
Abstract A theoretical study of aldolase tetramer stabil-
ity, conducted by finite difference Poisson-Boltzmann
(FDPB) and modified Tanford-Kirkwood (MTK) tech-
niques using the atomic coordinates of human aldolase, is
described. A method for calculating the interaction energy
between subunits is proposed. An analysis of the contribu-
tion of different energy terms to the stability and oligo-
meric equilibria (monomer ⇔ dimer ⇔ tetramer) of aldo-
lase is made. It is shown that the loss of solvation energy
and electrostatic interactions at very high and low pH-s de-
stabilise the oligomers. These energy terms are compen-
sated over a wide pH range by the stabilization energy due
to hydrophobic interactions. It is shown that the aldolase
tetramer is energetically more preferable than other oli-
gomers in the pH range from 5 to 11. Subunit-subunit inter-
actions within the tetramer suggest one dimeric form to be
the most stable of the possible sub-parts. For this reason
the tetramer can be thought of as a “dimer of dimers”. A
comparison between our theoretical results and available
experimental data shows that the dissociation of the aldo-
lase tetramer below pH 3–4 cooperatively leads to acid de-
naturation. A second dissociation is predicted to occur at
high pH (>12) in addition to the well known acidic disso-
ciation. The analysis suggests that a mutation of His20 or
Arg257 to a neutral residue could decrease the pH of the
acidic dissociation by approximately 1 pH unit.

Key words Protein stability · Electrostatic interactions ·
Aldolase

Abbreviations FDPB Finite difference Poisson-Boltz-
mann · MTK Modified Tanford-Kirkwood · vdW van der
Waals · L Oligomer · M Monomer · D Dimer (Dab , Dac and
Dad ) · T Trimer and Q, tetramer or Quaternary structure ·
SAS Solvent accessible surface · SA Static accessibilities

Introduction

Most enzymes are oligomeric molecules. The association
of the subunits is a necessary condition for biological ac-
tivity of most of these proteins. In some instances the ac-
tive site is located in the space between subunits; in other
instances the specific interactions between subunits facili-
tate the biological function of proteins (Cantor and Schimel
1980).

A typical example of such an enzyme is aldolase. The
aldolase molecule has four identical subunits (here named
a, b, c, and d) packed in a tetrahedral-like tetramer (Sy-
gusch et al. 1987; Blom and Sygusch 1997). Because only
the aldolase tetramers are biologically active, while the
monomers are not (Engelhart et al. 1976; Morris and To-
lan 1994), many experiments have been carried out in or-
der to measure the stability of the tetramer structure. The
quaternary structure has been studied by site-directed mu-
tagenesis at the subunit interface (Beernik and Tolan 1994,
1996). The experiments have shown that the four-subunit
(Q) structure of the enzyme is not dissociated to trimeric
(T) forms but into monomers (M) by guanidine hydrochlo-
ride (Kawahara and Tanford 1966) or into a dimer(D)-
monomer mixture by acid (Ohga et al. 1984). The acidic
dissociation is accomplished by pH-denaturation (Engel-
hart et al. 1976). The available experimental data can be
compared with the results of our numerical approach.

There is a well established physical analogy between
subunit association within a quaternary structure and pro-
tein crystal lattice formation. One of the forces responsible
for the association of subunits within oligomers, as well as
molecules within protein crystals, is the electrostatic force.
The effect on protein crystal stability has been simulated
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numerically (Takahashi et al. 1993; Alexov and Atanasov
1994) for various proteins. It was shown that electrostatic
interactions play an essential role in protein assembly, thus
it is important to study the effect of pH on the oligomer
stability.

The principal aim of this work is to investigate numeri-
cally the stability of the effector-free aldolase tetramer (Q)
and its sub-parts (M, D and T) as a function of pH. Calcu-
lations are carried out for each of the oligomeric forms at
the atomic level and this permits us to find the macroscopic
parameters by which the oligomers are stabilized and indi-
cate the residues responsible for the subunit association. Our
results are then compared with the available experimental
data of pH-dissociation of aldolase (Ohga et al. 1984).

Methods

a) Data files

Atomic coordinates of the aldolase subunit are taken from
the Protein Data Bank (Bernstein et al. 1977), entry 1ald
(Gamblin et al. 1990). Our numerical analysis is based on
these fixed coordinates of human substrate/product-free al-
dolase. The structure of the human muscle aldolase is
highly homologous with that of rabbit (Sygusch et al.
1987). The tetramer structure is reconstructed on the basis
of atomic coordinates of one subunit using transformation
functions of the 222-fold crystal space group.

b) Calculation of the average charge of the titratable
groups as a function of pH

In this work we evaluate and compare the free energies of
the oligomeric (Q, T and D) and monomeric forms of al-
dolase at different pH-s. For this purpose we first calcu-
late the free electrostatic energy using the average charges
of the ionizable residues at each pH. Then we evaluate the
pH-independent terms and add them to the free electro-
static energy.

In order to calculate the average charges of titratable
groups (qi) at a given pH, we follow the well developed
methods described elsewhere (Yang et al. 1993; Bashford
and Karplus 1990). We assume that the pKa’s of the free
residues in solution (pKmod) are modified when these res-
idues are a part of the protein due to three main factors.
First, the change in solvation energy on transfer of a charge
from the highly polar water environment to a protein with
(usually) restricted solvent accessibility (Born energy)
causes the ∆pKBorn shift. Second is the so called ∆pKback
shift, arising from the interaction of titratable residues and
the permanent partial atomic charges. Third is the free en-
ergy shift (∆pKtit) that corresponds to the interaction en-
ergy between titratable residues within the protein.

These energies are calculated using the finite-difference
method (Glison et al. 1987), and by solving the Poisson-
Boltzmann equation in each cube of the space grid with

65×65×65 nodes. Dielectric constants for protein and so-
lution are chosen to be 4 and 80, respectively. The partial
atomic charges are based on the AMBER force-field 
(Weiner et al. 1984). The solvent accessible surface (SAS)
and the static accessibilities (SA) are determined follow-
ing Lee and Richards (1971). Calculations were made at
ionic strength I=0.1.

The aldolase tetramer consists of 440 titratable residues.
Such a number of ionizable groups is too large for the sta-
tistical average method (Bashford and Karplus 1990). A
reduced site approximation is usually used for proteins
containing 50–80 titratable groups (Bashford and Karplus
1991). In our case, only the main field approximation and
a MTK approach (Karshikoff et al. 1989) are realistic meth-
ods for obtaining the average charges. We calculate these
charges by the FDPB method following the procedure de-
scribed by Karshikoff (1995). Applying the MTK approach
we use a semiempirical potential function to evaluate pair
interactions (Spassov et al. 1989).

By definition the average charges are qi (pH)=q0 +αi ,
where q0 =–1 for acidic groups and q0 =0 for basic groups.
At a given pH, the degree of protonation, αi , of the ith ti-
tratable group, can be calculated by the Linderstrøm-Lang
relationship:

log [αi /(1–αi )]=pKi –pH. (1)

The pKa value of the ith ionizable group in a protein
molecule is pH-dependent, pKi (pH), and can be deter-
mined 

pKi (pH)=pKi,int +∆pKi,tit (pH) (2)

where pKi,int is the intrinsic pKa value and ∆pKi,tit (pH) is
the ∆pKa shift due to the electrostatic interactions between
the ith and all other titratable groups. The term ∆pKi,tit is
calculated by:

(3)

where ϕ ik is the potential generated by the ith charge in the
location of the kth charge. The ϕ ik values are obtained by
FDPB and MTK methods, respectively. The first correc-
tion of the pKi value is calculated by Eq. (1). The values
of pKi are finally obtained by an iterative procedure (Kar-
shikov et al. 1989).

The intrinsic pH-independent pKi,int of the titratable
group, as described above, is defined as:

pKi,int =pKi,mod +(∆pKi,Born +∆pKi,back ). (4)

We calculate average charges and pKa’s of the ioniz-
able groups as a function of pH in the monomer (qi

M and
pKi

M) as well as in the oligomers (qi
L and pKi

L): three pos-
sible dimers (Dab , Dac , Dad), a trimer and the tetramer.

c) Free energy calculations

We would like to note that we calculate the total free en-
ergy that stabilizes oligomeric structures and the methods
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used do not allow separation of the individual enthalpy and
entropy contributions. The free energy represents the inter-
actions between subunits within a given oligomer and con-
tains the main terms described above, the pH-independent
“neutral” term ∆∆Gneut and the pH-dependent “titration”
term ∆∆Gtit. We consider every monomer as a rigid body,
assuming that it does not change its structure in the pH
range studied and consequently its “self energy”. Follow-
ing this assumption, we neglect the change of self energy
of the monomer upon association. This is an important as-
pect of our study, and one of the main differences between
our methodology and that currently employed in studying
protein stability (Yang and Honig 1993).

The stability of the aldolase oligomers is analysed on
the basis of the free energy difference between the energy
of the subunit within the oligomer ∆GL (pH) and the en-
ergy of an isolated one, ∆GM (pH):

∆∆G (pH)=∆GL (pH)–∆GM (pH). (5)

When ∆∆G (pH) has a negative value, the free energy
of the subunit within the oligomer is smaller than that of
the isolated subunit. In this case, the negative increment of
the free energy corresponds to the force of attraction be-
tween subunits within the oligomer. In the other case, when
∆∆G (pH) has a positive value, the oligomer structure tends
to dissociate into monomers.

The ∆∆Gneut term does not depend on titration of the io-
nizable groups. It arises from the lack of hydrophobic sur-
face when the subunits associate into an oligomeric struc-
ture (∆∆Ghydr); from van der Waals contacts between sub-
units within the oligomer under consideration (∆∆GvdW),
as well as from electrostatic interactions between perma-
nent atomic partial charges (presented as dipoles, ∆∆Gdip)
belonging to neighbouring subunits and from the Born en-
ergy difference (∆∆GBorn).

The ∆∆Ghydr term is estimated by the loss of accessible
surface when the subunit becomes part of an oligomeric
structure. The buried surface reduces the hydrophobic
interaction by 25 cal/mol Å2 (Chothia, 1974). The ∆∆GvdW

term is estimated by the number of vdW contacts between
subunits within the oligomer. It is assumed that two atoms
have vdW contact if the distance between their centres is
approximately 3 Å. Following Moore (1962), every vdW
contact contributes to the ∆∆GvdW a value of approximately
45 cal/mol.

The ∆∆Gdip accounts for the difference in polar interac-
tion energies between monomer and tetramer. The ∆∆Gdip

energy is calculated by putting partial charges on all atoms
within the protein except for charges of titratable groups. It
explicitly includes hydrogen bonding energy between sub-
units. The partial charge of each hydrogen belonging to a
polar group is multiplied by the potential of the dipoles of
the neighbouring molecule, including the potential gener-
ated by the eventual oxygen acceptor. The last term ∆∆GBorn

describes the change in the Born free energy of a given res-
idue when the subunit is associated. The dipole interaction
shift (as ∆pKi, back ·) and the Born free energy shift (as
∆pKBorn, i ) are taken into account in the calculation of the
pKa’s of the ionizable groups (see previous paragraph).

The pH-dependent energy difference ∆∆Gtit (pH) is 
calculated by both FDPB and MTK methods using al-
ready obtained charges of the titratable groups qi

L, M (pH),
i=1, 2, . . . , N (N is the number of titratable residues).

Using the FDPB method the “titratable term” of the free
energy difference ∆∆Gtit (pH) between an isolated subunit
and the tetramer was calculated using:

(6)

where ϕik is determined as:

∆ϕi,k =ϕQ
i,k –ϕ M

i,k . (7)

Using Eqns (6) and (7), we cancel out the “self energy”
of the subunit, taking into account only the additional po-
tential ∆ϕik generated by the ith and kth charges on the other
three subunits within tetramer (Fig. 1).

Using the MTK method the calculations of the pH-de-
pendent free energy difference ∆∆Gtit between the isolated
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Fig. 1 Schematic representa-
tion of the isolated subunit and
the tetramer structure. When
the subunit is a part of the tet-
ramer structure, then the poten-
tial ϕ ik

M is perturbed to be the
potential generated by the same
charged sites belonging to the
neighbouring subunits



subunits and all possible oligomeric forms were carried
out. We would like to emphasize that our variant to the
MTK method includes an evaluation of all terms described
in Eqns (2)–(4) (Villoutreix et al. 1994).

Results

We note that all the results are shown as per subunit. The
hydrophobic part of the pH-independent free energy 
(∆∆Ghydr +∆∆GvdW) contributing to the stability of the
oligomeric forms of aldolase was determined by evalua-
tion of the buried area on oligomerization and the number
of vdW contacts on oligomerization (see columns 2–3 in
Table 1). Following the methodology described above, the
values of ∆∆Ghydr and ∆∆GvdW of the different oligomeric
forms are calculated (columns 4–5 in Table 1).

The electrostatic free energy difference of a tetramer
and an isolated subunit ∆∆Gtit (pH) obtained by the FDPB
method is shown in Fig. 2, curve 1. It is seen that the 
electrostatic energy decreases from 37 kcal/mol at pH 1 to
13 kcal/mol in the pH range 8–9.

The pH dependence of the dissociation free energy of
the aldolase tetramer ∆∆G (pH) based on the FDPB tech-
nique is shown in Fig. 2, curve 2. It is obtained by summing
the pH-dependent electrostatic ∆∆Gtit (Fig. 2, curve 1), and
pH-independent contributions of ∆∆Gneut (see Table 1).
The value of the dissociation free energy of the tetramer
slowly decreases from 3 kcal/mol at pH 1 to a few kcal/mol
in the pH range 2–4. Above pH 4.5 the ∆∆G (pH) values
decrease to –23 kcal/mol at pH 8.5.

Using the MTK method the pH-dependent stability of
all oligomeric forms is considered. It should be noted that
the experimentally determined isoelectric point of the tet-
rameric aldolase is in the pH range 8.1–8.3 (Kent and Leb-
herz 1984). The calculated titration curves show protein
net charge Z=0 at pH 8.3 and 8.7 for the tetramer and the
monomer, respectively.

The electrostatic free energy differences calculated 
by the MTK method of the dimeric and trimeric forms 
(∆∆Gtit) are shown in Fig. 3. The electrostatic stability of
both Dab and Dad dimers (curves 1 and 3) are very close
to that of the monomer. The values of ∆∆Gtit (pH) have a

magnitude of ±2 kcal/mol in the pH range 5–12 and this
shows slight intersubunit electrostatic interactions in these
dimers. The electrostatic stability of the trimeric form is in-
creased by 6–8 kcal/mol in the pH range 4–10 (curve 4).
The parallel pH-dependent changes in the trimer and dim-
ers Dab and Dad suggest a coupling of some charges from
Dab and Dad into the trimer. The pH-dependent electrostatic
stability of Dac is presented by curve 2 (Fig. 3). The larger
electrostatic stability of Dac , as well as the close electro-
static energy difference of Dac and the trimer suggest the
formation of “internal dimers” Dac≡Dbd . The presence of
a large number of subunit-subunit contacts and resultant
changes in the SAS of ionizable groups increases the total
stability of Dac=Dbd dimer in comparison with other pairs
Dab and Dad (see Table 1).

The tetramer electrostatic pH-dependent stability calcu-
lated by the MTK method is shown in Fig. 4A. Curves 1
and 2 represent the electrostatic free energy difference of
the tetramer and the monomer and the most stable dimer
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Table 1 The neutral free energy contributions (∆∆Ghydr, ∆∆GvdW,
∆∆Gneut ) estimated by the solvent accessible surface (SAS) and the
number of vdW contacts at oligomerization (NvdW) in different olig-
omeric variants of aldolase. All data are presented for one subunit

Oligomer SAS (Å2) NvdW Free energy differences
(kcal/mol)

∆∆Ghydr ∆∆GvdW ∆∆Gneut

Dab 106.0 0 –2.7 0.0 –2.7
Dac 899.0 203 –22.5 –9.5 –32.0
Dad 9.5 0 –0.2 0.0 –0.2
Tabc 1005.0 203 –25.1 –9.5 –34.6
Q 1014.0 203 –25.4 –9.5 –34.9

Fig. 2 1 The electrostatic free energy of interaction between sub-
units within the tetramer (∆∆Gtit) calculated by the FDPB technique;
2 The dissociation/association free energy (∆∆G) of the aldolase tet-
ramer by means of monomers as a function of pH, calculated by the
FDPB technique

Fig. 3 The electrostatic free energy of interaction between subunits
(∆∆Gtit) calculated by the MTK method. 1 within the dimer Dab; 
2 within the dimer Dac; 3 within the dimer Dad; 4 within the trimer



Dac , respectively. In Fig. 4B is shown the total free energy
difference between the tetramer and the dimer Dac calcu-
lated using the MTK method. The stability curve is ob-
tained by summing the electrostatic term ∆Gtit (pH) and the
pH-independent hydrophobic terms, ∆∆Ghydr and ∆∆GvdW,
(see Table 1). The results obtained show the tetramer prob-
ably dissociates to dimers Dac in the acidic range below
pH 2.5 and in the alkaline range above pH 10.

Figure 5 shows the changes of the static accessibilities
(∆SA) for the titratable groups due to 4M ⇔ 2D ⇔ Q tran-
sitions. It is seen that some groups become deeply buried
upon association. There is one titratable group changing
its accessibility from the dimer Dac to the tetramer–
His156. Others ionizable groups lose the accessibilities
upon a dimerization in Dac .

Discussion

The analysis performed above shows that the aldolase tet-
ramer is stable in a wide pH range. That is due to forces of
different origin. The pH-independent energy ∆∆Gneut,

which stabilizes the tetramer structure, is always negative.
The pH-dependent term ∆∆Gtit (pH), the electrostatic en-
ergy difference between the tetramer and monomer struc-
tures, has minimal values at approximately pH 8–9 (Fig.
4A, curves 1). At pH near the calculated isoelectric point
8.2 for the tetramer and 8.9 for a monomer, the net charge
of the subunits is zero, and they interact with each other
because of their multipole moments. It is well known that
the energy of multipole interaction is lower than that of
single-charge interaction. In the opposite case, when the
pH is above or below that of the isoelectric point, the sub-
units have a net charge. As a result, the electrostatic en-
ergy of interactions between subunits increases with in-
creasing/decreasing pH with respect to the isoelectric
point. This process continues up to the pH limit at which
all basic groups are completely ionized (at very low pH)
or at which all acidic groups bear full charge (at very high
pH). Below pHlow and above pHhigh the electrostatic en-
ergy of the interaction between subunits remains constant
because the subunits have already reached their maximal
net charge.

The result from the FDPB method suggests the tetramer
structure is stable in the pH range 5-13 (Fig. 2, curve 2).
Curve 2 monotonically decreases as pH increases from 1
to 8.5 and then begins to increase at pH>9. However in the
pH range 2.5–4.0 the curve shape is little changed. In this
pH range, ∆∆G (pH) decreases more slowly than in other
pH intervals. ∆∆G is zero at pH 2.7. This can be under-
stood as a pH range of dissociation of the tetrameric form.
Comparing this numerical result with the experiments di-
rected at studying the acidic dissociation of aldolase (En-
gelhart et al. 1976; Kent and Lebherz 1984), we find very
good agreement.

The results of electrostatic stability of the tetramer in
comparison with the monomer, obtained by the MTK
method (Fig. 4A, curve 1), are not reasonable. The ce-
crease of ∆∆Gtit above pH 10 shows that the fixed-coordi-
nates model in the alkaline range is not correct. An alka-
line denaturation above pH 10 is quite possible. Adding
∆∆Gneut to ∆∆Gtit, calculated by the MTK method, for the
Q ⇔ M transition (Fig. 4A, curve 1) gives as a result neg-
ative ∆∆G values. Such a result does not suggest acidic dis-
sociation, which is contrary to the experimental results. On
the other hand, the total ∆∆G for the equilibrium Dac⇔ Q
(Fig. 4B) quite well predicts the acidic dissociation below
pH 2. These results suppose that the tetramer probably dis-
sociates first to dimers and then to monomers. This con-
clusion shows the coincidence of the results obtained by
both theoretical methods. Experiments in this pH range ob-
served a mixture of tetramers, monomers and dimers (Ohga
et al. 1984). This means that the energy difference between
the above mentioned forms in this pH range is not very
large. These are the same results (Fig. 2, curve 2 and Fig.
4B) we obtain by our numerical simulations. This is an ad-
ditional confirmation that the models introduced can cor-
rectly predict the stability of the oligomer structure.

In this work we have calculated the energies that stabi-
lize/destabilize the tetrameric form of aldolase. Bearing in
mind that only the tetramer is biologically active, we can
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Fig. 4 A The electrostatic free energy difference (∆∆Gtit) calculat-
ed by the MTK method. 1 obtained by comparison of tetramer and
monomer; 2 obtained by a comparison of tetramer and dimer Dac . 
B The dissociation/association free energy (∆∆G) of the aldolase tet-
ramer by means of dimers as a function of pH, calculated by the MTK
method



compare our results (Fig. 4B) with the pH-dependent ac-
tivity of this enzyme (Morris and Tolan 1994). Again we
find good agreement. The minimum of ∆∆G (pH) about 
pH 9 agrees with the conclusion (Misset et al. 1986) that
aldolase is a basic enzyme. Our calculations predict that at
high pH (pH>13) one should expect another basic disso-
ciation of aldolase.

The stability of the aldolase tetramer can be analysed
from a macroscopic point of view, as well as on the level
of its residues. The quaternary structure of human aldolase
presents a different number of contacts (NvdW) and buried
static accessible surface (SAS) for each of the four identi-
cal subunits (see Table 1). Our results show that about 30%
of charged residues change their accessibility when the
subunits aggregate into a tetramer. This causes a change of
their pKa value, and some of these residues become neu-
tral in a wide pH range. Nevertheless, they have a charge
in the monomeric state at a physiological pH. The residue
that has no charge in the tetramer structure at the pH under
consideration, does not contribute to the ∆∆Gtit (pH).
Hence, we can conclude that site directed mutation of a
charged group not involved in a salt bridge to a neutral 
residue will stabilize tetramer structure. It will decrease
both the Born energy and the electrostatic energy differ-
ence. This effect can be observed at low pH because the
transition tetramer → monomer will occur at lower pH
than in the case of the wild-type aldolase by approximately
1 pH unit. There are four salt bridges inside the monomer
with changing accessibility in Dac : Lys13/Asp17, Lys214/
Asp218, R258/Glu206, Lys207/Tyr203. Although they are
internal, they influence the tetramer stability by the Born

energy change. The most important are the intersubunit salt
bridges. We found such at the contacts between subunits a
and c, as well b and d: Lys12/Glu206 and Arg258/Tyr22.
We should note the special role of Glu206 and Arg258,
which are involved both in the internal and intersubunit
salt bridges. The mutations of these groups to neutral res-
idues should decrease the tetramer stability. The residues
His20 and Arg257 from subunits a and c are very close.
Thus we can suppose their mutation to a neutral residue
will cause an acidic stabilization of the tetramer structure.

All groups mentioned above are responsible for the pH-
dependence of the stability of the dimer Dac . The fact that
the double mutant Q125D/E224A was found as a monomer
(Beernik and Tolan 1996) can be explained by the change
of the accessibility of Glu224 inside the dimer Dac . Only
His156 is buried as a consequence of formation of the tet-
ramer from both dimers. Its ionization can influence the
tetramer stability in respect of pH.

The results of our theoretical study again confirmed that
macroscopic methods such as FDPB and MTK can be suc-
cessfully applied to energy calculation of the protein as-
sembly. The results obtained strongly correlate with avail-
able acidic dissociation and predict such in alkaline range.
The methods used in this work can be applied to other ol-
igomers.
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Fig. 5 The changes of static
accessibility (∆SA) for the resi-
dues belonging to the buried
area in the tetramer (the black
bars) and in the dimer Dac (the
white bars – basic groups; the
shaded bars – acidic groups)
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