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Abstract

Understanding the factors influencing the folding rate of proteins is a challenging problem. In this work, we have
analyzed the role of non-covalent interactions for the folding rate of two-state proteins by free-energy approach. We
have computed the free-energy terms, hydrophobic, electrostatic, hydrogen-bonding and van der Waals free energies.
The hydrophobic free energy has been divided into the contributions from different atoms, carbon, neutral nitrogen
and oxygen, charged nitrogen and oxygen, and sulfur. All the free-energy terms have been related with the folding
rates of 28 two-state proteins with single and multiple correlation coefficients. We found that the hydrophobic free
energy due to carbon atoms and hydrogen-bonding free energy play important roles to determine the folding rate in
combination with other free energies. The normalized energies with total number of residues showed better results
than the total energy of the protein. The comparison of amino acid properties with free-energy terms indicates that
the energetic terms explain better the folding rate than amino acid properties. Further, the combination of free energies
with topological parameters yielded the correlation of 0.91. The present study demonstrates the importance of topology
for determining the folding rate of two-state proteins.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction approaches have been put forward to reveal the
major determinants of protein-folding rates. As an
Understanding the mechanisms for the fast fold- advance to this problem, Plaxco et Hl] proposed
ing of proteins is a challenging task. Several the concept of contact orde¢(CO) using the
information about the average sequence separation
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proteins. Debe and Goddaf@] applied a first- 2. Materials and methods
principles approach, based on a nucleation—con-
densation folding mechanism, for predicting the 2.1. Data set
experimentally determined folding rates. Further,
an elementary statistical mechanical model has We have used a data set of 28 two-state proteins
been used to calculate the protein-folding rd@s for which the protein-folding rates are available
Dinner and Karplus[4] performed a statistical [7,8. The PDB codes of the proteins are 1LMB,
analysis to predict the protein-folding rates and 2ABD, 1IMQ, 2PDD, 1INYF, 1PKS, 1SHG, 1SRL,
reported that both CO and stability play important 1FNF_9, 1FNF_10, 1HNG, 1TEN, 1TIT, 1WIT,
roles in determining the folding rate. 1CSP, 1MJC, 2AIT, 1APS, 1HDN, 1URN, 2HQI,
Gromiha and Selvarajl5] defined a novel 1PBA, 1UBQ, 2PTL, 1FKB, 1COA, 1DIV and
parameter, long-range orde(LRO) from the 2VIK. The structural information for all the pro-
knowledge of long-range contactdcontact teins was obtained from the Protein Data Bank
between two residues that are close in space and[10].
far in the sequendein protein structure, and
established a simple statistical model for predicting 2.2. Computational procedure
the protein-folding rates. Miller et al6] experi-
mentally demonstrated that LRO is one of the best We followed our previous methof 1] to com-
parameters that correlate with protein-refolding pute various free-energy terms, such as, hydropho-
rates including circular permutations of ribosomal bic, electrostatic, hydrogen-bonding and van der
proteins S6 fronThermus thermophilus. Zhou and Waals free energies.
Zhou [7] combined the two parameters, CO and
LRO, and proposed total contact distance for 2.3. Hydrophobic free energy
predicting the protein-folding rates. Further, neu-
ral-networks-based models have been suggested to The hydrophobic free energ§G,) of protein
relate folding rates of proteins from the topological folding has been computed using the expression
parameters, CO and LRO, and the combination of [12]
these terms, total contact distan&3.
Recently, we have analyzed the relationship Gny=_Ad[A; (folded) —A; (unfolded] (D
between amino acid properties and protein-folding
rates, and found that the amino acid sequencewhere A; (folded) and A; (unfolded represent,
alone is inadequate for explaining the protein- respectively, the accessible surface area of each
folding rates. Further, we reported that the second- atom in the folded and unfolde@xtended states
ary structure content and solvent accessibility play of the protein. The solvent accessible surface areas
a marginal role for determining the folding rates of all the atoms in the folded state were computed
of two-state proteind9]. In this work, we have  using the programnaccess [13]. The extended
studied the role of non-covalent interactions for state ASA of the atoms was taken from Eisenberg
the folding rates of two-state proteins. We have et al. [14]; they are for the amino acid X in a
computed different free-energy terms, hydropho- Gly—X-Gly sequence in a typical extended con-
bic, electrostatic, hydrogen-bonding and van der formation.Aco; are atomic solvation parameters for
Waals free energies. We found that the combination the five classes of atoms, namely, carbtd),
of hydrophobic and hydrogen bonding is one of neutral oxygen and nitrogetiN/O), charged oxy-
the major determinants for folding rates. The gen(O~), charged nitrogefiN*) and sulfur(S).
combination of free-energy terms with total contact The Ao values are C: 12.02, NO: —5.86, O :
distance raised the correlation up to 0.91. Our —34.98, N" : —19.46 and S: 35.51 cAnol/A?
results also emphasize the importance of topology [11]. We have also analyzed the contribution of
to understand the folding rates of two-state Gy, due to each atom for the folding rate of two-
proteins. state proteins.
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2.4. Electrostatic free energy Gy, is taken to be

The electrostatic free energ¢G.) has been  Gn,=1N, 4
computed with the two types of interactions, name-
ly, ion pairs and helix—dipole interactions. On the
basis of the experimental observations, we have
used the energy of 1 kcahol for exposed ion
pair [15,14, 3 kcal/mol for buried ion pair[17]
and 1.6 kcalmol for charge—helix dipole interac-
tions [18,19. Accordingly, G, is computed using
the expression

2.6. Contribution from disulfide bridges

Recent site-directed mutagenesis experiments
showed that the contribution of a disulfide bond
to protein stability is in the range of 1.5—-3.5 kgal
mol [23]. Further, from the analysis of disulfide
bonds in protein structures, Thornt{v] reported
that the contribution of a disulfide bond is approx-
imately 2.3 kcafmol. Accordingly, in this work
we have used the value of 2.3 k¢alol for each

where Ny and Ny, are the number of surface and  gisyifide bond, and the free energy due to disulfide
buried ion pairs in a given protein amd,, are the bond (G is given by

number of charge—helix dipole interactions.

As an alternate way, we have used AMBER . _ 5 gy (5)
force field [20] to compute electrostatic free ener- —>° =~ ¢
gy. In this method,G, is computed using the
equation

Gen=1N i+ 3N pi+ 1.6N ¢ (2

where N is the number of disulfide bonds in a
protein. We observed that only three proteins in
the data set contain disulfide bonds.
Gepo= Zqz‘%‘/arijv 3
2.7. van der Waals free energy
where ¢, and g; are, respectively, the charges for
the atomsi andj, andr; is the distance between We have used the AMBER 6 force fie[@0] to
them. We have used the distant-dependent dielec-compute the contribution of van der Waals free
tric constant(e=r;) to take account of the dielec- energy(G,,,) in a protein. It is given by
tric damping effect of the Coulomb interactions
with solvent[21]. Guw=4¢; (A;/ri?—B;/rd) (6)
2.5. Hydrogen-bonding free energy where A;=¢;*(R;*)** and B,=2¢*(R*)¢
R =(R*+R*) and g,* =(&*&*)*? R* and &*

The hydrogen-bonding free enerdy,,) has are, respectively, the van der Waals radius and
been computed from the information about the well depth, and these parameters are obtained from
number of hydrogen bonds in a protein. We have Cornell et al.[20].
used the programuBpLus [22] to calculate the
number of hydrogen bondv,,,). However, as the  2.8. Amino acid properties
interaction between charged residues has already
been considered as ion pairs, the number of hydro- We have started with a set of 49 diverse amino
gen bonds between these residues has to be excludacid propertie$25—28§ and we noticed that several
ed from the total number of hydrogen bonds in a amino acid properties are inter-related with each
protein. Hence, the actual number of hydrogen other. Hence, we retained only one property if it
bonds to be included in the free-energy computa- shows the correlation more than 0.65 with any of
tion is given byN,,=Nn,— (N4+Ny). It has been  the other properties. This procedure has resulted
reported that the free energy due to hydrogen bondin a set of 15 properties. Further, we realized the
is approximately 1 kcdimol [11], and hence, the presence of two properties with similar behavior.
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This subjective analysis helped to omit six more  We have computed the multiple correlation coef-
properties and we derived the final set of nine ficients for all possible combinations of two free
properties(K°, compressibility;H;, thermodynam-  energies and picked up the highest one. Further,

ic transfer hydrophobicitypP, polarity; pH,, isoe- the computations were repeated with the combi-
lectric point; w, refractive index;E,, short- and nation of 3—6 free-energy terms. On the other
medium-range non-bonded energy;, «-helical hand, we have used the set of 49, 15 and 9

tendency;V,, average long-range contacts anrd properties and computed the multiple correlation
TAS, unfolding entropy changeIn this work, we coefficients for all possible combinations of 2—6
have used all the three sets of properties. However, properties. The results obtained with free-energy
the sets with 9 and 15 properties did not show any terms and amino acid properties have been ana-
significant difference between the results. lyzed. The multiple correlation coefficients were
determined using standard proceduf2g).
2.9. Multiple regression technique
3. Results and discussions
We have combined these various free-energy
terms (or amino acid propertigswith the aid of  3.1. Contribution of hydrophobic free energy
multiple regression technique with four different
sets of input parameters. These inputs are basically We have computed the hydrophobic free energy
from two aspects(i) amino acid properties and for each atom in all the 28 proteins and the results
(i) free-energy terms. For each protein, we have are presented in Table 1. We noticed a poor
computed the average amino acid property using correlation betweerG,, due to the contribution

the expression from each atom(C, N/O, O, N* and $ and
protein-folding rates. Our result reveals that the
Padi)=Ypi;/N )] role of hydrophobic free energy and the burial of
atoms in the protein interior are minimal for
where P, (i) is the average property value dh determining the folding rate of two-state proteins.
protein andYp; is the total property value ath This observation is consistent with the previous

protein, which can be obtained as the sum of the analysis that the role of solvent accessibility is
property values from the respective amino acid marginal for understanding the folding rate of two-
residues(j) in a protein. Considering the first state proteins[9]. However, the combination of
property, we have computed the average property hydrophobic free energy with other parameters
value for all the 28 proteins. The computation has shows a good relationship with protein-folding
been repeated with all the 49 amino acid properties rates(see below. Nevertheless, the burial of side
and hence we obtained 49 sets of data. We havechain and main chain atoms in the interior, free
divided these sets of properties into three groups, energy of hydration and packing play a dominant
namely (i) all 49 properties,(ii) selected 15 role to the stability of protein§30,31.
properties and(iii) finally derived 9 properties.
The deduction of 9 properties from the set of 49 3.2. Electrostatic, hydrogen-bonding and van der
properties has been explained above. Waals free energies

The last set of data is based on free-energy
contributions. We have derived the input parame- The computed free energies due to electrostatic
ters for multiple regression analysis with 16 sets interactions, hydrogen-bonding and van der Waals
of data: 6 sets from the hydrophobic free energy contacts have been given in Table 2. We have
due to C, N, N, O, O and totaby,, which is repeated the calculations by perturbing the PDB
the total contribution from all the atoms in a coordinates and there is no significant difference
protein, 6 from the folded statg,,, 2 electrostatic  in the energy values. We observed a weak corre-
free energies, 1 hydrogen-bonding and van der lation between any of the free-energy terms and
Waals free energy each. protein-folding rates. On the other hand, it has
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Table 1
Contribution of hydrophobic free energy in 28 two-state proteins
No. PDB Nies Gy (kcal/mol)

C N N* e} (o S Total
1 1LMB 92 —74.44 10.27 5.87 6.14 6.06 —-1.93 —48.04
2 2ABD 86 —75.45 8.89 12.15 5.19 12.33 —-0.87 —37.76
3 1IMQ 86 —74.47 9.29 3.93 4.11 5.98 —-1.51 —-52.67
4 2PDD 43 —27.84 4.98 5.62 191 2.72 0.30 -12.33
5 INYF 58 —50.50 5.91 2.44 2.59 3.43 0.00 —36.12
6 1PKS 77 —67.85 9.13 5.25 4.25 9.30 0.00 —39.92
7 1SHG 57 —52.05 5.71 5.96 4.29 7.85 -1.21 —29.44
8 1SRL 56 —46.58 5.80 2.16 2.99 2.13 0.00 —33.50
9 1FNF_9 89 —79.56 12.37 9.44 7.17 4.30 0.00 —46.28
10 1FNF_10 94 —80.14 11.04 6.79 6.10 3.06 0.00 —53.15
11 1HNG 175 —162.40 22.08 17.46 13.15 12.23 —6.18 —103.67
12 1TEN 96 —84.47 10.01 5.79 6.62 10.60 -0.97 —52.42
13 1TIT 89 —77.32 7.98 3.35 4.43 5.48 -3.07 —59.16
14 IWIT 93 —82.24 8.61 4.24 5.22 6.67 0.00 —57.50
15 1CSP 67 —54.35 6.06 3.81 3.31 2.89 -1.02 —39.31
16 1MJC 69 —56.08 6.24 3.08 3.72 4.77 —1.06 —39.33
17 2AIT 74 —-57.72 8.20 4.95 4.17 1.55 -1.34 —40.20
18 1APS 98 —83.80 13.01 12.08 8.92 7.60 -1.39 —43.58
19 1HDN 85 —74.49 8.73 5.25 7.73 4.49 —-1.82 —50.10
20 1URN 96 —88.98 11.43 9.31 7.13 4.69 -3.71 —60.13
21 2HQI 72 —58.02 7.07 5.02 5.22 4.87 -0.34 —36.18
22 1PBA 81 —-67.17 9.87 7.06 5.44 14.34 0.00 —30.44
23 1UBQ 76 —69.86 9.08 7.99 4.78 3.52 —0.96 —45.46
24 2PTL 78 —56.49 7.26 2.90 3.18 6.02 0.00 —37.13
25 1FKB 107 —-101.27 13.16 9.15 7.87 10.65 —2.84 —-63.27
26 1COA 64 —55.79 7.64 8.36 3.70 7.15 0.11 —28.82
27 1DIV 149 —127.26 16.22 17.06 9.27 9.96 -1.21 —75.96
28 2VIK 126 —-112.32 14.13 7.18 8.96 10.99 —4.03 —75.09

N.es Number of residues in a protein.

been reported that the hydrogen bonds and ion free energy alone has a poor correlaties-0.29)
pairs are very important for the stability of proteins with folding rates of two-state proteirid].
[30,32,33. From the relationship between individ-

ual free-energy terms and protein-folding rates, we 3.3. Multiple regression analysis

propose thati) the free-energy terms are mainly

responsible for the stability of proteins and the  We have started with single parameter in the fit
individual effect of these interactions to initiate (single correlation coefficientand then increased
and expedite the folding is minimal(ii) the the number of fitting parameters. The multiple
topology of proteins is more important for deter- correlation coefficients obtained for each set of
mining the folding rates of two-state proteins rather data (i) 49 amino acid propertiedii) 9 amino
than the non-covalent interactions afiii) the acid propertiesthere is no significant difference
combination of free energies may explain better between the multiple correlation coefficients
the folding rates than each term individuallyee obtained with 15 and 9 propertigs(iii) free-
below). It has been reported that the combination energy terms andiv) free-energy terms normal-
of free energy with CO shows a good relationship ized by dividing with the number of residues in
with protein-folding rates((r=0.79), whereas the  each protein are displayed in Fig. 1.
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Table 2
Electrostatic, hydrogen-bonding and van der Waals free energies
No. PDB —Gen =Gepz —Gnp —Gss Guw
(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
1 1LMB 6.4 23.50 86 0 461.21
2 2ABD 17.0 74.17 83 0 523.37
3 1IMQ 4.2 87.85 58 0 602.90
4 2PDD 3.2 15.85 24 0 240.05
5 INYF 0.0 58.23 28 0 353.55
6 1PKS 21.2 30.93 31 0 489.96
7 1SHG 1.0 36.20 46 0 333.09
8 1SRL 0.0 51.75 19 0 339.84
9 1FNF_9 5.0 0.00 61 0 407.73
10 1FNF_10 0.0 0.00 58 0 425.19
11 1HNG 1.0 10.54 135 4.6 929.32
12 1TEN 0.0 0.00 72 0 569.46
13 1TIT 0.0 139.00 19 0 566.75
14 1IwWIT 4.0 129.94 51 0 543.29
15 1CSsP 1.0 0.00 44 0 287.12
16 1MJC 1.0 71.58 51 0 295.47
17 2AIT 0.0 0.00 34 4.6 405.39
18 1APS 16.2 0.00 71 0 358.27
19 1HDN 8.6 0.00 60 0 274.50
20 1URN 6.4 63.38 78 0 450.54
21 2HQI 1.0 89.99 40 2.3 447.42
22 1PBA 4.0 0.00 62 0 461.64
23 1UBQ 4.2 33.66 61 0 388.83
24 2PTL 4.2 96.53 36 0 492.63
25 1FKB 11.0 0.00 72 0 470.98
26 1COA 1.0 30.49 46 0 348.34
27 1DIV 7.4 0.00 126 0 725.37
28 2VIK 6.4 116.76 78 0 759.46
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Fig. 1. Variation of correlation coefficients with number of variables: slant column, 49 amino acid properties; empty column, 9
amino acid properties; crossed column, total free-energy terms and filled column, normalized free-energy terms.
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We found that the minimum number of three
parameters yielded the correlation coefficients of
0.52, 0.46, 0.60 and 0.64, respectively, for 49
amino acid properties, 9 amino acid properties, 16
free-energy terms and normalized free-energy -
terms. Similar observation is noticed by the com-
bination of different number of paramete(Big.

1). This result indicated that the free-energy con-
tributions carry more information than amino acid
properties. This might be due to the knowledge
observed from the three-dimensional structure of
proteins. On the other hand, the combination of
three amino acid properties shows an excellent 04
correlation with the stability of proteins upon " A B C D E F G
mutat|ons[25-—2£]-. . . Set of variables

The combination of six variables shows the
correlation of 0.82 with free-energy terms while Fig. 2. correlation coefficients obtained with three parameters
the r-value is 0.61 with amino acid properties. The for different sets of variablest, 49 amino acid properties,
difference of approximately 0.20 illustrates the 9 amino acid propertiest, total free-energy termsb, nor-
influence of free-energy contributions to the fold- Malized free-energy term&, combination of free-energy terms
. . . . and solvent accessibilityg, combination of free-energy terms
Ing rates OT tWO'S_tate pro'gelns. This result_ IS and secondary structure an@ combination of free-energy
consistent with previous studies that conformation- terms and topological parameters.
al stability is one of the determinants of protein-
folding rates [34]. Further studies on the , )
free-energy contributions for high correlation Secondary structures, helix, strand, turn and coil,
revealed that the hydrophobic free energy and (|_|) the solvent accessibility of __the protein at
hydrogen-bonding free energy are the major con- dlﬁgrent secondary structures aitii ) the topo-
tributors similar to the stability of globular proteins l0gical parameters, CO, LRO and TCD. The
[11]. This observation indicates that the hydropho- numerical values of secondary structure content

bic and hydrogen-bonding free energies are impor- and solvent accessibility information for all the 28
tant for initiating the folding process and for Wo-state proteins have been taken from Gromiha

maintaining the stability of proteins. [9] and that of CO, LRO and TCD were taken

We have also analyzed the role of normalization from Zhang et al[8]. .
for relating free-energy terms with folding rates of _ The highest correlation obtained from the com-
two-state proteins. As observed for CO and LRO, bination of three parameters amotig amino acid
the normalization improved the correlation signif- Properties(ii) free-energy termdiii ) free-energy
icantly for the combination of up to six parameters. terms and secondary structuréy) free-energy
Recent analysis on the effect of chain length also terms and solvent accessibility ate) free-energy
demonstrates the importance of normalization for terms and topological parameters is shown in Fig.

0.9

cient

0.8

0.7

0.6

Correlation coeffi

0.5

LI I e L B B

understanding the protein-folding ratfgs). 2. We observed that the highest correlation is 0.52
from the combination among amino acid properties

3.4. Combination of free energies with secondary and 0.64 with free-energy terms.

structure content, solvent accessibility and topo- The combination of free energies with solvent

logical parameters accessibility improved the correlation to 0.70, and

that with secondary structure raised thealue up
We have combined the different free-energy to 0.77 as seen in Fig. 2. On the other hand, the
terms with other structural parameters, suciias  combination of free-energy terms with CO, LRO
the content of amino acid residues at various and TCD increased the correlations up to 0.86,
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0.86 and 0.91, respectively. This result demon- the protein-folding rates. It has been reported that
strates that the topological parameters are thethe hydrophobic content of a protein is an impor-
major determinants for the folding rates of two- tant determinant to the folding raté86]. The
state proteins. hydrogen bonds are mainly due to the formation
We have repeated the computation with 100 of secondary structures and hence it stresses the
random permutations of experimental folding rates. importance of topology to relate with protein-
We observed that the random shuffling of(An folding rates. Further, the combination of free-
values decreased the average correlation coeffi-energy terms with secondary structural content of
cient from 0.91 to 0.32 0.10. The high correlation  proteins improved the correlation up to 0.7an
obtained with experimental folding rates and poor increase of 20% using three parametergolded
correlation with random folding rates verify the state G,, due to O atoms,G; and a-helical

validity of the present analysis. conten), which reveals the fact that the local
secondary structure content is one of the major
3.5. Non-linear information and neural networks factors for predicting the folding rates of two-state

proteins [37]. The inclusion of topological para-

In the present work, we have used the experi- meters raised the correlation to 0.91. This result
mental folding rates of 28 proteins and different demonstrates that the combination of topological
sets of parameterdree-energy terms, amino acid parameters along with free-energy terms explains
properties, secondary structure content, solventthe folding rates of two-state proteins, and the
accessibility and topological parametersvhich topology is the major determinant for understand-
have been linearly combinddegressions analySis  ing the protein-folding ratefl—3,9,38,3%.
to fit with the folding rate. The linear combination )
provides the information about the important par- 4- Conclusions
ameters to be combined together for the best fit.
On the other hand, a non-linear model will inevi-
tably bring in new set of terms to be optimized
and it may be possible to make the highest possible
correct fit. However, the non-linear model is not
applicable due to the higher number of variables
to be trained or optimized than the number of data
points. Further, it is difficult to extract the infor-
mation about the important determinants of pro-
tein-folding rates. Therefore, we have used a linear
regression analysis in this study.

Elucidating the factors influencing the folding
rates of two-state proteins is one of the important
tasks similar to protein-folding problem. We have
systematically analyzed the relationship between
various free-energy contributions and protein-fold-
ing rates in a set of 28 proteins. We found that the
combination of free energies shows a good corre-
lation with folding rates of two-state proteins. The
relative correlation coefficients are better than the
one obtained with amino acid properties. The
inclusions of secondary structural content
improved the correlation significantly. Further, the
accommodation of topological parameters raised
the correlation up to 0.91. Our results demonstrate
that the topological parameters are the major deter-
minants for the folding rates of two-state proteins.

3.6. Implications for protein folding

The present analysis on protein-folding rates
reveals the following implications for protein fold-
ing. The contribution of free-energy terms indicates
a poor correlation between each of the individual Acknowledgments
free energies and protein-folding rates, which illus-
trates that the secondary forces are important for M.M.G. wishes to thank Dr Yutaka Akiyama
the stability and the contribution is less for deter- for encouragement.
mining the folding rates of two-state proteins. The
combination of free-energy terms shows the rela-
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