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Driving Forces of Protein Association: The Dimer-Octamer Equilibrium in
Arylsulfatase A
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ABSTRACT The enzyme arylsulfatase A (ASA) occurs in solution as dimer («a,) above pH 6 and associates to octamers (),
below pH 6. The crystal structure of ASA suggests that the («,)-(a,), equilibrium is regulated by protonation/deprotonation
of Glu-424 located at the interface between (o) dimers in the octamer. The reason for this assumption is that Glu-424 can
be in two different conformers where it forms an intra or intermolecular hydrogen bond, respectively. In the present study we
investigate this protein association process theoretically. The electrostatic energies are evaluated by solving the Poisson-
Boltzmann equation for the inhomogeneous dielectric of the protein-water system for the dimer and octamer configurations.
If a conventional surface energy term is used for the nonelectrostatic interactions, the absolute value of free energy of
association fails to agree with experiment. A more detailed treatment that explicitly accounts for hydrophilic and hydrophobic
character of the amino acids in the dimer-dimer interface of the octamer can explain this discrepancy qualitatively. The pH
dependence of the computed association energy clearly demonstrates that the octamer is more stable at low pH if Glu-424
becomes protonated and forms an intermolecular hydrogen bond. We found a slight preference of Glu-424 to be in a
conformation where its acidic group is fully solvent-exposed in the dimer state to form hydrogen bonds with water molecules.
Application of the proton linkage model to calculate the association energy from the simulated data yielded results identical

to the one obtained from the corresponding direct method.

INTRODUCTION

Protein-protein association plays an important role in living
cells because it is involved in all kinds of regulation, rec-
ognition, signal transduction, and intermolecular transport
processes (Gavin et al., 2002). It requires that proteins bind
to each other in a specific manner. To understand these
processes we must know the forces that drive protein-
protein association and regulate it by external parameters. In
particular, electrostatic forces have an influence on strength
and specificity of binding and on the rates of association.

Human arylsulfatase A (ASA, EC 3.1.6.8) is an enzyme
that occurs in the lysosome of the human cell, where acidic
pH values prevail. ASA forms homo-octamers in an acidic
environment (pH = 6) and dissociates to homo-dimers at
higher pH values. This pH-regulated protein association/
dissociation suggests that it may be governed by the proto-
nation/deprotonation equilibrium of titratable groups and
renders ASA a very attractive model system to study the
mechanism of protein-protein association processes in more
detail.

In the present work we describe how the pH-dependent
association free energies between dimers of ASA can be
understood on the basis of electrostatic interactions. We
outline what is known biochemically about ASA and its
association process and give the theoretical framework and
technical details necessary to compute the energetics of the
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association process. Finally, we present and discuss the
mechanism of the dimer-octamer association of ASA.

Function of arylsulfatase A

ASA is a hydrolytic enzyme. Its major physiological sub-
strate is cerebroside 3-sulfate, a sphingolipid sulfate ester
that is part of the myelin sheet (Fig. 1). The name arylsul-
fatase refers to the capability of ASA to also hydrolyze
synthetic arylsulfates with even higher rates than natural
substrates.

ASA belongs to the sulfatase family. The members of this
family hydrolyze sulfate ester bonds of a variety of com-
pounds, including mucopolysaccharides, cerebrosides, and
steroids. Among sulfatases, ASA has been studied most
extensively. With the other eight known human sulfatases it
shares a high sequence similarity of 47-59% (Franco et al.,
1995). Seven human disorders are associated with a defi-
ciency in one of the sulfatases (Neufeld and Muenzer,
1995). Deficiency of ASA leads to metachromic leukodys-
trophy (MLD), a disease where sulfate esters of galacto-
cerebrosides accumulate in several organs (Ballabio and
Shapiro, 1995; Kolodny and Fluharty, 1995).

The key residue for the activity of sulfatases is an unusual
C,-formylglycine that results from a posttranslational oxi-
dation of a cysteine (Cys-69 in ASA; Dierks et al., 1997).
The newly synthesized enzyme is inactive if the posttrans-
lational modification of this cysteine does not occur.

In an acidic environment at ~pH 5, ASA shows optimal
catalytic activity and human ASA occurs as homo-octamer,
whereas at neutral and alkaline pH it exists as a homo-
dimer. A similar dissociation/association behavior is re-
ported for ox liver arylsulfatase (Jerfy et al., 1976; Nichol
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FIGURE 1 Hydrolysis of the natural substrate of ASA, cerebroside 3-sul-
fate (1), to galactosyl ceramid (2). A sphingolipid activator protein (SAP-B) is
needed as a cofactor to enlarge the solubility of the sphingolipid.

and Roy, 1965; Nichol and Roy, 1966) and rabbit liver
arylsulfatase (Waheed and van Etten, 1979). It has been
shown that the association between ASA monomers to form
dimers and then octamers is also found in arylsulfatases
isolated from different species (Waheed and van Etten,
1985), suggesting that the interface structure between these
enzymes may be conserved.

Structure of ASA

In 1998 the crystal structure of ASA was published (Luka-
tela et al., 1998). The globular ASA monomer consists of
489 residues and is hat-shaped with a base of 70 - 45 A% and
a height of 50 A (Fig. 2). The secondary structure of ASA
is of the mixed a/B-type. The enzyme contains a Mg?* ion
in the active site which, together with the formylglycine
residue 69, is located in the catalytic cavity. The ASA

FIGURE 2 Structure of the ASA monomer. The magnesium ion in the
active site is depicted as black sphere in the lower part of the structure. The
picture was drawn with Molscript (Kraulis, 1991).
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FIGURE 3 ASA octamer in the crystal structure composed of four
homodimers. Each homodimer consists of one monomer in light gray in the
back and one in dark gray in front. The picture was drawn with Molscript
(Kraulis, 1991).

monomer has significant structural analogy to alkaline
phosphatase (AP) (Coleman, 1992; Vallee and Auld, 1993),
which is also a hydrolytic enzyme containing two zinc ions
in the active site, but no formylglycine.

The x-ray structure (Lukatela et al., 1998) was deter-
mined from crystals that were grown at acidic pH (5.0-5.4).
They consist of ASA homo-octamers (a,), (Fig. 3) that are
composed of four homo-dimers (a,). The monomers («) in
the octamer are related by the symmetry elements of point
group 422 (D,).

In the octamer there are two different monomer-monomer
contact surfaces 1 and II. The larger contact surface area
[interface (I)] of 1600 A? connects the monomers in the
homo-dimers (Fig. 4). Within this contact surface there are
2 X 3 direct hydrogen bonds between the monomers and
2 X 25 hydrogen bonds mediated by water molecules.
Despite this small number of direct interactions the resulting
interaction energy is so strong that the dimer was previously
even described as a monomer (Nicholls and Roy, 1971). A
large part of stabilization of the dimer results from hydro-
phobic interactions.

The smaller contact surface [interface (II)] that covers
900 A? allows for the dimer-dimer cohesion and is formed
mainly by hydrophobic interactions between the aliphatic
amino acids of two nearly antiparallel a-helices (Fig. 5)
assisted by 2 X 3 direct hydrogen bonds between the dimers
and additional hydrogen bonds mediated by 2 X 9 trapped
water molecules.

PROTEIN-PROTEIN ASSOCIATION
General aspects

The association of proteins was often compared to the
folding process of proteins. Protein-protein association is a

Biophysical Journal 83(6) 3066-3078
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FIGURE 4 The ASA homodimer. The contact surface (I) between adja-
cent monomers is 1600 A%, The magnesium ions located in the active site
are depicted as black spheres. There are 2 X 3 direct hydrogen bonds
between the two monomers: His-328-N_--O-Pro-42 (3.4 A), Ser-43—
0,-0-Ser-432 (2.6 A), and Tyr-439-0,-~0,~Thr-408 (2.9 A). In addi-
tion, 2 X 25 water molecules in the contact region mediate hydrogen
bonds. The picture was drawn with Molscript (Kraulis, 1991).

very specific process. It occurs via well-defined protein
interfaces that evolved to accomplish the recognition and
binding process (Gavin et al., 2002). The composition of
amino acids at protein-protein interfaces differs from the
one within protein cores (Jones and Thornton, 1996; Larsen
et al., 1998; Lo Conte et al., 1999). In the protein core
hydrophobic residues dominate. They are most relevant for
protein folding and stability. At protein surfaces polar and
charged residues prevail to guarantee solubility.

The role of amino acids at protein-protein interfaces is
twofold. They should promote protein-protein association,
but they should also allow proteins to be soluble, if they are
not associated. Hydrophobic residues at the protein surface
favor association. However, they do this unspecifically,
allowing many different configurations. Hydrophilic resi-
dues disfavor association, but they can act specifically such
that charged residues form intermolecular salt bridges and

FIGURE 5 Contact region between
two “secondary” dimers (II) of ASA.
Only the relevant monomers are de-
picted. Two antiparallel a-helices are
the major constituents of the adhering
surfaces. The “secondary” dimer con-
tact surface (II) covers an area of 900
A?. There are 3 X 2 direct hydrogen
bonds between the two dimers: Lys-
457-N,~O-Glu-382 (3.0 A), Lys-
457-N,~O-Asp-467 (3.0 A), and
Glu-424-0_-0-Phe-398 (2.9 A). In
addition there are 2 X 9 water mole-
cules in the contact region that medi-
ate hydrogen bonds. The picture was
drawn with Molscript (Kraulis,
1991).
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polar residues form intermolecular hydrogen bonds. These
interactions allow for interfacial recognition of protein sur-
faces and lead to a definite configuration of the associated
proteins. This is why the concentration of hydrophilic res-
idues on protein surfaces involved in association may be
less than for solvent-exposed surfaces, but may be larger
than in the protein interior. Hence, protein-protein associa-
tion is driven by a significant contribution from hydropho-
bic forces at the interface, albeit these forces are generally
smaller than in protein folding.

A fundamental difference between protein folding and
protein-protein association is the amount of entropy loss
that accompanies them. The conformational entropy penalty
associated with protein folding is much larger than the one
for protein-protein association, where only translational and
rotational entropy of relative motion vanishes. The entropy
loss of side chains at protein-protein interfaces is small
compared to the number of residues that lose conforma-
tional entropy during protein folding. In summary, the
forces that control the association of proteins are generally
not as large as the forces that are responsible for protein
folding. In cases where they are larger, they would interfere
with protein folding at higher concentrations and lead to
partial unfolding associated with unspecific aggregation.

It is known that the formation of salt bridges and hydro-
gen bonds in the interior of a protein is generally less
favorable and even disfavors the folding of a protein (Gilson
et al., 1985; Hendsch and Tidor, 1994; Honig and Hubbell,
1984; Honig and Nicholls, 1995; Yang and Honig, 1995).
The reason for this phenomenon is the desolvation energy:
the formation of an ion pair within the protein interior
requires the removal of the charged or polar moieties from
water, including the destruction of their solvent shells. The
desolvation costs associated with this process cannot be
compensated by the pairwise Coulomb interaction (Parseg-
hian, 1969).

Initially, it was assumed that electrostatic interactions
also oppose protein-protein association processes for the
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same reasons, but growing evidence suggests that polar
groups can contribute in some cases favorably to the stabi-
lization of protein complexes (Sheinerman et al., 2000).
Theoretical investigations showed that electrostatic interac-
tions can have a stabilizing effect on protein-protein binding
(Xu etal., 1997) but also a destabilizing effect (Reddy et al.,
1998; Schapira et al., 1999). There, it was argued that the
polar environment in protein-protein interfaces allows a
more favorable electrostatic interaction than is possible in
hydrophobic protein cores. This is comparable to the situ-
ation in hyperthermophilic proteins, where networks of
electrostatic interactions account for enhanced thermal sta-
bility (Xiao and Honig, 1999).

In fact, mutagenesis experiments showed that replacing
individual polar and charged groups by alanine destabilizes
protein-protein complexes (Bogan and Thorn, 1998). How-
ever, these experiments do not show whether the interplay
of polar and charged interactions stabilizes or destabilizes
protein-protein complexes. If one partner of an ion pair is
removed and the complex is destabilized, this demonstrates
that the corresponding residue is stabilizing the complex
when the other charged group is present. However, the
actual comparison has to be made with the reference state
consisting of two isolated charged or polar monomers. In
the discussion of protein folding it has been shown that the
removal of only one member of an isolated hydrogen-
bonded pair or ion pair destabilizes the native protein struc-
ture, even if the hydrogen bond or the ion pair itself is
destabilizing (Honig and Yang, 1995).

Hence, it is still unclear to which extent electrostatic
interactions can contribute to the stabilization of protein-
protein complexes. However, it is known that electrostatic
fields around proteins can enhance the rates of protein-
protein association (Elcock et al., 1999; Getzoff et al., 1992;
Sharp et al., 1987) and that electrostatic interactions have an
influence on the specificity of protein-protein binding.

Association of arylsulfatase

The dimer-octamer equilibrium of ASA is regulated by the
pH. ASA dimers associate to octamers when the pH is
below 6. It has been proposed earlier that this regulation is
exerted by the protonation/deprotonation equilibrium of a
titratable carboxylate or histidine side chain (Nichol and
Roy, 1966; Nicholls and Roy, 1971). The only acidic side
chain at the dimer-dimer interface (II) is Glu-424, which
might act as a switch. The two Glu-424 in the dimer-dimer
interface (II) are only 5 A apart if they are in the confor-
mation to form intramolecular hydrogen bonds and are
found twofold disordered in the electron density map (see
Figs. 6 and 7).

The dimer-octamer equilibrium may be explained by a
switch function of Glu-424. Below pH 6, Glu-424 becomes
protonated and stabilizes the octamer due to an intermolec-
ular hydrogen bond to Phe-398 -0 from the adjacent dimer.
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FIGURE 6 Hydrogen bonds at the dimer-dimer interface. The confor-
mation is shown in which the Glu-424 side chain and the backbone
carbonyl group of Phe-398 from different monomers form hydrogen bonds
with each other. All residues at the dimer-dimer interface (II) involved in
intra and intermolecular hydrogen bonds are shown. Residues from differ-
ent subunits are displayed in dark gray and light gray, respectively. The
picture was drawn with Molscript (Kraulis, 1991).

At pH 7, Glu-424 is deprotonated and the hydrogen bond to
Phe-398-0 is no longer possible. Moreover, the octamer
will be destabilized by the electrostatic repulsion between
the two charged Glu-424 that are only 5 A apart. In the
deprotonated form, the preferred conformation of Glu-424
is the one that allows for an intramolecular hydrogen bond

FIGURE 7 Hydrogen bonds at the dimer-dimer interface. The confor-
mation is shown in which the side chain of Glu-424 and the NH,, group of
GlIn-460 from the same monomers form hydrogen bonds with each other.
This conformation can be generated from the one displayed in Fig. 6 by
rotating the Glu-424 side chain around the Cg—~C,, bond. For more details
see the caption to Fig. 6.
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to GIn-460. With this argument the electrostatic interactions
and the protonation/deprotonation equilibria are the most
important factors for the regulation of the association pro-
cess of ASA. To investigate the association behavior within
the light of this hypothesis it is necessary to account for the
protonation probability of Glu-424 in the dimer and in the
octamer configurations, and the free energy of association at
various pH values.

In this work we modeled the association of ASA dimers
to octamers by considering the association of two mono-
mers that form the dimer-dimer interface (II) as mentioned
above. To investigate the role of Glu-424 upon association
of the protein monomers, both possible conformations of
this residue, as they are shown in Figs. 6 and 7, were
considered. 1) Glu-424 in the conformation suitable for the
intramolecular hydrogen bonds to Gln-460; 2) Glu-424 in
the conformation suitable for the intermolecular hydrogen
bonds to Phe-398.

THEORETICAL FRAMEWORK
Computation of energies

The protonation pattern of a protein with N, titratable groups
can be characterized by a protonation state vector

n=(x}, Xy ...%xx)- (1)

The component x,, of 7 adopts the values 1 or 0 depending
on whether titratable group w is protonated or not. The
energy of a protein in conformation ¢ with N, titratable
groups v, u in protonation state 7 is evaluated as

Nt
G = 2 (%' = x%)ksT In 10(pH — pKIrh)
n=1
N¢
+ 2 ()G W, + AGL: (2)
v>p=1

where pK;’,’g’l is the intrinsic pK, value of titratable group u
in the protein with all other titratable groups in the reference
protonation state (7 = 0, with X "), where all titratable
groups are in the neutral charge state that is protonated for
acidic (zﬂ = —1) and deprotonated for basic (zﬂ = 0)
residues. The parameter z,oL accounts for the formal unit
charge of titratable residue w in the deprotonated state. Only
histidine was chosen to be protonated in the reference state
to overcome the ambiguity problem of neutral His, where a
proton is bound to Ng or N.. Note that with the above
definition of the electrostatic energy the zero point on the
energy scale is at the reference protonation state. AG', ; =

conf —

AG., .. — AG",, is the energy difference between a fixed
but arbitrary reference conformation » and the actual con-
formation /, where both energies are evaluated in the refer-

ence protonation state.
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The electrostatic approach presented above can only ac-
count for electrostatic energy changes that are due to dif-
ferences in the environment (protein or aqueous solution) of
a considered titratable molecular group and result in a
corresponding calculated shift of the pK, value. To obtain
absolute pK, values, the electrostatic energy of the titratable
molecular group (the so-called model compound) must also
be evaluated for a dielectric medium corresponding to aque-
ous solution and be matched with the experimental known
pK, value. For a titratable amino acid the model compound
exists in the corresponding monomeric amino acid, which is
neutralized by methylating the amide group and amidating
the acidic group. For more details see Ullmann and Knapp
(1999).

Equation 2 requires the calculation of the relative con-
formational energy AG. - in addition to the terms required
for the calculation of the protonation pattern of a single
conformation. This relative conformational energy consists
of three parts

AG = AG. + AG}; + AGk;. 3)

In Eq. 3, AGY denotes the electrostatic contribution to the
solvation energy difference of conformation / relative to the
reference conformation . The energy term AGL; accounts
for the nonelectrostatic contribution to the solvation energy
difference. In AGLy, the Coulomb energy differences be-
tween conformations / and r corresponding to a classical
molecular mechanics force field are summarized. The cal-
culation of the electrostatic contribution to the solvation
energy of the various conformations can be done from
numerical results of the linearized Poisson-Boltzmann equa-
tion (LPBE). It is the energy required to transfer the protein
in each conformation (€) from a homogeneous dielectric
(hom) medium with e = €, and vanishing ionic strength to
the corresponding inhomogeneous (inhom) dielectric with
nonvanishing ionic strength. The corresponding energy ex-
pression is given by

Np
Gy =13 qip(d™(rl, gp) — GE(rh gp))  (4)
i=1

The solvation energy represents the interaction of the N
protein charges with their own induced reaction field in the
corresponding dielectric medium. The term ¢p™™ (r}, ¢p)
denotes the electrostatic potential at position r} for the
inhomogeneous dielectric, whereas ¢p°™ (11, ¢p) is the elec-
trostatic potential in the homogeneous dielectric. In the
homogeneous and inhomogeneous dielectric system the
electrostatic potentials are calculated from all atomic
charges ¢; p in the protein, where all titratable groups are in
the reference protonation state. Gg is calculated analo-
gously. The nonelectrostatic contribution AGy in Eq. 3 to
the solvation energy of both conformations is assumed to be
proportional to the solvent-accessible surface area (Chothia,
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1976; Eisenberg and McLachlan, 1986; Nozaki and Tan-
ford, 1971; Zhang and Koshland, 1996)

AGy = y(4' = A9, (%)

where 4' and A" are the solvent-accessible surfaces of the
reference conformation r and the actual conformation I,
respectively. The surface energy parameter vy is determined
empirically (Sitkoff et al., 1994).

Monte Carlo sampling of conformations

The protonation probability of a titratable group depends on
the pH. The conformation of side chains of titratable groups
may depend on the pH and may thus have an influence on
the protonation state of the titratable groups. This becomes
obvious by inspecting Eq. 2, where the energy difference
between the considered conformation and the reference
conformation of the molecular system contributes to the
total energy. In the present application, we will use the
notion conformation also collectively for the monomer and
“secondary” dimer configuration as well as for the confor-
mations of Glu- 424. Although this is chemically incorrect,
it allows us to describe the usage of the theoretical machin-
ery to simulate the dimer-octamer association of ASA more
easily.

The protonation pattern of two protein monomers can be
established for the isolated monomers and for the monomers
associated to the corresponding dimer. With the Monte
Carlo (MC) Metropolis importance sampling of states one
obtains the population probability of each association state.
The free energy difference between the isolated monomers
and the dimer is then given by

(monomer)

AG, = {dimer) (6)

_kBT In
where AG,, is the association free energy and (monomer)
and (dimer) are the population probabilities of the monomer
and the dimer configuration, respectively.

The proton linkage model

The electrostatic energy of association is calculated by two
methods in this study. First, the populations of the two
configurations are investigated by an MC importance sam-
pling of conformations, yielding the population distribution
between monomers and dimers. With proper inclusion of
the correct reference energies this yields, in principle, the
absolute free energy of association. As an alternative ap-
proach the application of the proton linkage model is pre-
sented here. Within this method the free energy of associ-
ation is determined in dependence on the pH value.
Although, with appropriate experimental information in this
approach, absolute values of association energies can be
calculated for different pH values.
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The association constant of a protein binding process can
be measured via the proton release/uptake of the system
accompanying the binding. This has been done frequently in
experimental investigations (Lebovitz and Laskowsky,
1962; Mauk et al., 1991, 1994; van Vlijmen et al., 1998;
Wyman, 1964) The proton release/uptake can also reveal
the free energy changes going along with processes like
redox reactions (Beroza et al., 1995; McPherson et al.,
1988) and protein unfolding (Beroza et al., 1995; McPher-
son et al., 1988; Schaefer and Karplus, 1997; Tanford, 1970;
Yang, 1993).

The proton release/uptake associated with a process can
be used to determine free energies by applying the so-called
proton linkage model. This model relates the pH-depen-
dence of an equilibrium constant to proton release/uptake.
Hence, the proton linkage model can be used to investigate
the pH-dependence of processes like redox-reactions, con-
formational transitions, and binding of proteins.

The theory underlying the proton linkage model can be
developed as follows. The association process between two
proteins is described by the reaction equation

[AB]

A+ B & AB; KA=7[A][B], (7N

where K, represents the equilibrium constant of association.
The proteins A and B and the protein-protein complex AB
can exist in L,, Ly, and L, different protonation states,
respectively. The total concentration of each species is then
given as the sum over all protonation states and Eq. 7 reads

_ S4B
2 (A1 S, (BT

where [A;], [B;], and [(AB),] denote the concentration of A,
B, and AB in the respective protonation state i. As the
concentrations [A;], [B;], and [(AB);] vary with pH, K, is
also pH-dependent. It was shown that the equilibrium con-
stant K, depends on the total proton release/uptake between
two pH values as (Laskowsky and Finkenstadt, 1972)

Ky

®)

lg Kx(pH,) = 1g K4(pH,) + J An(pH)dpH. (9)

pHi

According to Eq. 9, the logarithm of the equilibrium con-
stant of association K,(pH,) at pH, can be obtained by
adding the number of protons An(pH) that are released
between pH,; and pH, to the logarithm of the equilibrium
constant at pH;. The numerical integration can, for instance,
be performed with Simpson’s rule. From the equilibrium
constant, the pH dependence of the free energy of associa-
tion can be calculated as follows

AG, = G(pH,) — G(pH,),
where G(pH) = —kgT In[K,(pH)].

(10)
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Note that in order to compute the number of protons re-
leased upon association the MC titration can be performed
for the monomer and dimer state separately. Hence, no
problems with the sampling of the monomer and dimer
configurations can occur.

METHODS

Preparation of atomic coordinates

The crystal structure of ASA was determined at a resolution of 2.1 A and
is deposited as entry lauk in the Protein Data Bank with atomic coordinates
for one monomer. The 18 N-terminal amino acids belong to a signal
peptide, which is not present in the mature protein and in the crystal
structure. Hence, these residues were not considered in this study. More-
over, the residues Gly-444 to Gly-447 and Asp-504 to Ala-507 could not
be identified from x-ray structure analysis due to poorly defined electron
density. They were modeled into the structure with the program CHARMM
(Brooks et al., 1983). Hydrogen atoms were added to the structure using the
HBUILD facility of CHARMM. The structure was then energy-minimized
with the CHARMM?22 force field (MacKerrell et al., 1998) by a protocol
that fixed all atoms whose positions are known from the crystal structure.
Thus, only atoms that were added by modeling have coordinates generated
by the applied force field and in agreement with the known structure.

The “secondary” dimer that results from the association of monomers
via the dimer-dimer interface (II) was generated with the program PDB-
SET from the CCP4 (Collaborative Computational Project Number 4,
1994) program suite by applying the corresponding twofold symmetry
operation. After the creation of the “secondary” dimer all hydrogen atom
positions were energy-minimized again such that the hydrogen atoms
adopted their position in agreement with the dimer structure.

Although the x-ray structure was determined at acidic pH values (pH
5.0-5.4), where ASA exists as octamer, the conformation of Glu-424 in the
PDB entry is the one corresponding to the dimer, with Glu-424 forming an
intramolecular hydrogen bond to GIn-460. The intermolecular hydrogen
bond was modeled with the program CHARMM by rotating the side chain
around the bonds Cz—C,, and C~Cj; such that the distance between the
protonated carboxylate oxygen of Glu-424 and the backbone oxygen of
Phe-398 became 3.1 A. This was done in both monomers forming the
“secondary” dimer. The distance of 3.1 A is the shortest possible distance
between the partners of the intermolecular hydrogen bond without applying
additional restraints on the “secondary” dimer. The side chain of Glu-424
was then also energy-minimized while fixing the atoms of all residues but
Glu-424.

The described modeling procedure yielded four different structures. The
abbreviations in capital letters are used in the figures below (see Figs. 6 and
7). 1) Two different monomer conformations: one with Glu-424 in a
conformation suitable for the intramolecular hydrogen bond (MONO/
GLU-INTRA), the other with Glu-424 in a conformation to form the
intermolecular hydrogen bond (MONO/GLU-INTER). 2) Two “second-
ary” dimer conformations, which consist of monomers with the same
Glu-424 conformations DIMER/GLU-INTRA and DIMER/GLU-INTER.

In the crystal structure, 2 X 9 water molecules were found that form
hydrogen bonds within the interface (II) of the “secondary” dimer. Al-
though water molecules in the dimer interface (II) contribute to the asso-
ciation energy, they were not considered explicitly in the present study, and
removed. In the cavities resulting from the removed water molecules the
dielectric constant was set to € = 80. The surface charges generated at the
interfaces between a medium of low and high dielectric constant mimic the
electrostatic interactions that result from hydrogen bonds. For similar
reasons, all solvent molecules were represented implicitly by the dielectric
medium. For a more detailed discussion see Ullmann and Knapp (1999).
This procedure avoids the problem that the positions of the bound water
molecules may differ in the monomer and dimer state, which facilitates a
proper definition of reference conformations.

Biophysical Journal 83(6) 3066-3078

Vagedes et al.

Evaluation of electrostatic energies

For the electrostatic energy computations of the dimer-octamer association,
the LPBE of the associated protein complexes need to be solved numeri-
cally several times. In this procedure, all values of the atomic charges,
dielectric constant, and electrostatic potential of the protein complex are
mapped onto a grid. Because a suitable grid for the octamer would be too
large to solve the LPBE in a conventional work station, only the relevant
part of the octamer was considered in this study. The association of ASA
dimers to octamers occurs at the smaller 900 A interface (II) between (c,)
dimers. To save computer power, the dimer-dimer association was actually
simulated with two monomers associating via the corresponding interface
(II). This “secondary” (artificial) dimer has to be distinguished from the
“primary” dimer, which is in equilibrium with octamers and predominates
at higher pH values, as explained in the previous section. The “secondary”
dimers do not exist isolated in solution but serve as a model system in the
present computations. In this way, the system size can be considerably
reduced such that the electrostatic energies can be solved with moderate
requirements on computer memory and CPU time.

The electrostatic potentials that were required for the titration of the
ASA structures were calculated by solving the LPBE with the program
MULTIFLEX from the MEAD software package (Bashford, 1997; Bash-
ford and Gerwert, 1992). The atomic partial charges of the different
molecular groups including the titratable residues were taken from the
CHARMM?22 force field (MacKerrell et al., 1998). For some titratable
amino acids (Arg, Cys, Tyr, C-ter, and N-ter) charges are available only for
the standard protonation state. Here, we used quantum chemically com-
puted charges, which are given in the supporting information of Rabenstein
et al. (1998). For the heterogeneous dielectric of a protein-water system,
the dielectric constant for the solvent was chosen to be e = 80.0 with ionic
strength of 0.1 M and €, = 4.0 for the protein interior.

To calculate the solvation energy AGY (Eq. 4), electrostatic potentials
are also needed for the homogeneous dielectric where eg = 4.0 = €, for
solvent and protein and vanishing ionic strength. In that case, the electro-
static potentials were evaluated simply by calculating the Coulomb ener-
gies for all atom pairs. For the inhomogeneous dielectric, the LPBE was
solved in two focusing steps. The grid size was 242 A and 140 A for the
“secondary” dimer and was 202 A and 101 A for the monomer, both with
a grid spacing of 2.0 A and 0.5 A, respectively. To evaluate the mutual
interactions, W,,,, of the titratable residues a finer grid is needed. Hence,
the electrostatic potentials in the protein were calculated in three focusing
steps. For the “secondary” dimer, the grid size was reduced from 242 A via
107 A to 18.75 A with grid spacings of 2.0 A, 1.0 A, and 0.25 A,
respectively. For the monomer, grid sizes of 150 A, 75 A, and 18.75 A
were applied and the grid spacings were set to 2.0 A, 1.0 A, and 0.25 A,
respectively. For the model compounds, a grid size of 15 A with a grid
spacing of 0.25 A was applied. The ionic strength was set to 0.1 M
throughout. More details are given in Ullmann and Knapp (1999).

Monte Carlo sampling of conformations

In each MC sampling setup, a pair of protein configurations (two ASA
monomers that are isolated and two ASA monomers that are associated to
the “secondary” dimer) was investigated to establish the equilibrium dis-
tribution of the population between the configurations. The considered
three pairs of configurations are the following: 1) two ASA monomers with
Glu-424 in the conformation suitable for formation of the intramolecular
hydrogen bond and the “secondary” dimer with Glu-424 in the same
conformation; 2) two monomers where Glu-424 is in the conformation that
corresponds to the intermolecular hydrogen bonds and the “secondary”
dimer with the same conformation; and 3) two monomers with Glu-424 in
the conformation that corresponds to the intramolecular hydrogen bond and
the “secondary” dimer with the conformation of Glu-424 corresponding to
the intermolecular hydrogen bonds. The latter pair accounts for the hy-
pothesis that in the isolated monomer the conformation suitable for in-
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tramolecular hydrogen bonds should be favorable and in the “secondary”
dimer the conformation corresponding to intermolecular hydrogen bonds is
predominating.

The MC titrations were performed with the program KARLSBERG
(Rabenstein, 1999). Each pair of conformations was introduced into
KARLSBERG simply as two conformations. Because the program requires
that all conformations have the same number of titratable groups and to
make sure that the reference energies refer to the proper reference confor-
mations, we considered two noninteracting monomers in solution and one
“secondary” dimer, respectively.

The MC titration was made at nine different pH values for each pair of
configurations (monomer and “secondary” dimer) ranging from pH 3 to pH
11. Within one MC titration scan two attempts of configurational moves
were made. Because the sampling of configurations was very inefficient,
the poorly populated configuration was given a bias energy to raise the
population, thereby increasing the sampling efficiency and reducing the
statistical error. From the populations of both configurations the free
energy difference between them can be calculated with Eq. 6. Because the
bias energy is an additive constant, the bias can be simply removed by
subtracting the bias energy from the free energy value calculated from
Eq. 6.

However, the usage of a bias energy was not sufficient to yield a
sampling efficiency that led to an acceptably small error level, which we
considered to be fulfilled if the standard deviations in protonation proba-
bilities were <0.01 for each titratable residue (Rabenstein et al., 1998). In
addition, parallel tempering (Hansmann, 1997) had to be applied to raise
the sampling efficiency. In the parallel tempering approach, the sampling
is done simultaneously at different temperatures for which we used the
following values: 300 K, 400 K, 530 K, 710 K, 950 K, 1266 K, and 1688
K. Within one MC titration scan, 20 tempering moves were made where
the temperature of the considered configuration was changed. Initially,
1000 complete MC scans were made that included all titratable groups.
Titratable groups that remained in a pure protonation state (fully protonated
or unprotonated) and did not change their protonation state during the first
1000 MC scans were kept at their protonation state and were excluded from
the list of titratable groups. With the resulting reduced set of titratable
groups another 10,000 MC scans were made. This MC simulation proce-
dure yielded a standard deviation of <0.01 protons at each titratable group.

Titration using the proton linkage model

To investigate the pH-dependent free energy of association by the proton
linkage model, the monomer and the “secondary” dimer were titrated
separately using the program KARLSBERG (Rabenstein, 1999). A major
advantage of this method is that one can avoid the sampling problems,
which arise by simulating the transitions between the monomer and dimer
configurations. The same number of full and reduced MC scans were made
as in the configurational sampling approach. The number of protons
released upon association An(pH) is simply the difference of the total
number of protons bound to the “secondary” dimer and to the individual
monomers. Note that the number of protons bound to the monomer has to
be doubled to be comparable to the number of protons bound to the dimer.
The titration was made for the same six configurations (three isolated
monomers and the corresponding three “secondary” dimer configurations)
that were investigated in the configurational sampling approach. Because a
numerical integration is required here (see Eq. 9), the titration for the
proton linkage model was done in the pH interval from 3.0 to 11.0, with
steps of 0.1 pH units.

RESULTS AND DISCUSSION
The protonation state of Glu-424

The suggested switch function of Glu-424 for the dimer-
octamer association should result in a corresponding titra-
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FIGURE 8 Protonation probability of Glu-424 in the monomer and the
“secondary” dimer configuration. Solid and long-dashed: monomer con-
figuration: short-dashed and dashed-dotted lines: “secondary” dimer con-
figuration. GLU-INTRA conformation: solid and short-dashed lines; GLU-
INTER conformation: long-dashed and dashed-dotted lines. For more
details see text.

tion behavior of this residue in the four configurations
(monomer versus dimer and intermolecular versus intramo-
lecular hydrogen bonds involving Glu-424) that were inves-
tigated in this study. The titration curves for these four
configurations are shown in Fig. 8. The titration properties
of the two monomer structures are very similar. The proto-
nation probability decreases from a value larger than 0.8 at
pH 3.0 to a value of 0.0 at pH 7.0 (Fig. 8). The influence of
the conformation of Glu-424 is very small for the titration
behavior of the monomer (solid and long-dashed lines in
Fig. 8). The conformation of Glu-424 that supports intramo-
lecular hydrogen bonds behaves in the same way as the
conformation, where Glu-424 points out into the solvent
and is ready to form intermolecular hydrogen bonds in the
“secondary” dimer configuration.

The titration curves of the dimers show a different be-
havior. Here, the conformation of Glu-424 suitable for the
intermolecular hydrogen bonds shows a significantly higher
protonation probability (dash-dotted line in Fig. 8) than the
conformation that corresponds to the intramolecular hydro-
gen bond. Hence, the calculated titration curves support
very well the formation of an intermolecular hydrogen bond
with Phe-398 -0 in the “secondary” dimer, which requires a
protonated Glu-424.

At high pH values, Glu-424 should preferentially be
deprotonated. In the configuration of the ‘“secondary”
dimer, the acidic groups of the two Glu-424 are only 5 A
apart if they are in the conformation where they form
intramolecular hydrogen bonds. However, to form the in-
tramolecular hydrogen bonds both the Glu-424 need to be
deprotonated. The Coulomb interaction due to the negative
charges at the two glutamic acids renders this conformation

Biophysical Journal 83(6) 3066-3078
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TABLE 1 Configurational energies for monomer-dimer
association

Configurational Transition AAG,,¢
MONO/GLU-INTRA — DIMER/GLU-INTRA —243
MONO/GLU-INTER — DIMER/GLU-INTER —23.0
MONO/GLU-INTRA — DIMER/GLU-INTER —23.2

Energies are computed for the reference protonation state according to Eq.
3. Energies are given in units of kcal/mol.

energetically very unfavorable. Hence, a deprotonation of
the two Glu-424 is likely to go along with a dissociation of
the “secondary” dimer that corresponds to the dissociation
of the octamer into the “primary” dimers. However, as long
as the monomers are forced to remain associated in the
“secondary” dimer, as is done in the present computation, a
complete deprotonation of Glu-424 does not occur. The
importance of Glu-424 for the association process is also
underlined by the observation that no other titratable group
in the “secondary” dimer changes its protonation state sig-
nificantly upon association. If one compares the protonation
probabilities of all other titratable groups in the monomer
state with those in the “secondary” dimer in the pH range
from 3 to 11, the observed change is always <0.1. Only for
Glu-424 the protonation probability varies considerably (de-
pending on the pH and the conformation) by up to 0.9.

The association free energy by Monte Carlo
sampling of configurations

To calculate the association energy on the basis of the
population of the two different configurations evaluated by
MC sampling (Eq. 6), their relative energies have to be
considered in the reference protonation state where all ti-
tratable residues except histidine are in the neutral charge
state. These energies do not depend on pH and the energy
differences between each pair of configurations were found
to be between —23.0 kcal/mol and —24.3 kcal/mol (Table
1). These energy values are nearly equal, although the
individual contributions to these relative configurational
energies are large numbers, as shown in Table 2. For the
proportionality factor of the surface-dependent nonpolar
contribution to the configurational energy, AGy in Eq. 5,
we have chosen y = 20 cal mol ™' A2 Because the buried

TABLE 2 Individual contributions to conformational energies
of monomer-dimer association

Conformation AGgq AGgg AGy\g AG e
MONO/GLU-INTRA  —2866.04 —41926.53 36.00 —44263.87
MONO/GLU-INTER ~ —2378.06 —41922.01 36.00 —44264.07
DIMER/GLU-INTRA  —2866.04 —41422.12 0.00 —44288.17
DIMER/GLU-INTER  —2867.14 —41922.01 0.00 —44287.07

The energy terms are defined by Eq. 3 and the following equations.
Energies are given in units of kcal/mol.
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FIGURE 9 pH-Dependence of the free energy of association AG, , of
the monomers forming the “secondary” dimer. The energies obtained by
MC simulation include conformational energy contributions according to
Eq. 3 as displayed in Table 1. The solid (dashed) line refers to the
conformation GLU-INTRA (DIMER/GLU-INTER), in which the Glu-424
is ready to form an intramolecular (intermolecular) hydrogen bond in the
monomer and dimer state. The dotted line represents the data where the
Glu-424 conformation is such that it forms the intramolecular hydrogen
bond in the monomer state and the intermolecular hydrogen bond in the
“secondary” dimer state, in agreement with the hypothesis on pH-depen-
dent association.

surface (I) of the interaction between the monomers in this
study covers 900 A2, the change in solvent-accessible sur-
face upon association is twice as large, leading to a contri-
bution of 36 kcal/mol. This value is positive for the mono-
mers, i.e., it favors association as the surface (II) decreases
upon association. The chosen value of y = 20 cal mol '
A2 for the surface energy parameter is in agreement with
data from the literature (Sitkoff et al., 1994; Zhang and
Koshland, 1996). Because this empirical parameter value
may not be applicable for all molecular systems in the same
way, we suggest an alternative approach below.

The free energy of association of monomers to the “sec-
ondary” dimer is obtained by MC sampling and includes the
configurational energy terms from Eq. 3, which were found
to be pH-dependent (see Fig. 9). All association energies are
negative, indicating that the association to the “secondary”
dimer is energetically favorable at all pH values considered.
In correspondence with the experimental finding, that at
higher pH values the octamer dissociates to dimers, the
association energy decreases with increasing pH value.

The association process with Glu-424 in the conforma-
tion suitable for intramolecular hydrogen bonding exhibits a
minimum of the free energy around pH 6.0 (see Fig. 9, solid
line). This is not consistent with the hypothesis that around
pH 6 the “secondary” dimer should dissociate, which would
require that the association energy is negative at lower pH
values and positive at pH values higher than 6. This pH
dependence indicates that association will not occur with
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Glu-424 in the conformation where it forms the intramolec-
ular hydrogen bonds. In addition, Fig. 8 shows that the
protonation of both Glu-424, which is favorable for the
association process, cannot be accomplished completely
even at pH values below 5 if Glu-424 forms the intramo-
lecular hydrogen bond. Hence, the present calculations sug-
gest that Glu-424 has to adopt the conformation suitable for
the intermolecular hydrogen bond to Phe-398-O to support
the association process.

The pH dependence of the free energy of association
shows a different behavior if Glu-424 is in a conformation
that allows the formation of the intermolecular hydrogen
bond to Phe-398—0. Here, the association energy shows no
minimum, but increases monotonously with increasing pH
value (Fig. 9, dashed line). In a more detailed treatment, the
monomer state is considered with Glu-424 in the conforma-
tion suitable to form the intramolecular hydrogen bonds,
whereas in the dimer state Glu-424 forms the intermolecular
hydrogen bonds with Phe-398—-0O. The resulting pH depen-
dence of the free energy of association appears roughly to
be the arithmetic mean of the two other cases studied (Fig.
9, dotted line). In this case, there appears a shallow mini-
mum at pH 5. Hence, the most probable conformation is
where Glu-424 forms the intermolecular hydrogen bond in
the “secondary” dimer configuration and remains in that
conformation also in the monomer state, where it becomes
solvent-exposed and forms appropriate hydrogen bonds
with solvent molecules.

Because the computed free energies of association are
always negative, the dissociation of the “secondary” dimer
should not occur. This discrepancy with the experimentally
found pH-dependent association behavior of ASA may be
explained by the uncertainty of the nonelectrostatic contri-
butions to the conformational energy (Eq. 3). Similar expe-
riences were made before considering pH-dependent con-
formational changes in myoglobin (Rabenstein and Knapp,
2001) and the conformational gating process in bacterial
photosynthetic reaction centers (Rabenstein et al., 2000).
Table 2 shows that the contributions to the conformational
energies yield large absolute values. They cancel to values
of around —23 kcal/mol to —24 kcal/mol for the individual
monomer-dimer pairs. Especially the surface energy param-
eter vy, which is responsible for the nonelectrostatic contri-
bution to the solvation energy, may not be rigorously valid
for all proteins as discussed above. To overcome the prob-
lem with the negative values of conformational energies we
considered the observation that at around pH 6.0 the oc-
tamer dissociates into dimers. Therefore, we shifted all
energies by a constant energy value such that at pH 6.0 the
free energy of association vanishes. The resulting adjusted
energy curves are visualized in Fig. 10.

The three curves of free energy of association for the
GLU/INTRA, GLU/INTER, GLU/INTRA-INTER confor-
mations had to be shifted by +20.8 kcal/mol, +15.0 kcal/
mol, and +17.2 kecal/mol, respectively. As a consequence,
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FIGURE 10 Free energy of association AG,  to form the “secondary”
dimer. The energies curves are shifted to obtain vanishing energies at pH
6 where, according to experiment, association occurs. The same notation as
in Fig. 9 is used. More details are given in text.

the conformational energies should be less negative. The
corresponding corrected conformational energies are listed
in Table 3. The correction of the conformational energies
can be rationalized by uncertainties of the surface energy
term. The initially chosen value of y = 20.0 cal mol ' A™2
was obtained by considering completely hydrophobic sur-
faces consisting exclusively of ethyl- and propyl-like groups
(Zhang and Koshland, 1996). However, the dimer-dimer
interface (II) of ASA is formed by 21 residues, of which 12
are hydrophobic, suggesting that a reduction of the surface
energy parameter to 50—60% of its initial value would be
necessary. To obtain a vanishing free energy of association
at pH 6.0, we adjusted the conformational energy difference
between the isolated monomers and “secondary” dimer con-
figuration, yielding surface energy parameters v in the range
from 8.4 cal mol ' A~2 to 11.6 cal mol ™' A~? (Table 3),
which correspond well to a reduction of ~50%. With these
adopted surface energy parameters the nonpolar (pH-inde-
pendent) contribution of the association energy at the “sec-
ondary” dimer interface (II) of ASA amounts to ~—18
kcal/mol. Because at pH 5 the association energy is only
~—2 kcal/mol (see Fig. 9), it can be deduced that the

TABLE 3 Adjusted difference of conformational energies
and surface energy parameters vy

Conformational Transition AAG ¢ y
MONO/GLU-INTRA — DIMER/GLU-INTRA -3.5 8.4
MONO/GLU-INTER — DIMER/GLU-INTER —8.0 11.6
MONO/GLU-INTRA — DIMER/GLU-INTER —6.2 9.3

Energies were obtained by adjusting the zero point of the energies of
association at pH 6, where monomer and dimer state should have the same
free energy. Energies are given in units of kcal/mol.

Biophysical Journal 83(6) 3066-3078
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FIGURE 11 Proton release upon association of ASA monomers to the
“secondary” dimer at different pH values. Solid line: GLU/INTRA; dashed
line: GLU/INTER,; dotted line: GLU/INTRA-INTER. For more details see
text.

electrostatic contribution to the association energy opposes
binding.

Results on ASA association from the proton
linkage model

The key parameter that is used in the proton linkage model
is the release/uptake of protons upon association of mono-
mers to dimers. This is the difference between the number
of protons bound to two isolated monomers and the number
of protons bound to the corresponding dimer. The difference
of the number of protons as a function on pH can be seen in
Fig. 11 for the three ASA monomer-dimer pairs described in
the Methods section. Integrating the pH-dependent number
of protons starting from the pH value pH,; with a known
equilibrium constant until an arbitrary second pH value pH,
leads to the equilibrium constant at pH, according to Eq. 9.
In the present application, the association constant at pH 6.0
is chosen to be 1.0, because it is known experimentally that
ASA associates to the octamer corresponding to the “sec-
ondary” dimer at pH values between 5 and 7. The free
energies of association are determined from the equilibrium
constants via Eq. 10. The results from the direct MC sam-
pling method simulating the configurational transitions be-
tween isolated monomer and “secondary” dimer states have
converged. Hence, it is not surprising that the pH-dependent
free energy curves computed with the proton linkage model
perfectly agree with results obtained by the direct method
used to compute the free energy of association. The free
energies of association obtained from the proton linkage
model are therefore not shown explicitly.
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CONCLUSIONS

The present calculations show that the pH-dependent asso-
ciation of ASA dimers to octamers occurs at low pH with
the protonated Glu-424 in a conformation suitable to form
intermolecular hydrogen bonds with Phe-398-0, as was
also suggested by the crystal structure analysis. The com-
putational results for the ASA dimer at high pH (above pH
6) are less conclusive. There is only a small energy differ-
ence between the conformation of the unprotonated Glu-424
forming an intramolecular hydrogen bond with GIn-460
where Glu-424 is partially buried and the solvent exposed
conformation where Glu-424 would be ready to form the
intermolecular hydrogen bond in the octamer state with a
small preference for the latter conformation. The switch
function of Glu-424 would then be restricted to the change
in the protonation state, when the pH value is changed.

Technically, it was possible to simulate the dimer-oc-
tamer association by considering just two monomers merg-
ing at the interface (II) to form the “secondary” dimer. In
this way, the size of the molecular system for which the
Poisson-Boltzmann equation needed to be solved could be
considerable reduced. We encountered severe sampling
problems during the MC simulation of the association pro-
cess. These could be overcome only by introducing an
energetic bias to populate the monomer and “secondary”
dimer configurations more evenly and by the usage of the
parallel tempering method where configurational transitions
are facilitated by simultaneously sampling monomer-dimer
ensembles at a number of elevated temperatures. Alterna-
tively, we applied the proton linkage model, where one can
avoid the MC simulation of the transition between monomer
and “secondary” dimer state completely, and obtained re-
sults matching with the direct MC simulation method.

Using a conventional surface energy term that is propor-
tional to the loss of solvent-exposed surface area with a
proportionality factor y = 20 cal mol ' A2, the absolute
values of free energy of association are negative throughout,
which means that the octamer should be more stable than
the dimer for all pH values. However, the surface energy
parameter was determined for purely hydrophobic com-
pounds. We adjusted the surface energy contribution by an
additive constant to obtain a vanishing association energy at
pH 6. It yields y = 11.6 cal mol ' A~? if Glu-424 is in a
conformation suitable to form intermolecular hydrogen
bonds in dimer and octamer states, and it yields y = 9.3 cal
mol ' A% if Glu-424 is forming intramolecular hydrogen
bonds in the dimer state and intermolecular hydrogen bonds
in the octamer state. These reduced values of the surface
energy parameter y are in agreement with the fraction of
hydrophobic residues lying in the interface (II) of the dimer-
octamer association, which is <60%.

Investigation of the different energy contributions to
ASA association shows that the surface energy is the driv-
ing force of the association process. The electrostatic energy
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opposes association, presumably because the protonation of
Glu-424 that is needed to form the intermolecular hydrogen
bond is energetically unfavorable at pH 6, where the dimer-
octamer association occurs. However, due to the pH depen-
dence of the electrostatic repulsion, the electrostatic inter-
action is the steering force of the association process.
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