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Abstract—We have studied the extent of coincidence of the pathway of unfolding of protein globules upon experimental
modeling of protein unfolding caused by external actions and denaturants. To this end, we compared experimental ®-val-
ues reported in the literature and ®-values obtained by us upon modeling of unfolding of immunoglobulin-binding domains
of proteins L and G caused by external actions at a constant rate. A comparison of the results of calculation with the exper-
imental data shows that the folding pathways for protein L coincide, while those for protein G do not coincide despite struc-

tural similarity of these proteins.
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Current experimental approaches to the determina-
tion of folding nuclei in proteins include d-analysis [1]
and W-analysis [2]. The folding nucleus of a protein is a
structural part of the transition state (TS) of the molecule
which appears during the folding, i.e. the most unstable
state of the protein chain upon its folding. Both
approaches are based on the determination of amino acid
residues (a.a.) whose changes significantly affect the pro-
tein folding rate, altering the stability of the transition
state as much as the stability of the native protein. The
main difference between the approaches is that the first
considers the involvement of amino acid residues in the
nucleus, while the second considers the involvement of
individual contacts between them.

According to the model of native folding nucleus [1],
® = 1 shows that this residue is included in the folding
nucleus, whereas @ = 0 shows that it is not included in the
folding nucleus. Interpretation of ® ~ (0.5 is ambiguous:

Abbreviations: a.a., amino acid residues; TS, transition state.
* To whom correspondence should be addressed.

in this case, the residue either is situated at the surface of
the folding nucleus, or there are several pathways (and
hence several nuclei) of unfolding and the residue is
included in one of such alternative nuclei.

As experimental determination of folding nuclei is
rather laborious, it may prove expedient to try to predict
the TS structure. Prediction of amino acid residues is
essential for the formation of folding nuclei would make
it possible to outline the most probable folding pathway
and, most importantly, to detect structural elements that
constrain the process of folding of a protein molecule.

Several approaches for predicting folding nuclei in
proteins have been proposed. One of them involves calcu-
lation of the all-atom molecular dynamic simulations of
protein unfolding [3-6], though this calculation is appli-
cable only to very small proteins. Moreover, it requires
simulation of extreme denaturation conditions (500 K,
etc.), so that it could be completed within a reasonable
amount of time. Therefore, a TS found by such an
extreme unfolding may differ greatly from that actually
characteristic of a protein during folding [7]: according to
the “detailed equilibrium” principle, the pathways of
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direct and reverse reactions must be the same only when
both reactions occur under identical conditions [8]. It
should be noted, however, that recent experiments on the
molecular dynamic simulations of unfolding of some pro-
teins (consisting of less than 40 a.a.) have been performed
at 350 K with the use of state-of-the-art supercomputers
[9].

Other methods for predicting folding nucleus struc-
tures are based on consideration of a simplified network
of protein folding/unfolding pathways [10-12]. These
simplified methods (the results of which are, nevertheless,
consistent with empirical data [13, 14]) can be applied to
the search for folding nuclei in single-domain proteins of
various sizes.

The experimental data on the folding nucleus struc-
ture show that proteins similar in three-dimensional (3D)
structure have, as a rule, similar folding nuclei [15-17].
However there are several exceptions, indicating that
folding pathways are sensitive to some features of the
amino acid sequence [15, 16]. It was shown that the loca-
tion of folding nuclei is different in proteins with the same
topology, which points to the sensitivity of the folding
pathway to the details of the amino acid sequence.
Immunoglobulin-binding domains of proteins L and G
are structural homologs, but have little sequence similar-
ity. The helix is packed across a four-stranded -sheet in
these proteins. Of interest is the experimental fact that the
symmetry of the given topology fully breaks under folding
of these proteins (Fig. 1). Thus, the folding nuclei of pro-
teins L and G include N- and C-hairpins, respectively
[18, 19]. Such a result can be explained by the existence
of more favorable contacts in the second B-hairpin of
protein G. Indeed, the isolated fragment corresponding
to the second B-hairpin is stable in aqueous solution [20].
Therefore, the protein region, which was highly capable
of forming local structures in the unfolded state, can play
an important role in the stabilization of an ensemble of
TS. Experimental data for other proteins [21-24] also
show that local characteristics of the sequence may be
important for choosing the specific pathway of folding.

On the basis of these data it was concluded that
topology determines possible folding pathways, and
details of packing and orientation of structural elements
play an important role in selection of a certain folding
pathway. The experimental data on the structure of TS do
not permit formulating accurate topological rules deter-
mining the position and the structure of the folding
nucleus [25]. Specific mutations and global variations in
the amino acid sequence of a protein can change its fold-
ing pathways without modification of its 3D structure.

Another important question, which arises from these
observations, is whether the unfolding pathways of pro-
teins under the action of the external force and denatu-
rant are the same. Simulations of stretching proteins
under the external forces allow observing changes of the
protein structure in response to mechanical deformation.
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Mechanical unfolding of two proteins, which have similar
structures, is considered in this work. And the question
arises how much the unfolding pathways are changed
under the action of mechanical force. Some proteins in
the cell experience a mechanical effect; therefore, studies
of this question are of practical value.

At present, experimental and theoretical ®-values,
obtained from the unfolding caused by force and denatu-
rant and also from simulations of the force unfolding
using the method of molecular dynamics have been com-
pared only for two proteins—TI 127 (the 27th
immunoglobulin repeat of titin [26]) and TNfn3 (the
third domain of type III fibronectin from human tenascin
[27]). The authors investigated structures representing a
transition state ensemble. These structures were consid-
ered to precede the fast unfolding of protein. Both these
proteins unfold via an intermediate, and their unfolding
occurs in the same way. At that, theoretical ®-values were
calculated as the ratio of the number of native contacts of
the amino acid residue in TS to the number of contacts of
this residue in the initial structure. To obtain both theo-
retical and experimental ®-values, the authors of paper
[27] considered the protein native structure as the initial
one, whereas the authors of paper [26] analyzed the inter-
mediate structure in the same role.

Experimentally, it was shown that the unfolding of T1
127 requires a larger force applied than for the unfolding
of TNfn3. The key event under the force unfolding of TI
127 is the disruption of hydrogen bonds and hydrophobic
interactions between -strands A" and G. The hydropho-
bic core of the protein remains intact. As for TNfn3 pro-
tein, in addition to the loss of interactions between [3-
strands A and G, the hydrophobic core of the protein is
also rearranged. It turns out that the d-values obtained
from the theoretical and experimental studies of force
unfolding of these proteins (TI 127 and TNfn3) are the
same within the error. For both proteins, the transition
states observed at force unfolding and denaturation are
different [26, 27].

In this work, ®-values were obtained from the exten-
sion of immunoglobulin-binding domains of proteins L
and G with constant extension velocities, and compared
with experimental ®-values obtained from the unfolding
of these proteins by denaturant [18, 19].

METHODS OF INVESTIGATION

Model and method of modeling. The objects of the
study are two immunoglobulin-binding domains of pro-
teins L and G (below, for short, protein L and protein G,
respectively). Protein L (the name of the file in the
Protein Data Bank is 2ptl) consists of 63 a.a. (residues
from 16 to 78 in accordance with the sequence) and
includes 951 atoms. Protein G (the name of the file in the
Protein Data Bank is 1pgb) consists of 56 a.a. (853
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Fig. 1. a) Profiles of ®-values obtained experimentally for proteins G and L. Closed and open circles are investigated residues of proteins G
and L, correspondingly. b, ¢) Schemes of spatial structures of these proteins shaded according to ®-values of their amino acid residues from
white (@ = 0) to black (@ = 1). d) Spatial alignment of proteins L (black) and G (gray). Root-mean-square deviation for aligned Co atoms of
these proteins is 1.38 A. ) Alignment of primary structures of proteins L and G (aligned regions are shown in bold type).
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atoms). Both these proteins consist of two [-hairpins
located at the termini (N- and C-hairpins) and an a-helix
between them (Fig. 1). These proteins have similar three-
dimensional structures (the root-mean-square deviation
of aligned Ca. atoms is 1.38 A), but they differ in amino
acid sequences (the identity is about 15%).

The study has been carried out with the help of the
method of molecular dynamics using the program PUMA
developed at the Institute of Mathematical Problems of
Biology, Russian Academy of Sciences. The solution of
the system of classical motion equations of atoms has
been made in the all-atom force field AMBER-99 [28].

Newton’s equations are as follows:

5 =l
ar > > -
m, L=F|r,...r |, (1)
i dt2 i 1> > 'n
- -
au|r,...r,
5
L=— = _|_F’_external’ (2)
ar,
where i = 1, ..., n; m;is the mass of the particle; F: is the

radius-vector of the particle; F; is the total force acting on
the atom from the direction of other particles; U(7, ..., 7))
is the potential energy depending on the positional rela-
tionship of all atoms.

The potential energy is represented as the sum of
terms:

U: []\m + l]va4 + []La.+ Up.g + UVdW+ Uq' (3)

These terms have different functional view:

l%=2&ﬂ—m{ )
U, =Y K,(6-6,), 5)
U, =2 K, [1xcosnp)],
U, = ZKW [1 — cos(2(o)] , (7)

where /), 6, are corresponding equilibrium values of the
length of the valence bond (v.b.) and valence angle (v.a.);
l,, 6, are their current values; t.a. are torsion angles; p.g.
are plane groups. K, K,, K, are force constants, which
are taken from quantum-chemical calculations.
Constants K|, Ky, K, and /,, 6,, n depend on the type of
atoms.

Interactions between atoms without valence bonds
are described by Lennard—Jones potential:
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where Uy, is the energy of Van-der-Waals interactions
(Lennard—Jones potential); Wy (r;) is the switching
function with parameters R,, and R.y; oy, €;are parame-
ters of Lennard—Jones potential for the pair of particles i
andj. They are calculated using the combinational rules:

g, =,€¢, and 0;= (o; + 0;)/2.

These parameters determine the depth of the poten-
tial well and the location of its minimum.

Interactions between charged atoms are described by
the electrostatic potential:

q9.9;
Uy =23 (10)
i ] ij
2
Ly r. <R (1)
VVq(rij): Rq » i qr
0, ¥y >Rq,

where U, is the electrostatic energy; ¢ is the dielectric
constant of medium; W (r;) is the screening function with
radius Ry; r; is the distance between particles / and j,
whiclg are not valence bonded. In this case, Ry = R, =
10.5A.

A model of TIP3P was used for the water, bonds and
angles being not fixed, but set by appropriate potential
functions. To maintain constant temperature, virtual col-
lision environment was used (“collision thermostat™) [29,
30]. The mean collision frequency of atoms with virtual
particles was 10 psec™!, the mass of each virtual particle
was | atomic mass unit. Equations of motion were inte-
grated numerically by using the velocity version of the
Verlet algorithm [31] with a time step 0.001 psec.

Initial coordinates of protein atoms were taken from
the Protein Data Bank. The proteins were enclosed into a
parallelepiped filled with water molecules. The water
molecules which sterically overlapped with the protein
atoms were removed. Thus, we obtained 1772 water mol-
ecules for protein L and 1844 water molecules for protein
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G. The whole system (protein + water) was enclosed into
a sufficiently large sphere-cylinder with impervious
repulsive walls. This sphere-cylinder did not affect the
dynamics of protein and water, and at the same time, did
not allow water molecules go to infinity, returning them
into the modeling region. During the preparation of ini-
tial data for the first time, random velocities were assigned
to all atoms and relaxation was carried out with fixed ter-
minal atoms of the proteins. For each protein, a series of
10 such calculations in the independent random collision
environments were made. These relaxed during 50 psec
systems served as initial systems for the following simula-
tions, in which an additional external action increasing
the distance between terminal atoms of proteins (in pro-
tein L terminal atoms are 1N and 945Ca, and in protein
G — atoms 1IN and 839Ca) was used.

Totally, 40 independent simulations, which differ in
initial data (coordinates and velocities), were performed.
Two extension velocity values were taken: v = 0.125 and
0.0625 A/psec. Simulations were carried out at the tem-
perature of 350 K. On the whole, 20 trajectories of
unfolding for each protein with constant velocity were
obtained.

The maximal length of the trajectories did not
exceed 2000 and 3000 psec under the extension velocities
v = 0.125 and 0.0625 A/psec, respectively. By that time,
in the proteins there were no amino acid residues, which
had a-helical or B-structural conformations.

The number of contacts between elements of second-
ary structure and their changes during the force unfolding
were analyzed. We calculated atom—atom and
residue—residue contacts. Two residues have a contact if
the nearest pair of their heavy atoms is at distance < 5 A.
The calculation of the number of atom—atom contacts per
residue in protein was carried out in the following way: two
atoms were considered in contact with each other if their
centers were at a distance of < 5 A. The residue—residue
and atom—atom contacts between two adjacent residues as
well as within one residue were not taken into account.
The destruction of secondary structure in the proteins was
analyzed as well. The secondary structure was defined in
sequential moments of time using the program DSSP
(Definition Secondary Structure of Proteins) [32].

Calculation of folding nuclei. The experimental ®-
value for residue » was determined as in [1]:

o = ALF(TS) ~ F(D)]
A [F(N)-F(D)]

; (12)

where A,[F(N) — F(D)] is the change in the difference of
free energies between native (N) and denatured states (D)
induced by mutation of residue r, and A [F(TS) — F(D)]
is the change in the difference of free energies between
transition (TS) and denatured states (D) induced by the
same mutation.
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Experimental d-values indicate to what extent the
residue and its environment in TS are “native” [1, 33-35].
® = 1 indicates that both the residue structure and envi-
ronment are native in the transition state. @ = 0 indicates
that the residue in the transition state has neither its own
native structure nor its native environment. Intermediate
®-values are usually interpreted as evidence that the envi-
ronment of the residue is native only partially.

To calculate ®-values, structures, which compose
the ensemble of transition states, were selected from the
trajectories obtained. The structures from the region of
the maximal force [27] and not lower than half of the
force peak height were selected. Thus, different number
of points falls into this region on different trajectories. For
protein L, 45 structures were selected (on average four
structures from each trajectory) at v = 0.125 /D\/psec and
47 structures at v = 0.0625 A/psec (on average four struc-
tures from each trajectory). For protein G, 36 structures
were selected (on average three structures from each tra-
jectory) at v = 0.125 A/psec and 65 structures at v =
0.0625 /D\/psec (on average six structures from each trajec-
tory). For every amino acid residue from the selected
structures, theoretical ®-values were calculated. The ®-
values were calculated in two ways with consideration of
all contacts and only native contacts:

N#,nat N N#,all
Dy, :l_t » Dy :ﬁ’ (13)

tONmE N,
where N/is the number of all atomic contacts the i-th
amino acid residue has in TS; N is the number of
native atomic contacts the i-th amino acid residue has in
TS; N™ is the number of contacts the i-th amino acid
residue has in the native (initial) structure.

The calculated theoretical @, ; and &)m,i values can
be compared with experimental ®.,, ; values and their
correlation can be obtained. Since, rarely occurring val-
ues @, , < 0and @, , > 1 have no structural interpreta-
tion [35], there is a low number of mutations for which
experimental values @, , <0 and @, , > 1 are excluded
from the comparison with theoretical calculations.

Lists of examined mutations for proteins L and G are
given in Table 1.

RESULTS AND DISCUSSION

A set of transition states for unfolding of proteins
under the action of external extension velocity. It was
shown experimentally that protein L, ubiquitin, and TI
127 are mechanically stable proteins, because their exten-
sion by the termini requires force exceeding 100 pN at
extension velocity more than 100 nm/sec [36-38]. The
data obtained from simulations of extension of different
proteins show that the location of 3-strands and their ori-
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Table 1. Experimental ®-values (®,,,) obtained at unfolding of proteins L and G by denaturant and theoretical ®-val-
ues (®,,) calculated from the modeling of unfolding of proteins L and G under external forces

Mutation (O @, (averaged over 10 trajectories)
only native contacts, v (A/psec) all contacts, v (A/psec)
0.125 0.0625 0.125 0.0625
1 2 3 4 5 6
Protein L

V4A 0.51 0.77 0.70 0.99 0.95
TSA 0.26 0.67 0.59 0.77 0.70
16A 0.37 0.72 0.69 0.81 0.78
K7A 0.62 0.84 0.83 0.97 0.96
A8G 0.53 0.77 0.75 0.91 0.89
N9A 0.12 0.73 0.73 0.90 0.92
L10A 0.43 0.78 0.79 0.99 1.00
I11A 0.72 1.00 1.00 1.04 1.09
F12A 0.20 0.80 0.79 0.86 0.85
N14A 0.85 1.00 1.00 1.64 1.64
TI17A 0.40 1.00 1.00 1.20 1.28
TI9A 0.21 0.95 0.91 0.95 0.93
A20G 0.35 0.72 0.66 0.72 0.66
E21A 0.75 0.75 0.72 0.78 0.73
F22A 0.41 0.56 0.56 0.62 0.62
K23A 0.47 0.63 0.61 0.69 0.71
T25A 0.43 0.63 0.62 0.88 0.82
F26G 0.26 0.52 0.44 0.68 0.53
A29G 0.23 0.83 0.80 0.88 0.88
T30A 0.08 0.62 0.61 0.80 0.77
S31G 0.11 0.81 0.78 0.91 0.84
E32G 0.11 0.80 0.72 0.93 0.81
A33G 0.25 0.79 0.71 0.93 0.80
Y34A 0.05 0.52 0.45 0.79 0.77
A35G 0.28 0.70 0.67 0.72 0.73
Y36A 0.27 0.77 0.69 1.02 0.92
A37G 0.11 0.70 0.62 0.83 0.79
L40A 0.13 0.68 0.68 0.73 0.74
N44A 0.07 0.71 0.73 0.81 0.86
T48A 0.26 0.80 0.80 0.80 0.83
V49A 0.32 0.71 0.67 0.80 0.77
V51A 0.19 0.87 0.87 1.04 1.05
YS6A 0.15 0.58 0.53 0.69 0.63
T57A 0.13 0.86 0.84 0.96 0.94
L58A 0.27 0.75 0.73 0.97 0.98
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Table 1. (Contd.)

1 2 3 4 5 6
N59A 0.17 0.69 0.70 0.84 0.87
160A 0.17 0.68 0.65 0.82 0.79
K61A 0.16 0.72 0.71 0.72 0.71

Protein G

16A 0.38 0.99 0.99 1.12 1.07

L7A 0.32 0.97 0.97 1.25 1.25
TIIA 0.02 0.00 0.00 0.56 1.70
T16A 0.00 0.96 0.97 1.00 1.01
A20G 0.02 0.86 0.88 0.94 1.01
D22A 0.23 0.71 0.72 0.72 0.72
A26G 0.31 1.00 1.00 1.11 1.10
V29A 0.26 0.91 0.93 1.04 1.12
K31G 0.23 0.98 0.98 1.23 1.23
Q32G 0.55 0.99 0.98 0.99 1.98
Y33A 0.20 0.93 0.95 1.08 1.14
A34G 0.21 0.94 0.97 0.97 1.00
N35G 0.19 0.92 0.94 0.99 1.08
V39A 0.16 0.85 0.89 0.91 0.95
D46A 0.96 1.00 1.00 1.08 1.04
D47A 0.67 0.67 0.66 0.67 0.66
T49A 0.84 0.97 0.96 1.01 1.05
T51A 0.44 0.94 0.93 1.09 1.06
TS3A 0.27 0.98 1.00 1.14 1.13
V54A 0.16 0.91 0.92 0.95 0.96

entation relative to the force vector are important for the
mechanical stability of proteins [36, 39, 40]. The experi-
mental studies of force unfolding of protein L [36] have
demonstrated that this protein unfolds by a two-state
mechanism without an intermediate.

In our simulations for extension of proteins by the
termini with constant velocity, we traced the dependence
of force on extension (the force applied to the 1N and
945Ca atoms in protein L, and to the 1IN and 839Ca
atoms in protein G). The curves are shown in Fig. 2.
These forces are averaged over a short time interval (in this
case 5 psec) and over the values for two termini. From Fig.
2 we can see that the extension velocity does not influence
the profile of the unfolding force from extension. In Table
2, there are characteristics of both proteins—maximal
force and extension. Results in Table 2 are averaged over
the set of trajectories related to each variant.

From Table 2 we can see that the differences in the
average maximal forces for proteins L and G are not sig-
nificant. At that time, there is a tendency to lowering of

the force barrier due to decreasing the extension velocity
(for both proteins) and a displacement of the barrier posi-
tion towards lager extensions (for protein L). It is known
that at low extension velocities the pathways of force and
temperature unfolding are the same [41].

Figure 3 shows the dependence of the force and
number of contacts between the first and fourth 3-strands
on the time. In both proteins (L and G), the first force
peak (it is observed for all trajectories) correlates with a
dramatically decreasing number of contacts between the
first and fourth p-strands. A general analysis of the trajec-
tories for proteins L and G revealed that the order of dis-
appearance of contacts between -strands is the same for
both proteins: first between the first and fourth -strands,
then between the third and fourth B-strands (C-hairpin),
and finally between the first and second B-strands (N-
hairpin).

In protein L in most cases, the disruption of contacts
between the first and fourth -strands coincides with the
detachment of the C-hairpin from the rest structure; and

BIOCHEMISTRY (Moscow) Vol. 74 No. 3 2009
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Fig. 2. Change of force F acting on the termini of the protein in points of its fixation, depending on distance ry. between them: a, b) proteins
L and G, correspondingly. Black and gray curves, v = 0.125 and 0.0625 A/psec, correspondingly. Ten curves for each extension velocity are

represented.

at first the C-hairpin completely separates from the struc-
ture and then begins to be destroyed. In this protein, in all
except two (in 18 of 20) cases at first the C-hairpin is com-
pletely destroyed, and then the N-hairpin. In protein L in
most cases the order of destruction of secondary structure
elements is as follows: first the a-helix breaks, then the C-
hairpin, and finally the N-hairpin. A similar situation is
observed in the work [41]: at first the contacts between
terminal B-strands break, and only then the rest of the
protein unfolds mechanically. In TS, there is disruption
between two structural units: N-hairpin + o-helix and C-
hairpin. In protein G in most cases, at first there is dis-
ruption of contacts between the first and fourth -strands,
then the C-hairpin separates from the rest of the structure
and is destroyed concurrently. In protein G in all 20 cases,
at first the C-hairpin breaks and then the N-hairpin, the
same as in protein L. But in protein G another order of

secondary structure destruction is observed: at first the C-
hairpin breaks, then the a-helix, and finally the N-hair-
pin.

In addition to study of the changing of contacts
between the different elements of secondary structure, the
destruction of secondary structure in the proteins was
analyzed. The secondary structure was defined in sequen-
tial moments of time using the program DSSP [32]. It was
found that the order of destruction of secondary structure
elements in proteins L and G is different. As a rule in pro-
tein L, first the a-helix breaks, then the C-hairpin, and
finally the N-hairpin. In protein G another order is
observed: first the C-hairpin breaks, then the a-helix, and
finally the N-hairpin.

Calculation of unfolding nuclei and their comparison
with known experimental data on ®-values. From the
analysis of protein structures it can be suggested that the

Table 2. Maximal force <F,,,,> and corresponding increase of distance <rj — ry-> between the N- and C-termini for
proteins at different extension velocities (averaged over sets of trajectories)

Protein L, v (A/psec) Protein G, v (A/psec)
Characteristic
0.125 0.0625 0.125 0.0625
<Foa” 1614 £ 58 1476 £ 43 1647 + 37 1503 £ 36
<rye— r,‘&c>* 11.8 £0.3 142+ 1.1 55+03 5.0+04

* ryc and ric are distances between the N- and C-termini at the initial moment of time and at the time when the force is maximal, respectively.
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Fig. 3. Dependences of force (black curve) and number of contacts between the first and fourth f-strands (gray curve) on time: a, b) proteins
L (v =10.125 A/psec) and G (v = 0.0625 A/psec), correspondingly; c, d) structures of proteins L and G corresponding to initial moment of
time, maximal peak of force, and minimum of force following by peak for one of the trajectories.

more contacts between secondary structure elements, the
more mechanically stable the element. A comparison of
the number of contacts (Table 3) and the order of unfold-
ing of two proteins shows that at first disruption between
the first and fourth B-strands takes place (22 contacts in
protein L and 16 in protein G), then between the third
and fourth B-strands, the C-hairpin (22 contacts in pro-
tein L and 16 in protein G), and finally between the first
and second B-strands, the N-hairpin (26 contacts in pro-
tein L and 24 in protein G).

Ensembles of structures in transition state for pro-
teins L and G were obtained and d-values for these struc-

tures were calculated. In Figs. 4 and 5 and Table 4, there
is comparison of the experimental ®-values from the lit-
erature [18, 19] and the ®-values obtained in simula-
tions.

From Figs. 4 and 5 one can see that both for protein
L and protein G the ®-values from simulations are high-
er than the experimental ®-values. From the theoretical
curves (Figs. 4 and 5) one can see that in protein G more
non-native contacts appear during the unfolding than in
protein L. For protein L, profiles of theoretical ®-values
obtained from different extension velocities are the same,
but they somewhat differ for protein G.
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Table 3. Structural and physical characteristics of proteins
Characteristic Protein L Protein G
Numbeg of residue—residue contacts in protein/number of amino acid residues 234/63 =3.71 190/56 = 3.39
In protein
Number of atom—atom contacts in protein/number of atoms in protein 7170/951 = 7.54 6298/853 = 7.38
Number of hydrogen bonds in backbone 39 36
In(folding rate, sec™") 4.1 6.0
In(unfolding rate, sec™"), 4 M GuHCI -0.5 0.2
Number of residue—residue (atom—atom) Ist and 2nd B-strands 26 (1003) 24 (887)
contacts between different elements of
secondary structure (all contacts calculated 3rd and 4th B-strands 22 (838) 16 (662)
at contact distance 5 A)
Ist and 4th B-strands 22 (885) 16 (759)
Ist and 3rd B-strands 0(0) 2(74)
2nd and 3rd B-strands 0(0) 0(0)
2nd and 4th B-strands 2 (10) 0 (0)
a-helix and 1st B-strand 12 (346) 9 (415)
a-helix and 2nd p-strand 13 (308) 6 (217)
o-helix and 3rd -strand 7 (238) 7 (228)
o-helix and 4th 3-strand 10 (283) 6 (216)

Table 4. Correlation coefficients between theoretical ®,;, and

&)th values calculated upon modeling of unfolding of pro-

teins L and G under the action of external forces and experimental @, values obtained on unfolding of these proteins

by denaturant

Correlation Protein L . Protein G B
coefficient (38 experimental points), v (A/psec) (20 experimental points), v (A/psec)
0.125 0.0625 0.125 0.0625
For @, and @, 0.39 0.40 0.28 0.25
For @, and @, 0.45 0.45 0.14 —0.05

Note: @, was calculated with consideration of only native contacts and &)m with consideration of all contacts.

Table 4 shows that correlation coefficients between
experimental and theoretical ®-values for protein L are
higher than those for protein G, especially when theoret-
ical ®-values are calculated with account of all contacts.
These coefficients are practically the same under different
extension velocities for protein L and differ for protein G.
The data obtained for protein L do not contradict the data
reported in [41] where it has been shown that there is a
linear dependence between the force applied and the log-
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arithm of unfolding rate. All these data indicate that
under all stretching forces, protein L overcomes the same
barrier, i.e. unfolding pathways are homogeneous. The
same concerns protein G for which unfolding pathways
are the same for different extension velocities.

In protein L (Fig. 5) theoretical ®-values averaged
over amino acid residues, included in the elements of sec-
ondary structure and related to the N-hairpin, are higher
than the ®-values related to the a-helix and C-hairpin.
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0.0625 A/psec (c, d); 2, 3) theoretical ®-values calculated with consideration of all contacts and only native contacts, respectively.
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ing to elements of secondary structure under v = 0.125 A/psec (a, b) and 0.0625 A/psec (c, d). Theoretical d-values calculated with consid-

eration of all contacts.

This is in agreement with the experimental data from
which it follows that the N-hairpin is included in the
unfolding nucleus of protein L.

It should be noted that at present the correlation
coefficient between theoretical and experimental ®-val-
ues equal to 0.5 is considered to be a good one [35]. The
discrepancy between theoretical and experimental ®-val-
ues is explained both by errors in the theoretical calcula-
tions (reductive models) and errors in the accuracy of
experimental measurements (® * 0.1). So, the correla-
tion for these two proteins is 0.3 (protein L, 38 experi-
mental points) and 0.76 (protein G, 20 experimental
points) with the landscape approach [35].

It can be suggested that the most mechanically stable
element of secondary structure should be included in the
folding nucleus of a protein. As it has been shown in this
study, both in protein L and in protein G the most
mechanically stable element is the N-hairpin. It has been
demonstrated in the experiments of unfolding of these
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two proteins by denaturant that the N-hairpin is included
in the folding nucleus of protein L, and the C-hairpin of
protein G. The theoretical ®-values calculated from
unfolding of proteins L and G under the action of forces
show that in both proteins the most mechanically stable
element of secondary structure—the N-hairpin is includ-
ed in the folding nucleus. Thus, the experimental data
obtained upon unfolding of these proteins by denaturant
and the theoretical data obtained upon modeling of
unfolding of these proteins under the action of external
forces coincide for protein L and do not coincide for pro-
tein G. Although the structures of these proteins are sim-
ilar, the order of destruction of secondary structure ele-
ments is different. In protein L in most cases, the order of
destruction of secondary structure elements is as follows:
at first the a-helix breaks, then the C-hairpin, and finally
the N-hairpin. But, in protein G at first the C-hairpin
breaks, then the a-helix, and finally the AN-hairpin.
Therefore, the N-hairpin is included in folding nuclei on
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mechanical unfolding of proteins L and G, but is not

incl

uded in the folding nucleus of protein G in experi-

ments on unfolding of this protein by denaturant.
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