
A little history. In 1981 a new state of the protein

molecule – an intermediate state between the native and

completely unfolded states – was discovered in the

Laboratory of Protein Physics, Institute of Protein

Research (Pushchino, Russia). This compact state with

pronounced secondary structure and a fluctuating tertiary

structure [1, 2] was later called a molten-globule state.

This state was observed in vitro on decreasing pH of the

solution, at moderate concentrations of both strong

denaturing reagents and some salts, and frequently after

heat denaturation of proteins [3-5]. Naturally the ques-

tion arose whether this state could be realized in the

cell.

Analysis of the literature data published at that time

showed that in some processes occurring in the cell the

state of proteins is not an obviously native one, i.e. the

proteins have no rigid tertiary structure. It was noticed

that upon protein translocation through the mitochondr-

ial membrane, competent to translocation are the states

observed just after the biosynthesis and also after dilution

of the solution of a protein unfolded with a strong dena-

turing reagent [6-8]. If for some period of time these pro-

teins remained without membranes, through which they

should be translocated, they became incompetent to

translocation. In addition, it was noted that the mem-

brane should have a negative charge. Another example is

penetration of toxins into the cell. Colicin A undergoes

conformational transformation close to the membrane
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surface; as a result, the hydrophobic helical hairpin is

embedded in the membrane, entraining the remaining

part of the protein. Several proteins are united, thus form-

ing a pore in the membrane, which causes cell death. This

is the toxic action of colicins [9, 10].

NON-NATIVE STATE OF PROTEINS IN CELLS

Conditions in the cell. Let us analyze what conditions

can be seen in the cell. As known, neither extremely low

pH, strong denaturing reagents, nor high temperatures

are observed in the cell. The formed endocytic vesicles

contain proton ATPases in their membrane, the work of

which decreases pH to 6.0 in endosomes. Such a decrease

in pH is sufficient to release some substances transferred

by receptors whose structure performs a conformational

transition at pH 6.0. The further maturation of endo-

somes results in the formation of lysosomes, where pH is

already 4.5. It is at this pH that lysosomal proteases

hydrolyze the proteins designated for degradation in lyso-

somes. Lower pH values are practically not observed in

cells. The temperature of 37°C is far from the heat denat-

uration temperature of cellular proteins.

However the content of the cell is striking because of

the presence of various membranes: a highly developed

network of endoplasmic reticulum (ER) and the existence

of a great number of organelles including mitochondria.

The composition of cell membranes is very complicated.

Their bilayer structure contains neutrally and negatively

charged phospholipids, and the internal part of the bilay-

er consists of hydrophobic lipid units and has a low

dielectric constant (ε). Membranes also include mem-

brane proteins, the protruding loops of which (the cyto-

plasmic surface) are often charged negatively, receptors,

phosphoinositides, and other components [11]. It is esti-

mated that the content of negatively charged phospho-

lipids can make up to 30% of the total amount of phos-

pholipids in the membrane.

Conditions on the interphase. Taking into account the

complicated composition of membranes and the negative

charge on the external side of the membrane [12, 13], it

was suggested that the membrane surface can affect the

structure of proteins functioning in its vicinity. This effect

may consist of at least two components. As mentioned

above, on one hand, the membrane surface has some total

negative charge, and on the other hand the internal part

of the membrane has low dielectric constant. That is why

the external side of the membrane is the boundary of two

phases: an aqueous phase, where ε is about 80, and a

hydrophobic phase with ε of about 2-4. As long ago as in

1982, Landau and Lifshits [14] noted that at the inter-

phase ε may be equal to the half-sum of the components,

i.e. it should be about 40. It is obvious that such condi-

tions differ greatly from the aqueous environment in the

cytoplasm.

CHARGED SURFACE OF MEMBRANES

AS A DENATURING REAGENT IN THE CELL

As knowledge on the non-native states of different

proteins both in the cell and in vitro accumulated, the

question arose as to what may be the denaturing agent in

the cell, where there are no extreme denaturing condi-

tions. Therefore, of great interest is the analysis of situa-

tions when under the action of any internal factors with-

in the cell a protein with an initial native structure is

transformed to the state similar to the denatured state.

Some conditions in the cell such as moderately low pH

(4.5-5.0) in lysosomes or negatively charged membrane

surfaces as well as cytoskeleton elements can provide for

rather denatured conditions for proteins.

It was shown in the team of Schatz [6-8] that partial

protein unfolding on the membrane surface can have

physiological significance. They demonstrated that this

partial unfolding prior to translocation is explained by

negative charges on the membrane surface. Indeed, as

long ago as in 1979 it was found [15] and corroborated

later [16] that in accord with simple electrostatic theory,

the membrane surface with a high electrostatic potential

can attract protons. This leads to a local decrease in pH

by at least 2 units at a distance of 5-15 Å from the mem-

brane surface. It should be mentioned that it is low pH

makes that enables formation of the molten-globule state

for many proteins in vitro [5, 17, 18]. As noted above, to

perform translocation trough the membrane proteins

should have the molten-globule state, and the membrane

per se promotes the protein transition to the molten-

globule state due to its negatively charged surface. The

pH value close to the mitochondrial membrane may

additionally decrease because of the release of protons

from the respiratory system in the intermembrane space

via the pores of the outer membrane [19]. But this

decrease in pH (of about 2 units) is generally insufficient

for acid denaturation of proteins. That is why we pro-

posed [3] the existence of additional denaturing effect on

the membrane surface – the local decrease in the effec-

tive dielectric constant close to the membrane surface.

This may enhance the electrostatic interactions facilitat-

ing the local low pH to transform proteins to the molten-

globule state. Calculations [14, 20] revealed that

approaching the interface of the two media (for example,

aqueous and organic ones) the ε value in the aqueous

medium decreases reaching in the limit a value almost

twice lower than that of bulk of water. Actually, the ε

value of the aqueous environment of a protein molecule

is constant and equal to ∼80 at 20°C, but at high electro-

static potentials or local high concentrations of solvated

ions it may change. Therefore, it is necessary to take into

consideration the dependence of ε of the medium on the

distance to the charged hydrophobic surface. Theoretical

estimations of this dependence were made and experi-

mental data were obtained with the use of fluorescence
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probes sensitive to the polarity of the environment. They

demonstrate that pH in the vicinity of a charged

hydrophobic surface is much lower than the pH of bulk

water [21].

MODELING CONDITIONS IN THE VICINITY

OF THE MEMBRANE SURFACE

Conditions in the immediate vicinity of the mem-

brane surface can be easily modeled. To this end,

water–alcohol mixtures can be used to vary pH and ε.

Investigations of the conformational state of a protein

under these conditions reveal changes in the protein

molecule if it is in the immediate vicinity of a membrane

surface. It is evident that in addition to this, it is neces-

sary to study also the influence of phospholipid mem-

branes on protein structure. Let us analyze both

approaches.

Water–alcohol mixtures as a model for the effect of

membrane field on the structure of a protein. At moderate-

ly low pH values, water–alcohol mixtures are a simple

and concurrently reliable model applicable for testing our

assumption that the denaturing action of membranes is

explained not only by a local decrease in pH, but also by

the influence of the hydrophobic part of the membrane

becoming apparent in the decrease of the dielectric con-

stant of the medium [3, 5]. The choice of alcohol mix-

tures as an acceptable model is based on the fact that the

denaturing action of alcohols mixable with water (like

MeOH, PrOH, further alcohols) is determined largely by

decreased ε value rather than by specific properties of

individual alcohols [22, 23]. There are no systematic

studies of this subject in the literature, and only a few dif-

ferent proteins have been investigated. Therefore, in the

following section attention will focus on experimental

results of the authors of this review. For a more complete

understanding of the experimental material, we will

briefly describe the methods used.

Methods for testing changes in protein structure.

Tertiary structure. Changes in the tertiary structure of pro-

teins are tested using scanning microcalorimetry and cir-

cular dichroism in the near UV region as well as fluores-

cence and nuclear magnetic spectroscopy. It is often

found that with an increase in alcohol concentration, the

heat absorption peak on the curve of heat absorption

dependence on temperature disappears, i.e. the native

structure and the tight packing of protein side groups are

disturbed. This process is also seen in the change in CD

spectra in the near UV region. A clearly expressed spec-

trum for the protein native form changes and practically

disappears at a certain content of alcohol and pH, which

is a test for protein denaturation and is observed under

any denaturing action on the protein. It should be noted

that at the same time the high intensity of CD spectra in

the far UV region is retained. Upon protein denaturation,

the NMR spectra lose their characteristic features in the

high-field region, and the bands in the range of aromatic

residues are shifted.

For proteins containing Trp, the position of the max-

imum of the fluorescence spectrum shifts from 320 nm

characteristic of the native protein to 340 nm which is

characteristic of the intermediate state for these proteins

on other methods of denaturation. However, in no case

the position of the Trp residue fluorescence has reached

350-360 nm characteristic of a completely unfolded state

of the protein.

For proteins containing heme, absorption spec-

troscopy is also used. This allows tracing conformational

changes in the heme region because absorption of the

heme is very sensitive to the changes in its environment.

The intensity and position of the spectrum maximum

allow judging the influence of a denaturant on the struc-

ture of the heme environment.

Secondary structure. Changes in the secondary struc-

ture were tested by CD spectra in the far UV region. The

content of α-helix increases at a high concentration of

alcohol in the mixture. It is interesting that in such con-

ditions no unfolding of the protein molecule is observed,

and the denatured state is highly helical, in contrast to the

high concentration of strong denaturants where the

polypeptide chain is unfolded. It was shown for a large

number of globular proteins that at moderate concentra-

tions of alcohols, an intermediate state is formed. This

indicates the presence of at least two stages (or three

states) in the process of protein denaturation with alco-

hols. The first was initially described as “unfolding or par-

tial unfolding of the native structure”, and the other as a

transition to another denatured conformation character-

ized by a higher content of helical structure. It is worth

mentioning that in earlier papers [22, 23] water–alcohol

mixtures were not considered as possible models for

analysis of the influence of the membrane field on the

protein structure.

Methods as HPLC, macroscopic diffusion, and limited

proteolysis were used to decide whether the protein is in

unbound or bound state in solution.

Choice of objects for study. To test our assumption, it

was necessary to choose particular proteins. Our choice

was based on the preference of proteins that are posi-

tioned and function near the membrane. We chose holo-

and apocytochromes (holoCyt c and apoCyt c, respec-

tively), plasma (RBP) and cellular (CRBP I) retinol-

binding proteins, cytochrome b5 (Cyt b5), apomyoglobin

(apoMb), and ubiquitin. The experiments were per-

formed in water–alcohol mixtures at moderately low pH

values which, as was assumed, could model the environ-

ment of the membrane surface.

Cytochrome c. Cyt c functions close to the internal

mitochondrial membrane, transferring an electron from

cytochrome-c-reductase to cytochrome-c-oxidase. Stud-

ies of the conformational behavior of this protein with CD
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and fluorescence spectroscopies revealed the existence of

two stages (three states) of its denaturation with MeOH.

It was demonstrated that in water–alcohol mixture

(0.5 M NaCl in the presence of 40% methanol, pH 4.0),

holoCyt c transforms into a state whose properties are

similar to the molten-globule state of the protein in aque-

ous medium (pH 2.0, 0.5 M NaCl) [24]. The CD spec-

trum of this protein in the near UV region loses its specif-

ic features, which is evidence of the loss of tight packing

of side groups, i.e. rigid tertiary structure. But in accord

with the CD spectrum in the far UV region, which is sim-

ilar to the analogous Cyt c spectrum in the molten glob-

ule (MG) state under aqueous conditions, the protein

retains its secondary structure (Fig. 1a). Measurements of

hydrodynamic dimensions of the protein under these

conditions by following macroscopic diffusion give a

Stokes radius similar to that for the molten-globule state.

The state of Cyt c denatured with alcohol (depending on

the content of MeOH) is highly helical, in contrast to the

state of the protein unfolded with strong denaturants.

Apocytochrome c. ApoCyt c is a precursor of the func-

tional holoprotein. It is synthesized in the cytoplasm on

free ribosomes and then is transferred to the surface of

mitochondria to be translocated to the intermembrane

space. The protein becomes helical on the outer mito-

chondrial membrane and penetrates into it. In the inter-

membrane space, heme ligase binds the heme to apoCyt

c. In water–alcohol mixtures, apoCyt c that in an aque-

ous environment is in the state of a random coil trans-

forms into highly helical but rather compact state, the

specific viscosity being 9.0 (unpublished data, [25]). The

effect of a number of organic solvents on the properties of

this protein was studied: they included alcohols with dif-

ferent length of the aliphatic chain (MeOH, EtOH,

iPrOH, tBuOH), substituted alcohol (2,2,2-trifluo-

roethanol), and other organic solvents (dioxane, tetrahy-

drofuran, acetonitrile, and acetone). CD spectra in the

far UV region showed that addition of alcohols in increas-

ing concentration resulted in changes in both their shape

and intensity. The presence of an isodichroic point (about

Fig. 1. Changes in parameters of proteins on their denaturation by alcohols. a) CD spectra in the far UV region of apo- and holoCyt c in aque-

ous solution and in the presence of 40% tBuOH and MeOH, respectively; apoCyt c is in an unfolded form in water, and holoCyt c in 0.5 M

NaCl is in the native state: the measurements were performed in 5 mM Na-P buffer, pH 4.0 (adapted from [34]). b) Changes in the fluores-

cence intensity, the CD spectra in the far UV region at 220 nm, and absorbance at 412 nm (Soret band) for the soluble fragment of Cyt b5

depending on iPrOH concentration at pH 6.5 (adapted from [30]). c) Changes in the CD spectra in the far UV region of sperm whale apoMb

depending on MeOH concentration, shown by numbers near the curves; c = 1 mg/ml. d) Changes in fluorescence intensity of sperm whale

apoMb depending on MeOH concentration at pH 5.7 (adapted from [30]).
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204 nm) in all the spectra indicates that in these systems

disordered conformations are transformed into a confor-

mation with a large amount of helix. Other organic sol-

vents also cause an increase in ellipticity. But only for

alcohols the denaturation curves coincide if the depend-

ence of the fraction of denatured molecules is plotted as a

function of dielectric constant (ε) of the water–alcohol

mixture [22, 23]. This indicates the independence of

changes in protein structure from the physical properties

of a specific alcohol. Inasmuch as apoCyt c has no terti-

ary structure in aqueous medium, addition of alcohol

would result in decreasing ε from 80 to 40-50 and struc-

turing the unfolded polypeptide chain. Of importance is

that in its structural properties the described alcohol-

induced state of apoCyt c is similar to the state of this pro-

tein that is formed on the outer mitochondrial membrane

surface and which is competent for translocation through

the membrane [8]. CD spectra in the far UV region for

Cyt c and its apoform in water–alcohol mixtures are given

in Fig. 1a.

Water-soluble fragment of cytochrome b5. Cyt b5 func-

tions as a water-soluble protein [26, 27] that reduces

metHb in erythrocytes and metMb in other cells. With its

amphipathic structure, Cyt b5 is a peripheral membrane

protein from the outer layer of the ER membrane and

consists of a polar N-terminal catalytic domain and non-

polar C-terminal region of the polypeptide chain embed-

ded in the lipid bilayer of the membrane that is an anchor

for the protein. The water-soluble domain functions near

the ER membrane, interacting with numerous partners.

Studies of the water-soluble domain under model condi-

tions of water–methanol mixtures at MeOH concentra-

tions varying from 40 to 60% and pH 7.2 demonstrated

that the structure of this fragment undergoes a transition

during which the rigid tertiary structure is lost but the sec-

ondary structure is preserved [29]. We performed an addi-

tional study of the conformational state of Cyt b5 in the

presence of different concentrations of iPrOH at pH 6.5

to restrict the transition interval. The results revealed that

in the presence of 36% iPrOH the heme environment

becomes non-native, and no characteristic heat absorp-

tion peak is observed, whereas the secondary structure

and compactness persist (see further Table 2). In other

words, the addition of alcohol leads to transition of the

protein structure from native to intermediate state

(unpublished data, [30]). Figure 1b shows denaturation

curves of Cyt b5 upon addition of iPrOH.

Apomyoglobin. ApoMb is a precursor of the holopro-

tein that functions as a carrier and donor of oxygen in

cells. It binds the heme near the negatively charged outer

mitochondrial membrane (the heme is synthesized on the

inner mitochondrial membrane and then is transported to

the outer membrane). Thus, the structure of apoMb can

be influenced by the membrane field. Properties of sperm

whale apoMb in modeled conditions of water–methanol

mixtures at pH 5.2 were studied using methods of CD in

the far and near UV regions, fluorescence, microcalori-

metry, and gel chromatography. At pH 5.2 in the presence

of 30% MeOH, no heat absorption peak is observed,

which is evidence of disturbance of the protein tertiary

structure. However, the secondary structure is preserved,

and according to the fluorescence and gel-filtration data

the protein remains compact [30]. Thus, under these

conditions the protein structure becomes similar to the

structure of the MG state in buffer solution (Fig. 1 (c and

d) and Table 2 (see further)).

Similar results were obtained in [31] in the studies of

horse apoMb in water–MeOH mixtures.

Retinol-binding protein. Blood plasma retinol-binding

protein (RBP) transports retinol (vitamin A) and transfers

its ligand to the membrane or to a corresponding receptor.

Cellular retinol-binding protein (CRBP I) transfers vita-

min A within the cell from its membrane to corresponding

enzymes that modify retinol, adapting it to a form acces-

sible for the cell. For RBP under moderately denaturing

conditions (pH 8.5, 5 mM Na-P buffer and 55% MeOH,

37°C), it is possible to model both the transfer of retinol

(vitamin A) and the changes in the protein structure [32].

In this case, concurrently with retinol release, the protein

itself undergoes a conformational transition to a state sim-

ilar to the MG state in aqueous medium at low pH. The

release of retinol and denaturation of RBP at physiologi-

cal temperature were investigated in dependence on the

concentration of MeOH upon changes in pH from 2.0 to

8.5. As a result, a diagram of retinol release and RBP

denaturation was plotted in coordinates of pH − concen-

tration of MeOH − εeff (effective dielectric constant of the

medium). Figure 2 shows spectra of different forms of

RBP and the diagram as well as the dependence of the

fraction of native RBP molecules versus the concentration

of MeOH. It should be noted that RBP is a very stable pro-

tein and it releases retinol only at pH values from 3.5 to

2.0, so at pH > 3.5 we have the native holoprotein. The

intermediate state observed in water–MeOH mixtures has

a CD spectrum in the far UV region similar to that for the

MG state at pH 2.0 (Fig. 2) [33]. This state has no rigid

tertiary structure, but it remains compact almost as the

native protein [34]. Thus, it is the first time that the

process of retinol release from its complex with RBP was

modeled in a simple artificial system (a water–alcohol

mixture at moderately low pH values).

RBP is a characteristic representative of a whole

class of transport proteins involved in the transfer of

retinol and its derivatives. The mechanism of the release

of hydrophobic ligands by other proteins of this class has

not been studied in detail. However, taking into account

the structural similarity of these proteins and the way of

ligand binding, it can be proposed that the mechanism of

release of these ligands will also have features in common

with the mechanism of retinol release. An example of this

is cellular CRBP I, for which comparable data were

obtained [35].
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Ubiquitin. Analogous studies were performed for ubiq-

uitin, whose function is modification of proteins intended

for degradation. It was demonstrated for this protein that

the intermediate state observed at pH 2.0 and 60%

methanol is almost as compact as the native state (intrinsic

viscosity being 3.9), has a high content of secondary struc-

ture, but does not reveal cooperative temperature melting,

i.e. is in the MG state (unpublished data). It is probable that

a similar state is observed in this protein upon binding of its

C-terminal glycine to different protein substrates, which

may promote denaturation of its C-terminal part [36].

Other proteins. In addition to the above-described

proteins, there are also some proteins for which similar

studies in water–alcohol solutions have been made.

For human apolipoprotein H (ApoH), it was found

that a change in the ε value (with addition of 57%

methanol) resulted in the formation of α-helical structure

in this β-structural protein, and under these conditions

the CD spectra in the far UV region resemble those in the

presence of phospholipid vesicles [37].

Modeling of conformational changes in the N-ter-

minal binding domain of human apolipoprotein E

(ApoE) in water–propanol solutions at pH 7.0 revealed

that at 30% iPrOH the protein tertiary structure changes,

though not as strongly as upon binding to vesicles. But

under such conditions the protein is nearly as compact as

the native one. When pH is decreased to 4.5 and 30%

iPrOH is added, more significant changes occur both in

the tertiary and secondary structures of the protein; these

changes are similar to the changes caused by membranes,

and simultaneously the Stokes radius becomes larger [38].

Babu and Douglas [39] studied equilibrium denatu-

ration of holoMb at pH 4.0. When MeOH (35-40% alco-

hol) is added at this pH, the tertiary structure of the pro-

tein disappears and an intermediate state is formed whose

secondary structure resembles the structure of the native

protein. Under such conditions the heme still may be

bound, but when the concentration of methanol exceeds

50% the protein releases the heme. A further increase in

alcohol content results in the formation of a highly heli-

cal state of apoMb without the heme.

The analysis of changes in the structure of the C-ter-

minal fragment of angiotensin II receptor (AT1A) in the

presence of phospholipid membranes and in solutions of

water–methanol mixtures by surface plasmon resonance

showed that the fragment binds to anion phospholipids,

and structures with a high content of α-helix are formed

in the solution. The combination of hydrophobic and

electrostatic interactions may be of importance for the

function of this receptor [40].

Thus, we conclude that under model conditions

(water–alcohol mixtures at moderately low pH), changes

in the structural properties of proteins can be observed. In

this case the proteins transform from the native state to

intermediate states analogous in their properties to the

MG state in aqueous solution.

a

b

c

Fig. 2. Conformational behavior of RBP depending on MeOH

concentration. a) Comparison of the CD spectra in the far UV

region in a MG state (pH 2.0, in the absence of MeOH) with

the spectra of RBP at pH 3.5 in 16% MeOH and at pH 8.5 in

55% MeOH (in both cases after the release of retinol). The CD

spectrum in the far UV region of native apoRBP is shown for

comparison. b) Relative fraction of RBP molecules binding

retinol and RBP native molecules depending on MeOH con-

centration: 1) change in intensity of fluorescence at 460 nm

(band of fluorescence intensity maximum of bound retinol); 2)

according to band at 325 nm associated with retinol ellipticity;

3, 4) fraction of native molecules according to changes in ellip-

ticity at [θ]220 for apo- and holoforms of RBP, respectively; 5)

according to molar ellipticity of RBP in near UV region [θ]280

for apoRBP. c) Diagram of retinol release and RBP denatura-

tion depending on pH and MeOH concentration at 37°C. εeff is

the average value of the dielectric constant of MeOH–water

mixtures. Two curves limit the region, in which retinol release

and denaturation of RBP are observed, and delimit the area of

the native and denatured states of RBP molecules (adapted

from [34]).
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The next stage was investigation of protein in the

presence of phospholipid membranes at neutral pH, a

condition approximating that in living cell.

CONFORMATIONAL STATE OF GLOBULAR

PROTEINS IN THE PRESENCE

OF PHOSPHOLIPID MEMBRANES

Only scattered data on the influence of the mem-

brane surface on protein structure, especially at physio-

logical pH, are available at present. Taking into account

the deficiency of data on the structure of proteins in the

presence of membranes and the hypothesis on the dena-

turing action of the membrane surface, we performed a

systematic investigation of the influence of negatively

charged phospholipid membranes on the conformational

state of globular proteins at neutral pH characteristic of

the cytoplasm.

Choice of objects for study. To study conformational

changes in proteins, we chose several proteins that are

near the membrane during their functioning but do not

bind to it. The latter is an important condition because it

is known that direct interaction of proteins with the

membrane can change their conformational state both

upon insertion into the membrane and upon transloca-

tion through it [41].

Such proteins include the nearly neutral apo- and

holoMb and negatively charged Cyt b5. For comparison,

we chose negatively charged human lactalbumin (HLA),

which in the course of biosynthesis binds to the internal

side of the ER membrane. Positively charged proteins

were excluded because their interaction with the nega-

tively charged membrane is trivial. HoloMb and Cyt b5

are stable proteins. Under aqueous conditions, their

denaturation occurs either at low pH of about 2.0 or at

temperatures near 70-80°C. Therefore, to attain a sub-

stantial effect of membranes, we used 100% negatively

charged phospholipid membranes from POPG and mem-

branes with a lower content of these phospholipids. To

maintain constant content of phospholipids, zwitterion

POPC or DPPC were added. The investigations were

conducted at neutral pH values (6.2 and 7.2). As stated

above, in the presence of membranes a local decrease in

pH by 2-4 units can take place near their surface

(depending on the conditions) [16]. So, at pH 7.2 the

expected decrease in this value by 2 units can give pH 5.2.

Under such conditions, the pH-induced unfolding the

protein still retains its native state. Another situation was

observed if the experiments were done at pH 6.2. In this

case in the presence of membranes the pH value near

their surface can be 4.2 or lower, which can lead to tran-

sition to the MG state. Hence the conformational behav-

ior of the protein will change. Comparison of the experi-

mental data at the two pH values shows clearly whether

near the membrane surface (i.e. on the interphase) the

effective pH value decreases at neutral pH of solution.

The decrease may be caused, as mentioned above, by the

presence of the electrostatic potential of negatively

charged phospholipids and low dielectric constant of the

medium within the membrane bilayer that is on the inter-

phase.

Myoglobin. Myoglobin carries oxygen in the cells of

skeletal muscles and myocardium. It has a higher affinity

to oxygen than hemoglobin and can bind an oxygen mol-

ecule at its low partial pressure near the capillary walls,

thus oxymyoglobin (oxyMb) is formed. The high affinity

to oxygen provides for oxygen storage and its transport

from the sarcolemma to mitochondria. The lipophilic

oxygen molecule can be dissolved in the lipid bilayer, and

by free diffusion it can penetrate to the intermembrane

space of mitochondria. Myoglobin can bind oxygen due

to the presence of the heme. One of the six coordination

bonds of the iron ion is occupied by the nitrogen atom of

His93 (helix F) and another serves for binding the oxygen

molecule, His64 (helix E) being located nearby [42].

Distal His, propionic chains, and residues of Thr, Val, and

Phe form a hydrophobic “ligand pocket”, which together

with the heme located within it and proximal His are

included in the active center of myoglobin. The oxygen

molecule interacts with the iron of the heme, but the iron

oxidation state does not change. This is possible because

a medium with low ε is formed in the hydrophobic heme

pocket. However, the heme is located deep in the myo-

globin molecule, and the oxygen molecule cannot easily

reach it. It is presumed that fluctuations of amino acid

side chains form a transport channel along which oxygen

moves to the heme. Indeed, it was demonstrated that at

least His64 is involved in this process. Thus, it is suggest-

ed that the binding of oxygen is explained by the mobility

of side chains within the protein molecule, but this sug-

gestion has not been proven experimentally.

In the cell, there are two forms of myoglobin: apo-

and holoMb. Being a precursor of holoMb (as mentioned

above), apoMb acquires the heme on the surface of the

mitochondrial membrane [43]. Upon binding of the

heme, a part of the polypeptide chain, especially helix F,

is structured [44], which makes the protein more stable.

Many researchers have thoroughly studied the structural

and thermodynamic characteristics of both apoMb [44-

53] and holoMb [54-57]. Despite the absence of the

heme, apoMb also retains the hydrophobic core [58] and

the tertiary structure characteristic of holoMb [59].

According to thermodynamic criteria, both holoMb and

its apoform can undergo cooperative transitions upon

heating, these being accompanied by noticeable changes

in enthalpy and heat capacity.

The holo- and apoforms of myoglobin have similar

tertiary structure. So it can be expected that negatively

charged mitochondrial membranes would affect the

structure of both forms in a similar way, but the amplitude

of the effects would depend on the stability of the forms.
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Thermal melting is typical of both forms. In the presence

of phospholipids, the mentioned temperature transition

disappears, but for apoMb this occurs at PhL/Pr ratio of

25 : 1, while for holoMb this ratio is 200 : 1 [60]. The

absence of the melting peak is evidence of disturbance of

the tight packing of side groups.

Disturbance of tertiary structure of myoglobin in the

presence of phospholipid membranes. Detailed studies of

holoMb and apoMb have been done previously [60, 61].

The changes in the shape and intensity of CD spectra in

the near UV region yield information on the disturbance

of the protein tertiary structure in the presence of nega-

tively charged vesicles from POPG, whose molar ratios

(PhL/Pr) were varied from 25 : 1 to 200 : 1 at pH 7.2. At

molar ratio PhL/Pr = 25 : 1 (pH 7.2), the spectrum of

holoMb is very similar in all parameters to that of the

native protein. An increase in the concentration of phos-

pholipids leads to a decrease in the molar ellipticity value,

retaining the shape of the spectra, which shows that the

number of protein molecules with a rigid tertiary struc-

ture is reduced. With molar ratios of PhL/Pr = 200 : 1 at

pH 7.2 and 25 : 1 at pH 6.2, all specific features of the

spectrum disappear, which is evidence of the loss of tight

packing of side groups in the presence of a high content of

negatively charged phospholipid vesicles [60].

The CD spectrum of apoMb in the near UV region in

the native state has less specific features and lower ellip-

ticity than the holoform. With molar ratio PhL/Pr = 25 :

1 at pH 7.2, the spectrum shape in the range of 250-

320 nm changes noticeably and the ellipticity value

becomes close to zero [61].

The absorption spectrum of holoMb in the native

state (N) has a well pronounced maximum at 409 nm (a

Soret band), while in the intermediate state (I) there is

almost no absorption of the heme, which is comparable to

its value for the completely unfolded protein (Fig. 3c).

Absorption spectra of holoMb in the Soret band in the

presence of negatively charged vesicles were obtained at

pH 6.2 with molar ratios of PhL/Pr varying from 25 : 1 to

100 : 1 (Fig. 3c). When vesicles are added to the native

proteins, the intensity of the absorption band decreases

and concurrently its width increases. Besides, a shoulder

appears at 380 nm, which is evidence of accumulation of

non-native protein. Consequently, the effect of vesicles

leads to conformational changes in the structure of the

myoglobin molecule in the vicinity of the heme. A

decrease in pH from 7.2 to 6.2 causes more pronounced

conformational changes in holoMb. Indeed, the intensity

of the Soret band at pH 6.2 is changed at molar ratio

PhL/Pr = 25 : 1, whereas a similar change in the intensi-

ty of the Soret band at pH 7.2 occurs only at the ratio of

200 : 1.

Both apoMb and holoMb contain two Trp residues

in helix A (in positions 7 and 14), but in the native state

the fluorescence of these residues is quenched strongly by

amino acid residues surrounding them and by the heme in

the holoprotein. This allows observing conformational

changes in the protein using intrinsic Trp fluorescence.

Complete unfolding of holoMb in 6 M GuHCl causes

enhancement of the fluorescence intensity and evokes a

long-wavelength shift of the spectral maximum to 355 nm

(U, Fig. 3d). At pH 4.2 [57], the maximum of fluores-

cence of myoglobin Trp is at 340 nm and is intermediate

between those of the native and completely unfolded

states. Figure 3d shows for comparison the fluorescence

spectrum of holoMb at pH 3.6 corresponding to the

intermediate state (I). Fluorescence spectra of holoMb in

the presence of negatively charged phospholipid mem-

branes were recorded over a wide range of molar ratios of

PhL/Pr at pH 7.2 and 6.2 (Fig. 3d). With a minimal molar

ratio of PhL/Pr = 25 : 1 at pH 6.2, a small rise in the flu-

orescence intensity is observed, the maximum being shift-

ed to 338 nm. An increase in the PhL concentration at

constant protein concentration results in further enhance

of the fluorescence intensity of Trp. With the ratio of

PhL/Pr = 200 : 1 the fluorescence amplitude becomes

close to the fluorescence amplitude specific for the pro-

tein in the intermediate and completely unfolded states,

but no shift of the fluorescence maximum to 355 nm

occurs. When pH decreases to 6.2, already at molar ratio

PhL/Pr = 25 : 1 the intensity becomes half of this value

for the denatured protein in aqueous solution, and at

PhL/Pr = 100 : 1 it is even somewhat higher than that for

the protein in a completely unfolded state (Fig. 3d). The

position of the fluorescence maximum at all molar ratios

of PhL/Pr and pH is the same, 338 nm, which is close to

the position of the fluorescence maximum for the protein

in an intermediate state. The position of the maximum of

the Trp fluorescence spectrum at 338 nm is usually

explained by incomplete exposure of Trp to water, i.e. it

shows the presence of rather compact structure.

Using spectral methods, it has been established that

at pH 7.2 and 6.2 negatively changed phospholipid mem-

branes cause conformational changes in apo- and holo-

forms of myoglobin. ApoMb completely loses its rigid ter-

tiary structure already at the molar ratio PhL/Pr = 25 : 1

at pH 7.2, the environment of Trp residues being different

from the native one (Fig. 3b). Due to the presence of the

heme, holoMb loses the tight packing of side groups only

at molar ratio PhL/Pr = 200 : 1 at pH 7.2 and 25 : 1 at

pH 6.2. In this case both Trp and the heme lose their

native environment. These results show that negatively

charged phospholipid vesicles cause changes in the N

conformation of protein molecule leading to disturbance

of its tertiary structure. In its properties, this state is sim-

ilar to the intermediate state of the forms in an aqueous

buffer, but it is not identical to the MG, though it reveals

basic properties of the latter. A similar state is also

observed for apoMb and holoMb in water–alcohol mix-

tures at high concentrations of methanol [31, 39].

Fluorescence spectra of apoMb in the presence of

negatively charged vesicles at different molar ratios of
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Fig. 3. Conformational behavior of myoglobin under different conditions: a, b) sperm whale apoMb; c-e) sperm whale holoMb. a) CD spec-

tra in the far UV region for apoMb in the presence of POPG phospholipid membranes: 1, 2) spectra at pH 7.2 and a molar ratio of PhL/Pr =

25 : 1 and 100 : 1, respectively; 3) spectrum at pH 6.2 and PhL/Pr = 50 : 1; dotted lines show the spectra of the protein in the native state (N)

at pH 7.2 and in the molten globule state (MG) at pH 4.2, 10 mM NaAc. b) Change in the intensity of the Trp fluorescence spectrum of

apoMb at pH 7.2 and PhL/Pr ratios of 25 : 1 (1) and 100 : 1 (2), respectively, and pH 6.2 and PhL/Pr ratio of 50 : 1 (3); excitation wavelength

is 293 nm; spectra for the N, MG, and fully unfolded in 6 M GuHCl (U) states are shown for comparison. c) Absorption spectra of holoMb

at pH 6.2 in the presence of POPG vesicles at PhL/Pr ratio 25 : 1 (1), 50 : 1 (2), and 100 : 1 (3). Spectra of the protein in the N and interme-

diate at pH 3.6 (I) states without the vesicles are given for comparison (adapted from [30]). d) Changes in the Trp fluorescence intensity spec-

trum of holoMb at pH 6.2 and PhL/Pr ratios of 25 : 1 (1), 50 : 1 (2), and 100 : 1 (3), respectively; excitation wavelength is 293 nm; spectra for

states N, intermediate at pH 3.6 (I), and completely unfolded in 6 M GuHCl (U) are shown for comparison (adapted from [30]). e) Trypsin

digestion of holoMb at pH 7.2 in the native state (I) and in the presence of the vesicles with PhL/Pr ratio 25 : 1 (II) and 200 : 1 (III). Numbers

near the lanes indicate the time of incubation with trypsin. Vertical lane between samples I and II indicate molecular weight markers (adapt-

ed from [30]).
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PhL/Pr (pH 7.2) are given Fig. 3b. The spectrum of

apoMb in the native state differs substantially from the

fluorescence spectrum of holoMb in the absence of vesi-

cles, which is connected with the lack of heme as a

quencher. At the same time, other amino acid residues in

the spatial environment of tryptophan residues continue

quenching its fluorescence. Upon transition from the N

state to the MG state, the fluorescence intensity is

enhanced, a shift of the fluorescence maximum from

332 to 340 nm being observed, while upon protein

unfolding with urea the spectral maximum shifts to

355 nm. In the presence of vesicles, already at molar ratio

PhL/Pr = 25 : 1 (pH 7.2) the fluorescence intensity

increases drastically to a value exceeding that for both the

native and intermediate states of the protein. The maxi-

mum of the apoMb fluorescence in the presence of vesi-

cles is at 340 nm, which is characteristic of the MG state

and varies greatly from this value for the protein in a com-

pletely unfolded state. At high molar ratios of PhL/Pr

(pH 7.2) as well as at the molar ratio PhL/Pr = 50 : 1

(pH 6.2), the fluorescence intensity increases insignifi-

cantly, which may be connected with the effect of the

hydrophobic layer of the membrane on the environment

of Trp. Thus, in the presence of vesicles apoMb also loses

the rigid native environment of Trp residues.

Retention of myoglobin secondary structure in the pres-

ence of phospholipid vesicles. Regardless of the significant

changes in tertiary structure caused by addition of phos-

pholipids, the secondary structure of myoglobins does not

alter noticeably. The CD spectrum of holoMb in the

native state has the shape typical of α-helical proteins

with two clear minima at 208 to 220 nm. Upon addition

of large amounts of phospholipids, the CD spectra of

holoMb change more significantly, the absolute value of

ellipticity at 208 nm becoming somewhat larger than that

at 220 nm. So, the spectra of the protein in the presence

of vesicles become similar to those of the protein in the

intermediate state, the latter in turn having the shape

described for the MG state of other proteins [62]. The

shape of the spectra of holoMb in the presence of phos-

pholipid vesicles at pH 6.2 reminds that of the CD spec-

tra in the far UV region at high concentration of alcohol

[39]. High concentrations of PhL at pH 6.2 do not evoke

noticeable changes in the spectrum shape, i.e. the sec-

ondary structure changes little if at all. It should be

emphasized that CD spectra of holoMb obtained in the

presence of vesicles differ greatly from the spectrum of the

completely unfolded protein (U). Thus, the helical sec-

ondary structure of holoMb in the presence of a negative-

ly charged membrane is preserved almost completely,

though it differs from the structure characteristic of the

native protein.

However, these changes are not critical because the

spectra also differ greatly from the spectrum of the pro-

tein completely unfolded in solution. As in the case of

holoMb, the changes in the apoMb structure take place at

pH 6.2 at lower concentrations of phospholipids than at

pH 7.2 (see Fig. 3a).

Therefore, the secondary structure of the holo- and

apoforms of myoglobin in the presence of negatively

charged PhL vesicles preserves its helical nature but dif-

fers from that typical of the N and U states of the protein.

Small changes in the shape of the spectra are probably

caused by conformational rearrangements in the protein

three-dimensional structure under these conditions.

Myoglobin denaturation by phospholipid vesicles leads

to interaction of the protein with the surface of vesicles. As

follows from the above, negatively charged PhL vesicles at

pH 7.2 and 6.2 induce conformational changes in apo-

and holoforms of myoglobin leading to disturbance of the

tertiary structure. The properties of the new state are sim-

ilar to those of the I state of these forms in aqueous solu-

tion but are not identical to the properties of the MG

state. A similar state for apoMb and holoMb is found in

water–alcohol mixtures at high concentrations of

methanol [31, 39].

As known, in the intermediate state the proteins

have a propensity to interact with the membranes, but

the efficiency of this interaction depends on some fac-

tors, in particular, on the protein stability. Methods of

HPLC, macroscopic diffusion, and high-resolution 1H-

NMR were used to determine the localization of non-

native protein molecules. On account of strongly differ-

ing dimensions, elution volumes of an isolated protein

and the protein bound to phospholipid vesicles differ

greatly. This permits analyzing the association of the pro-

tein with phospholipids. With molar ratio PhL/Pr = 25 :

1 (pH 7.2) and the use of the gel-filtration chromatogra-

phy, a peak is observed in the range of the native protein

elution, i.e. the main part (~75%) of the protein remains

unbound, though about a quarter of the protein is eluted

in the peak corresponding to phospholipid vesicles [60].

At higher PhL/Pr molar ratios, the fraction of free pro-

tein decreases simultaneously with an increase in the

portion of the protein bound to the phospholipid vesicles.

The peak of the free protein disappears completely at

pH 7.2 when the molar ratio of PhL/Pr is 200 : 1. At

pH 6.2, a great part (~70%) of the bound protein is

revealed at the ratio of PhL/Pr = 25 : 1, while at 50 : 1 the

elution profile has only one protein peak eluted together

with the vesicles.

Elution profiles of apoMb in the presence of vesicles

for molar PhL/Pr ratios of 25 : 1 and 50 : 1 at pH 7.2 show

that even at the lowest PhL/Pr ratio, the protein is com-

pletely bound to phospholipid vesicles [61].

Consequently, in accord with the gel-chromatogra-

phy data, both forms of myoglobin are bound to vesicles.

ApoMb is completely bound to vesicles at all molar ratios

of PhL/Pr at both pH values. It should be noted that

according to estimations of the surface areas of vesicles

and the protein under the chosen conditions, the vesicle

concentration in the system three times exceeds the num-
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ber of protein molecules that can be bound to the surface

of the vesicles.

HoloMb interacts with vesicles much more weakly

than its apoform (see Table 2). The extent of the protein

binding to the vesicles correlates with the portion of the

denatured protein tested by CD in the near UV region

[60]. As known, in the N state the protein does not inter-

act with membranes [3, 5]; that is why only the confor-

mational transition of myoglobin to the intermediate

state with a larger hydrophobic surface results in the bind-

ing of the protein to the vesicles.

To test the conformational state of unbound holoMb

observed at low concentrations of phospholipid vesicles,

high-resolution 1H-NMR was used. Dispersion of chem-

ical shifts shows that holoMb at pH 7.2 has a rigid tertiary

structure [60]. Characteristic high- and low-field reso-

nances of holoMb only insignificantly overlap with the

signals of PhL vesicles (POPG), which allows estimating

the state of the protein having specific resonances in these

regions.

The changes observed in the NMR spectra of these

proteins were connected mainly with the disappearance

of high-field signals at 0-(–2) ppm characteristic of tight

packing of side groups and also with changes in the spec-

trum at 6-8 ppm corresponding to the state of aromatic

groups. Estimations of the integral area in the range of the

CH2-group resonances of phospholipids showed that an

increase in the area under the curve corresponds to the

same decrease of the area in the range of protein reso-

nances. This fact also corroborates the binding of the pro-

tein to the membrane. In this case some changes occur in

the spectrum of vesicles as well. This may indicate to

some distortion in the packing of phospholipids in the

membrane bilayer [60, 61].

The data of gel chromatography show that at molar

ratio PhL/Pr = 25 : 1 (pH 7.2) the greater part (~75%) of

the protein in solution is in the unbound state. The

dimensions of the protein and vesicle molecules differ

greatly, which permits using macroscopic diffusion for

determination of the protein and vesicle dimensions in a

mixed system [63]. The diffusion coefficients were meas-

ured for holoMb not bound with vesicles at molar ratio

PhL/Pr = 25 : 1 (pH 7.2) as well as for vesicles in the

absence of the protein and the protein in the native state

without vesicles. The data are listed in Table 1. At molar

ratio PhL/Pr = 200 : 1 (pH 7.2) no free (unbound) pro-

tein can be revealed. This result is completely compatible

with the gel-chromatography data. When estimating the

area under the diffusion curve for unbound myoglobin at

molar ratio PhL/Pr = 25 : 1 (pH 7.2), it was found that on

average it is 25% smaller than that for the native protein.

Thus, the data on macroscopic diffusion are in good

agreement with the gel-chromatography data.

The existence or absence of molecules of native

holoMb in the presence of vesicles was checked also using

limited proteolysis. Native holoMb with a rigid tertiary

structure (independent of the incubation time) is not

prone to the action of protease (I, Fig. 3e). At molar ratio

PhL/Pr = 25 : 1 (pH 7.2), cleavage of about 25% of all

protein molecules is revealed just from the first minute of

incubation of the mixture with trypsin (II, Fig. 3e). As the

time of incubation grows, all the protein fragments formed

during the first minute are completely cleaved and there

remain only protein molecules inaccessible to the pro-

tease. Consequently, under these conditions this part of

the protein (~75%) has tertiary structure similar to the

native one, which complies well with the data obtained

with spectral methods. Under complete binding at molar

ratio PhL/Pr = 200 : 1 (pH 7.2), the first minute of incu-

bation is characterized by cleavage of all protein mole-

cules, and the band in the range of electrophoretic motil-

ity of the native protein is not found at all (III, Fig. 3e),

which is evidence of the absence of protein molecules with

rigid tertiary structure among those bound to vesicles [30].

Summarizing the results obtained by gel chromatog-

raphy, macroscopic diffusion, and 1H-NMR, we con-

clude that at low PhL/Pr ratio (pH 7.2) approximately

one third of the protein molecules have no rigid tertiary

structure and are bound to vesicles. The remaining pro-

tein molecules are free and have properties characteristic

of the native state. At high ratio PhL/Pr = 200 : 1 (pH 7.2)

and molar ratio PhL/Pr = 70 : 1 (pH 6.2), myoglobin has

no rigid structure and is completely bound to vesicles,

thus leading to distortion of the phospholipid packing in

the bilayer (see the above NMR data).

Stability of myoglobin in the presence of phospholipid

vesicles. To characterize the conformational stability of

the unbound (free) protein in the presence of PhL, scan-

ning microcalorimetry was used. The temperature melt-

ing of holoMb was performed in the presence of vesicles

from unsaturated PhL (T = 271K) for molar PhL/Pr

ratios of 25 : 1, 50 : 1, 200 : 1 (pH 7.2), and 25 : 1

(pH 6.2). According to the spectral data and the data of

gel filtration and diffusion, at PhL/Pr = 25 : 1 (pH 7.2),

the greater part of the protein is not bound and has struc-

ture similar to the native structure. The rest of the

State/Conditions 

Native state (N, pH 7.2)

POPG/holoMb = 25 : 1, pH 7.2

POPG/holoMb = 200 : 1, pH 7.2

POPG (vesicles), pH 7.2,
without protein

Diffusion
coefficient
D × 10−7,
cm2/sec

14.5

6.5

1.5

Diameter
of a mole-

cule, Å

30

67

300

Table 1. Parameters of holoMb under different condi-

tions obtained by macroscopic diffusion

no diffusion of protein
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holoMb has no rigid tertiary structure, and as known,

proteins in a partially denatured state I have no peaks of

thermal melting. That is why in this case it is possible to

trace only the free protein melting. The thermal denatu-

ration of holoMb in the native state proceeds by the “all-

or-none” principle [64], because ∆Hcal ≈ ∆Heff. At molar

ratio PhL/Pr = 25 : 1 (pH 7.2), we have a protein heat

absorption peak that differs greatly from the native pro-

tein peak. The difference is in the shift of the peak (by

about 20°C) to lower temperatures (as compared to the

native protein, 357K), the calorimetric enthalpy value

decreasing from 500 kJ/mol (for the native protein) to

280 kJ/mol. The effective enthalpy is 370 kJ/mol under

these conditions, thus the ratio of the calorimetric and

effective enthalpies is 0.76. This means that in the pres-

ence of vesicles the cooperative region of the protein is

smaller than in the native protein. It is important that the

transitions observed are irreversible. It can be assumed

that such a change in the heat absorption peak indicates

destabilization of the native protein, the reason for which

is the dependence of the stability of the native protein

molecules on pH, ionic strength, and stabilization of

denatured protein molecules due to binding with vesicles.

At molar ratio PhL/Pr = 50 : 1 and higher (up to 200 : 1)

(pH 7.2) and also at all molar ratios at pH 6.2, heat

absorption curves of holoMb are absent, which is typical

of protein having no rigid tertiary structure. However

according to the CD data in the near UV region, at molar

ratio PhL/Pr = 50 : 1 and pH 7.2, some of the protein

retains the tight packing of side groups, but this does not

conflict with the calorimetric data because the tempera-

ture itself is an additional denaturing factor.

Thus, in the presence of vesicles some molecules of

free holoMb at pH 7.2 have a native state, which, howev-

er, become less stable relative to the denatured state.

Changes in the parameters of the gel-to-liquid-crystal

transition of saturated phospholipids show the interaction

of holoMb with vesicles, which results in the distortion of

the regular packing of phospholipids in the bilayer. This

agrees with the 1H-NMR data.

In the case of apoMb, the heat absorption peak of

the native protein in the presence of vesicles from unsat-

urated PhL is absent already at molar ratio PhL/Pr = 25 :

1 and pH 7.2. This is evidence of the disturbance of the

protein tertiary structure and is compatible with the data

obtained using other methods. The fact that there is no

heat absorption peak in the temperature range of apoMb

melting seems to demonstrate that the sample has no

native protein molecules, and a change in the shape of

melting curves of vesicles in the presence of the protein

may indicate the interaction of apoMb with phospholipid

vesicles disturbing the bilayer structure. Most likely, this

interaction is from partial immersion of the protein into

the bilayer due to which the packing of PhL is changed.

At pH 6.2 and all the above mentioned PhL/Pr ratios, the

results are similar to those at pH 7.2.

Stability of the protein and interaction with mem-

branes. In the Laboratory of Protein Physics (Institute of

Protein Research, Russian Academy of Sciences) a

detailed study of apoMb folding was done. The object of

the investigation was the kinetics of folding of mutant

proteins with substitutions both in the conserved and

non-conserved positions important for folding [52, 53].

To study the influence of the protein stability on its inter-

action with membranes, a number of mutant apoMb were

chosen. It was found that the negatively charged surface

of membranes can play a dual role: the polypeptide chain

of apoMb unfolded with urea folds on the membrane sur-

face and acquires features of a structure characteristic of

the MG state. On the other hand, native apoMb in the

presence of the same membranes loses its N structure and

transforms into an analogous state similar to the MG

(Fig. 4) [65]. Analysis of the kinetics of interaction of

native apoMb with the surface of vesicles demonstrated

that when the content of negatively charged PhL drops

from 100 to 20%, the interaction remains practically the

same. But if the vesicles are formed of zwitterionic phos-

pholipid POPC, the protein does not interact with the

vesicles at all. At the same time, addition of one mole of

urea increases fluctuations in the apoMb structure and

restores the interaction of the protein and vesicles. The

study of the conformational behavior of mutant proteins

in the presence of negatively charged membranes revealed

that their binding with the membranes depends signifi-

cantly on the stability of the proteins. Figure 4 shows the

dependence of the logarithm of the rate of the first stage

of the mutant apoMb−PhL vesicles interaction on cm

value for each mutant. It is seen that there is a distinct

dependence: the more stable the protein structure, the

lower the interaction.

Phospholipid membranes facilitate the release of oxy-

gen from oxymyoglobin. As known, myoglobin binds oxy-

gen and transports it from the sarcolemma to mitochon-

dria. The mechanism of oxygen release is still not clear. It

also remains unclear what stimulates this process. It has

been shown recently that at physiological pressure, oxy-

gen can be released from oxyMb only upon its direct con-

tact with the mitochondrial surface, the reaction rate

being independent of the protein concentration [66]. Our

experiments on the influence of model membranes on the

structure of myoglobin demonstrated that in the presence

of a negatively charged membrane the protein tertiary

structure can be disturbed. This suggests that in the pres-

ence of mitochondria the structure of a myoglobin mole-

cule is destabilized due to which the affinity to oxygen

diminishes drastically. Thus the kinetics of oxyMb

autooxidation in the presence of model membranes (vesi-

cles) was studied by absorption spectroscopy. The absorp-

tion spectra of oxyMb in the absence and presence of

vesicles are shown in Fig. 5 (a and c). The absorption

spectrum of the oxy form of myoglobin is characterized

by clearly pronounced peaks at 543 and 581 nm, which
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disappear in the met form where the heme ligand is water.

The met form is revealed by the appearance of maxima at

505 and 634 nm. The transition of the oxy form of myo-

globin to its met form in the absence of vesicles at room

temperature occurs slowly and takes several days, while at

on increase in temperature to the physiological value

(37°C) the process accelerates, however not so much as to

result in fast release of oxygen. Addition of vesicles leads

to faster oxygen release, and at molar ratio PhL/Pr = 25 :

1 (pH 7.2) at 37°C it occurs in 2.5 h, and at 22°C it is

much slower (up to a day and a half). A 4-fold increase in

the concentration of phospholipids (PhL/Pr = 100 : 1)

accelerates the oxygen release 2-fold, whereas at molar

ratio PhL/Pr = 200 : 1 oxyMb molecules acquire the met-

form just after mixing with vesicles (not shown). These

data demonstrate that the presence of membranes facili-

tates the release of oxygen. Similar data for oxyMb in the

presence of other vesicles were reported in [67]. The

described effect can be associated with the disturbance of

the tertiary structure of the oxyMb molecule revealed by

other methods for holoMb. The initial oxygen release

occurs only in the myoglobin molecules which denature

and bind to the membrane. It can be proposed that the

slow phase corresponds to oxygen release by free protein

molecules. It should be noted that oxygen release from

oxyMb molecules not bound to vesicles occurs much

faster in the presence of vesicles than from this protein in

their absence, which is indirect evidence of destabiliza-

tion of the structure of Mb molecules not bound to vesi-

cles. At molar ratio PhL/Pr = 200 : 1 (pH 7.2) the protein

is completely bound to vesicles (data of other methods);

therefore, after mixing of the protein and vesicles, fast

release of oxygen takes place and it is substituted by water,

i.e. the met-state is produced.

Fig. 4. Effect of protein stability on protein interactions with phospholipid membranes (adapted from [65]). a) Changes in Trp fluorescence

spectra upon addition of apoMb in the N and urea-unfolded U states to a solution of mixed vesicles (POPG–POPC) at 20% negatively

charged POPG. b) The protein urea denaturation curves in the absence and presence of vesicles measured by Trp fluorescence intensities at

320 and 380 nm. The kinetics of the interaction of apoMb mutant forms with vesicles monitored by changes in the Trp fluorescence intensi-

ty at 335 nm. c) Dependence of the logarithms of constants k1 and k2 characterizing stages I and II of the protein interaction with vesicles

depending on cm (urea, M), the middle of the transition between N and I for each mutant (from curves of protein denaturation by urea).

Designations:       M55A;        L40A;        V10A;       I111A; F46A;        WT;        L76A.

a

b

c−

−

−

−

−

−



1496 BYCHKOVA et al.

BIOCHEMISTRY  (Moscow)   Vol.  79   No.  13   2014

An analogous effect is observed upon vitamin A

(retinol) delivery to the membrane. The kinetics of RBP

denaturation and retinol release at pH 7.2 in the pres-

ence of membranes is sharply accelerated, and a

decrease in pH to 6.0 results in a greater effect (Fig. 5, e

and f). It should be emphasized that retinol can be

released from RBP only upon disturbance of its struc-

ture. That is why the retinol release proceeds concur-

Fig. 5. Kinetics of the ligand release in the presence of phospholipid membranes. a-d) OxyMb at 22°C (a, b) and 37°C (c, d). e, f) RBP at

22°C. a) Absorption spectra of oxyMb at various times (indicated by numbers near the curves) after addition of vesicles, the molar ratio of

PhL/Pr = 25 : 1, pH 7.2. b) Kinetics of autooxidation oxyMb in the absence (     ) and in the presence of vesicles at ratios 25 : 1 (     ) and 100 :

1 (     ). c) OxyMb absorption spectra at varied times after addition of vesicles shown near the spectra, pH 7.2. d) Kinetics of oxygen release in

the absence (     ) and in the presence of vesicles at molar ratio PhL/Pr = 25 : 1 (     ) (adapted from [30]). e) CD spectra in the far UV region

of RBP in the native state and in the presence of mixed vesicles (DOPC/DOPG = 1 : 1) at molar ratio PhL/Pr = 500 : 1 at different pH val-

ues, 22°C. Changes in the spectrum of the N state reflect protein denaturation. f) Kinetics of RBP denaturation in the presence of vesicles

under conditions similar to those in Fig. 5e. Retinol release occurs simultaneously with protein denaturation (kinetics of retinol release is very

fast in the beginning) (unpublished data).
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rently with the protein denaturation, but with a higher

rate.

The examples of oxyMb and RBP undoubtedly show

that the presence of the negatively charged surface of

membranes leads to larger fluctuations in the protein

structure, which in addition to the fluctuations caused by

the temperature increase to 37°C contribute to the func-

tions of these proteins.

Water-soluble fragment of cytochrome b5. Features of

disturbance of native interactions in tertiary structure of

cytochrome b5 in the presence of phospholipid vesicles. Cyt

b5 is a peripheral membrane protein [28, 68, 69] that is

spontaneously imbedded into the outer layer of the ER

membrane in the posttranslational period.

The water-soluble domain of Cyt b5 functions near

the ER membrane and interacts with numerous partners

including the NADH-Cyt b5 reductase [70, 71] and

NADPH cytochrome P450 reductase [72, 73]. It receives

one electron from the reductases and transfers it to other

proteins that are components of the electron transfer sys-

tem (such as cytochrome P450). These proteins catalyze

desaturation of fatty acids [74, 75], hydroxylation of

steroids, and xenobiotic transformation of drugs and dif-

ferent natural products [70, 72, 76]. Erythrocytes have a

natural water-soluble form of Cyt b5 (without a

hydrophobic domain) involved in the reduction of

metMb [70, 77] and metHb [26, 78]. It is believed that

Cyt b5 deprived of the hydrophobic domain cannot form

a complex with cytochrome P450, and hydrophobic

interactions play a more significant role than electrostat-

ic interactions upon complex formation [79].

The structure of the catalytic fragment of Cyt b5 was

studied by X-ray analysis [80] and homo- [81, 82] and het-

ero-NMR [83, 84]. The X-ray analysis revealed that the

sequence of the catalytic domain has a large number of neg-

atively charged amino acid residues in the region of the

heme that determine the charge of the fragment [80]. Some

are involved in the interaction with cytochromes [74, 85]

and globins [26, 77, 86], and others are engaged in the

interaction with reductases [71, 77, 87, 88]. The most of the

negatively charged residues are on the protein surface and

localized near the heme, and just these residues are involved

in interactions of Cyt b5 with partner proteins in redox reac-

tions. On the contrary, the part of the protein that is facing

the membrane is strongly depleted of negatively charged

amino acid residues. Studies on the conformational state of

the water-soluble fragment of Cyt b5 near the membrane

surface are extremely important for understanding the

mechanism of its functioning. Structural investigations of

Cyt b5 were performed both in the presence of vesicles from

negatively charged unsaturated phospholipids and in the

presence of vesicles from a mixture of saturated uncharged

(DPPC) and unsaturated (POPG) phospholipids at pH 7.2

and 5.5. It is worth mentioning that at pH 5.5, Cyt b5 is still

in its native state, being insignificantly destabilized due to

the pH dependence of the native state stability [89].

Features of tertiary structure of cytochrome b5 in the

presence of phospholipid vesicles. Heat denaturation

reveals changes in the protein tertiary structure under dif-

ferent conditions. The heat absorption curves for Cyt b5 at

molar PhL/Pr ratios varying from 50 : 1 to 200 : 1 at

pH 7.2 and 5.5 show that there is no significant shift of

the protein melting temperature even at pH 5.5. However,

with a decrease in pH, an approximately 2-fold decrease

in the calorimetric enthalpy occurs, which may be con-

nected with destabilization of the protein structure [89].

The ratio of the calorimetric and effective enthalpies also

changes, decreasing to 0.5, which suggests association

and probably dimerization of the protein in the presence

of vesicles.

The data of [89] suggest that at PhL/Pr = 50 : 1, a

few of the protein molecules are in the denatured state

and make no contribution to the common calorimetric

enthalpy, but only the protein molecules that have

retained their tertiary structure are melted. At PhL/Pr =

100 : 1 and higher (pH 7.2), a protein heat absorption

peak is absent, and hence the rigid tertiary structure of the

protein is already disturbed. It should be noted that an

increase in temperature does by itself destabilize the pro-

tein, and together with vesicles their denaturing action on

the protein structure is even stronger. At pH 5.5 and all

ratios of PhL/Pr, it is impossible to observe heat melting

of the protein, which is evidence that with a decrease in

pH the addition of vesicles results in disturbance of the

tight packing of protein side groups.

The gel-to-liquid-crystal phase transition of saturat-

ed phospholipids (DPPG) is revealed at 312K (39°C),

which makes it possible to trace the process. Calorimetric

measurements using vesicles from saturated phospho-

lipids were made at molar ratios of PhL/Pr = 100 : 1 and

pH 7.2 and 5.5. At PhL/Pr = 100 : 1 and pH 7.2, no

changes were revealed in the parameters of the tempera-

ture transition of the vesicles, which may indicate only

electrostatic interaction of the protein with the surface of

the vesicles without disturbance of the phospholipid

packing in the bilayer. At pH 5.5 and the same molar

ratio, the melting peak of the vesicles varies not only in

the values of heat capacity and enthalpy, but also shifts to

lower temperatures; hence, the protein interacts more

intensively with the vesicles.

At pH 7.2, Cyt b5 in the native state has a rigid asym-

metric environment of aromatic amino acids resulting in

the appearance of a pronounced CD spectrum in the near

UV region. The spectrum consists of characteristic bands

that are completely absent in the spectrum obtained for

the protein in the intermediate MG state [89]. The shape

of the CD spectrum in the near UV region for Cyt b5 in

the presence of a heat absorption peak is very close to that

of the native protein. Such a spectrum demonstrates the

presence of tertiary interactions in the major part of pro-

tein molecules. When the concentration of phospholipids

(pH 7.2) increases, the native protein features in the CD
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spectra in the near UV region disappear, showing the dis-

turbance of the tight packing of its side groups. At pH 5.5

for all studied PhL/Pr molar ratios, the CD spectra in the

near UV region lose all specific features of the native pro-

tein spectrum. This means that under such conditions Cyt

b5 interacts with phospholipid vesicles and in this state has

no tight packing of its side groups. These data are com-

patible with the results obtained by microcalorimetry.

Absorption spectra of Cyt b5 in the characteristic

band of the heme are sensitive to changes in its environ-

ment. At PhL/Pr = 50 : 1 and pH 7.2, the absorption

spectrum has no distinct changes and is close to the native

one. A four-fold or higher increase in the concentration

of phospholipids results in the following: widening of the

Soret band, decrease in the absolute value of the peak,

and shift of the maximum to shorter wavelength with an

additional shoulder at 380 nm characteristic of the dena-

tured protein. At pH 5.5, already at PhL/Pr = 25 : 1 more

marked changes occur in the Soret band. These changes

indicate that in the presence of vesicles the environment

of the Cyt b5 heme differs from that typical of the native

state in solution, which indicates denaturation of the pro-

tein on the whole. In this case, the absorption spectra in

the presence of vesicles differ greatly from the protein

spectrum at pH 3.0 when the heme is released from the

hydrophobic pocket.

The amplitude of the intrinsic Trp fluorescence of

Cyt b5 in the native state is quite low, a weakly expressed

maximum at 335 nm being characteristic of the fluores-

cence spectrum, which may be caused, as in holoMb, by

quenching of the single Trp residue by the heme and the

surrounding amino acid residues. At PhL/Pr = 50 : 1 and

pH 7.2, the fluorescence intensity increases insignificant-

ly, i.e. Trp is still strongly affected by the heme and has a

rather rigid environment. When the concentration of

phospholipids increases to ratio PhL/Pr = 500 : 1 at

pH 7.2, the intensity of Trp fluorescence grows remark-

ably, but only insignificantly exceeding that for this pro-

tein in the MG state. At pH 5.5 and PhL/Pr = 50 : 1, the

fluorescence intensity is somewhat higher than at

PhL/Pr = 500 : 1 and pH 7.2. The intensity of the fluo-

rescence spectra for other ratios at pH 5.5 is the same and

only slightly exceeds that for PhL/Pr = 50 : 1. However,

under these conditions the fluorescence intensity is only

75% of the value for the completely unfolded state. Thus

the fluorescence spectroscopy data show that in the pres-

ence of phospholipids the distance and mutual orienta-

tion of the heme and Trp are changed. The wavelength at

the fluorescence maximum is 340 nm for all molar

PhL/Pr ratios, which is close to the value for the native

state of Cyt b5. This suggests a rather hydrophobic envi-

ronment of Trp in the denatured protein.

Summarizing the data obtained in the studies of the

tertiary structure of Cyt b5 in the presence of negatively

charged phospholipid vesicles, we conclude that in the

presence of phospholipids the tight packing of the protein

side groups is disturbed. Cyt b5 has proved to be more sta-

ble to the denaturing action of negatively charged vesicles

than holoMb, which completely loses its tertiary structure

at lower value of the PhL/Pr ratio. This difference in the

interaction of the proteins with vesicles could be connect-

ed with both the difference in their total charge and their

structural organization.

Secondary structure of cytochrome b5 is preserved in

the presence of phospholipid membranes. CD spectra in the

far UV region were analyzed for Cyt b5 under the same

conditions as for measuring the absorption and fluores-

cence. The CD spectrum of Cyt b5 in the N state has one

well-expressed minimum at 220 nm and a shoulder at

208 nm. In the MG state [89] at pH 3.0, the shape of the

spectrum changes and the shoulder at 208 nm turns into a

clearly expressed minimum. For molar ratio PhL/Pr =

50 : 1 at pH 7.2, changes in the CD spectrum are insignif-

icant, and all parameters resemble the spectrum of the

protein in the native state. The shape of the spectra of Cyt

b5 in the presence of high concentrations of PhL at pH 7.2

become similar to that of the spectrum of the protein in

the MG state, and they vary greatly from the spectrum of

the unfolded protein. Consequently, at pH 7.2 the sec-

ondary structure of Cyt b5 in the presence of vesicles

changes slightly, and the change in the shape of the spec-

tra is associated with conformational rearrangements of

the protein molecule. Decrease in pH to 5.5 leads to an

increase in the absolute value of ellipticity at 220 nm

already at PhL/Pr = 50 : 1, as compared to the spectrum

of the MG protein, though the shape of the spectra is sim-

ilar. Increase in the concentration of vesicles results in a

still higher amplitude of the CD spectrum. A comparable

change in the CD spectra in the far UV region is observed

for this protein at higher concentrations of MeOH [29].

This effect can be explained by increased stability of

hydrogen bonds inside the polypeptide chain when the

protein gets into a more hydrophobic environment, i.e. in

a medium with a lower ε value. We suggest that the con-

tent of the secondary structure increases due to partial

immersion of the protein molecule in the bilayer, where

the influence of the hydrophobic part of the membrane is

rather strong. This agrees with the scanning micro-

calorimetry data. Thus, Cyt b5 in the presence of charged

phospholipid vesicles as well as in the MG state has a pro-

nounced secondary structure, which, however, differs

from that of the native structure.

Interaction of cytochrome b5 with phospholipid mem-

branes. As known, the native water-soluble fragment of

this protein does not interact with the membrane, so the

binding to the membrane is also indirect evidence of

denaturation of the protein. The elution profiles obtained

during gel filtration of mixtures of proteins and phospho-

lipid vesicles have two peaks: one in the place of elution of

the free protein and the other in the place of elution of

vesicles, in this case in the void volume. At PhL/Pr = 50 :

1 and pH 7.2, the area of the peak corresponding to the
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free protein diminishes slightly (by about 10%). An

increase in the molar concentration of phospholipids

results in a decrease of the peak height in the range of

native Cyt b5 elution, and concurrently the peak area

increases in the range of vesicle elution.

The binding of protein molecules at pH 7.2 occurs

only at molar ratio PhL/Pr = 500 : 1, though the area of

the vesicle surface is many times larger (about 20-fold)

than the area of the surface of all protein molecules. For

pH 5.5, the propensity for changes in the value of elution

peaks is similar to that at pH 7.2, but complete binding

of the protein with vesicles proceeds at a much lower

concentration of phospholipids (PhL/Pr = 200 : 1).

Thus, for Cyt b5 the interaction with vesicles is also

observed, but for this a higher molar concentration of

phospholipids than that for holoMb is required.

Destabilization of the protein caused by decreasing pH

to 5.5 results in protein transition from the native state to

the intermediate state and the consequent binding with

the membrane at lower molar PhL/Pr ratio than is

required at pH 7.2.

Interaction of Cyt b5 with mixed vesicles. The lipid

composition of biological membranes includes both nega-

tively charged phospholipids and neutral phospholipids,

and this is true for the ER membrane. Therefore, the

effect of vesicles from a mixture (50 : 50) of saturated

uncharged (DPPC) and unsaturated negatively charged

(POPG) phospholipids on the conformational state of Cyt

b5 was studied. Scanning microcalorimetry was used to

assess the state of the tertiary structure of the protein. For

the native protein, the heat absorption peak is observed at

340K (67°C), and for the vesicles at 300K (27°C). The

melting peaks of the protein and vesicles do not overlap,

which permits reliable observation of changes in each

process independently. At PhL/Pr = 25 : 1 and pH 7.2, the

protein melting temperature in the maximum is practical-

ly unchanged, but in this case the calorimetric enthalpy

decreases twice as compared to the native protein. A sim-

ilar change in the curve of temperature transition was

observed for Cyt b5 in the presence of vesicles from nega-

tively charged phospholipids but at PhL/Pr = 50 : 1. As to

mixed phospholipids at the same molar ratio, only a small

protein melting peak is observed with a maximum at

343K, which shows that a large part of the protein mole-

cules have already lost their tertiary structure. The other

protein molecules preserve the tight packing of side

groups. Thus, the disruption of the tertiary structure of

Cyt b5 in the presence of vesicles from the mixture of

uncharged and charged phospholipids was more efficient

than with the use of only negatively charged unsaturated

phospholipids. The mixture of saturated and unsaturated

phospholipids forms a bilayer whose influence, despite the

double decrease in negative charge of the membrane sur-

face, is more efficient for this protein.

Hence both the neutrally charged myoglobin and

negatively charged Cyt b5 respond to the influence of the

charged surface of PhL membrane on their tertiary struc-

ture, which changes their conformational state.

a-Lactalbumin. Lactalbumin (HLA) is a well-stud-

ied globular protein found in the milk of humans and

other mammals. HLA is a modifier of the enzyme galac-

tosyltransferase and causes the formation of a lactose-

synthesized enzyme complex that catalyzes the final step

in the biosynthesis of lactose during lactation. The 3D

structure of α-HLA has been determined to resolution

1.7 Å [90]. The HLA molecule contains four α-helices

and a triple antiparallel β-sheet. The protein structure is

stabilized by four disulfide bridges. HLA is an acidic pro-

tein with pI 4.4, and at neutral pH it has a charge of –8.

Conformational transitions in the structure of the

protein under the influence of different denaturants in

aqueous solutions are well studied [1, 2, 91]. One of the

most important features of the protein is its high affinity

for calcium ions, which stabilize the protein [92].

HLA is a water-soluble protein, but after biosynthe-

sis in its apoform it is associated with the ER inner layer

membrane. However, the conformation of the mem-

brane-bound protein state is not known. The binding of

Ca2+ only leads to the following: a change in the protein

conformation, acquiring of the native functional confor-

mation, overcoming of the ER quality control system,

and subsequent exocytosis.

Conformational changes in α-lactalbumin structure in

the presence of phospholipid vesicles. HLA is a secretory

protein. The calcium-free form of HLA was chosen for

study just because it interacts with the membrane after

biosynthesis. Structural changes in the protein in the

presence of vesicles were studied by scanning

microcalorimetry, CD in the far UV region, and high-res-

olution 1NMR.

Heat absorption curves for apoHLA (in the presence

of 10 mM EDTA) were obtained in the absence of vesi-

cles at pH 6.2 and in the presence of a mixture of PhL

vesicles, as well as for free vesicles from a mixture of the

same PhL (Fig. 6a). Free vesicles have their own melting

peak with a maximum at 300K. The maximum of the

protein melting peak is at 311K, so the protein peak over-

laps with the vesicle melting peak. The calorimetric

enthalpy value of protein melting is 168 kJ/mol, while for

vesicles it is only about 23 kJ/mol. The protein heat

absorption peak is absent in the presence of vesicles, but

the melting peak of vesicles shifts to higher temperatures.

The observed shift of the heat absorption curve of vesicles

indicates a change in their properties due to the interac-

tion with the protein.

Changes in Trp fluorescence spectra are similar to

those for apoMb. As the intensity of the fluorescence

peak is increasing, the position of the spectral maximum

shifts to 340 nm, which corresponds to that of the protein

in the MG state. Such changes indicate the HLA denatu-

ration in the presence of vesicles, but it is difficult to judge

the compactness of the protein because we cannot
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exclude the influence of the hydrophobic layer of the

membrane on Trp fluorescence.

CD spectra in the far UV region of HLA are shown

in Fig. 6b. As seen, the shape of the spectrum of the pro-

tein in the presence of vesicles changes, the ellipticity at

208 nm increases, and, thereby, the spectrum becomes

more similar to the spectrum of the protein in the MG

state. In general, this pattern of changes suggests a

restructuring of secondary structure elements due to

interaction of the protein with vesicles. However, com-

plete destruction of the secondary structure is not

observed, as the spectrum of the protein in the presence of

vesicles is not similar to that of the unfolded form.

The NMR spectrum of the native protein has a num-

ber of well-resolved secondary chemical shifts, which

almost completely disappear upon addition of PhL vesi-

cles. Only features characteristic of the free vesicles are

left (Fig. 6c). It should be noted that the NMR spectrum

of the protein in the presence of vesicles differs signifi-

cantly from that of free vesicles in the region of vesicle

resonances (2-0.5 ppm), in particular, there is an increase

in the integrated area under the curve. Resonances char-

acteristic of the native protein do not appear under these

conditions. This fact suggests that the protein binds to the

surface of the vesicles, and this leads to a slight distur-

bance of the regular packing of phospholipids in the

bilayer.

Conformational states and thermodynamics of the

binding of HLA to membranes were studied in Chenal’s

group [93]. It was shown that the conformation of the

protein associated with the membrane surface is very sen-

sitive to external factors such as pH, concentration of

Ca2+, and charge and curvature of the membrane. The

anchoring of the protein in the membrane is limited to

amphipathic α-helices.

Thus, the calcium-free form of human HLA in the

presence of PhL vesicles undergoes disturbance of the ter-

tiary structure while maintaining the secondary structure.

ba

c

Fig. 6. Conformational behavior of the Ca2+-free form of human lactalbumin (apoHLA) in the presence of phospholipid membranes.

a) Dependence of excess partial heat capacity Cp.exc on temperature in the presence of mixed vesicles of zwitterionic DPPC and charged

POPG (1 : 1) for ratio PhL/Pr = 25 : 1, pH 6.2. The heat absorption curve for the native state of the protein at pH 6.2 in the absence of

vesicles is shown for comparison. b) CD spectra in the far UV region of apoHLA in the presence of vesicles (conditions are same as in Fig.

6a). Spectra of the protein in the N, MG (pH 2.0), and U (6 M GuHCl) states are shown for comparison. c) High resolution 1H-NMR

spectra of the apoHLA native state (spectrum 1) and in the presence of vesicles (spectrum 2) under conditions similar to those in Fig. 6a;

3) spectrum of vesicles without the protein (adapted from [30]).
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This indicates that after biosynthesis, the calcium-free

form of HLA associated with the membrane is in the

intermediate state rather than the native state.

Comparison of structural features of different pro-

teins in the presence of phospholipid vesicles. The above

data allow for a comparison of the effect of negatively

charged phospholipid vesicles on the conformational

state of weakly positively charged holo- and apomyoglo-

bins and a negatively charged water-soluble fragment of

Cyt b5 at neutral pH specific to the cytoplasm. All inves-

tigated proteins function near the membrane and do not

bind to it, but can be affected by it. It was found that PhL

vesicles have a denaturing effect on all of these proteins,

and they have a general propensity to structural changes,

in spite of the differences in the spatial structure of the

proteins. The main result is that the tertiary structure of

these proteins in the presence of vesicles is disturbed,

whereas the regular secondary structure is preserved.

This state is intermediate between the N and U states of

proteins in aqueous solution, and its properties are close

to the molten globule state. However, the observed inter-

mediate state of the protein in the presence of phospho-

lipid membranes cannot be called a typical state of MG,

observed in aqueous conditions, as all these proteins bind

to vesicles, forming a complex. This fact did prevented us

from determining the size of the protein using available

methods. The binding of proteins to vesicles occurs due

to electrostatic interactions, and after immersion of the

protein in the outer membrane layer hydrophobic inter-

actions arise. If we consider the behavior of each protein

in the presence of vesicles separately, a number of fea-

tures related to the structural characteristics of the pro-

tein and the difference in the total charge will be

revealed. ApoMb and the calcium-free form of HLA do

not contain ligands that could stabilize the protein mol-

ecule, so their denaturation and binding to vesicles occur

even at the lowest concentration used (PhL/Pr = 25 : 1).

The secondary structure of these proteins in the presence

of vesicles is changed slightly. HoloMb and Cyt b5 con-

tain a noncovalently bound heme that leads to an

increase in the protein stability, i.e. specific rigidity of the

tertiary structure at neutral pH. However, despite the

greater stability of the tertiary structure, the addition of

negatively charged vesicles at pH 7.2 leads to an increase

in the mobility of the side groups, and, ultimately, to dis-

ruption of their dense packing. In this case, the process-

es of denaturing and binding, unlike in the case of

apoproteins, occur stepwise, i.e. at low concentrations of

PhL only part of the protein molecules loose their close

packing of side groups and are associated with vesicles.

Gradually, with increasing concentration of PhL, a

growing number of protein molecules are denatured until

all of the protein molecules have an intermediate state,

wherein the protein is associated with vesicles. For myo-

globin at pH 7.2, all the molecules are completely bound

to vesicles at molar ratio PhL/Pr = 200 : 1, and for Cyt b5

only at PhL/Pr = 500 : 1, although as estimated in such

systems the surface area of the vesicles accessible for the

binding exceeds the surface area of all the protein mole-

cules. This can be explained by the difference in the total

charge of the protein. This fact emphasizes the impor-

tance of electrostatic interactions in the binding of pro-

teins with phospholipid membranes. Myoglobin mole-

cules not bound with vesicles, which are present at lower

PhL concentrations, are in the native state, which, how-

ever, becomes less stable relative to the denatured protein

molecules associated with vesicles. This is explained by

the fact that the phospholipid membranes have their

“field” at a distance of 5-20 Å, due to the presence of

negatively charged phospholipid heads, and the change

in the dielectric constant of the medium from a value of

about 40 at the interface to 80 in the bulk aqueous phase.

In the case of Cyt b5, free protein molecules in the pres-

ence of vesicles retain native tertiary structure for a

longer period, until collisions with the membrane result

in a transition to an intermediate state competent for

binding. Lowering the pH to 6.2 for myoglobin and 5.5

for Cyt b5 facilitates denaturation and the binding to the

phospholipid membrane, as in this case holoMb changes

on the beginning of its pH-induced transition and there-

fore should not undergo substantial changes in tertiary

structure, and Cyt b5 at this lowered pH will be in the

middle of its pH-dependent transition. Based on our

data, effective lowering of the pH near the surface of the

charged vesicles for apoMb is about three pH units in the

used conditions. The dependence of holoMb and Cyt b5

properties on the PhL content in general resembles the

dependence of their stability on pH.

COMPARISON OF CONFORMATIONAL STATES

OF PROTEINS IN WATER–ALCOHOL MIXTURES

AND IN THE PRESENCE

OF PHOSPHOLIPID MEMBRANES

Comparative analysis of experimental data on the

involvement of non-native states of a protein in a number

of cellular processes led to a hypothesis about a function-

al role of the intermediate states of the protein [94]. In

subsequent years, this hypothesis was confirmed. For

example, it was experimentally shown that, besides the

translocation of proteins across the membrane and ligand

exchange near the membrane, a protein acquires the MG

state after biosynthesis, and this state is recognized by

chaperones. Proteins destined for degradation are modi-

fied, which leads to destabilization of their structure.

Moreover, other important cellular processes also require

a non-native state of the protein. However, the occur-

rence of the non-native protein state in a cell may lead to

the formation of plaques and fibrils on the membrane sur-

face that might result in the appearance of human dis-

eases.
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Estimation of the conformational state of different

proteins in water–alcohol mixtures and in the presence of

phospholipid membranes. The bilayer membrane has a

complicated structure [12, 13, 95]. The results obtained

for the retinol-binding protein [32] and Cyt c [24] showed

that the change in a number of significant features of the

protein structure observed in the presence of PhL mem-

branes can be modeled by a moderate decrease of ε and

pH. In particular, it has been shown that at moderately

low concentrations of MeOH (16%) at pH 3.5, RBP

releases retinol, and the protein undergoes a transition to

an intermediate state similar to the MG state.

The effect of water–alcohol mixtures on the struc-

ture of horse apoMb was studied in [31], horse holoMb in

[39], and negatively charged Cyt b5 in [29]. During the

study of the conformational state of apoMb in

water–methanol mixtures at moderately low pH (~30%

MeOH at pH 5.2), an intermediate state was found that is

characterized by the absence of rigid tertiary structure

and retaining its compactness and nearly native second-

ary structure (see Table 2). At alcohol concentrations

above 50%, a more structured denatured helical state is

observed. Similar results were observed in the case of

holoMb, which is transformed into an intermediate state

of the MG type in 40% MeOH at pH 4.0 (see Table 2).

The Cyt b5 soluble fragment was studied at pH 7.2 [29],

and only at concentrations of 40 to 60% MeOH was a

transition from the native to intermediate state observed.

We investigated the conformational state of Cyt b5 in

the presence of various concentrations of iPrOH at

pH 6.5 using absorption spectroscopy, Trp fluorescence,

CD in the far UV region (Fig. 1b), and scanning

microcalorimetry. The results showed that at 36% alcohol

concentration the heme environment becomes non-

native and no heat absorption peak is observed, whereas

the secondary structure and compactness are preserved

(see Table 2), i.e. the transition from the native protein

structure into an intermediate state occurs.

Comparing the structural data obtained for various

proteins in the presence of negatively charged vesicles and

in water–alcohol mixtures, we can conclude that the

propensity for conformational transitions is similar in

both cases. Under the influence of both denaturants,

under certain conditions proteins lose their rigid tertiary

structure but retain secondary structure. It is difficult to

judge the compactness of the protein molecule in the

presence of vesicles, since proteins bind to the membrane.

The main structural characteristics of the proteins studied

under different conditions are shown in Table 2.

Our data on protein denaturation in the presence of

vesicles are in agreement with the results obtained for the

protein in water–alcohol mixtures at moderately low pH.

These results support the hypothesis [3, 94] that mem-

branes affect the structure of the protein due to enhanced

electrostatic interactions near their surface, namely,

through the combined action of lowering both pH and ε

of the local environment. These results leave no doubt

that the surface of the membrane can serve as a moder-

ately denaturing agent in the cell.

POSSIBLE PATHWAYS

OF MEMBRANE–PROTEIN INTERACTIONS

Translocation of proteins across membranes. The first

indication that the non-native state of the protein is

involved in the translocation process appeared in reports

of Schatz’s group. They studied the translocation of pro-

teins renatured from solutions of a strong denaturant [96-

99]. It was found that the renatured proteins translocate

faster and more efficiently than native precursors, and the

translocation process is not inhibited by either low tem-

perature or specific ligands.

In studies by the same group [6, 8], it was observed

that the native precursor connected to the outer mem-

brane surface of mitochondria is transformed into a state

competent for transport. This state may be similar to the

intermediate state in protein folding. They noted that

“such a partial unfolding should have physiological sig-

nificance”.

Further investigations of Schatz’s group clearly

showed that denaturation of a protein is required for its

translocation across the membrane. First, there is evi-

dence that the stabilization of proteins by ligand binding

inhibits translocation: thus, methotrexate associated with

dihydrofolate reductase stabilizes its structure against pro-

teolysis and prevents it from passing through the mem-

brane [7, 96]; or the introduction of a disulfide bond in the

precursor of dihydrofolate reductase, stabilizing the struc-

ture of the protein, blocks its import [100]. In addition,

destabilization of a protein by urea, by point mutations, or

by binding to the membrane surface dramatically acceler-

ates the import of the protein into the mitochondria [6, 7,

98, 101]. Besides, it is shown in [102] that the stabilization

of the structure of ribonuclease barnase by its inhibitor

barstar completely inhibits the import of barnase into

mitochondria. It was found that holoproteins or their pre-

cursors, for example, such as cytochromes c and b, are

imported in their apoforms, just after biosynthesis, where-

as heme binding inhibits their translocation [103]; the

wild-type apoform of maltose-binding protein sensitive to

proteolysis is exported quickly and efficiently [104].

Second, it was found that non-native proteins are

translocated much more easily than their folded forms.

Dihydrofolate reductase without C-terminal residues is

translocated even in the absence of ATP [105]. The pre-

cursor of β-lactamase binds to GroEL immediately after

biosynthesis, before the acquisition of the rigid structure,

and can be translocated, but it loses this ability upon

reaching its native state [106].

Third, it was shown that the proteins associated with

the membrane are in a non-native state. Translocation of
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dihydrofolate reductase occurs in two steps: binding to

the membrane, which is inhibited by salts, occurs in a

partially unfolded form accessible to proteolysis, and the

translocation proper is inhibited by methotrexate [96,

97]. Insertion of membrane proteins synthesized in the

cytoplasm into the membrane occurs stepwise, passing

through intermediate states [107, 108].

New data on the mechanism of protein translocation

across a membrane have appeared, in particular, protein

transport across the mitochondrial membrane has been

studied in detail. Many proteins are transported from the

cytosol into mitochondria via the TOM complex or chan-

nels with a limited diameter [109]. To go through such a

channel, even the smallest proteins should be denatured

[110, 111]. Disturbance of the initially folded protein

structure can be caused by the mitochondrial membrane

itself due to the presence of specific proteins (e.g. Hsp70)

and the potential on the mitochondrial membrane [112,

113].

Translocation process. Studies of toxins indicate that

they penetrate through the membrane in a non-native

state. It was shown for the pore-forming domain of col-

icin A that its binding to the membrane and penetration

into it increase sharply at lower pH values [9, 10]. On the

other hand, it was found that this domain is transformed

into the molten globule state at low pH, and this pH value

coincides with the local pH at the membrane surface. The

data allowed the authors to conclude that the local low

pH at the membrane surface denatures the pore forming

domain of the toxin to the molten globule state. It makes

the structure of the domain more fluctuating or flexible

and allows the hydrophobic hairpin, in the native state

immersed in the hydrophobic core of the protein, to sep-

arate from the rest of the protein and penetrate into the

membrane [9, 114]. Later it was shown that the binding of

colicin A to negatively charged vesicles leads to a confor-

mational change in the tertiary structure of the protein

[115-118].

Conditions/state

Native state, pH 7.2

Intermediate, in the presence 
of phospholipid vesicles at pH 7.2:
1) POPG/Cyt b5 = 50 : 1
2) POPG/Cyt b5 = 500 : 1

In water-alcohol mixtures 
at moderately low pH values
(36% iPrOH, pH 6.5)

Gel-chromatography (volume)

elution in the compact form volume

1) 80% of protein molecules appeared in
the elution volume of free native protein
2) 100% of protein molecules appeared
in the elution volume of vesicles

elution in the compact form volume

Table 2. Structural features of proteins in the native state, in the presence of phospholipid vesicles at neutral pH, and

in water−alcohol mixtures at moderately low pH values

λfl
max, nm

335

340

345

[Θ]220, deg· cm2·dmol−1

−8,100

1) −7,500
2) −5,500

−8,300

Tm, K

340.3

1) 341.5
2) heat melting
peak is absent

heat melting
peak is absent 

Water-soluble fragment of cytochrome b5

Native state, pH 7.2

Intermediate, in the presence of
phospholipid vesicles:
POPG/apoMb = 25 : 1, pH 7.2

Intermediate, in the presence of
water−alcohol mixtures at mod-
erately low pH values 
(30% MeOH, pH 5.2)

elution in the compact form volume 

protein elution in the volume of vesicles

elution in the compact form volume 

334

340

340

−17,000

−17,000

−18,000

335.5

heat melting
peak is absent 

heat melting
peak is absent 

Apomyoglobin

Native state, pH 7.2

In the presence of phospholipid
vesicles at pH 7.2:
1) POPG/holoMb = 25 : 1
2) POPG/holoMb = 200 : 1

In water−alcohol mixtures 
at moderately low pH values
(40% MeOH, pH 4.0)

elution in the compact form volume

1) 75% of protein appeared in elution
volume of the native protein
2) 100% protein is observed in the 
elution volume of vesicles

elution in the volume of compact form

330

340

340

−22,000

1) −20,800
2) −17,500

−21,500

357

1) 338
2) heat melting
peak is absent 

heat melting
peak is absent 

Holomyoglobin
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Other toxins having pore-forming domains, such as

colicin E1 [119] and δ-toxin [120], behave similarly.

For diphtheria toxin (DT), for which the transition

from the native to the molten globule state is observed at

acidic pH [122], it was shown that denaturation facilitates

its binding to the membrane [121]. It is well known that

DT enters the cell through organelles with internal acidic

pH. Under in vivo conditions, in lysosomes DT is exposed

to acidic pH at which it is transformed into the molten

globule state. When corresponding toxin domains are

transferring to the cytoplasm, their renaturation from the

MG state to the native active state occurs [121-124].

Similar data were obtained for exotoxin, which has

homology and enzymatic activity analogous to DT [125],

as well as for influenza hemagglutinin [126]. Later, in

2009, Chenal’s group extensively studied the penetration

of the toxic domain of DT through the membrane using

neutron reflectometry and solid-state NMR spectroscopy

[127].

The A-domain of the dimer toxin ricin binds to neg-

atively charged phospholipid vesicles, but it does not

interact with neutral phosphatidylcholine vesicles. The

binding is accompanied by conformational changes in

ricin and destabilization of the lipid bilayer [128, 129]. On

the interaction of the protein with the vesicles, the protein

structure undergoes a transition to a partially unfolded

state, as evidenced by its cleavage by trypsin and the loss

of ability to bind adenine, i.e. to perform its function.

Denaturing effect of membranes is also revealed dur-

ing penetration of staphylococcal α-toxin into a cell

[130]. Penetration and translocation of the catalytic

domain of the pathogenic bacterium Bordetella pertussis

CyaA toxin across the membrane was studied in [129-

131]. A long fragment (1-489 a.a.) that had the ability to

bind to the membrane and destabilize the structure of the

bilayer was discovered, while the shorter fragment of this

protein (1-386 a.a.) did not have such properties.

Destabilization of the protein structure near the mem-

brane exposed the hydrophobic binding site and its bind-

ing to the membrane. This made it possible to transfer the

hydrophobic catalytic domain through a hydrophilic

extracellular environment into the hydrophobic environ-

ment of the cytoplasmic membrane.

These data confirm that protein rigid structure

should be disturbed prior to interaction with the mem-

brane. This is confirmed in the literature. Cholera and

pertussis toxins are unstable relative to temperature,

which allows them to be in a non-native conformation

and to use the ER degradation system for penetration into

the cytoplasm. Thermal destabilization of the tertiary

structure of the cholera toxin catalytic subunit usually

occurs prior to disordering of its secondary structure.

Therefore, any structural stabilization of cholera toxin

[132, 133] or pertussis toxin [134, 135] inhibits the trans-

fer of the toxins from the ER to the cytoplasm and the cell

toxicity. Thus, stabilization of the tertiary structure of the

cholera toxin catalytic subunit by glycerol prevents its exit

from the ER [132]. This work showed that the thermal

instability of the cholera toxin plays a key role in the

process of intoxication. This also applies to the S1 subunit

of pertussis toxin [134]. The authors of [136] showed that

the membrane surrounding of the neurotoxin facilitates

the binding of the ligand to its receptor. The interaction of

the neurotoxin with charged heads of phosphatidylserine

(PS), surrounding the acetylcholine receptor, leads to the

appearance of the specific topology of the toxin on the

membrane surface, which promotes the blocking of the

receptor.

Interactions of the P-type cardiotoxin from cobra

venom with different phospholipid membranes were stud-

ied using 1H-NMR. It was found that the toxin binds to

negatively charged vesicles (but not neutral ones) and

penetrates into the bilayer, which leads to further destruc-

tion of the membrane [137].

Binding of non-native state of proteins to membranes.

In the non-native state, hydrophobic groups are exposed

to the surface of the protein. This leads to the binding of

hydrophobic dyes, protein aggregation, and interaction

with membranes. This is true for HLA, which undergoes

a transition from the native to the molten globule state at

acidic pH, and only after that it binds to the membrane

bilayer and then partially buries into it [138]. In later

studies it was shown using NMR that the binding of HLA

to the membrane occurs due to interaction of hydropho-

bic residues of helices A and C with the lipid bilayer [139].

It also is established that apoMb is associated with large

vesicles at acidic pH values, and the sequence of the frag-

ment interacting with the membrane was determined

[140].

It was found that anionic phospholipids can modu-

late the function of several enzymes: for example, for

activation of hydrolytic activity of water-soluble ATPase

SecA, its binding to the Escherichia coli inner membrane

is required. For this action, a partially unfolded protein

conformation has to be formed [141]. The modulating

effect of negatively charged membranes was shown for

peptides isolated from the C-terminal domain of

apolipoprotein E (ApoE). These peptides are able to

independently form lipoprotein complexes, and the

authors suggested that the surface charge of ApoE can

regulate its metabolism [142]. To regulate the activity and

stability of tyrosine hydroxylase, only its weak binding to

the membrane is required [143]. Similar conditions are

necessary for activation of prothrombin [144]. The water-

soluble dimer of acetylcholinesterase from Torpedo cali-

fornica, while in the native state, does not interact with

vesicles of phosphatidylcholine, whereas the transforma-

tion of the protein to the MG state leads to its binding to

the membrane through a hydrophobic peptide of 5 kDa

[145]. This amphiphilic peptide is placed horizontally on

the surface of the membrane, and only its hydrophobic

surface is immersed in the membrane. Acetylcholin-
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esterase from Bungarus fasciatus easily undergoes thermal

denaturation in the presence of membranes, but is not

associated with them and remains in the denatured state

in solution [146], i.e. in this case the membrane surface

acts as a catalyst of denaturation.

The above examples of proteins were obtained under

non-native conditions, when the intermediate states of

proteins were formed prior to their interaction with mem-

branes. An exception is acetylcholinesterase, for which it

was found that the presence of membranes catalyzes its

thermal denaturation at neutral pH [147].

It was shown for saposin C that its binding to nega-

tively charged PS vesicles causes their fusion [148]. In the

process of fusion of the vesicles, both protein–membrane

and protein–protein interactions are involved. Vesicle

fusion occurs due to immersion of the N- and C-terminal

helices of the protein into the bilayer of different vesicles.

This process is accompanied by a change in the confor-

mation of the protein molecule, which, in turn, is able to

interact with another protein molecule situated near the

first one.

The authors of [149] note that in the presence of PG

phospholipids in the membrane, the rate of folding and

efficient yield of folded trimeric α-helical membrane

protein diacylglycerol kinase increase. Substitution of PG

for lyso-PG reduces the rate and efficiency of folding of

this enzyme.

For small GTPase H-Ras, anchored to the mem-

brane, it was shown that it forms active dimers due to pro-

tein–protein interactions (without involvement of the

lipid) only on the membrane surface. In solution, the

protein has exclusively monomeric form [150].

The process of forming transport vesicle shells is also

associated with the membranes. Thus, the self-organiza-

tion of clathrins and similar proteins (coat proteins)

occurs solely on the membrane surface [151].

Interaction of cytochrome c with membranes. Studies

of Cyt c and its apoform began long ago. In the literature,

there is an example of functional structuring of apoCyt c

due to the interaction of its initially unfolded chains with

the negatively charged surface of micelles. First, the pro-

tein forms helices, then it is embedded into the mem-

brane in this helical state and becomes able to bind the

heme [152]. The study of the conformational state of apo-

and holoCyt c in the presence of various membranes as

well as the mechanism of interaction of these proteins

with membranes was carried out in Pinheiro’s group for

several years [153-158]. In the first papers of this series,

they studied the structure and dynamics of the PhL bilay-

er, which contains bound Cyt c, using one-dimensional
31P-NMR [153]. It was shown that the binding of Cyt c

with the membrane is a result of both destabilization of

the protein molecule and disturbance of its tertiary struc-

ture. In its binding with the membrane, electrostatic

interactions play an important role, since positively

charged Cyt c interacts with negatively charged lipid

heads, particularly cardiolipin, which is a major phos-

pholipid of the inner mitochondrial membrane.

Consequently, the specific interaction of the protein with

the membrane depends on the type of PhL of which the

bilayer is composed. The interaction of Cyt c to mem-

branes was also studied by fluorescence and absorption

spectroscopy using the stopped-flow technique and NMR

[154, 158]. Following this work, the authors proposed a

kinetic mechanism of Cyt c unfolding near the membrane

surface. It was found that the initial binding of the protein

to the membrane occurs via electrostatic interactions of

positively charged groups of the protein with the nega-

tively charged PhL head groups, after which an interme-

diate with structure similar to that of the native protein is

formed. The next step is the disturbance of the tertiary

structure and transition into a denatured state with heli-

cal secondary structure, again similar to the native pro-

tein structure. The kinetic studies were continued in

investigations of the folding of apoCyt c in the presence of

lipid micelles [155, 156]. As mentioned above, apoCyt c is

the precursor of Cyt c, which functions in the intermem-

brane space of mitochondria. ApoCyt c is synthesized in

the cytoplasm, and then it is translocated through the

outer membrane of mitochondria and binds the heme in

the intermembrane space. Using fluorescence spec-

troscopy and CD in the far-UV region, the authors

described a possible mechanism of translocation of

apoCyt c through the outer membrane of mitochondria.

It was shown that the formation of the helical structure

precedes the protein interaction with the membrane and

its penetration into it [155].

Relation between protein–membrane interactions and

human diseases. A key event in the origin of prion diseases

is the conversion of the normal cellular form of prion pro-

tein (PrP) into the toxic form, which is prone to forma-

tion of fibrils and plaques. A cause of protein misfolding

could be the presence of membranes. It was shown exper-

imentally that the β-structural form of the recombinant

prion protein binds to anionic vesicles at pH 7.0, and

much better at pH 5.0 [159]. This preserves a major part

of the β-structure and the disordered regions. β-PrP

forms diffuse aggregates upon binding to the membrane at

pH 5.0 with the emergence of protofibrils. Moreover,

denaturation of the PrP β-form occurs in the presence of

planar membranes containing a mixture of DPPC, cho-

lesterol, and sphingomyelin, with the subsequent forma-

tion of fibrils. The PrP α-helical form interacts with three

types of membranes: negatively charged membrane,

membrane containing neutral phospholipids, and planar

membrane consisting of phosphatidylcholine (PC),

sphingomyelin, and cholesterol [160]. Stronger binding

occurs with the negatively charged membrane at pH 5.0,

as compared to pH 7.0, due to both protonation of His

and an increase in the charge of the protein (from +4 to

+9), i.e. in this system electrostatic interactions play a key

role in the binding.
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The protein α-synuclein (α-Syn) might be a precur-

sor in the formation of plaques in Alzheimer’s and

Parkinson’s diseases. α-Syn is a small soluble protein that

has a disordered secondary structure in aqueous solution.

It was shown that α-Syn is able to bind to negatively

charged phospholipid vesicles [161]. The disordered sec-

ondary structure of the protein is stabilized on its interac-

tion with the membrane, and segments with helical struc-

ture appear. Furthermore, it was found that the removal

of sterol from the membranes (which makes them more

fluid) reduces the binding of α-Syn to the cytoplasmic

membrane, leading to amplified vesicle association, and

thus resulting in greater protein toxicity. Thus, a higher

concentration of sterol in the plasma membrane could

prevent development of synucleinopathy. This effect

requires further investigation in connection with the

widespread use of statins and their possible impact on

membrane-bound proteins [162].

The role of PS-containing membranes and factor V(a)

in the activation of prothrombin is discussed in [144]. It

was found that both factors approximately equally acceler-

ate this process, but PS-containing membranes significant-

ly increase the advantage of the activation pathway via for-

mation of one of the intermediates, mesothrombin, at a

certain concentration of the membranes.

The τ-protein is capable of forming neurofibrils and

plaques [163]. It was suggested that places of fibril and

plaque formation, which contribute to such transforma-

tion of the protein in the cell, may contain negatively

charged membranes.

The ability of membranes to influence protein func-

tions was investigated for the antimicrobial polypeptide

cecropin A, for which all stages of interaction (approach-

ing of the polypeptide to the membrane, interaction with

its surface, and penetration into the membrane) were

investigated. It was found that the polypeptide acquires a

well-defined secondary structure at the membrane surface,

oriented parallel to its surface. Although the polypeptide

immersed in the bilayer membrane increases slightly in

size, its structure and orientation remain unchanged [164].

Interaction of amylin hormone with a membrane

promotes the formation of pre-amyloid aggregates, the

latter leading to the formation of amyloid fibrils in type 2

diabetes [165].

The main regulator of cell growth and metabolism, as

well as cytoskeletal reorganization of TOR (Ser/Thr kinase

target of rapamycin), undergoes a significant conforma-

tional change both in the presence of phospholipid mem-

branes containing the regulator phosphatidic acid (PA) and

without it. Dysregulation at TOR-signaling transfer affects

the change in metabolism and causes neurological diseases.

It was found that the deficiency of glucose leads to a

decrease in intracellular pH from ~7.5 to ~6.0, which can

promote changes in the protein structure [166].

Phospholipid binding modules are found in intracel-

lular proteins such as kinases. These modules play a cru-

cial role in the regulation of many protein kinases

depending on their localization. For many of them, their

membrane localization depends on the presence of PS

phospholipids. Using X-ray analysis, for many modules

structurally conserved binding sites with anionic phos-

pholipids were identified. In this case, kinases bind other

regulators, similar to septins, only when bound to the

membrane surface. These facts are important for under-

standing defects in the action of kinases, so far as it is

associated with various diseases such as Alzheimer’s dis-

ease, cancer, and autism [167].

The lipid domains play an important role in main-

taining the myelin structure during transmission of nerve

impulses. These domains regulate adsorption of MBP

(myelin basic protein) on the membrane and the interac-

tion with the lipid bilayers of myelin, which are in close

contact. These interactions create conditions for an envi-

ronment with a low dielectric constant through compact

bilayers, which is essential for efficient nerve pulse prop-

agation. Any disturbance of the structure of the myelin

sheath and interactions within the system leads to neuro-

logical diseases, the most common being multiple sclero-

sis [166-168].

The examples briefly described above show that pro-

tein–membrane interactions are very important in the

initiation of various diseases. Progress in this direction

will help to find new ways to prevent their development.

New directions. In recent years, interest in studies of

lactalbumin has renewed with regard to its ability to form

a complex with oleic acid. This molecular complex is able

to overcome twice the membrane barrier and destroy the

DNA of cancer cells [107, 169-172]. Lactalbumin forms

a complex only in the calcium-free form having a partial-

ly unfolded conformation like the MG state, and its mod-

ified form is able to bind with the membrane, both cellu-

lar and mitochondrial.

Increasing attention has been focused recently on

what is the possible influence of cell membranes on pro-

teins that are operating near or on their surface. This

problem is important for studying the folding of integral

membrane proteins and their penetration into the mem-

brane [107, 173]. Such outer membrane proteins as

OmpA [107] and OmpG [174] are synthesized as globular

precursors, which undergo a conformational transition to

the MG state near the membrane surface. Then, this

altered state interacts with the membrane leading to pen-

etration of this already intermediate structure into the

membrane. However, the factors influencing the process

of protein–membrane interactions are still not sufficient-

ly understood.

Interaction of proteins with membranes is also evident

in the choice of ways for protein delivery into cells [175].

Membrane proteins continue to be targets for the delivery

of drugs into the cell, because they allow communication

between neighboring cells and are involved in the transport

of ions and substances through the cell membrane.
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There is evidence of this in the literature.

Membranes may have a regulatory effect. Delivery of

transmitters requires fusion of synaptic vesicles with the

plasma membrane. This is achieved by structuring under

the influence of the membrane of the disordered cyto-

plasmic domain of synaptobrevin upon Ca2+-dependent

formation of a SNARE-complex causing the formation of

a tetra-helical complex. This complex combines three

components of the SNARE-complex (syntaxin 1A,

SNAP-25, and synaptobrevin-2) [176-178], where syn-

taxin and synaptobrevin are bound to the membrane by

their C-terminal fragments. However, it was not clear

how syntaxin is clustered on the membrane surface. The

authors of [179] revealed that this fusion is facilitated by

electrostatic interactions with the anionic lipid phos-

phatidylinositol-4,5-biphosphate (PIP2), which forms an

extensive cluster that is necessary for the sorption of syn-

taxin. This work focuses on the fact that the electrostatic

interaction between the protein and phospholipids may

lead to the formation of microdomains of the membrane

irrespective of other factors.

It was also noted that the partially denatured state of

the acidic fibroblast growth factor interacts with phos-

pholipid membranes, which is not observed for the native

protein [180].

There is another aspect to be considered when ana-

lyzing the changes in the structure of the proteins upon

their interaction with the membrane. It is the targeted

delivery of proteins (such as α-interferon, insulin, or

growth hormone) in the body by their oral intake. For

successful solutions of this problem, it is necessary to take

into account the biochemical and physiological processes

that determine membrane permeability, transfer through

the gastrointestinal tract, and the interaction with

mucous membranes. For this purpose, special carriers

have to be designed that are resistant to a certain type of

actions (e.g. pH 1.0 in the stomach), but usually it is a

compound that can cause changes in the structure of pro-

teins. Often, within these carriers, the transported pro-

teins are in a state similar to the MG state in solution

[175]. Most often, the place of delivery is the small intes-

tine, where the conditions for the proteins are far from

native. The presence of a branched membrane surface

[181] and the presence of aromatic bile acids create con-

ditions for destabilizing the structure of proteins and their

transition to an intermediate state. This creates a problem

for the delivery and preservation of physiologically

important properties of protein compounds [182-184].

EFFECT OF DIFFERENT TYPES

OF PHOSPHOLIPID MEMBRANES

ON PROTEIN STRUCTURE

In the cell, there are a variety of membranes. They

have highly dynamic nature with regard to their composi-

tion, shape, and packing [12, 13, 95]. Furthermore, for

processes of apoptosis, differentiation, and development

the cell must be able to reduce the size of the organelles

and to create them again, i.e. during its life the cell uses

different types of membranes depending on the momen-

tary needs. On the other hand, the effect of different kinds

of membrane on proteins must be different. Figure 7

schematically shows the most common types of phospho-

lipid membranes used in vitro. This is large bilayer vesicles

(LUV), whose diameter is 1000-2000 Å, and giant vesi-

cles are still larger. Frequently small bilayer vesicles

(SUV) are used whose dimensions are 300-500 Å. A

micelle can be formed at low concentrations of PhL.

These vesicles allow simulating both flat membrane and

those similar in shape to a sphere or the rounded part of

an ellipsoid observed in vivo.

The choice of the form of vesicles and their con-

stituent PhL in vitro is determined by the goal being pur-

sued. Therefore, most often proteins are studied using

only one type of vesicles. However, the two proteins –

apoMb and Cyt c – were studied in the presence of dif-

ferent types of PhL membranes, and therefore it is possi-

ble to compare the results.

The case of apoMb. It was shown [61] that in the

presence of anionic –SUV (molar ratio of PhL/Pr = 25 :

1) apoMb structure undergoes a conformational change

at neutral pH 7.2 and 6.2. On the other hand, in [138] it

was found that in the presence of anionic –LUV (molar

ratio of PhL/Pr = 300 : 1) the interaction of apoMb with

the membrane occurs only at pH 5.5. Moreover, in 1984

it was reported [43] that stabilization of –SUV with cho-

lesterol slows hemin release 2-fold. The protein–mem-

c

a

d

b

Fig. 7. Diversity of phospholipid membranes. Fragments of (a)

large bilayer membranes (LUV), (b) small bilayer membranes

(SUV), (c) micelles of lysophospholipids (Micelles), and (d) mis-

cellaneous proteins on a comparable scale are presented. Different

kinds of membranes are recognized by curvature, distance

between phosphate groups, and accessibility of the hydrophobic

lipid region to the aqueous medium.
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brane interaction is also influenced by the concentration

of negatively charged PG phospholipid. The binding effi-

ciency decreases with decreasing concentration of PG in

mixed vesicles. At the same time, the rate of mem-

brane–protein interaction slows, and the stability of the

protein structure has a noticeable effect as well [65].

Additionally, POPG –SUV can unfold native apoMb and

fold the protein unfolded by urea.

The case of Cyt c. It has been shown for this protein

that small vesicles (–SUV), composed of POPG and

DOPS, can lead to denaturation of Cyt c [152].

Collapsing of apoCyt c in the presence of DPPG –SUV

was studied by FTIR and H/D exchange [185, 186]. In

the presence of zwitterionic POPC SUV, no effect of

membranes on the protein structure could be detected

[185]. However, if lysoPhL were taken instead of PhL, a

small effect of membranes on the protein structure was

observed, leading to the binding and structuring of

approximately 60% of the molecules [185, 186].

A special case is the anionic micelles (–MIC) of

lysoPG. Using –MIC lysoPG leads to folding of unstruc-

tured apoCyt c into the helical state, reaching almost

100% helicity of the native holoCyt c in solution [150,

185, 186]. In this case the helices were arranged perpen-

dicularly to the membrane surface. But more striking is

that denaturation of stable holoCyt c was observed by

CD, absorption in the Soret band, and fluorescence

methods even in the presence of zwitterionic MIC lysoPC

[155], which is not observed for PC vesicles.

Analyzing these data, we can say that the difference

between the membranes used is only in the packing of

phospholipids. Large vesicles can have sufficiently flat

areas, where PhL have dense packing, and only the phos-

phate heads are exposed to water. Therefore, the effect

will depend mainly on the charge of these heads, and the

low dielectric constant of the lipid part will have little

effect. Another case is small vesicles and to a greater

extent micelles. In these membranes, the PhL packing is

not very dense due to significant curvature of the surface.

Therefore, the influence of the hydrophobic part is more

important, and this will enhance the electrostatic effect

of the phosphate heads. Therefore, the denaturing effect

will be more significant, as observed in the above exam-

ples.

CONCLUSION

The abovementioned experimental data reliably con-

firm the hypothesis [3, 94] that the membrane surface

affects protein structure due to increased electrostatic

interactions near its surface, namely due to the combined

action of the local lowering of pH and the dielectric con-

stant of the medium near the membrane surface. This

indicates that the membrane surface can serve as a mod-

erately denaturing agent in the cell.

The review of the existing literature data and the

experimental work of the authors emphasize the require-

ment to take into account the possible influence or direct

interaction of proteins and membranes under certain

conditions. This may be important when studying the

behavior of proteins near a membrane, or the folding of

membrane proteins, or the delivery of protein drugs. This

may also be important when choosing the ways of drug

delivery in the body. In the analysis of these problems,

one should pay attention to detailed study of

protein–lipid interactions that have been described

exhaustively in recently published reviews [187-189].

Conversion of membranes depends on their interaction

with proteins and includes changing of organelle forms

[190] as well as deformation of vesicles during their trans-

port [191-193]. Taking into account the role of the high

concentration of proteins in the cell, contributing to a

change in the curvature of the membranes [194, 195], all

of the abovementioned emphasizes the importance of the

topics discussed in this review.
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