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Evidence of conformational changes in rabbit muscle aldolase upon bindmg to phosphatidylinositol liposomes and the effect of the 
interaction on the thermal conformational transition are reported. InteractIon with phosphatidylinositol liposomes significantly 
decreases the aldolase tryptophanyl fluorescence and shifts the maximum wavelength to higher values. The dynamic quenching 
constant for the aldolase fluorescence quenching by acrylamide in the presence of liposomes is much higher than that for unmodified 
enzyme; this signifies an increase in accessibility of some tryptophanyl residues to small polar molecules. Indirect interaction between 
single phospholipid molecules, small micelles or any soluble impurities able to penetrate into the protein molecule interior does not 
seem to be involved in the conformational rearrangement. Native and liposome-interaction-induced conformational states reveal 
different temperature dependences of the tryptophan residues exposure. The implications of the modification of the conformational 

state of the enzyme for its function in viva are discussed. 

1. Introduction 

Most glycolytic enzymes, including aldolase, 
have been repeatedly reported to be bound to cell 
membranes (for a review, see ref. 1) or at least 
localized close to the membrane [2]. It has been 
suggested that the binding of aldolase to erythro- 
cyte membranes occurs via one of the intrinsic 
proteins: band 3 protein [3-61. In muscle cells, 
F-actin [7] and troponin-tropomyosin [8] have been 
found to be adsorptive proteins for the enzyme. 
Much less is known about the localization of the 
enzyme in cells of other tissues. Nevertheless, in 
all cases of binding of the enzyme to membranes it 
is affected by the pH, ionic strength and con- 
centrations of ionic metabolites. It is, therefore, 
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generally assumed that the binding is controlled 
by electrostatic interactions. Hence, phospholipid 
liposomes as model membranes with well-defined 
surface charge are convenient systems for studies 
of the mechanism and implications of such inter- 
actions. In addition, we believe that, taking into 
account the domain structure of membranes, some 
role of a lipid bilayer in enzyme binding to mem- 
branes in vivo should not be neglected. 

It has been previously found in our laboratory 

that phospholipid liposomes, especially those made 
from acidic phospholipids, can adsorb the enzyme 
and modify its activity [9]. 

In this paper we report our attempts to verify 
the suggestion and studies of the effect of the 
liposomes-aldolase interaction on the conforma- 
tional state as well as on its temperature-induced 
transition. A nondenaturing conformational tran- 
sition in aldolase at about 26 O C has been pos- 
tulated by Lehrer and Barker [lO,ll] and recently 
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supported by studies using different methods 
[12-141. 

Measurements of tryptophan fluorescence of 
the enzyme and its quenching by acrylamide as a 
nonionic fluorescence quencher were used for 
monitoring the conformational changes. 

2. Materials and methods 

2.1. Reagents 

Fructose-l ,6-bisphosphate aldolase from rabbit 
muscles was prepared in our laboratory according 
to Penhoet et al. [15]. The concentration of the 
enzyme was determined specttophotometrically 
using an extinction coefficient of Ei,“, = 0.91 
according to Baranowski and Niederland [lb]. 

A commercial, lyophilized preparation of bovine 
brain phosphatidylinositols from Koch-Light 
Laboratories was used without further purifica- 
tion. Its purity was checked by TLC. 

Acrylamide used in the fluorescence quenching 
experiments was obtained from Sigma or from 
Bruxelles r.b.c, recrystallized from water. 

Samples were prepared in 10 mM Tris-HCl/l 
mM EDTA buffer (pH 7.5) unless otherwise stated. 

2.2. Preparation of liposomes 

Liposome suspensions were made by mechani- 
cal shaking of the lipid with glass beads in ap- 
propriate buffer over 0.5 h at room temperature. 
This procedure produces multilamellar liposomes 
with a negatively charged, in this case, surface 
[17]. The concentration of the phospholipid was 
calculated from phosphorus determination by the 
method of Bartlett [1X]. 

2.3. Fluorescence measurements 

Fluorescence measurements were performed 
with a Perlcin-Elmer MPF-3L spectrofluorimeter 
equipped with a thermostatted sample holder, 
Samples were placed in 4-ml quartz cuvettes. The 
temperature was monitored using a digital ther- 
mometer with the platinum resistance sensor 
immersed immediately into the sample cuvette. 

Emission spectra were excited at 290 nm and 
automatically corrected. This wavelength practi- 
cally excites only the tryptophanyl fluorescence in 
proteins. The slit width was 6 nm for both excita- 
tion and emission pathways. Background was 
measured in the control samples of free liposomes 
and subtracted from the fluorescence spectra. In 
order to measure the temperature dependence, 
samples were heated to a given temperature, in- 
cubated for approx. 2 min and, after fluorescence 
measurement, heated to the next temperature 
value. 

3. Results and discussion 

The interaction of aldolase with phosphati- 
dylinositol liposomes results in the following mod- 
ifications of its tryptophanyl fluorescence emis- 
sion band: decrease in fluorescence intensity, shift 
of the emission band maximum toward higher 
wavelengths and some broadening of the band 
(fig. 1). Neither change in the overall shape nor 
splitting of the band was observed. The observed 
effects increase with increase in lipid/protein 
molar ratio, reaching saturation at a value of 
approx. 800 [9]. The possible mechanisms of fluo- 
rescence modifications upon multifluorophore 
protein-lipid interaction have been discussed 
elsewhere 1191. One of the possibilities could be 
changes in the conformational state of the protein 
upon interaction. The maximum of the aldolase 
emission band is strongly shifted to lower values 
of the wavelength in comparison to that of free 
tryptophan in aqueous solutions. The value of the 
maximum wavelength (A,,) is equal to about 320 
nm for aldolase, and is among the lowest in multi- 
tryptophan proteins. 

Burstein et al. [20] used the value of X,,, as a 
criterion for classifying the location of tryptophan 
residues in the interior of the protein molecule. 
According to this classification, such a low value 

of xlnax indicates that tryptophan residues of al- 
dolase are buried in apolar pockets, separated 
from water. Modification of the conformation may 
lead to a change in X,, and quantum yield of the 
fluorescence as a result of the alteration in loca- 
tion of tryptophan residues and/or their accessi- 
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Fig. 1. Influence of phosphatidylinositol liposomes on the 
fluorescence emission spectra of aldolase. (1) Aldolase, (2) 
aldolase + phosphatidylinositd liposomes. Enzyme concentra- 

tion 0.75 PM; lipid/protein molar ratio = 350; room temper- 

ature. 

bility for interaction with water. In order to verify 

the hypothesis we applied the method of fluores- 
cence quenching, using the efficient quencher 
acrylamide as a probe, of protein structure alter- 
ation, according to Eftink and Ghiron [21]. If only 
the colliSional (dynamic) mechanism is involved in 
the quenching of single-tryptophan protein fluo- 
rescence it can be described by the simple Stern- 
Volmer equation: F,/F = 1 + K,,[Q], where F, 
and F are the fluorescence intensity in the ab- 
sence and presence of a quencher, respectively and 
[Q] the concentration of the quencher. When a 
static mechanism also contributes to the quench- 
ing the plots of F,/F vs. [Q] do not follow the 
simple equation and exhibit an upward curvature. 
In multitryptophan proteins the situation is more 
complicated; the observed fluorescence is an aver- 
age of the emissions of individual, differently 
located fluorophores and the occurrence of curva- 
ture in the plots also depends on the differentia- 

tion in accessibility of tryptophan residues. Never- 
theless, Eftink and Ghiron [21&Z] have found that 
acrylamide is predominantly a collisional quencher 
and the effective quenching constant (Kerr), being 
indicative of the dynamic component of the 
quenching, is still a measure of the average ex- 
posure of tryptophan residues and may be used 
for monitoring the change in conformation or 
dynamics of proteins. Furthermore, the native 
form of aldolase at neutral pH is the case for 
which linear quenching plots are found [21]. This 
property can also be seen in our data (fig. 2). It 
means that the difference in accessibility of vari- 
ous tryptophan residues is rather small in unmod- 
ified aldolase. 

The fluorescence quenching by acrylamide for 
native aldolase and that in the presence of a 
phosphatidylinositol suspension in comparison 
with that observed for decreasing pH are shown in 

8- 
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Fig. 2. Stem-Volmer plots of the aldolase fluorescence quench- 
ing by acrylamide for the enzyme at various pH values and in 

the presence of liposomes (o- 0) pH 6.0-9.0, Tris buffers; 

(O- 0) pH 4.0, citrate buffer; (A- A) pH 2, citrate 
buffer; (x - X) aldolase+liposomes at pH 7.5, Tris 

buffer, phosphatidylinositoI/aldolase ratio = 350; room tem- 

perature. Enzyme concentration in all samples, 0.75 pM. 
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Table 1 

The value of the effective fluorescence quenching constant for 
aldolase a~ various pH values and in the presence of phos- 
phatidylinositol liposomes 

Conditions: as descnbed in fig. 2 

Quenching constant, 

K,rr (Mm’) 

Aldolase 
pH 6-9 0.B 

pH4 2.6 

PH 2 10.0 

Aldolase+ phosphatidylinositol 
pH 7.5 
Phosphatidylinositol/aldolase = 350 2.6 
Phosphatidylinositol/aldolase = 1000 2.8 

fig. 2. Effective Stern-Volmer constants were 
determined from the slope or initial slope of linear 
or curved plots, respectively. Values of the 
quenching constant calculated for cases such as 
those in fig. 2 are listed in table 1. Fluorescence of 
the unmodified enzyme in the pH range 6-9 was 
slightly quenched by acrylamide. This indicates 
that tryptophan residues are nonexposed, with low 
accessibility for quencher molecules in aldolase at 
these pH values and is in good accordance with 
the short-wavelength maximum of the enzyme 
emission band. Addition of phosphatidylinositol 
liposomes increased the quenching constant, indi- 
cating increased exposure of the tryptophan 
residues. Similar changes in the quenching con- 
stant we observed for decreasing pH. However, an 
increase such as that at pH 2 could not be reached 
even for a large excess of the liposomes. In order 
to ascertain whether the observed effects did not 
result from the interaction of small structures of 
the lipid such as micelles, single phospholipid 
molecules or even soluble impurities, we per- 
formed control measurements of the quenching by 
acrylamide of dialysed samples. A lipid suspen- 
sion dialysed overnight, subsequently adjusted to 
appropriate concentrations and then added to al- 
dolase solution gave the same quenching constant 
as nondialysed samples (data not shown). This 
result indicates that the interaction of aldolase 
with large nondialysable liposomes is responsible 
for changes in the quenching constant. However, 
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Fig. 3. Temperature dependence of the fluorescence intensity 
of aldolase in the absence and presence of phosphatidylinositol 
liposomes. (1) Aldolase, (2) aldolase + liposomes. Enzyme con- 
centration, 2.5 pM; lipid concentration, 250 FM. The straight 

lines in this figure as well as in fig. 4 were obtained using the 
method of least squares. Regression coefficients: 0.989 and 
0.998 for curve 1 below and above the break, respectively, and 
0.998 for curve 2. Arrows indicate the temperatures at which 

opalescence of the samples appeared. 

the small structures and/or soluble impurities 
likely contribute somewhat to changes in the flu- 
orescence intensity, since the dialysate showed 
some capability of quenching aldolase fluores- 
cence but without shifting the maximum wave- 
length and no ability to alter the acrylamide 
quenching constant. 

Next, the temperature dependence of the en- 
zyme fluorescence and its quenching by acryla- 
mide in the absence and presence of phosphati- 
dylinositol liposomes were investigated. The na- 
tive fluorescence of aldolase decreased with rising 
temperature and at a temperature of about 40°C 
the samples became unstable, opalescent and sub- 
sequently turbid (fig. 3). One may observe a break 
of the plot near 26” C and changes in its slope. 
The dependence is nearly identical to that ob- 
tained by Heyduk and Kochman [14]. Fluores- 
cence of the enzyme in the presence of the lipo- 
somes behaved in the same manner but in this 
case no break of the plots can be found. In 
addition, in this case the samples were more stable 
and their turbidity did not change until 48’ C had 
been reached (see arrows in fig. 3). The tempera- 
ture dependence of the fluorescence quenching 
constant (K,,,) appeared to be more sensitive to 
conformational transitions. The plot of the 
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Fig. 4. Temperature dependence of the effective quenching 
constant (K,,) for aldolase (0) and aldolase in the presence of 

phosphatidylinositol hposomes (A). Enzyme concentration, 2.5 
PM; lipid concentration, 0.5 mM. Each point represents the 

K,,, value calculated from the initial slope of the Stern-Volmer 

plots at a given temperature. Regression coefficients: 0.980 and 

0.957 for (0) below and above the transition, respectively, and 
0.983 for (A). Arrows as in fig. 3. 

quenching constant vs. temperature for unmod- 
ified aldolase shows a marked discontinuity near 
26OC and a change in slope of the line (fig. 4). 
The transition did not occur in the conformational 
state existing in the presence of the liposomes. 
Here, the quenching constant monotonically in- 
creased with rising temperature. It should be noted 
that the plot for the enzyme modified by the 
liposomes has a greater slope, especially in the 
region 29-50 o C. This means that this conforma- 
tion is more sensitive to rising temperature in 
terms of fluorophore exposure but, on the other 
hand, is more thermostable since aggregation or 
denaturation of the enzyme occurs at a markedly 
higher temperature in this case (see arrows in fig. 

4). 
Since protein molecules are not rigid structures 

a change in the static conformational state is not 
the only possible explanation for the data ob- 
tained. A quencher of this type is also a sensitive 
probe for changes in the dynamics of the struc- 
ture. Fluctuations of the conformation on the 
nanosecond scale allow the quencher molecules to 
penetrate into the protein molecule interior and 
thus quench the fluorescence of even deeply buried 
fluorophores [21,23-251. The complex matrix of a 
protein molecule reveals a number of different 
types of motions such as conformational fluctua- 

tions and segmental, interdomain, intersubunit 
mobilities (for a review, see ref. 26). Lakowicz et 
al. [27] have shown that the tryptophan residues in 
aldolase are relatively immobile. Any changes in 
these motions due to interaction of the enzyme 
with membranes can result in modification of the 
quencher’s accessibility to fluorophores or alter- 
ation of the environmental conditions of the 
quenching. Calhoun et al. [28] have presented 
another interpretation of the quenching. They have 
postulated the large-amplitude oscillation of local 
unfolding of polypeptide chain fragments. It is 
assumed in their conception that ‘open’ and 
‘closed’ conformational forms can occur in equi- 
librium. Changes in value of the quenching con- 
stant would then mean that a shift in equilibrium 
occurs. In spite of various possible interpretations 
of the quenching data, we can generally state that 
modification of the degree of quenching reflects 
changes in the static and/or dynamic state of the 
protein. Exact determination of the contributions 
of the two mechanisms requires further studies 
involving dynamic fluorescence methods. Never- 
theless, above-described results on fluorescence 
quenching and differences in temperature depen- 
dences between aldolase and aldolase treated with 
liposomes provide further evidence for the interac- 
tion and strongly support the suggestion that mod- 
ification of its conformation and/or dynamics 
takes place. We believe that the modification is 
due to a not very profound change in tertiary 
structure of the enzyme, since the effects on the 
enzyme fluorescence spectra appeared to be re- 
versiblt with factors affecting ionic interactions 

[9]. 
Comparison of the conformation alteration with 

those occurring at low pH allows one to conclude 
that the denaturation mechanism is not operative 
here. 

The difference between the temperature depen- 
dences of the native and modified enzymes is not 
very drastic but the disappearance of the temper- 
ature-induced conformational transition near 
26 O C seems to be the most interesting fact. 

A number of literature reports have demon- 
strated that aldolase possesses the ability to bind 
to membranes as a result of electrostatic interac- 
tions. A question that arises from the results ob- 



102 J. Gutowicz, A. Koimider-Schmidt/Lipa.some-induced changes in nldnlase conformation 

rained concerns the implications for the enzyme 
function in vivo. In spite of the fact that the 
activity modification of an enzyme adsorbed on 
membranes may result from several different ef- 
fects, the alteration in the conformational state of 
aldolase may be a crucial factor in the regulation 
of the enzyme activity. 

5 E. Strapazon and T.L. Steck, Biochemistry 15 (1976) 1421. 

6 H.J. KIiman and T.L. Steck, J. Biol. Chem. 255 (1980) 

6314. 
7 D. Pette, Acta Histwhim. Suppl. Bd. XIV (1975) 47. 
8 F.M. Clarke and C.J. Masters, B&him. Biophys. Acta 381 

(1975) 37. 

Since similar changes in structure have been 
found for glyceraldehyde-3-phosphate dehydro- 
genase adsorbed on phospholipid liposomes [19], 
the mechanism of regulation of catalytic proper- 
ties by adsorption on membranes among the gly- 
colytic enzymes as a more general rule should be 
taken into account. 
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