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We have performed NPT molecular dynamics simulations (Langevin Piston Method) on two 
types of solvated proteins-“denaturation-unfavorable” protein (insulin) and “denaturation- 
favorable protein” (ribonuclease A) at high pressure (from 1 bar up to 20 kbar). The method is 
based on the extended system formalism introduced by Andersen, where the deterministic 
equations of motion for the piston degree of freedom are replaced by Langevin equation. We 
report the structural changes of proteins (ribonuclease A and insulin) and water molecules 
through radius of gyration, solvent accessible surface area, hydrogen bond pattern, and the 
topology of water clusters connected by the hydrogen bonded circular network. The solvent 
accessibility of ribonuclease A is mainly decreased by hydrophilic residues rather than hy- 
drophobic residues under high pressure. From the results of hydrogen bond analysis, we 
have found that a-helix is more stable than P-sheet under high pressure. In addition, from the 
analysis of the water cluster, we have observed that for ribonuclease A, 5-membered ring struc- 
ture is more favorable than 6-membered ring at higher pressure. However, for insulin, the ratio 
of 5 to 6-ring is constant over the pressure ranges for which we have performed M D  simulation. 
This indicates that the water structure around insulin does not change under high pressure. 

Keywords: Simulation; molecular dynamics; high pressure; water structure; hydrogen bond; 
surface area 

1. INTRODUCTION 

Recent pressure-induced denaturation studies of protein have offered some 
clues about the problem of protein folding. Since the works of Brandts [l], 
Weber [2] and Zipp [3], numerous experiments have been done: Raman [4], 
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258 C. C. CHAI AND M. S .  JHON 

NMR [5],  Fluorescence [6],  X-ray scattering [7] and FT-IR combined with 
hydrogen-deuterium exchange experiments [8 - 131. Silvar and Weber [ 141 
summarized the pressure effects on the stability of single chain proteins as 
follows; 

0 Proteins undergo reversible conformational transitions that result in 
spectral changes at hydrostatic pressures of 5 kbar or more. 

0 These spectral changes occur within a small pressure interval of 0.5- 
1.5 kbar. This indicates that the appearance of a protein conformation is 
different from the native one with a smaller volume. The decrease in 
volume of the solvated protein is on the order of 0.2-0.5%. 

0 Fluorescence data indicate that in the “high pressure” conformation the 
tryptophan residues are in contact with a medium that has the polarity of 
water. 

0 Hydrodynamic data show that the protein retains its globular form. 

Generally, the pressure denaturation of globular protein is reversible in 
the range of 4 - 5 kbar. Beyond this range, precipitates or gels can form. The 
denaturated protein structure is not always like a random-coil, but may 
retain significant structures of the native proteins. The volume change dur- 
ing pressure denaturation is small compared with that during thermal de- 
naturation. 

Protein stability is determined by many factors, such as, its structural 
characteristics, intra-molecular interaction and environmental interaction. 
Among these factors, the hydrogen bond, electrostatic interaction, and 
hydrophobic effect have been treated as main subjects [15]. 

However, the studies of pressure and temperature effects have not given 
detailed information on the atomic level. Molecular simulations [16 - 231 
compensated for this drawback. 

Molecular dynamics simulations can be used to study the conformational 
freedom of proteins in solvent at atmospheric pressure and the behavior of 
proteins and water under high pressure conditions. A comparison of mo- 
lecular dynamics simulations at high and low pressure can give microscopic 
insights into pressure induced denaturation; the results are consistent with 
the results obtained by experimental methods. The previous NPT molecular 
dynamics simulation at high pressure [20 - 221 have been performed using 
the Berendsen algorithm [29]. However, this algorithm may have some 
limitations (not describing the exact NPT ensemble, but the NPH ensemble). 
So, in high pressure MD, we have adopted the Langevin Piston method 
1301, which is modified from Nose-Hoover algorithm and describes the NPT 
ensemble more exactly. 
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PROTEIN- WATER STRUCTURE AT HIGH PRESSURE 259 

The systems on which we have performed the MD simulation are 
ribonuclease A and insulin. Ribonuclease A, a small monomeric enzyme, 
consists of 124 amino acids with an N-terminal a-helix and two shorter 
helices packed against 3 central twisted anti-parallel &sheets. Ribonuclease 
A from bovine pancreas has been the subject of many protein folding and 
stability studies over the years with lysozyme, chymotrypsinogen, etc. In- 
sulin is a small (51 amino acid) hormone important for regulating the cel- 
lular uptake of glucose over longer time periods and necessary for normal 
cell growth and proliferation. Insulin consists of two chains-an A chain of 
21 residues and a B chain of 30 residues - which are covalently joined by two 
disulfide links (and another disulfide bond is formed in the A chain itself). 
In its secondary structure, it has a total of 3 a-helices. (two a-helices in the 
A chain and one a-helix in the B chain). In the FT-IR experiments [9], 
insulin was not denatured at high pressure (above 13.2 kbar), while ribo- 
nuclease A was denatured at 8.5 kbar through a reversible process. 

The purpose of this work is to compare the protein conformation, 
including the solvent structure at high pressure, with that in a normal 
pressure and to show the important factors affecting pressure-induced 
denaturation. We do this by comparing with ribonuclease A and insulin, 
which are known as “denaturation favorable” and “denaturation unfavor- 
able” proteins at high pressure, respectively. 

We performed a long simulation (total 1 ns) under different pressure 
conditions (from 1 bar to 20kbar) in order to detect the events that are 
involved in the earlier stages of the unfolding of the protein under high 
pressure. To analyze the process, we have investigated the radius of gy- 
ration, the volume fluctuation, the solvent accessible surface area and the 
water structure. 

2. METHODS 

The starting structures of ribonuclease A (3RN3) and insulin (91NS) were 
obtained from the Brookhaven Protein Data Bank (Upton, NY). The empir- 
ical energy function used here, is the CHARMM polar hydrogen model 
in which polar hydrogen atoms are treated explicitly and non-polar hydrogens 
(CH3, CH2, CH) are incorporated into the heavy atoms to which they are 
bonded [24,25]. A TIPS3P [26] model was used for describing water. Water 
bonds and angles were constrained by SHAKE [27]. We placed the proteins 
at the center of rectangular boxes with a dimension of X = 55.87776k 
Y = 49.66912A, Z = 40.35616A for ribonuclease A and X = 46.5648 A, 
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Y = 37.25184& 2 = 37.25184A for insulin. Filling the boxes with water 
molecules resulted in the addition of 2976 water molecules for the ribonuclease 
A and 1769 for the insulin with resultant system density of 0.999188g/cm3 
and 0.96736 g/cm3, respectively. 

The conditions of M D  simulations were as the follows: the time step 
employed was 1 fs; the bond lengths were constrained to equilibrium values 
using the SHAKE algorithm [27]; the nonbonded interactions were spheri- 
cally truncated at 8 A (CTOFNB). The electrostatic interactions were shifted 
to zero at 8 A (CTONB) and van der Waals interactions were switched off 
from 7 to 8A. The nonbonded list was generated with an 9 A  cutoff 
(CUTNB). For the nonbonded list update, the heuristic test was performed 
every time energy was called for and a list update was done if necessary. 
The conventional periodic boundary conditions were applied during the 
simulations. 

Only the solvent molecules were minimized by the steepest descent 
algorithm, fixing the protein, followed by full minimization of 1000 steps for 
the protein and solvent molecules. The whole minimization was also per- 
formed by the steepest descent and adopted basis newton rapson method. 
The system was warmed up to 298 K under 1 bar for 6 ps and equilibrated 
for 40ps. 

The production runs were continued for 160ps at 1 bar. And then, the 
pressure was increased 1 bar up to 20 kbar (1 bar, 5, 10, 15,20 kbar). During 
these steps, a molecular dynamics simulation was performed for 200ps 
(including equilibration of 40ps) at each pressure, and we used the last 
12Ops per each stage in order to analyze the results. 

The equations of motion were integrated using the leapfrog algorithm 
which is considered to be the most stable in molecular dynamics, especially 
in NPT simulation [28]. The temperature and pressure of the systems were 
controlled by the Langevin piston method [30]. For the pressure and tem- 
perature mass, we used the 225 atomic mass unit (amu) and 100Kcal ps2, 
respectively. Also, for collision frequency (y), 20 ps-' was used. At this con- 
dition, the unnatural oscillations in the virial associated with the piston mass 
were eliminated. The same simulation scheme and conditions were adopted 
for both insulin and ribonuclease A systems. 

The accessible surface area of the protein was calculated using Richard's 
method [31]. A 1.4-A probe radius was used for all calculations. Protein 
volumes were calculated according to the connolly method [32] using a 
probe radii of 1.4 and 0 A (i.e.,  the volume enclosed by the van der Waals 
surface). For the analysis of hydrogen bonds, the following criterion was 
used: the proton donor to heavy-atom acceptor distance must be less than 
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PROTEIN - WATER STRUCTURE AT HIGH PRESSURE 26 1 

2.6 A and the hydrogen-bond angle (A - X . . . X) must be greater than 135 
degrees. For the analysis of the ring structure, the hydrogen-bond criteria 
were the same as above. Detailed explanations for selecting ring structure 
were given in the article of Yu et al. [33]. However, we used the geometry 
criteria were used instead of the hydrogen-bond energy criteria for com- 
putational convenience. 

3. RESULTS AND DISCUSSION 

3.1. Radius of Gyration and Volume Fluctuation 

In Figure 1, the radius of gyration (RGYR) of the ribonuclease A shrinks 
step-wisely from an initial value of 14.75 A at 1 bar to N 14A at 10 kbar and 
converges to 14A after the initial big change. In contrast, the RGYR of 
insulin gradually decreases from 10.0 to 9.5 A. 

Figure 2 shows the time evolution of the protein volume over 600ps 
simulations. The volume of ribonuclease A greatly decreases at 1 bar- 
lOkbar, is stable at lOkbar-l5kbar, and decreases by a large amount at 
15 kbar - 20 kbar. However, the volume of the insulin decreases slowly over 
all the simulations. The patterns of volume fluctuation are consistent with 
the results of RGYR. These results from RGYR and the volume fluctuation 
of the proteins are consistent with the experiment [9], in which the ribo- 
nuclease A is denaturated at 8.5 kbar, but the insulin remains in its native 
form above 13.2 kbar. This indicates that ribonuclease A is more sensitive 
to external pressure than insulin. 

3.2. Solvent Accessible Surface Area (SASA) 

Figure 3 shows, the trajectories of the solvent accessible surface area (SASA) 
of ribonuclease A for polar residues including charged groups, non-polar 
residues, and the whole protein. The SASA of the polar groups of ri- 
bonuclease A decreases remarkably by - 200 A’ in 10 kbar and converges 
to 20 kbar, as shown in Figure 3(C). In the non-polar groups (Ala, Val, Leu, 
Ile and Phe), which are known to determine the protein compressibility, 
there are only small fluctuations as shown in Figure 3(B). Comparing Fig- 
ure 3(A) and Figure 3(C) reveal that the main contribution to the SASA 
decrease of ribonuclease A is from the polar groups rather than the non- 
polar residues. From the decreased total solvent accessibility of ribonuclease 
A, we can deduce that the hydrophobic residues in protein surfaces are 
relatively more exposed than charged or polar residues. This was expected 
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FIGURE I 
lation; ribonuclease A (upper) and insulin (lower). 

from previous pressure simulation [20 -221. That is, the polar residues 
penetrate into the core of the protein, and the partial accessibility of a polar 
residues are relatively increased by the penetrated polar groups. 

Time trajectory of the radius of gyration in 600ps of molecular dynamics simu- 
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(C) 
L 
a, > - 
g 72004 ' 

1 ' 1 ~ 1 ' 1  
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Time (PS) 
FIGURE 3 
whole protein (C) of Ribonuclease A during the simulation. 

Solvent Accessible Surface Area of polar (A) groups, non-polar (B) groups and 

Figure 4 shows the trajectory of the solvent accessible surface area of 
insulin. The changes as much as ribonuclease A are not shown in the SASA 
of polar groups and a whole insulin. Apparently, the change of accessibility 
of the polar groups does not influence the exposure of hydrophobic residues 
as much as ribonuclease A. This is probably because the strong hydrophobic 
core comprised of three helix does not permit polar the residues to penetrate 
into the insulin core. 
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PROTEIN- WATER STRUCTURE AT HIGH PRESSURE 265 

0 120 240 360 480 600 

Time (PS) 

FIGURE 4 Solvent Accessible Surface Area of polar (A) groups, non-polar (B) groups and 
whole protein (C) of insulin during the simulation. 

Figure 5 and Figure 6 show the accessibility of the secondary structure of 
each protein. In the case of ribonuclease A, the change of P-sheet starts at 
5 kbar, whereas that of a-helix is initiated at 10 kbar. The turn structures 
exhibit only a slight change in SASA. This may be due to the difference of 
the compressibility of secondary structure. Therefore, 0-sheet structures 
close to the protein surface are earlier influenced than a-helix by pressure. In 
the case of insulin, the SASA of the turn structure increases gradually, and 
that of a-helix has no specific change. 
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FIGURE 5 
nuclease A during the simulation. 

Solvent Accessible Surface Area of turn(A), P-sheet(B) and a-helix(C) of ribo- 

3.3. Hydrogen Bonds 

It is important to examine the time evolution of inter-molecular or intramole- 
cular hydrogen bonds because this water environment plays an important role 
in protein unfolding. The relative strength of the inter- and intramole- 
cular interactions is reflected by the balance of protein - protein, protein - 
water, and water - water hydrogen bonds. For a system in balance, for instance 
the native state of a protein in solution, this ratio, as well as the total number 
of hydrogen bonds, should be constant. A higher pressure strengthens the 
interactions where water is involved, relative to that in the proteins. 
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0 120 240 360 480 600 

FIGURE 6 
simulation. 

Solvent Accessible Surface Area of turn(A) and a-helix(B) of Insulin during the 

As expected, water - water hydrogen bonds and water -protein hydrogen 
bonds increases as pressure increases, whereas the number of intra- 
molecular hydrogen bonds decreases in ribonuclease A. (Tab. I). This 
indicates that the increase of intra-molecular hydrogen bonds (water - water 
and water -protein) compensates for the cleavage of intra-molecular HB 
mainly in protein backbone. In addition, the cleavage amount of P-strand 
corresponds to that of a whole ribonuclease A. However the number of 
hydrogen bonds of a-helix are not disrupted all over the simulations. It is 
compatible with the results from solvent accessible surface area. 

In Table 11, which shows the hydrogen bonds list of insulin, we did not 
detected any kinds of intra-molecular cleavages. And the hydrogen bond 
number of a-helix of insulin increases slightly. This indicates that the a-helix 
is more stable than P-sheet under high pressure. 

3.4. Distribution of Ring Structure 

Water molecules connected by hydrogen bonds form various kinds of small 
clusters. Intensive interest has been focused on the hydrogen-bonded 
circular network. The distribution of the ring of hydrogen bonded molecules 
is greatly affected by conditions such as pressure and temperature. 

Table 111 and Table IV show the occurrence of each ring and the ratio of 
pentamer to hexamer (R5/6), which are known to be important in biological 
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systems. In the ribonuclease A, the 6-ring structure (46.05%) is more 
dominant than the pentamer structure (32.81 YO) at a normal pressure, but 
the percentage of the 6-ring decreases by N 12%, whereas that of the 5-ring 
increases by N 6% under induced high pressure. After all, the ratio of 5 to 6- 
ring is reversed after 15 kbar pressure (0.713 at 1 bar+ 1.052 at 15 kbar). 
This may be because the water structure around ribonuclease A changes 
under high pressure, and the prevalence of the k i n g  structure makes some 
effects on pressure-induced protein denaturation. 

Table IV shows that for insulin, the R5/6 ratio is 0.743 at a normal 
pressure and slightly decreases to 0.737 up to 20 kbar. This indicates that 
insulin may favor 6-ring ordering at higher pressure and 1 bar, and have a 
different solvent environment from ribonuclease A. 

4. CONCLUSION 

In this article, we reported the results of molecular dynamics simulations for 
pressure denaturation of ribonuclease A and insulin under high pressure. 
The high pressure MD simulations are performed by the modified Nose- 
Hoover algorithm (Langevin Piston method) and not the Berendsen 
method, for the first time. 

Ribonuclease A, a denaturation favorable protein at high pressure, has 
the following properties. (1) The volume of the protein is considerably 
shrunk. (2) The hydrophobic residues in protein surface are more exposed 
relative to other hydrophilic (charged or polar) residues. This originates 
from penetration of the hydrophilic residues to the core of the protein. (3) 
Hydrogen bonds especially of @-sheet structure are cleaved and the number 
of intra-molecular hydrogen bonds (water - water and protein - water) in- 
creases to keep the system in balance. This partial cleavage of the @-sheet 
in ribonuclease A may show up at earlier stages of the protein unfolding. 
Whereas, a-helix structures of both proteins are remained as native form. 
(4) The water structure around ribonuclease A, in which the 6-ring struc- 
ture is dominant under normal pressure condition, changes to a 5-ring 
dominant structure relatively at higher pressure. This small change in the 
water environment influences the conformation of the protein. However, the 
water structure around insulin has no change under high pressure and this 
result is consistent with previous experiment [9]. 

We have presented molecular dynamics simulation of two kinds of 
proteins, which have different denaturation properties under high pressure. 

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



PROTEIN- WATER STRUCTURE AT HIGH PRESSURE 273 

This work allows us to describe at microscopic levels the events involved in 
high pressure induced conformational transitions. 
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