
Protein folding is defined as the process in which

neighboring and distant amino acids of a linear polypep�

tide come closer to each other and join to form a native

structure with unique biological activity. Once the protein

is synthesized only its folded form is functional, so the

folding of the polypeptide is an important step in convert�

ing the genetic information into the functioning of the

cell [1]. The first studies on folding of proteins were done

in 1920 by Anson and Mirsky who concluded that denat�

uration of proteins is reversible [2]. In 1961 Anfinsen stat�

ed that the three dimensional structure of a protein is dic�

tated by its primary sequence. The question arises why

should one carry out protein folding studies. There are

several reasons for this. First, expression of recombinant

genes leads to the production of inclusion bodies which

are insoluble and inactive forms. These proteins have to

be made active, for which protein folding studies are

required. Second, one of the major areas of studies these

days is designing proteins with novel biological function,

and for this purpose one should know how each amino

acid will fold. Modification of proteins can also be carried

out for which one should know the effect of altering the

primary sequence and how this will affect the structure

and folding. Third, protein folding studies help to under�

stand diseases like Alzheimer’s disease, scurvy, scrapie,

and cystic fibrosis which are caused by mutation in pro�

tein causing the aggregation or misfolding of proteins. It

also helps us to understand how some human proteins

undergo conformational changes that render them path�

ogenic. The amyloid and prion diseases appear to result

from conversion of one of the soluble and functional pro�

teins into β�sheet rich quaternary structures that are often

fibrillar, and this occurs at low pH or denaturing condi�

tions [3]. This proves that the aqueous environment (pH,

temperature, ionic strength, presence of chaotropic

agent) also strongly influence the conformation adopted

by a polypeptide. The cellular prion protein (PrPc) C�ter�

minal structure is environmentally dependent and the

N�terminal portion of PrPc is largely unfolded. Fourth, to

predict the structure of proteins, techniques like X�ray

crystallography are not enough, folding studies are also

required. Fifth, structure function relationship of pro�

teins and protein–protein interaction can be studied at

the molecular level only.

REASON FOR ELUCIDATION 

OF PROTEIN FOLDING PATHWAY

The discrepancy between the calculated and experi�

mental results obtained for protein folding is called the

Levinthal paradox. Consider a small protein with 100

residues. Cyrus Levinthal calculated that if each residue

can assume three different positions, the total number of

structures is 3100 which is equal to 5 × 1047. If it takes

10–13 sec to convert one structure into another the total

search time would be 5 × 1047 × 10–13 sec which is equal to

1.6 × 1027 years. But real proteins fold within seconds or
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minutes. This enormous discrepancy is called the

Levinthal paradox [4]. Hence it was inferred that proteins

cannot fold by a random search of all possible conforma�

tions, rather protein folding occurs by progressive stabi�

lization of intermediates. The essence of protein folding is

the retention of partially correct intermediates.

Partially folded intermediates can be detected,

trapped, and characterized by rapid kinetic studies, trap�

ping of disulfide bonded intermediates, pulse labeled

NMR, site specific mutagenesis, and protein design.

MODELS OF PROTEIN FOLDING

Many models for folding have been proposed. They

are based on theoretical considerations or phenomeno�

logical constructs and on computer simulation.

Molecular dynamics (MD) simulations give a detailed

description of the behavior of proteins during folding and

unfolding processes [5]. However, these simulations give a

more correct picture of the unfolding because to acceler�

ate the events in simulation the temperature has to be

raised, which corresponds to the unfolding conditions.

MD operate with nearly folded protein only and point out

that the most essential step in folding is formation of a

relatively small critical folding nucleus in the unfolded

phase. The interpretation of MD studies is not always

reliable because a folding process must proceed via the

same pathway as the reverse unfolding process only when

both are held at the same conditions, but processes under

different conditions are not obliged to follow the same

route.

Framework model. The framework model was pro�

posed by Ptitsyn [6]. According to this model, protein

folding is hierarchial, that is during folding secondary

structural elements are formed initially, which then con�

stitute the framework for further formation of tertiary

structure. Fluctuating segments of secondary structure

first form and then coalesce so that the polypeptide chain

becomes compact and the final tertiary structure forms

subsequently.

It is said that a protein achieves its native structure

avoiding a large number of alternatives because it folds

step by step in such a way that the results of each step are

not reconsidered at subsequent steps, but just fastened by

them. The main point of this scheme is that three levels of

protein structure—secondary structure, folding pattern,

tertiary structure—are assumed to be formed as three sub�

sequent stages of protein folding [7]. The first (burst)

intermediates predicted by this scheme were revealed

independently by two groups [8, 9]. The result showed

that this intermediate is formed within a few milliseconds.

It has usually 50�100% of native far UV�CD and therefore

must have a very substantial amount of secondary struc�

ture [10]. Since it binds the hydrophobic probe (8�anili�

no�1�naphthalene sulfonate; ANS) it suggests that it has

solvent accessible clusters of nonpolar groups. The sec�

ond intermediate revealed usually forms within a second

and is almost as compact as the native state [11]. The

pulse hydrogen labeling technique elaborated by Baldwin

and Roder has shown that this state has many stable

α�helices and β�strands. Stable secondary structure forms

after fluctuating secondary structure [12, 13].

Hydrophobic collapse model. In this model the

hydrophobic interaction which can be described as water

driving two nonpolar molecules together so that their

contact with water is reduced, is thought to be the domi�

nant interaction in determining the folding of protein.

The nonspecific nature of hydrophobic interactions sug�

gested that they could form more quickly than other more

specific interactions. The first direct evidence for the

hydrophobic collapse model has been found in the case of

barstar [14].

Much study has been done on the protein–protein

interaction and folding process in barstar (89 amino acid

protein which is an intracellular inhibitor of bacterial

RNAse or barnase) [15]. Unfolding kinetics induced by

urea have been carried out in four different conditions,

i.e., at 10°C, 25°C (in the presence and absence of 0.8 M

KCl), and 40°C. The presence of 0.8 M KCl significantly

stabilizes the native state with respect to unfolded state,

suggesting that its effect is through strengthening of

hydrophobic interaction or weakening of unfavorable

electrostatic interaction. The hydrophobic interactions

become weaker with decrease in temperature from 25 to

10°C. The burst phase loss in secondary structure at high�

er temperature but not at lower temperature is because

hydrogen bonding interactions become weaker at 40°C.

The formation of two burst phase unfolding intermediates

with different far UV�CD and fluorescence properties

have been suggested. One is devoid of substantial second�

ary structure resulting in reduced far UV�CD signal and

the other has perturbed hydrophobic core resulting in

reduced fluorescence signal. These two burst phase inter�

mediates must be on two different unfolding pathways,

each with different transition states.

Nucleation–condensation growth model. For a pro�

tein to achieve its native conformation in a biologically

feasible time it has to sample a limited number of possible

structures; this is achieved by nucleation, which reduces

the number of searches for native protein structure [16,

17]. In the nucleation condensation growth model

(NCGM), a region of the polypeptide chain serves as a

nucleus for chain propagation to obtain the native state.

The nucleation site is suggested to be around 8�18 amino

acid residues long. The nucleus is expected to be unstable

by itself and is therefore present only for a short while in

the denatured state.

Jigsaw puzzle model. The assembly of structural ele�

ments can occur in many different ways analogous to the

assembly of the pieces of the jigsaw puzzle [18]. There is

no definite order to their assembly but this theory has
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been discarded because it has been established that fold�

ing occurs along a few well defined sequential pathways

with intermediates rather than a number of equally acces�

sible pathways.

STUDY OF PROTEIN FOLDING

The earliest steps in protein folding are usually stud�

ied using rapid kinetic measurements. The earliest events

of structure formation take place within the first 2�4 msec

before they can be observed experimentally. Two powerful

probes used to study early secondary structure formation

are far UV�CD monitored stopped flow kinetics and

pulsed hydrogen exchange in conjunction with NMR.

Although CD provides a useful method for following sec�

ondary structure formation it does so without defining the

origin of specific features. In contrast, pulsed hydrogen�

exchange methods can detect the formation of specific

secondary structure during folding [19]. These may not

however detect the initial formation of isolated elements

of secondary structure. The structure formed in the initial

stages of folding appeared to be too labile to afford signif�

icantly intense labeling pulse used in the experiments.

It is difficult to tell whether the secondary structure

is formed as a result of hydrophobic collapse or formation

of secondary structure takes place before a hydrophobic

collapse because methods for determination of a collapse

by direct measurements are not readily coupled to rapid

data acquisition systems [20]. In this context fluorescence

spectroscopy study is very useful. The fluorescence inten�

sity of tryptophan is used typically to monitor folding in

most kinetic studies because it is sensitive to environment

and its variation can be easily monitored [21]. It was seen

that burst phase fluorescence changes within the dead

time (5 msec) of measurement indicating that at least

some side chains interactions involving tryptophan have

already formed on this time scale.

Direct measurements of protein compactness by

small angle X�ray scattering have been performed recent�

ly in both equilibrium [22] and kinetic experiments [23].

Measurements of the scattering intensity spectrum indi�

cates that a protein is indistinguishable in terms of its

compactness from the native state much before folding is

complete. To compare the various kinetic and equilibrium

intermediates it is better to use solvent than temperature

induced denaturation as heating usually does not com�

pletely unfold proteins and leads to their aggregation

while urea and guanidine hydrochloride (GuHCl) at

room temperature unfold proteins more or less complete�

ly [24]. Urea induced denaturation of lysozyme and myo�

globin was studied by column chromatography and it was

seen that at small denaturant concentration only one

peak of elution volume is observed which corresponds to

the compact native molecule. As the denaturant concen�

tration is increased a second peak is seen which is of the

denatured unfolded molecule. This peak grows till the

first one completely disappears. This phenomenon proves

the all or none character of solvent induced denaturation

of proteins. The all or none character of transition means

that each molecule undergoes the transition as whole but

it does not mean that there is the absence of any other

transition. Two transitions were seen in carbonic anhy�

drase and β�lactamase induced by GuHCl. The first tran�

sition is the protein denaturation monitored by loss of its

activity and rigid tertiary structure. The second transition

can be monitored by change in elution volume and CD in

the peptide region. This implies that there is a denatured

state with compactness and secondary structure content

close to those of native state but without activity and rigid

tertiary structure. These properties are similar to that of a

molten globule. A molten globule is an intermediate

which possesses secondary structure but not a well packed

tertiary structure. The formation of a molten globule is

emerging as a common feature on the folding pathway of

many proteins. It was first extensively characterized as an

equilibrium intermediate [25, 26].

Low temperature denaturation gives a different pic�

ture. Here it is possible to observe three transition curves.

The first is of protein denaturation, the second is the all or

none transition between two denatured states, and the

third shows that even after all the molecules have been

transformed into less compact state, they continue to

expand. The existence of three transitions shows the pres�

ence of at least two intermediates between the native and

completely unfolded molecule. The more compact inter�

mediate is almost as compact as the native protein and

has high secondary structure and also binds ANS, that is

it fulfills all the criteria of a molten globule while the

compact intermediate is the partly folded state. It also has

some secondary character but binds ANS weakly. This

state also is similar to the first kinetic intermediate.

Hence it appears that there is similarity between the prop�

erties of equilibrium and kinetic molten globule states.

Spectroscopic techniques measure the structural

changes only in the millisecond time scale so the folding

occurring earlier than these cannot be detected. This

problem can be circumvented by changing the physical or

chemical conditions of the reactions like lowering the

temperature [27, 28]. The rate of folding does not depend

specifically on its size or structure and there is also no

connection between stability and folding. The transition

state in protein folding is compact and is more like the

native than the unfolded form [29]. This state is at the

highest energy level on the pathway of folding and follows

the classical transition theory of chemical reactions even

though it is composed of mainly weak interactions as

opposed to chemical reactions involving the making or

breaking of covalent bonds. Even if multiple transition

states are present they are equivalent in energy. It was also

seen that the transition state for the folding and unfolding

pathways are not same [30]. It seems that protein folding
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follows kinetically accessible pathways which are much

less than the total number of possible pathways because

the local free energy minimum is at higher energy level

than the global free energy minima; otherwise, if a native

protein structure was of the lowest free energy its forma�

tion would take a very long time.

The folding kinetics has two distinct phases. The fast

phase in which all the main structural changes like the

hydrophobic collapse, hydrogen bond formation, and

packing of secondary structure take place. The slow phase

is seen in certain proteins involving isomerization about

proline imide bonds [31, 32]. The trans form is thermo�

dynamically favored in the unfolded form and the slow

phase of protein folding is because of the slow isomeriza�

tion of non�native trans form of proline to native cis form

during folding.

It has been very difficult to study the folding path�

ways because most of the intermediates at equilibrium are

highly unstable. Site�directed mutagenesis is a potential

tool for breaking down the cooperativity of folding

process so that the intermediates can be accumulated at

equilibrium and made easier to study [33]. The changes in

cooperatively along the folding pathway can be measured

by double mutant cycles [34, 35]. This cycle estimates the

extent of interaction between two residues in a folded

protein. In this method two interacting residues are iden�

tified and mutated both independently and simultaneous�

ly. Then the difference in the free energy of unfolding

(∆∆G) of the mutant proteins are measured with respect

to the wild type. The comparison of the difference of

∆∆Gs of two single mutant with ∆∆G of double mutant

indicated the extent of interaction between the two

residues under study. Protein engineering methods have

been used to characterize the transient intermediate on

the folding pathway [36]. Folding pathways of certain

proteins like bovine pancreatic trypsin inhibitor (BPTI)

which require the formation of specific disulfide bonds

for its folding have been studied and trapped intermedi�

ates have been characterized by selectively mutating the

Cys residues and measuring the rate of disulfide bond for�

mation [37, 38].

ACCELERATORS OF PROTEIN FOLDING

The molten globule is recognized by a class of mole�

cules called “chaperones” [39] which are involved in the

insertion of proteins into the membrane. There are also

suggestions that some proteins like insulin may function

in the molten globule state [40].

When proteins are expressed as insoluble aggregates

(inclusion bodies) the recovery of functional proteins is

required. There are three set of conditions necessary for

successful recovery of functional proteins after denatura�

tion. One, the folded protein should be most stable.

Cosolvents like glycerol, ethylene glycol, and sucrose,

anions like phosphate and sulfate, and cations like MES

(2�[N�morpholino]ethanesulfonic acid) can stabilize

protein markedly against denaturation. These do not

affect folding rate constant but decrease the unfolding

rate constant hence stabilizing the protein. Two, the

kinetic barriers that slow down or block the folding path�

way should be minimized. Three, the intermolecular

aggregation between folding intermediates should be

reduced to acceptable limits. This is done by a group of

protein chaperones, proteins GroEL and GroES have

been shown to dramatically increase the yield of refolding

in proteins [41]. Chaperones along with PDI (protein

disulfide isomerase) and PPI (peptidyl propyl cis�trans

isomerase) are some factors that increase the yield and the

rate of folding. The rate of folding will be inverse to the

concentration of denaturant. For certain proteins whose

folding rate is limited by proline cis�trans isomerization,

the rate is increased by adding PDI [42]. A major factor in

stabilizing aggregates appears to be hydrophobic interac�

tions; therefore, factors that can decrease the strength of

such interactions or increase the solubility of other parts

of a protein chain will abolish problems of low yield stem�

ming from aggregation.

PROTEINS: NATURE’S CHOICE AS CATALYST

Lastly, it is interesting to note that evolution pre�

ferred proteins as cellular catalysts over any other macro�

molecule. The reason cannot be attributed to composi�

tion alone but the reason lies in the structure of these

molecules. Protein folding is a highly cooperative

process as compared to folding in RNAs which are the

other catalytic molecules of nature [43]. RNA secondary

structure is extremely stable in the absence of tertiary

structure in contrast to proteins. Also, side chains are on

the inside of RNA double helix while amino acid side

chains face outwards in a protein secondary structure

allowing cooperative hydrophobic interactions to form

tertiary structures, which is a major governing force in

protein folding. High cooperativity and weak non�com�

plementary interactions in protein folding may signifi�

cantly contribute to the fact that molecular evolution

selected protein as catalyst.

Finally, we would like to suggest possible factors for

selecting the proteins as catalyst by Nature, which are as

follows. First, the bulk of the catalyst (proteins) structure

is rigid and the buried hydrophobic amino acids provide

the favorable environment for the interaction with their

substrate. Second, only a few charged amino acids are

responsible for catalysts with a broader range of pH opti�

ma. Since only amino acid can cover the entire pH range

for catalysis, i.e., for acidic aspartic acid/glutamic acid

and for basic histidine/lysine, it may be the possible fac�

tor for selecting protein over some other macromolecule

as a catalyst.
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