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Water molecules confined inside cavities in a protein are of great
importance in understanding the structure, stability, and functions
of the biomoleculé* Considerable efforts have been devoted to
observe such water molecules by experiméritsit it is still a
nontrivial task. It is virtually impossible to “find” water molecules
in a protein cavity by the ordinary molecular simulation because
they are most likely trapped in the biomolecule through a process
of large conformational fluctuation or “folding”. The simulation
of such water molecules is as difficult as the protein folding itself.
The three-dimensional reference interaction site model (3D-RISM)
theqry employed _'n the present study is a reF:entIy deyeprd Figure 1. Isosurface representations of the three-dimensional distribution
statisticat-mechanical theory of molecular solutiohs. Starting function of water oxygen around lysozyme. The green surfaces show the
from the solute-solvent molecular interactions, it yields the 3D  areas where the distribution functiay(r), is larger than 2 (left), 4 (center),
distribution of solvent around a solute, say, protein, as well as its @nd 8 (right). The lysozyme molecule is represented by the standard space-
solvation thermodynamics, such as the free energy and the partialf||||ng model. VMD softwaré? was used for molecular visualization.
molar volume. The theory has proven itself to be capable of
predicting the solvation structure and thermodynamics at least

itati 9,10 i
qualitatively®1° It was not entirely sure, however, that the theory]c picture in Figure 2 shows the isosurfacesgtf) > 8 for water

cr;mt bg el;pplled to t\;‘va:er rr]nolegulens conflr;sri 'rr]] a f\?ar”tci\g.tz 0 lQxygen (green) and hydrogen (pink) in the cavity. In the figure,
E)O?' . fcause ere has been a common understanding c)only the surrounding residues are displayed, except for A82 and
prejudice” that statisticatmechanical theories are not designed

¢ h het " Th ¢ stud L83, which are located in the front side. There are four distinct
or such a neterogeneous system. € present study provespeaks of water oxygen and seven distinct peaks of water hydrogen
unambiguously that the common understanding was really a

- in the cavity. The spots colored by green and pink indicate water
prejudlge. . . oxygen and hydrogen, respectively. From the isosurface plot, we
In this study, we have carried out the 3D-RISM calculation for ' !

) A . ) have reconstructed the most probable model of the hydration
a_he_n egg-whlte _Iysozyme immersed in water and obtained the 3Dstructure. It is shown in the center of Figure 2, where the four water
distribution fun_ctlon of oxXygen and h)_/drogen of water molecules_ molecules are numbered in the order from the left. Water 1 is
_around and inside the proteln. The native 3D structure of the proteln hydrogen-bonding to the main-chain oxygen of Y53 and the main-
1S taken from the p“’te'r? data bank (PDB code ;h@)he protein chain nitrogen of L56. Water 2 forms hydrogen bonds to the main-
Is known to have a cawty composed of the residues from Y53 to chain nitrogen of 156 and the main-chain oxygen of L83, which is
158 and_ from AB2to S91, in which four. wate_r molecules have been not drawn in the figure. Waters 3 and 4 also form hydrogen bonds
determlned_by means of the X-ray diffraction r_neasurerﬁ%m_. . with protein sites, the former to the main-chain oxygen of S85 and
our _calculathn, th_ose water molecules are not included _exphcnt_ly_ the latter to the main-chain oxygens of A82 (not displayed) and of

Flgure 1 gives isosurface representations of the 3D distribution D87. There is also a hydrogen bond network among Waters 2, 3,
functiong(r) (g(xy.2)) of water oxygen around lysozyme. Thg 9"€€N " and 4. The peak of the hydrogen between Waters 3 and 4 does not
surfaces show thg areas whege) is Iarger than 2, 4, and 8 in the appear in the figure because it is slightly less than 8, which means
left, center, and right plctures,_res_pectlvely. For examgl(i, = 2 . the hydrogen bond is weaker or looser than the other hydrogen-
means water molecules are distributed twice as probable as in th

bulk ph Th in the riaht oi i h " onding interactions. Although the hydroxyl group of S91 is located
ulkphase. 1he green a”f’as in the rig tplcture_ln |patet (_eposmonsm the center of the four water molecules, it makes only weak
of the water molecules tightly bound to protein sites. It is found : .
. interactions with them.
from the isosurface map that water molecules form rather strong

hvd bonds with al h of th d volar si It is interesting to compare the hydration structure obtained by
ydrogen bonds with almost each of the exposed polar sites. the 3D-RISM theory with crystallographic water sites of X-ray
More significantly, we have observed some peaks of the 3D

o L . o . N structure. The crystallographic water molecules in the cavity are
distribution function in a cavity within the protein. This is highly depicted in the right of Figure 2, showing four water sites in the
nontrivial because the cavity was not filled with water molecules cavity, much as the 3D-RISM theory has detected. Moreover, the
water distributions obtained from the theory and experiment are

explicitly. The peaks are located in the largest cavity surrounded
by the residues from Y53 to 158 and from A82 to S91. The left

Isgm‘r‘;ga& Qniversity. quite similar to each other. Thus the 3D-RISM theory can predict
§ Institute for Molecular Science. the water-binding sites with great success.
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Figure 2. Water molecules in the cavity surrounded by the residues from Y53 to 158 and from A82 to S91. Residues A82 and L83 located in the front side
are not displayed. The isosurfaces of water oxygen (green) and hydrogen (pink) for the three-dimensional distributions larger than 8 (leffjrababteos

model of the hydration structure reconstructed from the isosurface plots (center), and the crystallographic water sites (right). VME? seftuzsed for
molecular visualization.

It should be noted that one peak of the 3D distribution function us explain how one can readily extend the method to find drug or
does not necessarily correspond to one molecule. If a water moleculeguest molecules in a cavity of a host (macro)molecule. We replace
transfers back and forth between two sites in the equilibrium state, water solvent in the present calculation by aqueous solution of guest
two peaks correspondingly appear in the 3D distribution function. molecules and analyze the 3D distribution of cosolvent (guest) and
In fact, the number of the water molecules within the cavity solvent molecules in a cavity of a host molecule, say, protein. Such
calculated from the 3D distribution function is 3.8. It is less than extensions are well-established and straightforward in this theory.
the number of the water-binding sites and includes decimal fractions. One may find peaks of either the guest molecule or water molecules,
To explain that, we carried out 1 ns molecular dynamics (MD) depending on the ratio of their affinities to the host cavity. The
simulation using the same parameters and under the same thermohigher the peak, the greater the binding affinity, just as we inspected
dynamic conditions as the 3D-RISM calculation. Only one excep- above for water molecules in the protein cavity. The consequence
tion was that the four crystallographic water molecules in the cavity is nothing but the recognition of guest molecules by a host molecule.
as well as the other crystallographic water molecules were initially The study along this line is in progress in our group.
put at their own sites in the MD simulation. The result of MD
simulation also shows the hydration number less than 4, that is,
3.1. From the MD trajectory, it is found that two inner water
molecules, Waters 1 and 2, stay at their own sites for all of the
simulation time and make only small fluctuation around the sites.
On the other hand, two outer water molecules, Waters 3 and 4,
sometimes enter and leave the sites and, by chance, exchange wit
other water molecules from the bulk phase. As a result, the number
of water molecules at the outer sites is 1.1 on average. It is noted
here that the value might be underestimated because water Supporting Information Available: Detailed description of our
molecules entering into a cavity are sampled less than those leavingcalculations. This material is available free of charge via the Internet
and there is a possibility that the simulation does not reach an at http:/pubs.acs.org.
equilibrium. Thus the 3D-RISM theory can provide the reasonable
hydration number including decimal fractions through statistical ~ References
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