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The pH-Dependent Stability of Wild-type and Mutant
Transthyretin Oligomers

S. Skoulakis and J. M. Goodfellow
Department of Crystallography, Birkbeck College, University of London, London WC1E 7HX, UK

ABSTRACT A reduction in pH is known to induce the disassociation of the tetrameric form of transthyretin and favor the
formation of amyloid fibers. Using continuum electrostatic techniques, we calculate the titration curves and the stability of dimer
and tetramer formation of transthyretin as a function of pH. We find that the tetramer and the dimer become less stable than the
monomer as the pH is lowered. The free energy difference is 13.8 kcal/mol for dimer formation and 27 kcal/mol for tetramer
formation, from the monomers, when the pH is lowered from 7 to 3.9. Similar behavior is observed for both the wild-type and the
mutant protein. Certain residues (namely Glu-72, His-88, His-90, Glu-92, and Tyr-116), play an important role in the binding
process, as seen by the considerable pK1/2 change of these residues upon dimer formation.

INTRODUCTION

Amyloidosis is a process in which a soluble protein

aggregates irreversibly into insoluble fibrils. Apparently

unrelated proteins can form these amyloids fibers, which are

associated with a number of different diseases (Dobson,

1999). In vitro studies have shown that for a number of

specific proteins, amyloids eventually form under partially

denaturing conditions such as heat or addition of acid. It has

become clear that a core b-sheet structure is formed in all

amyloids leading to a common quaternary and tertiary

structure (Kelly, 1997). Understanding of fibrillogenesis in

detail at the molecular level is still lacking, but it has been

proposed that the fibril formation may be a generic property

of all proteins (Dobson, 1999). In vivo, the conditions inside

the cell are controlled in a way to prevent the partial un-

folding of proteins. When there is a loss of regulation, for

example due to ageing or mutations, partial unfolding may

occur that eventually leads to the formation of amyloids.

Transthyretin (TTR), formerly known as prealbumin (Blake

et al., 1978), is one of at least 20 of human proteins that

under suitable conditions has been shown to form amyloids

(Kelly 1997; Damas and Saraiva, 2000). Deposits of wild-

type TTR amyloids accumulate in the heart, in a disease

called senile systemic amyloidosis (SSA) with the age of

onset at about 80. A related disease, familial amyloidotic

polyneuropathy (FAP), occurs at a much younger age, in

some cases during the second decade of life, and affected

individuals are found to have a mutation of TTR. So far 73

point mutations are associated with FAP and many of these

destabilize the molecule leading to the formation of fibrils.

Many structures of TTR and of its mutants, amyloidogenic

or nonamyloidogenic, have been determined (Hörnberg et al.,

2000). The physiologically active form of wild-type TTR is

a homotetrameric plasma protein the monomer of which is

composed of 127 amino acid residues (Fig. 1). The residues

in the monomeric unit are in two four-stranded b-sheets,
which form a b-sandwich structure. In general, all mutant

structures crystallize in the same space group as the wild-

type, and display only minor changes compared with wild-

type TTR. Nevertheless it has been shown the tetramer of the

amyloidogenic mutants is less stable in vitro than the wild-

type under acidic conditions (Nettleton et al., 1998).

One of the models that has been proposed for the

formation of amyloids is the conformational change hypo-

thesis (Kelly, 1998). First, by lowering the pH the tetrameric

structure of the protein is disrupted and is disassociated into

a monomeric structure, which is structurally different from

the monomer at normal pH (Fig. 2). These altered monomers

can associate and eventually form amyloid fibers. The muta-

tions shift the tetramer-monomer equilibrium in favor of the

structurally altered monomer, leading to a relative loss of

stability of the mutated proteins relative to the wild-type.

The pH-dependent effects in proteins are mainly electro-

static in nature and originate from changes in the protonation

states of acidic and basic residues (Yang and Honig, 1993;

Schaefer et al., 1997; Ullmann and Knapp, 1999). Some of

the titratable residues in a protein exhibit different behavior,

compared with that of the isolated residues, due to their

interactions with other residues in the protein, and the altered

interactions with the solvent. The classical continuum treat-

ment of the electrostatic interactions of a protein in aqueous

solvent is obtained by solving the Poisson-Boltzmann equa-

tion (Warwicker andWatson, 1982; Gilson and Honig, 1988;

Honig and Nicholls, 1995) as follows:

=½eðrÞ=fðrÞ� � k2eðrÞ sinh½fðrÞ� ¼ �4prðrÞ; (1)

where f(r) is the electrostatic potential at position r, r(r) is
the charge density, e(r) is the dielectric constant as a function
of position, and k2 is the modified Debye-Huckel parameter,

which accounts for counterion screening in the solvent.

Since water is more easily polarized by an electric field than
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the protein, at least two values for e must be used. The

Poisson-Boltzmann equation can be solved analytically only

for simple cases. So numerical methods have to be used

for its solution in realistic protein models. Warwicker and

Watson (1982), were the first to publish a numerical solu-

tion based on a finite-difference scheme. Since then these

methods have been developed and new boundary-element

(Zauhar and Varnek, 1996) and multigrid (Holst and Saied,

1995) approaches have been applied. The calculation of

electrostatic interactions by the Poisson-Boltzmann equation

has been applied to studies of enzymatic mechanisms,

proton transfer across membranes, redox reactions, and

protein-protein association, (see Ullmann and Knapp, 1999

for an review).

In this paper, we study the stability of the tetramer and

dimer relative to the monomer of wild-type TTR and two of

its mutants as the pH is lowered. We have chosen two

mutants, one which is amyloidogenic (V30M) and one which

is nonamyloidogenic (T119M).

METHODS

Model building

Initial models are constructed using the GROMACS package (Berendsen

et al., 1995). The atomic coordinates are taken from the RCSB Protein Data

Bank for the wild-type transthyretin (1tta) and (1f41) at 1.7-Å and 1.5-Å

resolution, respectively, and the mutants M119T (1bze) at 1.8-Å and V30M

(1ttc) at 1.7-Å resolution. Only the coordinate files of the dimers are

provided and the tetramers are generated using the CCP4 suite of programs.

As explained in Hörnberg et al. (2000), the placement of the first nine and

the last two residues is not correct in the above pdb files due to the increased

flexibility of these segments. We exclude these segments from all the

structures in our pKa calculations and since these are exposed to the solvent,

we do not expect their pKa values to be significantly perturbed. The positions

of hydrogen atoms, that are added to the structures, are minimized using 50

cycles of steepest descent followed by conjugate gradient with a force

tolerance of 100 kJ/mol/nm. During this minimization procedure, all the

atoms except those of hydrogen are frozen.

Electrostatic calculations and titration curves

The electrostatic potential can be found by solving the linearized form of

Poisson-Boltzmann equation:

=½eðrÞ=fðrÞ� � k2eðrÞfðrÞ ¼ �4prðrÞ; (2)

where the variables are the same as in Eq. 1. If there are changes in the

titration of the residues upon binding of the monomer to form the dimer (or

dimer to form tetramer), then the stability will be pH dependent. This is

compactly expressed by the equation:

@DG=@pH ¼ 2:303RT½hQifin � hQiin�; (3)

where DG is the free energy difference for the process with final state (fin)

with mean charge hQifin and initial state (in) with mean charge hQiin. The
mean charge for a conformation (a), hQia, may be calculated for each pH

step if we know the titration behavior of the residues from the following

formulae

hQia ¼ +
N

i¼1

hqðiÞia; (4)

hqðiÞia ¼ +
s

dnðiÞgnðiÞ exp½�DGa=RT�=+
s

exp½�DGa=RT�;

(5)

DGa ¼ +
N

k¼1

½dnðkÞgnðkÞ2:303RTðpH� pKint

k Þ

1 +
N

1#j\k

dnðkÞdnð jÞDGkj�; (6)

where hqðiÞia is the mean charge of the titratable residue (i), in a protein with

conformation (a), with a total of N titratable residues, dn(k) is 1 when the

residue k is charged and 0 when it is neutral, gn (k)¼�1, 1 for an acidic and

a basic group, respectively, s is the set of charge states in the protein and

takes values n from 1 to 2N, and R is the gas constant. DGkj is the energy of

interaction between residues k and j. It is calculated from the formula

DGkj ¼ DGkjð1; 1Þ � DGkjð1; 0Þ � DGkjð0; 1Þ1DGkjð0; 0Þ;
(7)

where DGkj(dn(k), dn( j )) is the interaction free energy in kcal/mol between

amino acids k and j in their charge states defined by dn(k) and dn( j ). Also the

intrinsic pKa (pK
int) of an ionizable group is defined as the pKa it would have

if all the other ionizable residues were neutral, and is given by

FIGURE 1 Diagram of the tetramer of wild-type transthyretin taken from

crystal structure wt2, plotted using Molmol (Koradi et al., 1996) (version

2.1k.1.0).

FIGURE 2 Diagram depicting the conformational change hypothesis for

the formation of amyloid fibrils, from Kelly (1998). When the pH is

decreased the pH the tetrameric structure disassociates into an altered

monomeric structure, which eventually leads to amyloid fibrils.
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pKint

k ¼ pK0

k � gðkÞDDGk=2:303RT; (8)

where pKi
0 is the pKa of an isolated residue (i) in solution. DDGi is the

change in the electrostatic energy, as calculated from Poisson-Boltzmann

equation, of charging a titratable group (i) in a neutral protein relative to

charging it isolated in a model compound in solution.

DDGk ¼ DGprotein
k � DGmodel

k : (9)

We can define the pKa values on the basis of protonation probability hqi
from the equation:

pKa ¼ pH1 ð1=2:303Þ ln½hqi=ð1� hqiÞ�: (10)

The pH value at which the protonation probability is 0.5 is called pK1/2 and

is often used to describe the titration behavior of the residues. If there is an

isolated titratable residue, with no interactions with other residues the

titration curve would follow the Henderson-Hasselbalch equation,

hqðiÞi ¼ exp2:303ðpKint

i �pHÞ=ð11exp2:303ðpKint

i �pHÞÞ;
(11)

but the interactions between the residues complicate the expression.

The calculations are performed using version 1.1.8 of the MEAD

(Macroscopic Electrostatics with Atomic Detail) program (Bashford and

Gerwert, 1992). We use two force fields, namely the PARSE (Sitkoff et al.,

1994) and the Gromos96 force field (van Gunsteren et al., 1996), in the

calculations but with modified charges. Following previous work (Demchuk

and Wade, 1996), we do not include extra hydrogen atoms when these are

not present in the form of the titratable residues at normal values of pH, but

we modified the Gromos96 force field as described in Table 1. We have also

used different values for the charges from the ones shown in Table 1, with no

noticeable change in the pKa values. We have calculated the pKa values with

the relative dielectric constant set at both 20 and 80. For the monomers a two-

step focusing method is employed using an initial 813 grid with 1-Å spacing

centered on the geometric center of the protein, followed by a 813 grid with

0.25-Å spacing centered at the titrating residues. For the tetramers and

dimers, the same procedure is followed but the grid used is 1213. Therefore

we have also tried to include the conformational flexibility explicitly by

performing short (100 ps) molecular dynamics simulations with explicit

solvent, and then clustering the results to find the most populated con-

formations during the trajectory. The GROMACS package is used for the

molecular dynamics calculations. We find that the pKa values do not change

by more than 1 pKa unit. In principle, from Eqs. 4, 5, and 6 we can calculate

the mean protonation state of every residue. Since the statistical average

involves 2N states forN ionizable residues, it is impractical for our case with

several tens of ionizable groups. Therefore we use a Monte-Carlo technique

as implemented in the program Monti (Beroza et al., 1990). At each step of

0.1 pH units, 1000 full steps of Monte Carlo are performed followed by 5000

reduced steps in which the residues most likely to be protonated or

deprotonated are omitted from the sampling.

Stability analysis

The free energy of binding of an assembly of n monomers is given by

DGbind ¼Goli �n3Gmon; (12)

whereGoli andGmon are the free energies for the oligomers and the monomer

structures, respectively. By integrating Eq. 2, (Yang and Honig, 1993), we

can determine an expression for the electrostatic free energy of binding

(DDGbind (pH, pH0)), relative to a value DGbind(pH0) at a reference pH0:

DDGbindðpH; pH0Þ ¼DGbindðpHÞ�DGbindðpH0Þ

¼ 2:303RT

ðpH

pH0

DhQðpH9ÞidpH9; (13)

where, DhQ(pH)i is the pH-dependent mean charge difference between two

states of the system and is given by a similar equation to Eq. 12

DhQibind ¼ hQioli�n3hQimon; (14)

where hQioli and hQimon are the mean charges for the oligomer and

monomer respectively. The reference value pH0 is arbitrary and the pH0 ¼
0 has appeared in the literature. Schaefer et al. (1997) has shown that by

taking pH0 ¼ ‘, we can calculate relative and absolute changes in the free

TABLE 1 Partial electronic charges for titrating residues

Fractional electronic charge state*

Residue pK0 Atom s ¼ 0 s ¼ 1

Arg 12.0 CD 0.090 0.000

NE �0.110 �0.150

HE 0.240 0.150

CZ 0.340 0.200

NH1 �0.260 �0.400

HH11 0.240 0.150

HH12 0.240 0.150

NH2 �0.260 �0.400

HH21 0.240 0.150

HH22 0.240 0.150

Lys 10.4 CD 0.000 0.000

CE 0.127 0.000

NZ 0.129 �0.840

HZ1 0.248 0.280

HZ2 0.248 0.280

HZ3 0.248 0.280

Tyr 9.6 CZ 0.150 �0.200

OH �0.548 �0.800

HH 0.398 0.000

Cys 8.4 SG �0.064 �1.064

HG 0.064 0.064

His(A) 6.4 CB 0.000 0.000

CG �0.050 0.000

ND1 0.380 0.000

HD1 0.300 0.190

CD2 0.000 0.130

CE1 �0.240 0.260

NE2 0.310 �0.580

HE2 0.300 0.000

His(B) 6.8 CB 0.000 0.000

CG �0.050 0.130

ND1 0.380 �0.580

HD1 0.300 0.000

CD2 0.000 0.000

CE1 �0.240 0.260

NE2 0.310 0.000

HE2 0.300 0.190

Glu 4.4 CD 0.270 0.270

OE1 �0.135 �0.635

OE2 �0.135 �0.635

Asp 4.0 CG 0.270 0.270

OD1 �0.135 �0.635

OD2 �0.135 �0.635

Charges compatible with the Gromos96 forcefield.

*The charge sets are s ¼ 0 for the unprotonated and s ¼ 1 for the

protonateted states. His(A), His(B) are the two possible states for a charged

histidine.

pH-Dependent Transthyretin Stability 2797

Biophysical Journal 84(5) 2795–2804



energy as a function of pH. We will use this reference pH scale to calculate

the relative energy changes from the equation

DDGbindðpHÞ ¼�2:303RT

ð‘

pH

DhQðpH9ÞidpH9: (15)

This equation is used to calculate the stability of the dimer relative to the

monomer and the tetramer relative to the dimer.

RESULTS

Initially we undertook calculations to determine the titration

curves of all the residues in the monomer, dimer and tetramer

of wild-type and mutant conformations. Using MEAD we

solve the Poisson-Boltzmann equation and we calculate the

pKint values as described above in Eqs. 4–8. We use di-

electric constant e, 20 and 80. These pKint values, and the ma-

trix of interactions are used as input for Monti to calculate the

titration behavior of the residues. The titration curves of the

residues in the wild-type are similar to those of the mutants,

which is consistent with the close structural similarity of the

wild-type and mutant conformations.

The results of the pK1/2 calculations for the monomers

of the nonamyloidogenicmutantM119T (mut_noa), the amy-

loidogenic mutant V30M (mut_a), and the two structures for

the wild-type 1tta (wt1), f41 (wt2), are shown in Table 2. For

most of the residues, the titration curve follows the sigmoidal

form of the Henderson-Hasselbalch equation. In these cases,

we can use the pK1/2 values of the titration curves to compare

with the pKint values (Table 3). Only residue His-90 is

calculated to have a different form of titration curve (Fig. 3).

TABLE 2 pK1/2 values for TTR monomers

mut_noa wt1 wt2 mut_a

Residues e ¼ 20 e ¼ 80 e ¼ 20 e ¼ 80 e ¼ 20 e ¼ 80 e ¼ 20 e ¼ 80

Arg-21 11.1 12.0 11.6 12.1 11.4 12.0 11.4 12.0

Arg-34 11.4 12.0 11.6 12.1 11.4 12.0 11.7 12.0

Arg-103 12.0 12.0 11.9 12.1 12.0 12.0 12.0 12.0

Arg-104 11.4 11.7 11.6 11.8 11.4 11.7 11.4 11.7

Lys-15 9.6 10.2 9.5 10.0 9.5 9.9 9.6 10.2

Lys-35 9.6 9.9 9.8 10.0 9.8 9.9 9.3 9.9

Lys-48 10.2 10.2 10.1 10.0 9.3 10.2 9.9 10.2

Lys-70 9.3 9.9 9.2 10.0 9.3 9.9 9.3 9.9

Lys-76 9.9 10.2 9.8 10.0 9.6 10.2 9.6 9.9

Lys-80 10.2 10.2 10.1 10.0 9.9 9.9 9.9 9.9

Tyr-69 9.3 8.4 10.4 8.5 9.9 8.7 10.2 8.7

Tyr-78 8.7 8.4 9.2 8.2 8.7 8.7 9.3 8.4

Tyr-105 9.3 8.7 9.2 8.5 8.7 8.7 9.3 8.7

Tyr-114 9.6 9.3 9.5 9.1 9.6 9.0 9.6 9.3

Tyr-116 9.3 8.7 9.2 8.8 9.6 8.7 9.3 8.7

Cys-10 8.1 7.2 7.7 7.3 7.5 7.2 7.8 7.2

His-31 5.1 5.4 5.0 5.5 5.1 5.4 5.1 5.4

His-56 4.8 5.4 4.1 5.5 4.8 5.1 5.1 5.4

His-88 3.9 5.1 4.1 5.2 3.9 5.1 3.9 5.1

His-90* 3.6 4.8 4.1 4.9 3.8 4.8 3.9(A) 4.8

Glu-42 2.4 2.4 3.2 2.8 3.0 2.7 2.7 2.4

Glu-51 3.6 3.6 3.5 3.1 3.6 3.6 3.6 3.3

Glu-54 2.1 2.1 1.7 1.9 1.8 1.8 1.8 2.1

Glu-61 3.3 2.7 2.9 2.5 3.0 2.7 3.3 3.3

Glu-62 3.3 3.6 3.5 3.4 3.3 3.6 3.6 3.6

Glu-63 3.3 3.0 2.9 2.8 3.0 2.7 3.0 2.7

Glu-66 3.6 3.3 3.8 3.4 3.6 3.3 3.9 3.3

Glu-72 0.9 1.2 0.5 1.0 1.2 0.9 0.6 0.9

Glu-89 2.1 2.1 2.0 2.2 2.1 2.1 2.1 2.1

Glu-92 0.3 0.9 0.5 1.0 0.3 1.2 0.3 0.9

Asp-18 �0.8 0.9 �0.1 1.3 �0.8 1.2 �0.4 1.2

Asp-38 3.0 2.7 2.6 2.8 2.7 2.7 2.7 2.7

Asp-39 2.4 2.1 2.6 2.2 2.4 2.4 2.4 2.1

Asp-74 0.9 0.9 0.2 0.7 0.3 0.9 0.9 0.9

Asp-99 1.8 1.8 2.0 2.2 2.1 1.8 1.8 2.1

pK1/2 is defined as the pKa value at which the probability is 0.5, Eq. 10.

Comparison of the pK1/2 values for wild-type wt1 (tta), wt2 (f41) and the

V30M mutant mut_a (ttc), and M199T mut_noa (bze) one. We use two

dielectric constants e ¼ 20 and e ¼ 80.

*Two calculations are performed for the histidines with His(A) and His(B).

When His(A) is found more preferable, the results are indicated with (A).

Most of the values are reasonable. The low values for Glu-72, Glu-92, Asp-

18, and Asp-74 can be explained by the proximity of other residues as

explained in the text.

TABLE 3 pKint for the TTR monomers

mut_noa wt1 wt2 mut_a

Residue e ¼ 20 e ¼ 80 e ¼ 20 e ¼ 80 e ¼ 20 e ¼ 80 e ¼ 20 e ¼ 80

Arg-21 11.5 12.0 11.6 12.0 11.8 12.0 11.7 12.1

Arg-34 11.7 12.1 11.8 12.1 11.9 12.1 11.9 12.2

Arg-103 12.3 12.1 12.1 12.2 12.0 12.1 12.1 12.2

Arg-104 11.8 12.0 11.7 12.0 11.8 12.0 11.7 12.0

Lys-15 9.9 10.4 9.9 10.4 9.9 10.4 10.0 10.4

Lys-35 10.2 10.4 10.2 10.4 10.2 10.4 10.0 10.4

Lys-48 10.4 10.5 9.9 10.4 10.4 10.4 10.4 10.4

Lys-70 10.0 10.4 10.0 10.4 9.9 10.3 10.0 10.4

Lys-76 10.3 10.5 10.3 10.5 10.4 10.5 10.3 10.5

Lys-80 10.5 10.5 10.4 10.5 10.5 10.5 10.3 10.5

Tyr-69 10.9 9.6 11.2 9.7 11.5 9.7 11.4 9.7

Tyr-78 10.6 9.5 10.6 9.6 10.5 9.6 11.0 9.7

Tyr-105 10.4 9.6 10.0 9.5 10.4 9.5 10.4 9.6

Tyr-114 9.8 9.6 9.9 9.6 9.8 9.6 9.9 9.6

Tyr-116 9.9 9.5 10.0 9.5 9.8 9.5 9.8 9.5

Cys-10 9.1 8.2 8.3 8.2 8.8 8.2 8.4 8.2

His-31 6.4 6.7 6.4 6.8 6.4 6.7 6.4 6.7

His-56 6.2 6.6 6.3 6.6 6.0 6.6 6.4 6.7

His-88 5.8 6.7 5.8 6.7 5.7 6.6 5.8 6.7

His-90 6.0 6.6 6.1 6.7 6.0 6.6 6.2 6.7

Glu-42 4.9 4.4 4.9 4.5 4.8 4.5 5.0 4.4

Glu-51 4.5 4.3 4.6 4.3 4.4 4.4 4.7 4.4

Glu-54 4.5 4.2 4.5 4.2 4.3 4.1 4.4 4.2

Glu-61 5.2 4.5 4.9 4.4 4.8 4.4 4.6 4.4

Glu-62 4.5 4.4 4.4 4.4 4.3 4.3 4.3 4.4

Glu-63 4.8 4.4 4.6 4.4 4.8 4.4 4.9 4.4

Glu-66 4.8 4.5 4.8 4.6 4.7 4.5 4.8 4.6

Glu-72 4.9 4.4 5.0 4.4 4.8 4.3 5.0 4.4

Glu-89 4.7 4.4 4.8 4.4 4.9 4.4 4.8 4.4

Glu-92 5.0 4.4 5.0 4.4 4.4 4.2 5.6 4.4

Asp-18 4.0 3.7 4.0 3.7 4.2 3.7 4.2 3.7

Asp-38 3.8 3.8 3.8 3.7 3.8 3.8 3.8 3.8

Asp-39 4.3 4.0 4.3 4.0 4.3 4.1 4.3 4.0

Asp-74 4.0 3.8 4.4 3.9 4.1 3.8 4.1 3.8

Asp-99 4.2 4.0 4.3 4.0 4.3 4.0 4.3 4.0

pKint values are calculated from Eq. 8. The lower values of Table 2 for the

pKa values, indicate the importance of the interactions between titratable

residues. These interactions are not included in the calculation of pKint. The

calculations are performed with dielectric constant 20 and 80.
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The mean value of the charge hqi is calculated from Eqs.

4, 5, and 6 and is shown in Fig. 3 for His-90 and for the other

His residues which behave normally. The form of these

curves is very similar for wt1, and the mutants, but the

anomalous behavior is not as profound in the wt2. The mean

total charge, hQi, behaves similarly with the change of pH

(Fig. 4) for all the structures, with maximum difference 0.3 in

the pH range 7–3.9.

For all residues, the pK1/2 value is reduced with respect to

the pKint and pK0 values. The pKint values account for the

interaction of the residues with the background charges and

for the dissolvation effect. As the pK1/2 values are lower than

pKint, there must be further interactions to account for the

discrepancy and these interactions are due to the strongly

interacting titratable residues.

Most of the residues have reasonable pK1/2 values. His-88,

His-90, Glu-42, Glu-54, Glu-72, Glu-92, Asp-18, Asp-74,

and Asp-99 have lower values than expected. Due to the long

range of the electrostatic interactions and the number of res-

idues, it is not easy, in general, to attribute the anomalous pK1/2

value to the proximity of specific residues. However, the in-

teractions between the residues can be analyzed from visual

inspection of the crystal structures and from the matrix of in-

teractions (as output from MEAD). We find that there is a

network of strongly interacting residues, consisting of

Glu-72, His-88, Glu-92, His-90, and Tyr-116. The distances

between the closest atoms are shown in Table 4. These are

the residues that are found to be strongly interacting from the

matrix of interactions. We also find that Glu-42 is influenced

by Arg-34, Glu-54 by Lys-15, Asp-18 by Tyr-78, and

Asp-99 by Tyr1-05.

Upon dimer formation, the pKa of some the residues

changes and the results for only the largest changes are

shown in the Table 5. These changes cannot easily be ex-

plained by the approach of the other monomer or for exam-

ple by formation of salt bridges. The only extra hydrogen

bond that is formed involving titratable residues is between

OG1 (Thr-96) and OE2 (Glu-89). Notable is the close proxi-

mity of Glu-92 in one monomer to the Glu-92 and the OH

atom of Tyr-116 in the other monomer. These belong to the

network of strongly intramolecularly interacting residues,

that become buried upon dimer formation (Table 6, Table 7,

and Fig. 5), and interact intermolecularly with the same

network of the other monomer. We have found, from the

matrix of interactions, that the intramonomer interactions

themselves are changed by the presence of the second mono-

mer, because the residues in the interface become buried and

also because the strength of the interactions between the titra-

table residues change inside the dimer. The importance of the

interactions between the titratable residues is again very sig-

nificant as the pKint changes are less than the corresponding

pK1/2 ones, or even in some cases have a different sign.

His-90 once more has a nonstandard titration curve in both

monomers, but now has a much lower pK1/2 value. Tyr-116

appears to have a different titration curve, with respect to the

monomer, and this is explained by the proximity of Glu-92

and Tyr-116 from the second monomer upon dimer

formation, (Table 7 and Fig. 5).

The mean protonation charge, hQi, for the dimers, is

similar for all structures with maximum difference 0.6 in the

pH range 7–3.9 (Fig. 4). This change in hQiupon dimer

formation leads to the different stability of the dimer relative

to the monomer, as we lower the pH (Fig. 6). We observe

that this curve has a local minimum at pH 8.5. This is ex-

FIGURE 3 Mean titration curves hqi, calcu-
lated with e ¼ 20 (a) for histidine residues in

a monomer from the crystal structure wt1, (b)

for residue His90 in all monomers from crystal

structures, (c) for the residue Tyr-116 in the

two monomer a (Tyr-116_a) and b (Tyr-

116_b), of the dimer, and (d ) for residue Tyr-

116 in the tetramer. The Henderson-Hassel-

balch titration curve (Tyr-116_HH) with the

same pK1/2 value is also shown.
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plained by the change in the protonation curves of the basic

residues, lysines and tyrosines. The acidic residues, mainly

the histidines, make an important contribution below pH 5.

Similar curves occur for all the structures we use.

The relative free energy difference upon dimer formation

(DDG) is calculated by integrating the above curve according
to Eq. 15 (Fig. 7). It is apparent that the dimer becomes less

stable with respect to the monomer as the pH decreases. This

change is more rapid below pH � 3.5 and all structures

studied so far behave similarly. The contribution of indi-

vidual residues to the stability can be calculated from Eq. 15.

It follows that sites with DhQi\0 increase the free energy of

the oligomer. They are destabilizing as they lead to a loss of

stability upon variation of pH.

For the wild-type wt1, there is a difference of 13.8 kcal/

mol when the pH is lowered from 7 to 3.9. We use these

values to compare our results with the conformational

change hypothesis. Similar behavior is exhibited by the other

structures, with energies 13.7, 14.2, and 14.6 for wt2, mut_a,

and mut_noa, respectively. Thus to discriminate the mutants

from the wild-type is difficult with this type of analysis. The

free energy difference between the two wild-type structures

is 0.1 kcal/mol for pH values between 7 and 3.9. We find

this estimate from the mean value, within the pH range 7–3.9,

of the difference, in the free energy change upon dimer

formation, between the two structures of the wild-type.

The mutants differ from the wild-type by 0.5–0.6 kcal/mol

and are predicted to be more stable than the wild-type, in

contrast to the experimental results. The energy difference

we find between wild-type and mutants is only 0.5–0.6 kcal/

mol, making any discrimination unreliable. The difference in

energy between the two wild-type structures is found to be

due to the tyrosine residues, mainly Tyr114, Tyr105, and

Tyr78. This causes the free energy curves of the structures

FIGURE 4 The mean total titration curve hQi, with e ¼ 20, as a function

of pH, as calculated from Eq. 4, for (a) the monomer, (b) dimer, and (c)

tetramer, respectively.

TABLE 4 Close contacts within the monomers

Distances (Å)

Closest nonhydrogen atoms mut_noa wt1 wt2 mut_a

Glu-72(OE1)-His-90(NE2) 4.12 3.84 4.55 4.29

His-90(NE2)-Glu-92(OE2) 5.90 4.26 5.61 4.26

His-90(ND1)-Glu-92(OE1) 5.60 4.57 3.29 4.65

His-90(ND1)-Glu-92(OE2) 4.19 2.57 5.83 3.39

Glu-92(OE1)-Tyr116(OH) 3.44 3.74 5.27 7.60

His-88(NE2)-Tyr-116(CE2) 3.84 3.70 6.17 3.90

His-88(NE2)-Tyr-116(OH) 5.20 4.95 3.99 5.29

His-88(ND1)-Tyr-116(CE2) 3.81 3.92 5.29 3.93

TABLE 5 DpK1/2 for dimer formation, monomer a

mut_noa wt1 wt2 mut_a

e ¼ 20 e ¼ 80 e ¼ 20 e ¼ 80 e ¼ 20 e ¼ 80 e ¼ 20 e ¼ 80

Lys-35 �0.8 �0.3 �1.0 �0.6 �0.8 �0.3 �0.9 �0.5

Lys-70 �1.9 �0.7 �2.1 �1.0 �2.4 �0.9 �2.5 �0.7

Lys-76 �1.1 �0.6 �1.2 �0.6 �1.0 �0.8 �1.6 �0.5

Tyr-105 �1.1 �0.7 �1.3 �0.7 �1.6 �1.1 �1.1 �0.7

Tyr-114 �1.0 �0.7 �1.2 �0.5 �1.1 �0.4 �1.2 �0.6

Tyr-116 �1.7 �1.5 �1.6 �1.4 0.0 �1.3 �1.5 �1.3

His-31 �0.9 �0.6 �0.9 �0.7 �0.8 �0.6 �0.7 �0.4

His-88 �5.3 �1.5 �5.3 �1.4 �5.7 �1.5 �5.7 �1.5

His-90 �7.6 �1.8 �7.4 �1.9 �6.9 �1.8 \�7.6* �2.2

Glu-66 �0.4 �0.5 �0.4 �0.6 �0.6 �0.5 �0.7 �0.5

Glu-72 �2.3 �2.2 �2.8 �2.0 �2.7 �1.9 �2.6 �2.1

Glu-89 �2.5 �2.3 �2.5 �2.4 �2.8 �2.5 �3.9 �2.9

Glu-92 \�5.3* �3.9 \�5.3* �3.8 \�4.5* �4.4 \�4.3* �4.1

Asp-18 �0.8 �0.5 �0.4 �0.7 �0.5 �0.4 �0.6 �0.6

Asp-39 �1.8 �1.3 �2.0 �1.6 �1.4 �1.2 �2.0 �1.5

Asp-74 �0.9 �0.9 �0.7 �1.1 �0.6 �1.1 �0.9 �1.1

Asp-99 �2.4 �1.4 �2.1 �1.6 �2.2 �1.4 �1.8 �1.5

DpK1/2 values ((pK1/2(dimer) – pK1/2(monomer)) for the residues with the

largest changes in values i.e., jDpK1/2j[ 0.6 ffi 0.8 kcal/mol at 300 K. The

values for the residues of only one monomer (a) are shown. Due to

symmetry, we expect similar behavior for the other monomer (b). The

values are calculated with dielectric constant e, 20 and 80. His-90 and

Tyr-116 have anomalous titration curves as shown in Fig. 3 and the pK1/2

values for these residues is not very informative for the behavior of their

titration curves.

*These residues titrate at a pH\ –4 in the dimer.
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to slightly shifted with respect to each other. The most

destabilizing residues in the pH range 3.5–7 are Tyr-116,

His-88, and His-90 as they contribute the most at the total

charge difference DhQi, (Fig. 6) between oligomers.

On dimer association to form the tetramer, a similar

pattern of behavior is observed. The values of pK1/2, shown

in Table 6, decrease but not to the same extent as upon the

dimer formation. This is not surprising because the dimer-

dimer interface is populated by hydrophobic residues. This

is in contrast to the monomer-monomer interface which is

occupied mainly by charged and polar residues. Once more

the interactions between residues are the most important

factor leading to the low pK1/2 values. The most affected

residues are the ones closest to the interface between the

dimers, as expected, even though the only titratable residues

that come closer than 5 Å to the dimer, due to tetramer

formation, are Tyr-114 and Arg-21 from the third and fourth

monomer of the second dimer. The appearance of the second

dimer changes the strength of the interactions already present

in the first dimer, and this causes the shift of the pK1/2 values.

The nonstandard titration curves for His-90 and Tyr-116 are

still observed (as indicated in Fig. 3).

The free energy difference upon tetramer formation from

the dimers, as we decrease the pH values from 7 to 3.9, is

8 kcal/mol for wt1 and 6.3, 10.9, and 9.8 for wt2, mut_a,

and mut_noa, respectively (Fig. 7). The free energy differ-

ence between the two wild-type structures is 1.7 kcal/mol,

making the two mutants indistinguishable and predicting

both mutants to be more stable than the wild-type. The dif-

ference between wild-type and the mutants is mainly due to

slight differences in the titration curves of Lys-15, Tyr-78 in

all monomers. Even though we can predict the trend of the

stability curve the calculations are not sensitive enough to

discriminate the mutant from the wild-type structure, which

is not surprising considering the high accuracy required for

such discrimination. The contribution of all the residues in

the binding interface is destabilizing. We would expect an

increase ofDhQi for some residues and thus a stabilizing role.

Nevertheless the results once more indicate the importance

of the network of electrostatic interactions of the charged

residues and their importance in the pH related stability.

DISCUSSION AND CONCLUSIONS

Even though the formulation of the problem is straightfor-

ward, there are uncertainties in the calculations of pKa values

in proteins (Bashford and Karplus, 1990, Antosiewicz et al.,

1996, van Vlijmen et al., 1998b). These are due to the value

of the dielectric constant, the force field used, and the use of

one conformation in the calculations. Usually the force fields

are the ones optimized for molecular dynamics calculations.

It has been pointed out (Demchuk and Wade, 1996), that the

placement of hydrogen atoms can cause problems in the pKa

calculations and has proposed an adjusted force field. The

value of the dielectric constant is also a factor of concern. For

the solvent a value of 80 is used, but for the protein, values

from 2 up to 30 have been suggested. The large value is used

to compensate for the omission of the conformational

flexibility in the calculations (Simonson 2001; Sheinerman

et al., 2000).

TABLE 6 Accessible surface area for all structures

ASA(dimer) Å2 ASA(monomer) Å2 D(ASA) Å2

Residues wt1 wt2 mut_a mut_noa wt1 wt2 mut_a mut_noa wt1 wt2 mut_a mut_noa

His-88 6.4 6.4 7.4 6.7 50.0 49.9 49.9 50.6 �43.6 �43.5 �42.5 �43.9

Glu-89 32.1 28.1 32.0 24.9 107.4 104.5 107.6 100.6 �75.3 �76.4 �75.6 �75.7

His-90 41.9 35.1 38.7 45.4 62.7 59.1 66.9 67.3 �20.8 �24.0 �28.2 �21.9

Glu-92 3.2 8.6 6.8 8.0 73.8 81.6 64.1 76.1 �70.6 �73.0 �57.3 68.1

Tyr-116 6.6 6.0 8.7 6.3 67.5 73.5 75.1 65.4 �60.9 �67.5 �66.4 �59.1

Upon dimer formation the above titratable groups become buried as shown from the change in the accessible surface area D(ASA) ¼ (ASA(dimer) �
(ASA(monomer)). All the numbers are in Å2.

FIGURE 5 Geometry of important residues in monomer (a) and monomer

(b), upon dimer formation of wt2. The distance between ND1 (His-90) and

OE2 (Glu-92) is 2.90 Å, and between OE1 (Glu-92) OH (Tyr-116) is 3.12 Å.

TABLE 7 New contacts upon dimer formation

Distances (Å)

Monomer a Monomer b mut_noa wt1 wt2 mut_a

Glu-92(O) Tyr-116(OH) 2.98 3.00 2.76 2.88

Glu-92(OE1) Glu-92(OE1) 4.53 4.14 4.11 2.63

Glu-92(OE1) Glu-92(OE2) 6.03 6.02 3.29 3.89

Glu-92(OE2) Glu-92(OE1) 5.81 5.07 4.46 4.81

Tyr-116(OH) Tyr-116(OH) 4.03 4.79 4.25 4.31

Upon dimer formation the above titratable groups come in close proximity

resulting in low pK1/2 values and anomalous titration curves.
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Conformational variability can have a substantial effect on

the electrostatic interactions. Different methods have been

used for explicitly including conformational flexibility in the

electrostatic calculations (van Vlijmen et al., 1998) and re-

ferences therein. Several conformations are generated using

molecular dynamics and then averaged over the snapshots

to get a representative conformation. After that we apply

the methodology for finding the pKa for this structure.

Alternatively, the pKa values are calculated for every

structure of the trajectory and then the average titration

curve is obtained. This approach is very demanding computa-

tionally. Moreover methods for coupling the averaging per-

formed for finding the titration curve with average values for

the electrostatic energies sampled over different side chain

conformations have been used. We have performed short

molecular dynamics calculations (100ps) simulations with

explicit solvent, and then we have used clustering to find the

most populated conformations during the trajectory.

Both charged and uncharged states have been used for

histidines. We have then calculated the titration curves. The

pKa values, so calculated, do not change by more than 1 pKa

unit when the dielectric constant is e ¼ 20. Consequently

there is no improvement in the stability curves. The short,

100ps, trajectories are not long enough to equilibrate the

system and longer molecular dynamics simulations are

needed to investigate the flexibility of the conformations.

The use of lower values (namely 4 and 10) for the dielectric

constant resulted in unrealistically low pK1/2 values. By

using e ¼ 80 we have found that the pK1/2 values (Table 2)

are more realistic with no anomalous titration curves

appearing and the changes upon dimer, tetramer formation

are in general slightly less than the results with dielectric

constant of 20, (Tables 5 and 8). This can be thought as an

indication that by lowering the pH there are substantial

conformational changes, as Kelly proposes, that even

a dielectric constant of 80 cannot compensate. A large value

is used to account for the relaxation of the protein in the

process that participates. Even if an extreme value of 80 is

used we find substantial energy differences, indicating the

importance of the electrostatic interactions and moreover

the substantial conformational changes of the protein upon

disassociation of the monomers. The short molecular dy-

namics simulations did not improve the pKa calculations,

supporting the view of substantial conformational changes.

To get a more accurate result we would need the structure

of the altered monomeric form at low pH values. In the

experimental investigations of TTR stability it was shown

that by lowering the pH only the monomer and not the dimer

structure is populated. In our results we show the free energy

differences upon dimer formation from the monomers and

tetramer formation from the dimers. In order to make the

results more comprehensible, the free energy difference for

the tetramer formation from the monomers (DDG(tet-mon)),

is calculated from adding the energies for dimer forma-

tion DDG(dim-mon) and tetramer formation from dimers

(DDG(tet-dim)), according to the formula: DDG(tet-mon) ¼
DDG(tet-dim)1 2DDG(dim-mon). Using dielectric constant

20, we find that the free energy change for tetramer forma-

tion, from the monomers, is 27.4, 26.9, 31.1, and 32.2 in

kcal/mol for wt1, wt2, mut_noa, and mut_a, respectively

(Fig. 8). The statistical error is 0.5 kcal/mol making the

discrimination between the structures unreliable. The error is

calculated from the difference of the free energy between the

two wild-type conformation we use. The overall trend of the

stability curve is predicted but not relative stability between

the structures. The above energy estimates maybe an overes-

timation since the conformational changes are not fully

included in the calculations. Nevertheless they give an esti-

mation of the energy change that is not available by other

means. At present there are no equilibrium constant mea-

FIGURE 7 Free energy difference, DDG, in kcal/mol, with e ¼ 20 (a)

upon dimer formation from the monomers and (b) tetramer formation from

the dimers.

FIGURE 6 The change in total mean charge DQ ¼ hQidim – hQimon, with

e ¼ 20, as a function of pH, for all crystal structures.
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surements for different pH values. In a recent paper (Niraula

et al., 2002) an energy difference of 4.3 kcal/mol between

wild-type and the V30M mutant structure was reported at pH

7.1. This refers to absolute energy differences and not to

relative ones as pH changes that we have analyzed in this

work. Hydrogen exchange measurements (Liu et al., 2000)

reveal an increase in structural fluctuations and local unfold-

ing concomitant with the pH titration. As stressed above this

is not currently directly predictable with the existing tech-

niques. Nevertheless important residues that contribute to the

pH instability are revealed. Moreover, as has been reported

before (van Vlijmen et al., 1998a), the similarity of the

results for all structures used, wild-type and mutant, supports

the view that the mutations do not induce instability through

a direct titration effect, but indirectly possibly by structural

changes. Using dielectric constant 80 the free energy diffe-

rence for dimer formation from the dimmers is 14.5, 14.4,

14.6, and 15.2 in kcal/mol for wt1, wt2, mut_noa, mut_a, and

respectively and for the tetramer formation from the dimers

is 5.6, 4.4, 6.5, and 6.2 kcal/mol for wt1, wt2, mut_noa, and

mut_a, respectively, when we change the pH from 7 to 3.9.

These values are comparable to the results we find using

of dielectric 20. Using a dielectric constant of 80 the strength

of the interactions between residues is reduced counter-

balancing the absence of the solvation energy. We have also

used GROMOS96 and PARSE force fields with no notice-

able changes in the titration curves, and thus our calculations

are robust with the change of the force field.
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