activity coefficient exhibits a
minimum of 0.90 whereas the experimental minimum is 0.76. The discrepancy may arise from
the negatively and positively charged forms of the lysine making a non-negligible contribution to
the activity coefficient. This breaks the assumption used in the experimental measurement that
lysine does not dissociate at the neutral condition*3- 44,
3.2 Apparent equilibrium constants

Unlike the thermodynamic equilibrium constants, the apparent equilibrium constants
depend on the local solution conditions. As shown in Eq.(7), an apparent equilibrium constant
lumps the experimentally non-measurable thermodynamic equilibrium constant with the non-
ideality effects due to inter- and intramolecular interactions. The apparent value of the
equilibrium constant provides insight into how the charge regulation of the amino acid is
influenced (e.g., suppressed) by the changes in the solution condition. Unfortunately, the
apparent equilibrium constants are only applicable within a small window of their reported salt
concentrations. In addition, it is difficult to measure these constants at salt concentrations below

0.01 M. Thus, a reliable model that can incorporate the key physics governing the protonation of
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amino acids will allow insight into dilute to concentrated salt conditions and the extrapolation of
the thermodynamic equilibrium constant.

Table 4. The site-specific equilibrium constants for the protonation of different amino acids.

Thermodynamic Equilibrium Constants

N O X
Alanine 8.91 343 -
Serine 8.22 2.23 -

Aspartic acid 8.25 2.84 4.20

Glutamic acid 8.16 3.02 4.59

Lysine 9.02 3.64 | 10.06

Arginine 8.72 3.66 | 11.88

Table 4 presents the correlated equilibrium constants for the amino acids considered in
Figures 5, 6, and 7. It is important to note that these constants are independent of the charge
state of the amino acid since we have considered the intramolecular interactions and correlation
effects explicitly. We find that the equilibrium constant for the ionization of the amino segment
tends to decrease (i.e., harder to ionize) from alanine to serine. The equilibrium constant for the
amino group in aspartic acid and glutamic acid are similar to that of serine, which is likely
related to their polar oxygen groups in the backbone. On the other hand, lysine and arginine’s
equilibrium constants are comparable to that of alanine since they both have a multiple carbon
chain separating their side chain polar group from the backbone. For the backbone carboxyl
group, the equilibrium constant tends to increase (i.e., harder to ionize) from the acidic to neutral
to basic amino acids. We can understand this trend as originating from the different electron

draw of the polar groups. The equilibrium constant for the carboxyl group in arginine and lysine
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are approximately the same due to the similarity in how their side chains interact with the

carboxyl group.
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Figure 5. Apparent equilibrium constants for serine and alanine versus the sodium chloride
molality from experiments'® ?? (symbols) and theoretical prediction (lines) for (a) the protonation
of the backbone amino group, and (b) the protonation of the backbone carboxyl group.

We first consider the protonation of two neutral amino acids, serine and alanine. As
shown in Figure 5, the apparent equilibrium constant depends on the salt molality as well as the
concentration of amino acid. While Figure 5a depicts the same functional group protonating,
there is a significant difference in the apparent equilibrium constant between serine and alanine
(~0.7 units at dilute salt conditions). The presence of the -OH group in serine will change the
electron distribution, and thus it becomes more difficult to ionize (or protonate) the amino group.
For a given curve, we fit the thermodynamic equilibrium constant and the volume change of the
amino acid upon charging. In general, we find that the charged form is larger than the neutral

form which may be attributed to the expansion of the water layer in the solvation shell.
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From Figure 5a, we see that the addition of salt initially inhibits ionization of the amino
acid. This is because the amino acid loses its total charge (i.e., it becomes a zwitterion), which is
less favorable than maintaining its charge. However, as the molality is increased further, the
apparent equilibrium constant will begin to increase. Similar to the activity coefficients of amino
acids, the sharp rise can be attributed to the volume exclusion term. In this case, the hard-sphere
repulsion favors the zwitterion form of the amino acid since it is smallest in size in this
configuration.

Different from the ionization of the amino group shown in Figure 5a, Figure 5b indicates
that the apparent equilibrium constant for the protonation of the backbone carboxyl group
changes monotonically with salt molality. Since the protonation of the negatively carboxyl
group would lead to a net positively charged amino acid and a loss in the intramolecular
interaction between the carboxyl group and the amino group, the electrostatic contribution to the
apparent equilibrium constant is small. Overall, the model well captures the experimental data

across a large range of salt conditions for neutral amino acids.
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36 Figure 6. Apparent equilibrium constants for aspartic acid and glutamic acid versus the sodium
chloride molality from experiments'® 2245 (symbols) and theoretical prediction (lines) for (a) the
41 protonation of the backbone amino group, (b) the protonation of the sidechain carboxyl group,
43 and (c) the protonation of the backbone carboxyl group.

Figure 6 shows the apparent equilibrium constants for the protonation of the acidic amino
48 acids, aspartic acid and glutamic acid, at different salt concentrations. These two amino acids are
50 similar except that there is one additional carbon separating the carboxyl group in the sidechain
of glutamic acid from its backbone compared to aspartic acid. Despite this small change in the

55 structure, there is a noticeable change in the apparent equilibrium constants for all protonation
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steps. We see that the shape of the curve in Figure 6a and 6b is similar to that in Figure Sa.
However, Figure 6a shows that the apparent equilibrium constant changes more rapidly at low
salt concentration. The reason for the stronger change with salt concentration is due to the
transition from a ‘divalent’ amino acid (viz., the backbone carboxyl group and sidechain
carboxyl group are charged) to a ‘monovalent’ amino acid due to the presence of the positively
charged amino group. To be specific, increasing the salt concentration results in a smaller
repulsion between the two charged carboxyl groups in the divalent amino acid. On the other
hand, the screening by salt ions reduces the attractive interactions in the monovalent amino acid
between the positively charged amino group and the negatively charged carboxyl group. Thus,
we see that the as the salt molality is increased, it is at first more difficult to ionize the amino
group in the backbone, but as the concentration increases, the excluded volume effect will drive
the ionization of the functional group. By accounting for the individual ionizable groups within
the amino acid, we are able to capture the correlated ionization between these two groups and

quantitatively capture the experimental data for the apparent equilibrium constants.
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Figure 7. Apparent equilibrium constants for lysine and arginine versus the sodium chloride
molality from experiments'® ?? (symbols) and theoretical prediction (lines) for (a) the protonation
of the sidechain amino group, (b) the protonation of the backbone amino group, and (c) the
protonation of the backbone carboxyl group.

The last case we consider is the protonation of the basic amino acids, lysine and arginine,
as a function of sodium chloride molality. As shown in Figure 7, the first protonation step of
lysine or arginine is the ionization of the amino or guanidinium group, respectively, in the amino
acid’s side chain and the curve is similar to that of Figure 5a. The significantly higher apparent
equilibrium constant for the guanidinium group (specifically its thermodynamic equilibrium

constant) is because resonance between the nitrogen groups allows it to stabilize the charge. The
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second protonation step involves the amino group in the backbone of the zwitterion form of the
amino acid where the sidechain amino group and backbone carboxyl group are already charged.
In this case, the electrostatic interactions mostly cancel with each other and the curve looks
similar to that in Figure 5b where the apparent equilibrium constant is plateaued at low molality
while it increases at high molality. The last protonation step is for the backbone carboxyl group,
which results in the amino acid being in a positively charged divalent configuration. As shown
in Figure 7c, the apparent equilibrium constant changes rapidly with salt molality because
electrostatics are driving the amino acid to be in the configuration where both amino groups are
charged while the carboxyl group is uncharged. In addition, we see in Figure 7b and 7c that the
apparent equilibrium constant for arginine increases more with salt molality than lysine due to
the differences in the excluded volume effects. The electrostatic and volume exclusion behavior
in the apparent equilibrium constants is well captured by our model, demonstrating its capability
in describing all steps of protonation for different amino acids.

3.2 Speciation of amino acids in aqueous solutions
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Figure 8. The speciation diagram of (a) lysine and (b) aspartic acid into their 8 possible

configurations as a function of pH in a dilute amino acid and salt (1xM ) aqueous solution.

ACS Paragon Plus Environment

Page 36 of 43



Page 37 of 43

oNOYTULT D WN =

Submitted to Journal of Chemical & Engineering Data

As discussed previously, amino acids can exist in multiple configurations due to the
protonation of their functional groups. The change between the different charge states is
governed by their equilibrium constants as well as the differences in inter- and intramolecular
interactions. The speciation of an amino acid can be calculated from Eq.(9) at a given set of
solution conditions (viz., pH, amino acid concentration, and salt concentration). Figure 8 shows
the speciation diagram of the basic amino acid lysine and the acidic amino acid aspartic acid as a
function of pH in a dilute aqueous solution. We see that lysine is generally in one of four
configurations: [+1,0,+1] means that the divalent cation prevalent at low pH; [+1,-1,+1] prevails
when the monovalent cation present in the range of pH 2 to 9, [0,-1,+1] corresponds to the
zwitterion form (sidechain amino group is charged) present in the range of pH 9 to 11, and [O0,-
1,0] occurs when the monovalent anion present at high pH. In the pH range from 8 to 12, we do
see the presence of a fifth configuration, a zwitterion form where the backbone amino group is
charged but not the sidechain group. However, this configuration has only a small presence
(<5%). In addition, we see that the sidechain mostly ionizes while the amino group in the
backbone is uncharged, as indicated by the relative speciation of [+1,-1,+1] and [0,-1,+1]. For
example, at pH 10, the percentage of amino acids in the two configurations is 5% and 80%,
respectively. Thus, the interaction between the charged amino groups in the sidechain and
backbone can be neglected when calibrating the model to the experimental data for the
protonation of the sidechain. A similar situation holds for aspartic acid, except in this case, the
sidechain carboxyl group ionizes after the backbone carboxyl group. Thus, we validate the
assumption that Eq.(8) could be reasonably approximated by considering only the transition
between the two dominant states [0,-1,0] to [0,-1,+1] for lysine and [+1,-1,0] to [+1,-1,-1] for

aspartic acid.
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4. Conclusion

In this work, we have developed a 3-bead augmented primitive model (3bAPM) that
captures the thermodynamic properties of all twenty natural amino acids in aqueous sodium
chloride solutions. Our model distinguishes the amino and carboxyl group present in the
backbone of each amino acid. As a result, we are able to account for the intrachain correlations
on the activity coefficient and ionization equilibrium. In addition to the volume exclusion effects
due to the finite size of the solute species and electrostatic correlations, 3bAPM accounts for the
water-mediated attraction of amino acids with themselves and with salt ions. The activity
coefficients are described in terms of the mean-spherical approximation (MSA) for the primitive
model and a mean-field approximation for the short-range attraction represented by the square-
well potential. Additionally, there is a contribution from the intramolecular correlations between
the three beads from both electrostatics and volume exclusion.

We have demonstrated that the 3bAPM provides a semi-quantitatively description of the
activity coefficients of amino acids in pure water and in aqueous sodium chloride solutions. The
correlation parameters were the energy of interaction between the amino acid backbone with
itself and with the salt ions while the diameter of each segment was 1.21 A less than the van der
Waals diameter based off fitting. In addition, we have obtained the interaction parameters
between the side chain and itself as well as with salt ions. These parameters allow us to
distinguish between the backbone mediated interactions versus the side chain interactions. When
determining the equilibrium constants, the correlation parameters were the change in hydration
of the amino acid which can then be related to the change in diameter for each segment due to
their hydration shell. We find that, due to the hydrogen binding and polarity, hydrophilic amino

acids tend to be more attractive than repulsive to itself while the opposite is generally true for
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hydrophobic amino acids. In addition, amino acids are generally attracted to salt ions; however,
at high concentrations of amino acid and/or salt concentration, the volume exclusion dominates
thereby leading to a positive deviation in the activity coefficient.

An important aspect of our coarse-grained model is that it is able to capture the charge
regulation behavior of amino acids resulting from differences in their inter- and intramolecular
interactions and the intra-chain correlation effects. We find that our model well describes the
activity coefficient of basic and acidic amino acids in their uncharged and charged states.
Furthermore, comparison with experimental data for the apparent equilibrium constants
demonstrates our 3bAPM accurately captures the physics dictating the protonation behavior of
amino acids. From these correlations, we are able to determine the fundamental constants
governing the protonation of the amino acid functional groups independent of the ionization state
of any other functional groups. These fundamental constants will be valuable in determining the
charge states of amino acids and understanding their biochemical properties under complicated
solution conditions. In addition, our model sets up a clear pathway for further study of
polypeptides and unstructured proteins.

Supporting Information:

The supporting information contains theoretical details including the expressions for
activity coefficient and conversion from molality to molarity scale for comparison with
experimental data.
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