
During experimental investigations in the beginning

of the 1990s it was discovered that there are proteins that

fold in one stage without accumulation of metastable

states in all regions of external conditions [1, 2].

It is this group of one�stage proteins, for which the

folding looks especially simple, that researchers analyzed

to reveal characteristics of spatial protein structure affect�

ing its folding rate. Plaxco et al. [3] were the first to com�

pare folding rates predicted from protein structures with

the experimental rates. It was demonstrated that the fold�

ing rates for 12 one�stage proteins anticorrelate on the

level of 0.81 with the relative contact order parameter (or

simply “contact order” – CO) calculated from protein

structure, which is equal to normalized for the protein

chain length average distance along the chain between

atoms contacting each other in the native structure [3�5]:

CO                        ,                          (1)

where N is the number of noncovalent contacts (at a limit

distance of 6 Å) between non�hydrogen atoms in the pro�

tein, L is the number of amino acid residues in the protein

chain, and ∆Lij is the number of residues which separate

the interacting pair of non�hydrogen atoms (i < j) (it is

assumed that atoms of residues neighboring in the chain

are divided by one residue and interacting atoms are sep�

arated by no more than 6 Å, i.e. the threshold distance

limit; summation is done over all such pairs). This param�

eter is small for proteins whose structure is stabilized

mainly by local contacts (i.e. for α�proteins) and large for

proteins in whose native structure there are many con�

tacts distant along the chain (first of all, for β�structured

proteins). CO was specially invented for comparison of

the arrangement (rather than the size) of different pro�

teins; it depends on the secondary structure content in the

protein and on the interference of α�helices disposition,

β�structural elements, and loops in the native protein

structure [4].

However, it turned out that CO weakly correlated

with folding rates of other proteins (multi�stage proteins

forming metastable intermediates of folding). The corre�

lation coefficient was 0.34 for the set of experimentally

investigated multi�stage proteins known by 2003 [6],

and –0.01 for 82 proteins (one�stage and multi�stage)

and two peptides known by 2009 [7]. Therefore, an

assumption has been proposed that the success of CO in
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prediction of folding rates for one�stage proteins is deter�

mined by the fact that the one�stage proteins experimen�

tally investigated by 1998 were approximately of the same

length. Thus, the topological parameter of CO became the

primary one in determining the folding rates, the more so

that there is no correlation between the folding rate and

the size for one�stage proteins [6].

Therefore, to take into account the size of the pro�

tein the following equation was suggested [8]:

ln kw
f ~ – CO × LP,                          (2)

where lnkf
w is the logarithm of the folding rate in water. It

is possible to obtain a similar equation when considering

critically Finkelstein–Badretdinov’s theory according to

which the protein folding rate at the point of thermody�

namic equilibrium is determined by equation lnkf
mt ~

–(1 ± 0.5)L2/3. Here, the coefficient independent of the

protein size given in brackets is close to 0.5 if the protein

is stabilized mainly by local interactions, and to 1.5 if the

protein has many distant contacts along the chain so that

many closed loops protrude from any nucleus of folding.

It is clear that this coefficient is similar to CO in physical

meaning: both are small for proteins with local contacts

(in the first place, α�helical), and both are large for pro�

teins with mainly distant contacts along the chain when

the protein could not avoid the formation of closed loops

protruding from the folded part of the globule during the

folding of the protein. So, we again come to Eq. (2).

The best agreement of Eq. (2) with experimentally

investigated folding rates is under P = 1. The correlation

coefficient is –0.74 for the full set of proteins [8]. The

new parameter predicts folding rates for multi�stage pro�

teins at the same level (the correlation coefficient

is –0.78) and worse for one�stage proteins (for proteins

larger than 40 amino acid residues, the correlation coeffi�

cient is –0.51) [8].

During the investigation it was found that CO is pro�

portional to L–0.30±0.07 for the whole set of proteins and

peptides. This means that the parameter CO × L, which

has the maximal correlation with experiment for all pro�

teins and peptides, depends on the size of protein (length

of protein chain) as L0.70±0.07. It is much more than a good

coincidence with estimation of Finkelstein and

Badretdinov, L2/3, and also with the estimation of folding

L0.61±0.18 of simplified models of protein chains on the lat�

tice [9].

The smaller the protein the simpler the folding

mechanism. Therefore, many experimental and theoreti�

cal works have been devoted to folding of small α�helical

proteins [10]. Four proteins (En�HD, c�Myb, RAP1, and

TRF1) belonging to the homeodomain family, each of

them consisting of three α�helices, are studied here. It

has been shown experimentally that protein En�HD has

complex (multi�stage) folding [11], and the others are

one�stage proteins. These one�stage proteins have a more

compact native�like transition state. At that the transition

state of En�HD is more ordered than that of c�Myb, and

the folding rate of En�HD is higher than the folding rates

of other proteins (Table 1) in spite of the fact that it is a

multi�stage protein [11].

Modeling of protein dynamics of En�HD, c�Myb,

and TRF1 by molecular dynamics simulations has shown

[12] that although the structures of transition states of

these proteins are native�like, their accessible surface area

increases by 17% for En�HD and c�Myb and by 20% for

TRF1. Moreover, modeling showed that an intermediate

occurs on the pathway of c�Myb folding, and this inter�

mediate has not been detected experimentally. The fold�

ing intermediate has been detected experimentally only

for special mutants of this protein. No folding intermedi�

ate of TRF1 has been detected [12].

In papers devoted to the folding of these proteins, it

has been suggested that the protein folding rate is con�

nected with predisposition of amino acid residues in the

protein to form secondary structure. It has turned out that

the probability of formation of a helical state calculated

using the Agadir program (http://agadir.crg.es) [13] is

larger for En�HD and smaller for TRF1, proteins c�Myb

and RAP1 being situated between them. This correlates

with the folding rates: En�HD folds faster than all the

other considered proteins, and TRF1 folds slower. It has

also turned out that the existence of an intermediate on

the folding pathway only accelerates the folding [12].

Two mechanisms of protein folding are distinguished

in the papers, nucleation–condensation and diffusion–

collision (framework model) [14�16], which are different

representations of the common mechanism of protein

folding. Under the nucleation–condensation mechanism

secondary and tertiary protein structures are formed

simultaneously, but under the diffusion–collision mecha�

nism of folding the elements of secondary structures are

formed first, which then are arranged in space forming a

tertiary structure. The nucleation–condensation mecha�

nism is found when secondary structure is not stable in

the absence of tertiary interactions, while the diffu�

sion–collision mechanism becomes more probable with

increasing stability of secondary structure [12].

With increasing probability of secondary structure

formation, the folding mechanism shifts from the nucle�

ation–condensation to the diffusion–collision (frame�

work model). Thus, the folding of En�HD is described by

the framework model. While the folding of c�Myb is

described by mixed framework and nucleation–conden�

sation models, the folding of TRF1 has a purely nucle�

ation–condensation mechanism. The common property

under folding/unfolding of these proteins is that their

transition states are very native�like [12]. But the ener�

getic balance of interactions and pathways for achieving

the transition state usually depends on the predisposition

of amino acid residues to form tertiary and secondary

structures. In this work the folding process and structural
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lnkf

in water/
lnkf

mt at
point of

equilibrium

10.5/8.1

8.7/3.1

8.2/3.9

5.9/1.6

Contact order
(CO)/Abs(CO)/radius

of cross�section,
VASA/SASA, Å

13.63/736.2

VASA/SASA

3.49

12.3/578.1

VASA/SASA

3.37

13.04/769.6

VASA/SASA

3.42

14.52/711.6

VASA/SASA

3.45

Helicity, %
(Agadir)/Helicity,

% (X�ray)

13.88/70.37

2.09/63.83

1.45/52.54

1.33/65.31

Flexible
regions

– 

0 residues

5�9

32�38,

12 residues

19�30

37�41,

17 residues

10�15

21�26,

12 residues

Name of protein
(PDB entry), size

En�HD(1enh), 54 

c�Myb(1gv2), 47 

RAP1(1fex), 59 

TRF1(1ba5), 49 

F/RT,
value

of free
energy
barrier

6.96

7.72

4.86

9.11

t1/2,
number

of Monte
Carlo
steps

37 828

43 161

71 215

79 791

Table 1. Values of free energy barriers, the time during which half of trajectories fold, the experimental folding rates in

water and at the point of equilibrium, contact order, flexible regions, and helical propensity for proteins En�HD, c�

Myb, RAP1, and TRF1



998 GLYAKINA, GALZITSKAYA

BIOCHEMISTRY  (Moscow)   Vol.  75   No.  8   2010

properties (connected with folding) of these four proteins

have been investigated using Monte Carlo and dynamic

programming methods. It has been shown that Φ�values

calculated by dynamic programming for all proteins cor�

relate with the order of folding of secondary structure ele�

ments of these proteins obtained by the Monte Carlo

method. Moreover, a good correlation has been demon�

strated between experimental folding rates at the point of

thermodynamic equilibrium and helical propensities

(0.94) and the number of Monte Carlo steps (–0.71), and

there is absence of correlation with such parameter as

contact order (–0.09).

METHODS OF INVESTIGATION

Test subjects of this work are four proteins each con�

sisting of three α�helices: En�HD (PDB entry 1enh,

amino acid residues from 3 to 56), c�Myb (PDB entry

1gv2, residues from 144 to 190), RAP1 (PDB entry 1fex,

residues from 1 to 59), and TRF1 (PDB entry 1ba5,

residues from 5 to 53). The types of organisms in which

these proteins are found are different. Protein En�HD is

from Drosophila melanogaster and is related to the

Arthropoda type, but proteins c�Myb, RAP1, and TRF1

are from organisms related to the Chordata type.

Helical propensity of proteins has been calculated

using the Agadir program (http://agadir.crg.es) [13] at

pH = 7, ionic strength 0.1, and temperature T = 300 K.

Flexible regions have been calculated using the

FoldUnfold program (http://omega.protres.ru/~mlobanov/

ogu/ogu.cgi) [17] with an averaging window of five

residues.

The radius of cross�section, contact order, and

absolute contact order have been calculated by us earlier

and has been taken from the web site http://phys.protres.

ru/resources/compact.html.

Estimation of free energy. Let us consider the process

of sequential folding/unfolding of native structure of a

protein chain consisting of L links (Fig. 1). This protein

chain has a fully folded native state I0, a fully unfolded

state IL, and an ensemble of partly unfolded intermediate

structures Iν, including ν disordered fragments, and a

native�like globular part with L – ν links (ν = 0 for native

state I0, ν = L for fully unfolded state IL , ν = 1, …, L – 1

for partly unfolded structures). Structures with non�

native�like globular parts are not considered here.

Free energy of structure I is represented by the equa�

tion:

where nI is the number of atom–atom contacts in the

native�like part of structure I (contacts between neighbors

along protein chain amino acid residues are not consid�

ered because neighbor residues have contacts in the

unfolded state); ε is the energy of one atom–atom contact

(all contacts are considered to be equal in energy); T is

the temperature; νI is the number of amino acid residues

in the unfolded part of the structure I; σ is the entropy

difference between the unfolded and the native state of an

amino acid residue (for any residue we take σ = 2.3R

according to the experimental estimation [18], where R is

the gas constant); Sloop is described by Eq. (5) (see below),

the entropy spent to close a disordered loop protruding

from the native�like part of structure I (the sum is taken

over all closed loops existing in structure I). Atom–atom

contacts are calculated from the three�dimensional struc�

ture: two non�hydrogen atoms are in contact if the dis�

tance between their centers is not more than 6 Å. When

modeling with account of hydrogen atoms, the limiting

contact distance was taken smaller: 4 Å for contacts of

hydrogen atoms with each other and 5 Å for contacts

between hydrogen and non�hydrogen atoms.

All calculations of free energies in this work corre�

spond to the point of equilibrium between native state I0

and coil IL. At this point F(I0) = F(IL), that is n0 × ε =

TNσ, where n0 is the number of contacts in the native

structure and N is the total number of amino acid residues

in the protein.

So the energy of one internal protein contact ε and

temperature T at the point of thermodynamic equilibrium

comply with the relation:

ε = –TNσ/n0 .                             (4)

Consequently, we can express all free energies in RT

units knowing the native structure of the protein and the

single experimentally determined parameter − the differ�

ence in entropy between unfolded and folded states of

amino acid residues (σ ).

The entropy spent to close a disordered loop pro�

truding from the globule between the still fixed residues k

and l is estimated [19] as:

Fig. 1. One of the pathways of sequential unfolding and folding of

native 3D protein structure (I0). IL is the coil where all L links of

the protein chain are disordered. In each of various intermediates

of type Iν, the ν chain links (shown by a dashed line) are unfolded,

while the other L – ν links keep their native positions and confor�

mations (they are shown as a solid line).

loop
loop

, (3)
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,  (5)

where rkl is the distance between the Cα atoms of residues

k and l, a = 3.8 Å is the distance between the neighboring

Cα atoms in the chain, and A is the persistence length for

a polypeptide (according to Flory [20] we take A = 20 Å).

We obtain the free�energy landscape by computed

free energies for each state in the folding/unfolding path�

way, in which we can find “passes” corresponding to the

transition states.

Computation of folding nuclei. The participation of a

residue in the folding nucleus is expressed by the Φf value

of the residue. For a given residue, its Φf is defined as:

,                             (6)

where kf is the folding rate constant, K = kf /ku is the fold�

ing–unfolding equilibrium constant, and ∆ is the shift of

the corresponding value induced by mutation of this

residue. According to the model of a native�like folding

nucleus [21, 22], Φf = 1 means that the residue has its

native conformation and environment already in the

transition state (i.e. this residue is in the folding nucleus),

while Φf = 0 means that the residue remains unfolded in

the transition state. The values Φf ≈ 0.5 are ambiguous:

either the residue is at the surface of the nucleus, or it is

in one of the alternative nuclei belonging to different

folding pathways. It is noteworthy that the values Φf < 0

and Φf > 1 (which would be inconsistent with the model

of a native�like folding nucleus) are extremely rare and

never concern a residue with reliable measured ∆lnK.

According to Eqs. (3) and (6), the value ∆lnK =

∆r[F(I0) – F(IL)] is equal to ε × ∆r(n0
nb), where ε is the con�

tact energy, and ∆r(n0
nb) is the residue r mutation�induced

change in the number of contacts in the native state I0

(since all native contacts are assumed to be equal, and no

contacts are assumed to be present in the unfolded state

IL).

Correspondingly, ∆lnkf = ∆r[F(TS) – F(IL)] =

ε < ∆r(nI
nb) > I#, where < ∆r(nI

nb) > I# is the same residue r

mutation�induced change in the number of native con�

tacts in the transition state, averaged over the transition

state ensemble {I#}. This change can be calculated as:

< ∆r (nI
nb) > I# = ΣP(I#) ∆r (nI#

nb),       (7)

where P(I#) is the Boltzmann probability of microstate I#

in the transition state ensemble (see Eq. (8)) and ∆r(nI#
nb)

is the residue r mutation�induced change in the number

of native contacts in microstate I#.

The values ∆r(nI
nb) can be calculated for each

microstate I from atomic coordinates of a non�mutated

protein when we know what atoms are deleted or substi�

tuted in the mutant. However, this calculation assumes

that the protein structure is not disturbed by mutation.

Therefore, we have to consider only those mutations that

do not insert new atomic groups. In this study we consid�

ered mutations by glycine for each residue.

To use dynamic programming in searching for the

transition state at the network of folding–unfolding path�

ways, for computational reasons we should restrict this

network to no more than ~106 intermediate microstates.

Therefore we divide the N�residue protein chain into L ~

20�30 chain links. For the same computational reasons,

we consider only the intermediates with no more than two

closed disordered loops in the middle of the chain plus

the N� and C�terminal disordered tails.

The Φ�values were computed by the following equa�

tion:

.                          (8)

The effective value of free energy barrier was calcu�

lated by the following equation:

Feff = –RT ln Σexp(–FI#/RT),                   (9)

where FI
# is the value of free energy barrier of transition

state I, and summation is done over the complete ensem�

ble of transition states.

RESULTS AND DISCUSSION

In this work the process of protein folding/unfolding

is modeled at the point of thermodynamic equilibrium

between native and denatured protein states (that is under

conditions when free energies of native and denatured

states of the protein molecule are equal; further we will

call these conditions the point of thermodynamic equilib�

rium). At the point of thermodynamic equilibrium small

proteins fold by a one�stage mechanism (“all�or�none”

transition) as in the thermodynamic [18] and kinetic [23,

24] experiments, i.e. only two states of protein molecule

(native and denatured) are observed, but intermediate

states are not observed to a sufficient extent. In other

words, under these conditions native and denatured states

have (by definition at the point of thermodynamic equi�

librium) equal free energies and the other states (includ�

ing intermediates) are destabilized. Therefore, by model�

ing the protein folding and unfolding process at the point

of thermodynamic equilibrium we can disregard misfold�

ing structures (which in other conditions can be peculiar

“dead ends”, traps that in principle are able to strongly

affect the folding and unfolding of the protein molecule).

According to the principle of detailed balance [25], path�

ways of direct and reverse reactions coincide if both reac�

loop

I#
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tions occur under the same conditions. Consequently, we

can represent the processes of protein folding and unfold�

ing at the point of thermodynamic equilibrium as a

reversible process of folding/unfolding.

Using the dynamic programming method we are able

to analyze the full network of folding/unfolding pathways

although presented in a rather rough resolution (the state

includes no more than two loops; the chain link consists

of several amino acid residues). But using the Monte

Carlo method we are able to analyze separate folding

pathways without restrictions inherent in the dynamic

programming method.

As a basis we take the three dimensional structure of

the protein in the native state from the database of spatial

protein structures in PDB [26]. The process of protein

folding/unfolding is modeled as a process of reversible

unfolding of their native spatial structure. We consider the

network of unfolding pathways where each pathway is

represented as a simplified sequential unfolding of the

protein (Fig. 1).

Each step on the unfolding pathway represents the

removing of one chain link from the native spatial struc�

ture of the protein (the “link” can consist both of one

amino acid residue and several residues along the chain

without a break). The removed links are assumed to form

an indigested coil, i.e. they loose all the non�bonded

interactions and gain coil entropy excluding its relatively

small part [19] that is spent for closing the disordered

loops protruding from the remaining globule (see semi�

unfolded structures in Fig. 1). The next simplification is

the assumption that the residues remaining in the globule

maintain their native position and that the unfolded

regions do not fold to another non�native structure. The

last and general assumption is that we concentrate our

attention on the transition states, i.e. on the stability (or

strictly, instability) of semi�folded structures rather than

on the detailed description of the chain movements.

For simplicity of calculations we restrict the number

of closed disordered loops protruding from the structure

(no more than two loops) and use the “links” consisting

of not a single but of several amino acid residues.

Thus, we obtain the network of folding/unfolding

pathways. Further we calculate the free energy of each

state in this network. This is done for the dynamic pro�

gramming method. For modeling of the process of pro�

tein folding by the Monte Carlo method, we start from a

fully unfolded state, and for each step we try to place the

residue in its native position according to the coordinates

from the protein data bank (see below “Modeling of fold�

ing by the Monte Carlo method”).

Modeling of folding by the Monte Carlo method. The

process of protein folding is modeled as “traveling” of one

protein molecule along the network of folding/unfolding

pathways [27]. The start is performed from the fully

unfolded state; the finish corresponds to the native struc�

ture of the protein (i.e. a fully folded state). The state with

maximal free energy on the folding pathway is considered

as the transition state. Each step is modeled in the follow�

ing way. One residue from all amino acid residues is cho�

sen randomly. At that, if the residue was in the native

position it should “unfold”, if it was unfolded it should

“fold”. The changing of free energy in the case of such an

elementary step is calculated. If the free energy decreases

such an elementary step is accepted; if the free energy

grows such an elementary step is accepted with probabil�

ity exp[–∆F/RT] (standard criterion of Metropolis [28]).

For each of the four proteins (En�HD, c�Myb, RAP1,

TRF1) 50 runs were performed with 108 steps.

The Monte Carlo method allows us to obtain the

folding time of a separate molecule determined in Monte

Carlo steps (see Fig. 2). As theoretically calculated time

of protein folding we used time (t1/2), for which half of the

molecules fold (i.e. 25 from 50 performed runs resulted in

the native structure formation [29]).

The typical folding kinetics for proteins traced using

the Monte Carlo method is presented in Fig. 2. The pro�

tein molecule starts from a fully unfolded state, and for a

sufficiently long time stays near the unfolded state, then it

overcomes the free energy barrier and then quickly folds

completely.

The folding pathways of the four proteins were inves�

tigated in detail. The profile of free energy and the order

of folding of separate elements of secondary structure

were obtained for each trajectory (Fig. 3).

From Table 1 one can see that the time during which

half of the trajectories of protein En�HD folds during

modeling is less than the folding time of the other pro�

teins considered. These results correlate with the experi�

mental data on the folding rates of these proteins in water

and at the point of mid�transition (Table 1). The correla�

tion coefficient between the experimental folding rate at

the point of equilibrium (in water) and the number of

Monte Carlo steps is –0.71 (–0.89).

Folding pathways for the four proteins obtained

using the Monte Carlo method are different. A more

often observed folding pathway for protein En�HD is as

follows: first the middle α�helix folds, then the C�termi�

nal helix, and the last is the N�terminal helix (in 29 cases,

Fig. 3a), or the C� or N�terminal helices fold simultane�

ously (in 10 cases, Fig. 3b). It should be noted that the

most frequent folding pathway of this protein during

modeling with the Monte Carlo method corresponds to

the observed folding pathway in the experiment with the

folding intermediate consisting of the middle and C�ter�

minal α�helices and the turn between them [12]. In pro�

tein TRF1 the middle α�helix folds first, then the N�ter�

minal helix (in 15 cases, Fig. 3c) or the middle and N�ter�

minal helices fold simultaneously (in 13 cases, Fig. 3d),

and the last is the C�terminal helix (in both cases). In

protein RAP1 the C�terminal α�helix folds first, then the

middle α�helix (in 24 cases, Fig. 3e) or the middle and

the C�terminal α�helices fold simultaneously (in 11
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Fig. 2. Dependences of free energy on the fraction of folded amino acid residues (a, c, e, g), and free energy (black curve) and the fraction of

native amino acid residues (gray curve) on the number of Monte Carlo step (b, d, f, h) for α�helical proteins: a, b) En�HD; c, d) c�Myb; e, f)

RAP1; g, h) TRF1. (For the best representation on graph (f) only the initial 1000 (from 46946) Monte Carlo steps are demonstrated.)
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Fig. 3. Frequently observed folding pathways of α�helical proteins: a, b) En�HD; c, d) c�Myb; e, f) RAP1; g, h) TRF1. The graphs show frac�

tions of amino acid residues that are fixed in the native positions for each secondary structure element (1�3 – the first, second, and third α�

helix, respectively) and free energy (thin black curve).
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cases, Fig. 3f), and last the N�terminal helix folds (in both

cases). In protein c�Myb one can choose two opposite

folding pathways. In the first case, the N�terminal helix

folds first, then the middle helix, and the last is the C�ter�

minal helix (in 16 trajectories, Fig. 3g). In the second

case, the C�terminal helix folds first, then the middle

one, and the last is the N�terminal helix (in 12 trajecto�

ries, Fig. 3h).

Search for the folding nuclei. The folding nuclei have

been calculated for the four proteins considered here by

the dynamic programming method (Fig. 4). Φ�values for

these proteins correlate with the order of folding of sec�

ondary structure elements (Table 2 and Fig. 4). The mid�

dle α�helix folds first in protein En�HD, and the largest

Φ�values for amino acid residues from this helix are

observed in comparison with the terminal α�helices. The

middle α�helix folds first in protein TRF1 or the middle

and the N�terminal helices fold simultaneously, and on

the profile of Φ�values one can see that the high average

Φ�values are observed (0.62 for the middle α�helix and

0.35 for the N�terminal helix) in comparison with the C�

terminal helix. The C�terminal α�helix folds first in pro�

tein RAP1, or the C�terminal and the middle α�helices

fold simultaneously, and for these helices the high average

Φ�values are observed (0.70 for the middle α�helix and

0.49 for the C�terminal one) in comparison with the N�

terminal helix. Two completely opposite folding trajecto�

ries are observed in most cases for protein c�Myb. In one

case the N�terminal helix folds first, in other cases the C�

terminal one. But the highest Φ�values are observed for

amino acid residues from the middle α�helix. This is due

to the fact that Φ�values are average characteristics from

which it is not always possible to choose parallel folding

pathways. Correlation between experimental [12] and

calculated Φ�values for protein En�HD is 0.52 (13 exper�

imental points) and 0.37 for protein c�Myb (18 experi�

mental points). It is worth noting that the value of the free

energy barrier for these proteins obtained using the

dynamic programming method correlates with the exper�

imental folding rates at the point of thermodynamic equi�

librium only at the level of 46%.

Correlation between folding rate and structural
parameters. The amino acid sequences for the investigat�

ed proteins have been aligned using the BLAST program

(http://blast.ncbi.nlm.nih.gov) and are shown in Fig. 5.

From the figure one can see that the loop connecting

helices 1 and 2 in protein RAP1 (1fex) is longer (11 amino

acid residues) than in the remaining proteins (5 amino

acid residues for En�HD, 3 amino acid residues for c�

Myb, and 4 amino acid residues for TRF1). The small

differences in the structure of these three α�helical pro�

teins, which in general consist in the difference of angles

between helices 1 and 3, have been revealed by superposi�

tion of their structures [12].

Flexible regions have been calculated using the

FoldUnfold program [17]. These regions and the number

of residues involved in these regions are presented in

Table 1. One can see that the appearance of flexible

regions results in decreasing of the folding rate and even

in changing of the folding mechanism. It should be noted

that the number of flexible regions increases as the pro�

tein origin becomes more complex (En�HD has a simpler

origin (Arthropoda), than the other proteins (Chordata),

but it folds faster).

Moreover, the good correlation between the experi�

mental folding rate at the point of thermodynamic equi�

librium (or in water) and helical propensity predicted by

the Agadir program [13] has been demonstrated. The cor�

relation coefficient between the experimental folding rate

at the point of thermodynamic equilibrium (and in water)

and the calculated helical propensity is 0.94 (0.79). It is

only –0.09 for the contact order at the point of thermo�

dynamic equilibrium and –0.48 in water. The correlation

with absolute contact order is –0.01 at the point of ther�

modynamic equilibrium and 0.32 in water. The same low

correlation is also found for the cross�section radius (see

Table 1). Although it is difficult to judge about the pres�

ence or absence of any correlation using four points, one

would rather speak about a tendency.

Modeling of folding of proteins close in size using

the Monte Carlo and dynamic programming methods has

shown that protein which folds with accumulation of the

intermediate state indeed folds an order faster than their

structural homologs. Φ�values calculated by the dynamic

programming method for all proteins correlate with the

order of folding of secondary structure elements obtained

by the Monte Carlo method. Besides, a good correlation

has been demonstrated between experimental folding

rates at the point of thermodynamic equilibrium and the

helical propensity calculated using the Agadir program

(0.94) and the number of Monte Carlo steps (–0.71) for

these proteins. The correlation between experimental and

Φ�values for En�HD protein is 0.52 (13 experimental

points) and 0.37 (18 experimental points) for c�Myb pro�

tein.

Name of protein
(PDB entry)

En�HD(1enh)

c�Myb(1gv2)

RAP1(1fex)

TRF1(1ba5)

N�terminal
α�helix

0.10

0.38

0.05

0.35

C�terminal
α�helix

0.24

0.33

0.49

0.07

middle
α�helix

0.75

0.63

0.70

0.62

Table 2. Φ�values averaged over amino acid residues

included in the secondary structure element

Average Φ�value
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Fig. 4. Theoretical Φ�values (black curve) calculated using the method of dynamic programming and helical propensity (gray curve) for pro�

teins: a) En�HD; b) c�Myb; c) RAP1; d) TRF1. Φ�values were calculated with the assumption that each amino acid residue was substituted

by glycine. Black dots on graphs (a) and (b) are the experimental Φ�values, which were taken from [12]. Correlation between experimental and

calculated Φ�values for protein En�HD is 0.52 (13 experimental points) and for protein c�Myb – 0.37 (18 experimental points). Helical

propensity of proteins was calculated using the Agadir program (http://agadir.crg.es).
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