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MOLECULAR DYNAMICS/FREE ENERGY 
PERTURBATION STUDIES 

OF THE THERMOSTABLE V74I 
MUTANT OF RIBONUCLEASE HI 

RYUJI TANIMURA' and MINORU SAITO* 

Protein Engineering Research Institute 
6-2-3 Furuedai, Suita, Osaka, 565 Japan 

(Received November 1994. accepted June 1995) 

Recent site-directed mutagenesis and thermodynamic studies have shown that the V74I mutant of 
Escherichia coli ribonuclease HI (RNase HI) is more stable than the wild type protein [Ishikawa et al., 
Biochemistry 32, 6171 (1993)l. In order to clarify the stabilization mechanism of this mutant, we calculated 
the free energy change due to the mutation Val74-Ile in both the native and denatured states by free energy 
perturbations based on molecular dynamics (MD) simulations. We carried out inclusive MD simulations for 
the protein in water; i.e., fully solvated, no artificial constraints applied, and all long-range Coulomb 
interactions included. We found that the free energy of the mutant increased slightly relative to the wild type, 
in the native state by 1.60 kcal/mol, and in the denatured state by 2.25 kcal/mol. The unfolding free energy 
increment of the mutant (0.66 f 0.19 kcal/mol) was in good agreement with the experimental value (0.6 
kcal/mol). The hysteresis error in the free energy calculations, i.e., forward and reverse perturbations, was 
only k0.19 kcal/mol. These results show that the V74I mutant is stabilized relative to the wild type by the 
increased free energy of the denatured state and not by a decrease in the free energy of the native state as had 
been proposed earlier based on the mutant X-ray structure. It was found that the stabilization was caused by 
a loss of solvation energy in the mutant denatured state and not by improved packing interactions inside the 
native protein. 

KEY WORDS: Cavity-filling mutation, free energy perturbation method, thermal stability, particle-particle 
and particle-cell (PPPC) method, acceptance ratio method (ARM). 

1 INTRODUCTION 

Proteins are stabilized by various interactions, such as disulfide bonds, helix-dipole 
interactions, the conformational freedom of glycine and proline residues, and hydro- 
phobic interactions. The hydrophobic interaction is regarded as one of the dominant 
factors among them stabilizing the interior of a protein [l-61. The role of the 
hydrophobic interaction in determining protein stability has been widely studied 
experimentally by cavity-creating mutations which replace a buried nonpolar side 
chain in the wild type with a smaller one in the mutants of various proteins, i.e. T4 

* To whom correspondence should be addressed. 
'Present address: Toray Industries, Inc. Basic Research Laboratories, 11 11, Tebiro, Kamakura, 

Kanagawa, 248, Japan. 
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76 R. TANIMURA A N D  M. SAITO 

lysozyme [2,7-101, the alpha-subunit of tryptophan synthase [ll], barnase [4,5], 
lambda-repressor protein [12], the gene V protein from bacteriophage fl [6,13], and 
staphylococcal nuclease [3]. Only a few studies have been designed to increase protein 
stability by cavity-filling mutations introducing bulkier residues into the interior of 
a protein [ 14,151. In a recent study of Ecsherichia coli ribonuclease HI (RNase HI), the 
V74I mutant, in which the buried Val74 is replaced with the bulkier Ile residue, was the 
only mutant which was found to be stabilized relative to the wild type [16], except for 
mutants replaced with unnatural amino acid residues. The V74I mutant of RNase HI 
has 2.1 K higher melting temperature and 0.6 kcal/mol larger unfolding free energy 
than the wild type [16]. Crystal structures of the wild type and V74I mutant of RNase 
HI have also been determined [ 16,173. These X-ray crystallographic studies showed 
that the side chain group of Val74 faces a cavity in the hydrophobic core and the 
C, atom of He74 fills the cavity. The structure around Ile74 of the V74I mutant does 
not significantly deviate from that of the wild type. The only significant difference 
between the wild type and the V74I mutant structures is the existence of the Ile74 side 
chain methyl group. Why is the V74I RNase HI mutant stabilized relative to the wild 
type by introducing a methyl group into the interior of the enzyme? Such a stabilization 
could arise from an increase in favorable packing interactions inside the mutant and/or 
by a loss of the solvation energy in the mutant denatured state due to the creation of an 
extra methyl group exposed to water [ 13). Thermodynamics experiments cannot 
determine which mechanism is dominant, because they can only determine the free 
energy difference between the native and denatured states of a protein and not the free 
energy difference between a wild type and its mutant in the same state. 

In recent years, several theoretical studies of protein stability have been made using 
free energy perturbation calculations combined with molecular dynamics (MD) simu- 
lations [18-231. In this methodology, a protein’s amino acid is mutated by gradually 
changing its force-field parameters during an M D  simulation. The free energy change 
due to the mutation can then be evaluated. This theoretical approach can provide the 
free energy change due to the mutation in both the native and denatured states. 
Furthermore, the dominant factors causing the stability change can be analyzed by 
searching for leading terms in the free energy changes [ 18,231. However, the reliability 
of the results obtained by such approach depends on the level of approximations used 
in the simulations [25]. The studies reported previously used the following approxi- 
mations: most of the protein atoms are fixed to their initial positions, only a part of the 
protein is solvated, and long-range Coulomb interactions are neglected by using the 
cutoff approximation. Yun-yu et al. have demonstrated that thermodynamic quantities 
obtained depend significantly on the approximations (such as the cutoff radius) under 
which the simulations are performed [20]. 

Our purpose in the present study is to clarify the stabilization mechanism for the 
Va174+Ile mutant of RNase HI relative to the wild type using the free energy 
perturbation method based on M D  simulations. In order to obtain reliable and 
objective results, M D  simulations based on more sophisticated methodologies were 
carried out [26,34]. That is, no artificial constraint was applied on the protein 
structure, the protein was immersed in a sphere of water and fully solvated, and all 
long-range Coulomb interactions were taken into account. These conditions are 
essential to prevent the protein structure from undergoing artificial deformations 
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FREE ENERGY STUDY OF RNASE HI 17 

during the MD trajectories [26J All MD simulations were carried out using the 
program package COSMOS90 based on the particle-particle and particle-cell (PPPC) 
approximation [27], which makes it possible to calculate long-range Coulomb interac- 
tions efficiently without sacrificing accuracy. 

Subsequently, to estimate the hysteresis error in our  simulations, we carried out 
a further simulation of the reverse mutation. Using the trajectories obtained from the 
MD simulations, the free energy changes of the native and denatured states were 
evaluated by the acceptance ratio method (ARM) [31,32]. A mechanism for the 
stabilization of the mutant relative to the wild type was revealed by finding leading 
contributions to the free energy changes. 

2 CALCULATION METHODS 

2.1 

The stability change caused by the mutation is defined by the unfolding free energy 
difference between the wild type and the mutant, A A G ( N  +D;  W + M ) .  

Unfolding free energy diference AAG( N + D; W+ M )  

A A G ( N + D ;  W + M ) = A G ( N + D ; M )  - A G ( N + D ;  W )  (1) 

where A G ( N  +D;  W )  and A G ( N  + D; M )  denote the free energy changes by unfolding 
from the native ( N )  to the denatured ( D )  state for the wild type (W) and the mutant ( M ) ,  
respectively. Thermodynamic experiments such as differential scanning calorimetry 
measure directly A G ( N  +D; W )  and A G ( N  + D; M ) .  On the other hand, free energy 
calculations based on MD simulations mutating the wild type to the mutant determine 
free energy changes due to the mutation in the native and denatured states, 
A G ( N ;  W +  M )  and AG(D;  W-, M ) .  These free energy changes are related to 
A G ( N + D ; M ) , A G ( N + D ;  W ) ,  and A A G ( N + D ;  W + M )  by the following ther- 
modynamic cycle. 

A G(N->D;W) 
Wild type 
Denatured 

+ Wild type 
Native 

A G(D;W->M) 1 
Denatured 

A G(N->D;M) 

1 A G(N ;W->M) 

Mutant ____.) Mutant 
Native 

Therefore, the unfolding free energy difference between the wild type and the mutant 
AAG(N + D ;  W 3 M )  can be also evaluated from AG(D;  W - M )  and A G ( N ;  W + M )  
according to the following equation [34]. 
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78 R.  TANIMURA AND M. SAITO 

2.2 Systems for the native arid denatured states 

The starting structure of the native protein was prepared by immersing the V74I 
mutant of Escherichia coli RNase HI with crystal waters [16] into a water sphere with 
the radius of 33 A and the density of 1.0 g/cm3. The sphere radius of 33 A was such that 
the minimum distance of any protein atom from the wall of the sphere was about 8 A. 
The denatured state was assumed to be represented by the five amino acid segment 
centered at the residue 74 (Ace-Gln-Tyr-Ile(Va1)-Arg-Gln-NMe), because there is no 
unique choice for the denatured state [18-231. The starting structure of the denatured 
state was prepared by immersing the segment with the extended conformation into 
a water sphere of radius 21 A. Water molecules colliding with the solute atoms or the 
crystal waters were removed. The native state system consists of 2474 protein atoms 
and 4049 water molecules. For the denatured state, the system consists of 110 solute 
atoms and 1083 water molecules. 

2.3 Molecular dynamics simulations 

The AMBER all-atom type force-field parameters [28] were used for the solute 
molecules, and the SPC model [29] for the water molecules. The force field par- 
ameters of the protein were prepared using AMBER3.0 Rev.A [30]. The M D  simu- 
lations were carried out for both systems with long-range Coulomb intereactions 
included by using the program COSMOS90 based on the PPPC approximation 
[27]. Accuracy parameters used in the PPPC approximation were the same as those 
in the previous study [26]. The reliability and accuracy of this method were demon- 
strated in those papers. All the simulations were performed at a temperature of 300 K 
with a time step of 0.5 fs. At first, water molecules surrounding the solutes were 
equilibrated by lops M D  simulation with the positions of solute heavy atoms, and 
the centers-of-mass of the crystal waters, constrained. Next, the whole system was 
equilibrated during a 90 ps M D  simulation without any constraints. All M D  simula- 
tions for the computational mutations from Ile to Val were started from the equilib- 
rated structure at 100 ps. 

2.4 Procedures,for the computational mutation 

The computational mutation from Ile to Val was carried out for the native state and 
denatured state by the following procedure. In order to calculate AG(N; W+ M )  and 
AG(D; W-* M )  for the Ile + Val mutation, the force field parameters of the side chain 
atoms of Ile were gradually transformed into those of Val over the following 4 sub- 
processes in a total of 20 stages. Only one force field was changed in each subprocess. 

Subprocess 1 (The 1st stage) 
Atomic charges of Ile are changed linearly to those of Val. 
Subprocess 2 (The 2nd - 11 th stage) 
The force field parameters of the vdW interactions are linearly changed to those of Val. 
Subprocess 3 (The 12th stage) 
The force field parameters of the bond angles (i.e. equilibrium angle and force constant) 
are linearly changed to those of Val. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
2
1
 
1
4
 
J
a
n
u
a
r
y
 
2
0
1
1



FREE ENERGY STUDY OF RNASE HI 79 

Subprocess 4 (The 13th - 20th stage) 
The force field parameters of the bonds (i.e. equilibrium distance and force constant)are 
linearly changed to those of Val. 

The force field parameters of the torsion angles are identical in Val and Ile. By the last 
stage of the subprocess 4, all the force field parameters have been changed into those of 
Val. Each stage consists of a lops M D  simulation, i.e., 5ps for equilibration and 5 ps for 
data collection. In order to estimate the hysteresis error in the present simulations, 
a further simulation of the reverse mutation, from Val to Ile, was carried out in the same 
manner. The first stage of the reverse mutation was begun from the final stage of the 
forward mutation, and the force field parameters were changed according to the reverse 
order of the forward mutation, i.e., in the order of bond, angle, vdW and then 
electrostatic parameters. 

2.5 Free energy calculations 

The free energy changes of the native and denatured states due to the mutation were 
obtained by summing the free energy differences between two sequential stages i and 
i + 1, i.e., 

AG(N; W+ M )  = CAG(N; i +i  + 1) (3) 
I 

AG(D; W + M )  = CAG(D; i + i + 1) (4) 
i 

The free energy difference between two sequential stages AG(N or D;i -+ i + 1) was 
calculated by the acceptance ratio method (ARM) [31,32], as follows. 

AG(NorD;i+i+ 
B P  

where U i  and U i + l  denote the potential energies calculated for the force-field par- 
ameters of stage i and i + 1, respectively. ( ) i  means sample average over configurations 
in stage i, and ni denotes the number of sample configurations of stage i. The value of the 
shift constant C that satisfies Eq. (6) is determined numerically by evaluating the left 
and right sides of this equation for several values of C [31]. Since ARM utilizes samples 
from both ensembles, ARM can evaluate a free energy difference between the two 
ensembles more efficiently than the conventional free energy perturbation method 
(FEPM) which uses samples from only one ensemble. 

Since only one force-field parameter is changed in each subprocess, the free energy 
obtained from the subprocess represents the respective energy component in the free 
energy change due to the mutation. Values of the free energy components in principle 
depend on the order changing the force field parameters, i.e. the order of subprocesses 
[24]. That is, the free energy obtained from the subprocess 2 is the free energy change 
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80 R.  TANIMURA AND M. SAITO 

caused by eliminating the C, methyl group whose atomic charges are zero. On the other 
hand, contributions from different atom groups a and /I surrounding the residue 74 
were estimated by using the conventional free energy component analysis, i.e., evaluat- 
ing the free energy from Eq. (6), while Ui + - Ui of the left side and Ui - Ui+ in the 
right side were evaluated for the respective atom groups a and b. This analysis gives the 
meaningful free energy contributions from the atomic groups, when { Vi+ - V,}, and 
{ Ui+ - Ui}s  do not largely correlate each other [35]. This condition was ensured to be 
satisfied in this study, as described in the table caption. 

3 RESULTS AND DISCUSSION 

3.1 

Free energy changes of the native state and denatured state due to the mutation 
Va174-rIle were shown in Table 1. The mutation from Val to Ile caused free energy 
changes of 1.60 f 0.19 kcal/mol for the native state and 2.25 f 0.00 kcal/mol for the 
denatured state. Then, the unfolding free energy difference AAG between the wild type 
protein and the V74I mutant protein was 0.66 & 0.19 kcal/mol. The value of the 
calculated AAG is in good agreement with the experimental data, 0.6 kcal/mol[16], as 
shown in Table 1. The deviation L- 0.19 denotes the hysteresis error, i.e. the deviation of 
the free energy values of the forward and reverse mutations from their average value but 
not a standard deviation within a given simulation. This hysteresis error is very small 
compared with those of previous studies [19,20,23]. The previous studies of the 
stability of T4 lysozyme mutants by Dang et al. demonstrated that additional position 
restraints for protein atoms in MD simulations significantly decreased the hysteresis 
error from f 1.1 to 0.35 [18,19]. Their results suggest that a large hysteresis error can 
be caused by artificial deformations of the protein structure. The present methodology 
is known to reduce such structural artifacts [26]. 

The root mean square deviation (RMSD) from the initial X-ray structure was plotted 
in Figure 1 for the residue 74 and the surrounding 6 residues in Figure 2 during the 

Free energy changes due to the mutation Val74 +Ile 

Table 1 Free energy changes of the native (N) and denatued (D) states due to the Val-Ile mutation, 
A G ( N ; W + M )  and A G ( D ; W + M ) ,  and the unfolding free energy difference between the wild type (W) and 
mutant ( M ) ,  A A G ( N - r D ; W - * M ) ,  in kcal/mol. 

A q N ;  W-rM) AG(D;  W+M) A A G ( N + D ;  W + M )  

Total 1.60+0.19 2.25 & 0.00 0.66 k0.19 
Contribution Experiment 
vd W b  0.25 f0.20 1.10 f 0.03 
Electrostatic 0.03 0.02 0.01 f 0.06 
Internal' 1.32 kO.00 1.13 k 0.10 

0.6" 
0.85 k0.21 

- 0.02 k 0.06 
-0.18 kO.10 

_____~______ ~ 

a Reference [ 161. 
bThe correlation coefficient between the vdW and internal components is smaller than 0 1. 

74 except for the C ,  methine group. 
Contributions from the bond, angle, 1-4 nonbond, and 1-5 nonbond in the side chain atoms of the residue 
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5 n 
(I) z 
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81 

W 
Equilibration Ile +Val Val +lie 

L -  -- m R 

W41 Wild-type 
I 

v741 

Time (ps) 

Figure 1 Root mean square deviation (RMSD) for heavy atoms of the 7 residues in Figure 2 from the X-ray 
structure during the equilibration (0- loops), forward mutation (100-3Oops), and reverse mutation (300- 
500ps). 

Figure 2 Three-dimensional structure of the residue 74 and 6 residues surrounding it. The ball-and-stick, 
thick line, and thin line denote the structures after the equilibration (A), forward mutation (B), and reverse 
mutation (C). These structures A, B, and C were fitted by the least-square method for the heavy atoms of the 
7 residues. RMS deviations between A and B, Band C, and C and A are0.3,0.4, and OSA, respectively. This 
figure was drawn by MolScript [33]. 

equilibration and the round trip mutation. The Figure 1 shows that the structure 
around the residue 74 fluctuates around a stable structure which is close to the X-ray 
structure during the forward and reverse mutation processes. The 3-dimensional 
structure averaged over 5ps was drawn around the residue 74 for the time after the 
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82 R. TANIMURA AND M. SAITO 

equilibration, forward mutation, and reverse mutation by the ball and stick, thick line, 
and thin line, respectively. This figure clearly shows that the side chains have almost the 
same structure within the thermal fluctuation (about 0.5A) during the simulations. It 
was found that the present MD simulations without the truncation of Coulomb 
interactions suppress the hysteresis error and prevent artificial structural deformations 
of the protein. 

3.2 

Which mechanism is dominant as a stabilization mechanism of the Val74 +Ile mutant: 
an increase in favorable packing interactions due to the C ,  methyl group inserted into 
the native protein, or a loss of the hydration energy due to the extra methyl group 
exposed to water in the denatured state? The relatively large AG(D; W + M )  ( = 2.25 
kcal/mol)compared with A G ( N ;  W+ M )  ( = 1.60 kcal/mol) shown in Table 1 suggests 
that the latter mechanism is dominant. To answer that question clearly, the free energy 
changes AG(N;  W-, M),AG(D;  W+ M ) ,  and AAG were decomposed into vdW, elec- 
trostatic, and internal energy contributions, as shown in Table 1. 

The component of vdW interaction was small (0.25 kcal/mol) for AG(N;  W-M), 
relatively large (1.10 kcal/mol) for AG(D; W+M ). Then, the vdW component in AAG 
was 0.85 kcal/mol. In contrast, the component of electrostatic interaction in 
AG(N;  W+ M )  and AG(D; W+ M )  were nearly equal zero, because the changes in the 
atomic charges due to the mutation from Val to Ile are quite small. Then, the 
component of electrostatic interaction in AAG was negligibly small - 0.02 kcal/mol. 
The internal energy components were large and similar values 1.32 and 1.13 kcal/mol 
for AG(N; W-, M )  and AG(D; W--+ M ) ,  respectively. Since they are almost cancelled out 
each other, the internal energy component in AAG is small (-0.18 kcal/mol). This 
cancellation suggests that the internal structures of Val and Ile are almost the same 
between the native and denatured proteins. Therefore, the stabilization of the V741 

Stabilization mechanism of the Val74 --+ Ile mutant 

Table 2 Contributions of the solvent and solute to the vdW free energy components, ACvdw(N;  W-t M ) ,  
AGvd,(D;W-+ M), and AAGvdw(N + D ;  W-. M )  in Table 1. 

AGydwW; W-. M )  AGVdw(Q W-. M 1 AAGvdw(N-+D;  W d M )  

Solvent" - 0.07 & 0.01 0.73 & 0.06 0.80 0.06 
Solute 0.32k0.20 0.37 k 0.03 0.05 & 0.20 
Residueb 
Val( Ile)74 
Leu49' 
Ala52 
Tyr73 
TrpI04 
Leu107 
Trpl18 
Others 

0.47 k 0.14 
0.89 k 0.29 

-0.06k0.01 
-0.19 k0.02 
- 0.20 & 0.04 
-0.12 k 0.03 
- 0.06 k 0.00 
-0.41 k0.23 

0.54+ 0.12 
- - 
- 

-0.09 k0.12 
- 
- 
- 

- 0.08 k 0.06 

0.07k0.17 
-0.89k0.29 
0.06 & 0.0 1 
0.19 k 0.12 
0.20k 0.04 
0.12 0.03 
0.06 k 0.00 
0.33 0.24 

"The correlation coefficient between the solvent and solute contributions is smaller than 0.1. 

'The correlation coefficients between the contributions from Leu49 and other residues are smaller than 0.3. 
Whose contribution is larger than 0.05. 
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FREE ENERGY STUDY OF RNASE HI 83 

mutant was found to be mainly caused by the unfavorable vdW interactions in the 
denatured state. 

Furthermore, contributions from the solute and solvent to the vdW components in 
AG(N, W+ M), AG(D; W-, M ) ,  and AAG [abbreviated by AGvdw(N; W+ M ) ,  AG,,, 
(D; W - M ) ,  and AAG,,,] were estimated. The results were shown in Table 2. The 
solvent contribution was - 0.07 for AGvdw(N; W-, M ) ,  0.73 for AGvdw(D; W+ M ), and 
then 0.80 for AAGvdw The small solvent contribution to AGvdw(N; W+ M )  is consistent 
with the fact that the side chain atoms of Val (and Ile) 74 is completely buried inside the 
native protein. On the other hand, the solvent contribution to AGvdw(D; W-, M )  is 
relatively large, because the side chain atoms is exposed into solvent in the denatured 
state. This solvent contribution increasing the denatured state free energy can be 
explained as a loss of the solvation energy caused by the C, methyl group created 
in water. On the other hand, the solute contributions to AGvdW(N;W+M) and 
AGVdw(D; W+ M )  are almost the same (0.32 and 0.37) and are cancelled out each other 
in AAG,,,. The positive contribution to AG,,,(N; W-, M )  (0.32) means that the vdW 
interactions of the C ,  methyl group inside the protein do not stabilize the cavity-filling 
mutant V74I. Therefore, the stabilization of the V74I mutant was found to be caused by 
the loss of the hydration energy in the denatured state but not the favorable packing 
interactions in the native protein. 

In order to clarify the reason why the C ,  methyl group of Ile74 does not interact 
favorably inside the protein, the contributions from the surrounding 6 residues in 
Figure 2 were also listed in Table 2. All the residues except for Leu49 have negative 
values as contributions to AGvdw(N; W-, M )  and contribute to the stabilization of 
the V74I mutant. In contrast, the Leu49 has a positive value (0.89) and contributes 
to the destabilization of the native state. These results suggest that the cavity size 
between the Val74 and Leu49 side chains is too small to insert a methyl group into it 
without unfavorable vdW repulsion. Since the unfavorable vdW interactions with 
the Leu49 offset the favorable vdW interactions with the other surrounding 
residues, the insertion of the Cd methyl group into the cavity can not stabilize the 
mutant native structure. 

4 CONCLUSION 

The cavity-filling mutation stabilizes a protein generally by the two different mechan- 
isms. One is an increase of favorable vdW interactions inside a protein; another is a loss 
of the hydration energy of the denatured state. The M D  simulation/free energy 
calculation study of the RNase HI V74I mutant clarified that this mutant is stabilized 
thermally by the latter mechanism. The’ former mechanism does not stabilize the 
mutant because of the unfavorable interdctions with Leu49. 
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