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The Early Stage of a B-Hairpin Folding: The Role of Water Molecules
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Water has been shown to play acrucial rolein stability and catalytical function. Our purpose isto under-
stand the salvation behavior of water molecules during the folding process, in particular, a deca-peptide
B-hairpin folding. We performed molecular dynamics simulation by employing AMBERG.0 with an explicit
water model. The resultsindicate that water molecules surrounding a biomol ecule can be categorized into at

|east three shells.

INTRODUCTION

In the past few years, there has been aresurgence of in-
terest in biomolecular hydration and an increasing awareness
of theimportance of hydration in biomolecular stability and
function.! Thereis a general consensus? about the fact that
the hydrophobic effect is the dominant driving force of pro-
tein folding. In contrast to hydrophilic solvation, which is
enthalpic in nature, hydrophobic effect is dominated by
entropic interaction and involved with a large negative heat
capacity. Nonethel ess, the physical properties of liquid water
underlying the phenomenon of hydrophobicity and giving
rise to the characteristic behavior of the change of the ther-
modynamic functions upon salvation of a protein are not yet
compl etely understood, despite the extensive studies devoted
to their investigations.

It is believed that the hydrophobic effect is closely re-
lated to the sizes and shapes of the solutes since the geome-
tries of hydrogen-bonded networks play an important role in
the properties of water. Dueto Stillinger’ s 1973 paper,® struc-
turedifferences between the sol vation of asmall hydrophobic
species and extended hydrophobic surface have been qualita-
tively understood. When the solutes are small enough, water
can reorganize near them without sacrificing hydrogen
bonds. This hydrophobic interaction acts weakly and on
small length scales only. On the other hand, close to alarge
hydrophobic object, the persistence of a hydrogen bond net-
work is geometrically impossible and the nature of hydro-
phobicity changes. Recently a qualitative theory developed
by Lum, Chandler and Weeks (L CW)* shows that the cross-
over from the small to large length scale regimes occurs for
surfaces extending roughly one nanometer, the characteristic

length scale of protein structure. Many of the effectsthat can
be explained by this analysis have been observed experimen-
tally with studies of forces between macroscopic surfacesin
water.>® Current theoretical models for protein folding”®
have not yet accounted for the multifaceted nature of hydro-
phobicity.

MODEL AND METHOD

Itissurmised by Huang and Chandler® that the compli-
cated phenomena found in protein folding might be due to
the change in length scale of hydrophobic surface from un-
folded conformation to folded structure. In an effort to
better understand the role of hydrophobicity during early
folding dynamics, we launched an extensive molecular dy-
namic simulation of aten-residue peptide with sequence Ac-
VVVVPPGVVVV-NH; (V,° PGV, hereafter) surrounded by
1714 water molecules. We chose this deca-pepti de because of
itssimplicity, and it also has been reported previously to fold
as astable B-hairpin structure (Fig. 1)."° The method we im-
plemented is molecular dynamics (MD) simulations using
AMBERG.0" with AMBERO6 force field" to solve Hamil-
ton’s equations of motion for the peptide models coupled
with an explicit TIP3P water model.™® All the simulations
were done under an NPT ensembl e with the temperature and
pressure controlled at physiological conditions (i.e., 300 K
and 1 atm). The equations of motion were integrated using
the Verlet algorithm™ with a time step of 2 fs. The electro-
static interactions were calculated with Particle Mesh Ewald
summation.’®*® Bonds involving hydrogen were constrained
using the SHAKE algorithm.*” We started the simulation

Dedicated to the celebration of the seventieth anniversary of Chemical Society thelocated in Taipei.



784  J. Chin. Chem. Soc., Vol. 49, No. 5, 2002

from an extended conformation with an equilibration phase
of 30 ps with periodic boundary conditions imposed by a
nearest image convention in arectangular box. The density of
the system reached 0.99 g/mL within 24 ps, and remained so
for the remaining of the trajectory. The simulation then was
conducted for 10 ns (5 millionintegration steps) with the con-
formation of the -hairpin and all surrounding water mole-
cules saved every 1psfor further structural analysis. In some
timeintervalsthat weareinterested in, we saved at 0.01 psin-
tervalsfor adetailed dynamic analysis.

We analyzed the peptide conformation by employing
radial gyration of the hairpin and the distances among the
a-hydrogen atoms of the Valine residues. As a simple mea-
sure of the complicated folding process, the R, gauges the
overall shape of the hairpininthefolding process. In order to
monitor the similarity between any instantaneous conforma-
tion and the native structure, we found that the distance of
two o-hydrogen atoms belonging to a specific residue pair
can be a good index, which is referred to as distance of Val
o-H.pair (DVHP). There are four such residue pairs that are
Val 1~Va| 10, VaI2~VaI9, VaI3~VaI8, and VaI4~VaI7 and therela-
tive DVHP' s in the native structure are 2.5, 7.3, 2.5, and 7.3
A, respectively.

In an attempt to understand the complicated process
that happens during the early folding of the hairpin, we de-
cided to focus on the water molecules surrounding the hairpin
instead of the hairpin itself. Hydrogen bonds are responsible
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Fig. 1. Native structure of V4,°PGV 4. The native con-
tact is defined as an a-hydrogen pair between
two specific residues. There are 4 native con-
tactsthat areVaI1~VaI 10, VaI2~VaI 9, Val 3~Valg
and Val4~VaI7.
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for many of water’s peculiar properties. We will analyze the
hydrogen bond statistics around the V,°PGV ,. We adapted a
geometric definition of the water-water hydrogen bonds; ac-
cording to that, a hydrogen bond between awater pair, water
and V4,°PGV 4, or within V ,°PGV, itself is defined as the fol-
lowing: If the X-X distanceislessthan 3.4 A and the X -H~ X
angleislarger than 2n/3, where X can be either an oxygen or a
nitrogen atom. The salvation coordinate number (SCN) of a
particular water molecule is defined as the number of water
molecules with their oxygen atoms lying within a 3.4 A
sphere formed by its oxygen atom. In order to facilitate the
analysis of water behavior during the folding process, we em-
ployed thewidely used definition of salvation shells. Water is
considered to belong to the first salvation shell if the water’s
oxygen iswithin 4.0 A to any heavy atoms of the peptide.’®*
This definition is based on the biological water study by
Zewail et a.”° In this study, the results showed that the aver-
agerotational reorientation time for water moleculeswithin a
4- A distance shell from aprotein surfaceis much slower than
that of a14- A shell. Thewater molecules of the second salva-
tion shell are defined as their oxygen atoms are within 3.4 A
from any oxygen atoms of the first shell water molecules.
With this definition, the second shell water molecules can be
considered asthe solvation shell of the first shell water mole-
cules. The rest of the water molecules are categorized as the
third shell. From Zewail’ s study,? their results also indicated
that water molecules, residing beyond 7 A from the protein’s
surface, are considered as bulk type, and the water molecules
of thethird shell in our definition are designed to behave like
their bulk water. In order to correlate the positions of water
moleculeswith the hairpin, we define adirection vector from
the oxygen atom of a water molecule to its nearest heavy
atom of the hairpin. The orientation of any water molecule
with the hairpin can be described by two angles (seeFig. 2 for
details). Thedirection vector isdefined astheline connecting
the oxygen atom of the related water molecule to the nearest
heavy atom of the hairpin. The first angle is the angle be-
tween its direction vector and its dipole vector, which is also
called the Z-axis or C2-axis. The other one is the angle be-
tween this direction vector and the normal vector of the plane
containing the water molecule, which is called the Y -axis or
C-axis.

Astotheorientational relaxation, we calcul ate the rota-
tional autocorrelation function of water molecules, C,%(t) =
<P;[o(t)a(0)]>, where P, isthe Legendre polynomial of rank
2 and o is the unit vector of certain molecular direction to-
wardsthe peptide. In particular, we calcul ate three different o
vectors of C,°(t), which are the molecular dipole vector (also
referred to asthe Z-axis or C2-axis), the normal vector of wa-
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ter’ splane (also called the Y -axis or C-axis) and the H-H vec-
tor (or X-axis). At short times, the decay of C,°(t) isgenerally
non-exponential because of inertial and non-Markovian ef-
fects. At long times, when these effects are not important and
therelaxationisdiffusional, C-°(t) decaysexponentially with
the time constant t°.

RESULT AND DISCUSSION

Several snapshots of the folding process are shown in
Fig. 3, and it is clear that the two strands of the hairpin un-
dergo close and open conformation change. Asshownin Fig.
4(a), the time development of the R, during the course of the
simulation indicates the hairpin undergoes a fast conforma-
tion change between collapsing and expansion. The R, of the
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Fig. 2. Schematic representation of axes definition and
angle definition. The Z axisis the same as the
dipole direction; the X axisis parallel with the
connecting line between two hydrogen atoms
and the Y axis is perpendicular to the water
plane.
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starting confirmation of the hairpin is 7.5 A. The hairpin
quickly collapsesto 5.7 A at 150 ps. The R, remains about 6.0
A until 2000 ps and the conformation of the hairpin under-
goes a rapid collapsing-expansion process in the remaining
8000 ps. The time evolution of 4 DVHP' s values shown in
Fig. 4(b) also indicates that the hairpin reaches only amolten
globular state during the entire simul ation. We then analyzed
the structure properties of water molecules, such as salvation
coordination number (SCN), water-water hydrogen bond
numbers (NHB) and water orientation according to the salva-
tion shells.

Salvation and Hydrogen-bond Statistics

In Table 1, we summarize the average number of water
molecul es along with the average number of these water mol-
ecules close to the side chain carbons (the hydrophobic sur-
face in our case), the main chain carbons, the carbonyl oxy-
gen atoms and amino nitrogen atoms of the hairpin during the
10nstrajectory (seeFig. 5for details). These numbersfluctu-
ated alot during the simulation. From Table 1, it can be found
that most of the water molecul es are populated around the hy-
drophobic surface in all three different shells. The distribu-
tion maximum and the average of SCN along with the distri-
bution maximum and the average of the hydrogen-bonding
statistics among the three different shell water molecules are
shown in Table 2. We find that the salvation and hydrogen-
bond statistics of the second and third shell are very similar to
those of bulk water, and only thefirst shell showsslightly dif-
ferent statistics. Compared with the distribution maximum
and the average value of SCN among the bulk water, which
are5and 4.8, respectively, itisshown that thefirst shell water
molecules have amost one neighboring water molecule less
than bulk water molecules. In the analysis of the hydrogen
bond, we found that the distribution and the average value of
hydrogen bond number in the first shell water molecules are
almost equal to those of the bulk water. If we consider only
the water-water hydrogen bond, the distribution maximum
and the average value are 3 and 3.32, respectively. Taking the
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Fig. 3. Snapshotsof the conformation along the 10-nstrajectory. The gray tubesare carbon atoms; thered tubes represent ox-
ygen atoms; and the blue tubes symbolize nitrogen atoms. The number inside the box is the time along the trajectory
when the snapshot istaken. Itisclear that thetwo strands of the hairpin undergo close and open conformation change.
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Table 1. The Salvation Statistics among the Three Salvation Shells

Average Closeto Closeto Closeto Closeto
side-chain main-chain carbonyl amino
carbon carbon oxygen nitrogen
First shell 71.2 39.2 2.0 22.1 7.9
Second shell 105.2 75.8 18 211 6.5
Third shell 155.8 115.2 12 28.2 10.9

The columns show the average number of water molecules and the numbers of those water
molecules close to the four different heavy atom groups of the hairpin.
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Fig. 4. The gyration and DVHP plots of the 10-nstra-

jectory. (a) The x-axis of the gyration plot isthe
time with psasits unit and the y-axisis the gy-
ration whose unit is A2, It is obvious that the
hairpin does not reach its native structure dur-
ing the 10-ns trajectory. (b) The plot of DVHP
distances during the 10-ns trajectory . The
x-axis is the time with ps as its unit and the
y-axisis the DVHP distance whose unit is A.
The bl lineis the distance of the o-hydrogen
pair between Val; and Valio; the b2 line is that
between Val; and Valo ; the b3 lineisthat Vals
and Valg ; and the b4 line is that between Val4
and Val7.

water-peptide hydrogen bond into account, these two values
become 4 and 3.66, respectively. If we focus on the water
molecul es around the hydrophobic surfaces, these two values
are also 4 and 3.66, respectively. From Table 2, we find the
salvation and hydrogen-bond statistics; the second and third
shells are not much different from bulk water.

Structural Orientation Analysis

In the orientation analysis of the water molecules
among the three shells, we examine how the hairpin influ-
ences the water molecules orientation during its folding pro-
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Fig. 5. Thesalvation and hydrogen bond statistics. The
distribution of hydrogen bond numbersin first
shell waters, (a) total and (b) adjacent to side-
chain carbons. (c) The distribution of the SCN
in first shell waters. (d) The distribution of hy-
drogen bond numbersin bulk water. (€) Thedis-
tribution of hydrogen bond numbers in second
shell waters which are near side-chain carbons.
(f) The distribution of SCN in second shell wa-
ters. (g) The distribution of SCN in bulk water.
(h) Thedistribution of hydrogen bond numbers
in third shell waters which are near side-chain
carbons. (i) The distribution of SCN in third
shell waters.
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Table 2. Salvation Coordinate Number and Hydrogen-bond Statistics

Max SCN Average SCN Max HB Average HB
First shell 4 4 4 3.32
Second shell 5 4.9 4 3.96
Third shell 5 4.8 4 3.9
Bulk water 5 4.8 4 3.93

The columns indicate the maximum distribution of SCN, the average value of SCN, the
maximum distribution of hydrogen bonds and the average number of hydrogen bonds among
the three different salvation shells and bulk water.

cess (see Fig. 6 for details). Because the water molecules
populate mostly around hydrophobic surfaces, we will exam-
ineif these water molecules exist have a certain orientation
preference with respect to the hairpin. Figure ? compares the
orientation distribution of the water molecules among the
first shell along the Z-axis (dipole vector) and Y -axis. Dueto
theinfluence of awater-peptide hydrogen bond, the O-H vec-
tors of the water molecules, adjacent to the carbonyl oxygen
atoms of the hairpin, mostly point towards the hairpin. For
the same reason, the vectors of the water molecules, adjacent
to the amide nitrogen atoms of the hairpin, also point in the
opposite direction with respect to those of carbonyl oxygen
atoms. Even without the influence of a water-peptide hydro-
gen bond, the water molecules around the hydrophobic sur-
face (adjacent to the side chain carbons) still show a certain
orientation preference. The maximum of the Z-axis distribu-
tion of these water molecules is found between the 1/2n~
2/3mn, and the maximum of the Y -axis distribution is almost
zero. It means that the dipole vectors of the water molecules
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Fig. 6. The distribution of the cos6 of (a) the Z-axis
and (b) Y -axis of thefirst shell waters. The dot-
ted, dashed and solid green lines represent the
distribution of the water adjacent to the nitro-
gen, oxygen and side-chain carbon, respec-
tively. The dot-dash lines indicate the even dis-
tribution.

around the hydrophobic surfaces point away from the hydro-
phobic surfaces, and the plane containing each of these water
molecules is mostly parallel to the related hydrophobic sur-
faces. Judging from the hydrogen-bonding statistics, the first
shell water molecules might form cavities around the related
hydrophobic surfaces through a water-water hydrogen bond
network. Asto the second and third shells, weonly calculated
the orientation distribution of Z- and Y -axis for those water
molecules close to hydrophobic surfaces (see Fig. 7 for de-
tails). We find that the maximum of the Z-axis distribution of
these water molecul esliesbetween the 1/2n~2/3x, but the ab-
solute value of the maximum is smaller than that found in the
first shell. The distribution of the Y-axis distribution is very
close to an even distribution. There exists aslight preference
for angles smaller than 1/4n. It means that the second shell
water molecules near the hydrophobic surface align their hy-
drogen atoms toward the first shell waters. Asto the orienta-
tion distribution of the third shell water molecules, we find
that itisalmost evenly distributed for all angles(seeFig. 7 for
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Fig. 7. The distribution of the cos6 of (a) the Z-axis
and (b) Y-axis of the second shell water mole-
cules near the side-chain carbon. The distribu-
tion of the cosd of (c) the Z-axisand (d) Y-axis
of the third shell waters which are near the
side-chain carbon. The dot-dash lines showsthe
even distribution.
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details). It means that the third water molecul es show no pre-
ferred orientation towards the hairpin.

Orientation Dynamic Analysis

From the results of rotational auto-correlation function
(Fig. 8a), we find that the water mol ecules around hydropho-
bic surfaces relax significantly more slowly than bulk water
(Fig. 8d). All of the three axes of the water molecules show
similar trends. Like those found in bulk water, the Z-axis and
X-axis of the first shell water molecules, i.e. the axes in-
volved in hydrogen-bonding, relax significantly more slowly
than the Y -axis, which is unrelated to hydrogen-bonding. A
similar trend al so appearsin the case of the second shell water
molecules except the relaxation is slightly faster than that
foundinthefirst shell. Wefind therotational auto-correlation
functions of the third shell water molecules are not much dif-
ferent from those of the first shell ones.

CONCLUSION

The water moleculesin thefirst shell are influenced by
the peptide much more than thosein the other shell. If thewa-
ter moleculesin thefirst shell are adjacent to the polar group,
they will tend to form the water-peptide hydrogen bond. But
if the first shell water molecules are around a hydrophobic
surface, they will tend to form the water-water hydrogen
bond and might form a cavity to accommodate the hydropho-
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Fig. 8. The auto-correlation function of the waters (a)
adjacent to side-chain carbonsin the first shell,
the waters (b) near side-chain carbon in the sec-
ond shell and (c) third shell. (d) The auto-
correlation function of three axes of bulk water.
The bold-solid green, dotted blue and solid
brown lines represent the Z-axis, X-axis and
Y -axis, respectively. Dashed line is the CoZ(t)
of bulk water.
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bic surfaces. The first shell water molecules can reflect the
properties of the local structure of the hairpin with the same
number of hydrogen bonds asin bulk water. We suggest that
the hydrophobic effect comes from the restriction of the wa-
ter orientation, and we also find that the reorientation of the
water moleculesisunder the influence of the peptide, and the
range of thisinfluence goes beyond the immediate surround-
ing water. Our results indicate that the second shell water
molecules are still under the influence of the conformation of
the hairpin but it is not the case of those water moleculesin
the third shell, which behave like bulk water. In order to un-
derstand the salvation behavior of the water around bio-
mol ecules, the amount of water should be able to extend to
the third shell. This finding is very close to the results of an
X-ray scattering study of the water structure around myo-
globin.?
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