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ABSTRACT

Many theoretical, computational, and experimental techniques
recently have been successfully used for description of the solvent
distribution around macromolecules. In this Account, we consider
recent developments in the areas of protein and nucleic acid
solvation and hydration as seen by experiment, theory, and
simulations. We find that in most cases not only the general
phenomena of solvation but even local hydration patterns are more
accurately discussed in the context of water distributions rather
than individual molecules of water. While a few localized or high-
residency waters are often associated with macromolecules in
solution (or crystals from aqueous liquors), these are readily and
accurately included in this more general description. The goal of
this Account is to review the theoretical models used for the
description of the interfacial solvent structure on the border near
DNA and protein molecules. In particular, we hope to highlight
the progress in this field over the past five years with a focus on
comparison of simulation and experimental results.

Introduction

Water plays a central role in the thermodynamics and
structure of macromolecules. In particular, the stability
and functionality of proteins and nucleic acids are dictated
by specific as well as nonspecific solvent effects. The
biological activity of these molecules generally occurs
within a relatively narrow range of temperature, solvent
chemical potential, and ionic concentration. Most cellular
functions are driven not by temperature gradients but by
changes in solvent environments including varying pH
and ionic activities as well as different solute concentra-
tions between cellular and subcellular compartments. It
is thus of both practical and fundamental interest to
understand the relation of the aqueous solvent to these
important macromolecules.

In this Account, we will consider the central role water
plays in biochemistry from a structural perspective. We
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give a perspective on the hydration patterns of both
proteins and nucleic acids so that we may compare them.
It is the understanding of context-sensitive hydration
patterns which ultimately yields our most detailed un-
derstanding of molecular recognition. Such recognition,
whether intermolecular (binding) or intramolecular (fold-
ing), occurs because of specific hydration patterns which
mediate all outer-sphere interactions and contacts.

In our own work we have found the language of
probability distributions to describe most hydration and
solvation phenomena for these macromolecules. We find
that in most cases not only the general phenomena of
solvation but even local hydration patterns are more
accurately discussed in the context of water distributions
rather than individual molecules of water. While a few
localized or high-residency waters are often associated
with macromolecules in solution (or crystals from aqueous
liquors), these are readily and accurately included in this
more general description.t?

We wish to consider the distribution of water given a
nearby macromolecule. While much of the theoretical
literature has used pair distribution functions in one form
or another,® we and others have found it more convenient
to use conditional single-molecule densities.* These have
been termed perpendicular or proximal distribution
functions,*~® and they essentially count water atoms with
respect to the closest atom on the macromolecule or
perpendicular to the surface. These distributions give a
direct measure of the local density of solvent in the context
of the macromolecular structure. Rather than consider
individual, distinguishable molecules of hydration, one
can consider the probability of finding a solvent molecule
near the macromolecular solute of interest. It is natural
to consider X-ray data in this probabilistic context rather
than attempting to fit whole waters into density which
may be only partially occupied.t” It is useful to distinguish
between water correlations (and thus interactions) with
differing solute atoms since they exhibit different equi-
librium distances.®® In Figure 1, we show a typical
simulated density of water near a protein. If we consider
the water distribution radially out from the surface near
an atom, we find the distributions given in Figure 2 for C,
N, and O.° This model has had a striking experimental
confirmation by careful analysis of X-ray data.l® This
method gives a quantitative measure to some familiar
concepts for small molecules which can be transferred to
macromolecules. The positions of the first minima in the
solvent proximal distributions can be used to define the
solvation shell or hydration layer around a given macro-
molecule. We will use the language of these distributions
throughout the rest of this Account.

Proteins

Over the past decade there has been an extensive ac-
cumulation of evidence pointing to the critical role that
solvation plays in the function and structural stability of
proteins.'t*? Simulation and theoretical studies of solva-
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FIGURE 1. Three-dimensional density. Three-dimensional solvent
number density distribution around myoglobin is shown as a slice
computed from a molecular dynamics trajectory. The solvent density
is overlaid with an average structure of myoglobin and contoured
at 0.005 A3 (blue), 0.01 A3 (green), 0.02 A3 (yellow), and 0.035
A3 (red). The bulk solvent density is 0.033 A3, (a) Density from
simulation, (b) density from prediction. Reproduced with permission
of the authors from ref 24.

tion have utility, much as in the case for DNA below for
interpreting and refining macromolecular crystallographic
data, for attempting ab initio protein structure prediction,
and for drug design/screening.'?

Density Distribution of Solvent Structure around
Proteins. While a variety of experimental techniques have
been successfully used for solvent structural studies
around proteins,*? the bulk of accurate spatial information
results from diffraction experiments. At the same time, a
consistent interpretation of the diffraction density maps
presents its own difficulties.

Conventional treatments of solvent spatial distribution
used in diffraction studies prior to 1996 relied upon
refinement of a limited number of discrete, well-ordered
solvent sites in an overall continuous solvent density.*114
Coordinates of these solvent sites are typically taken as a
representation of an actual solvent molecule. The disor-
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FIGURE 2. Radial distributions density. A comparison is made of
the averaged radial distributions of solvent electron density around
the surface atoms of various proteins: (a) oxygens, (b) nitrogens,
and (c) carbons. Circles, rat mannose binding protein A, experimental
data from Burling et al. (1996); solid line, sperm whale myoglobin,
simulation; dashed line, azurin, simulation; dot—dashed line, BPTI,
simulation. Note a remarkable agreement between the simulated
density distributions and the experimental data, which holds even
despite the differences in the nonbonded parameters and the water
models used in the simulations. Reproduced with permission of the
authors from ref 9.

dered solvent region is treated by various solvent flattening
procedures,’® and information contained in it is effectively
discarded, even though it is not completely featureless.°
Limitations of this approach were first recognized in the
mid-1970s.21% These limitations become particularly evi-
dent when one considers families of independently refined
structures for the same protein. Comparisons yield a
nearly perfect agreement of the protein portion of the
structure, while the solvent sites do not, in general, agree
with each other (Figure 3).1%%6-1° This discrepancy has
been a source of some confusion in the past. Two factors
have been pointed out as potential sources. The first one
is the influence of crystal packing. The number of experi-
mental observations that support it is indeed very large,
and they have been extensively reviewed earlier.}'? Loris
et al.'” provide one of the more recent examples in this
area. The second factor is the general error associated with
interpretation of the continuum solvent density in terms
of discrete water molecules.'?'41° In a 1986 review, Savage
and Wlodawer* illustrate a number of cases when the
“continuous” solvent sites cannot, and should not, be
described this way. In subsequent work it has been shown
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FIGURE 3. Comparison of simulation and experiment. A view of the hydration sites contained in the 39 independent Protein Data Bank
entries for sperm whale myoglobin (blue dots) compared to the hydration number density maxima generated in the molecular dynamics
simulation (yellow circles). Note the generally poor agreement between many discrete representations of hydration structure around the

protein. Reproduced with permission of the authors from ref 22.

that this interpretation may introduce model bias into the
crystal structure*°20 and may serve as an additional
source of error at a higher resolution.*”

One more critical limitation of the discrete solvent site
interpretation is realized in molecular simulation stud-
ies.?122 Molecular dynamics and three-dimensional free
energy mapping point to the existence of a large number
of local free energy minima on the protein surface. In a
molecular dynamics simulation,?? we observed that of the
294 high-density hydration sites around myoglobin, only
at most 164 are occupied at any given time. No ap-
preciable difference exists between the estimated free
energies of conserved and nonconserved solvent sites.
Thus, for a typical globular protein, any given set of
ordered solvent molecules represents one of many pos-
sible configurations. Consequently, description of solva-
tion based upon such one—or even many such descrip-
tions—is bound to remain incomplete.
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An alternative to the discrete approach would be to use
a continuous solvation density distribution model. The
need for a continuous representation was recognized
early,'* but the technical realization of it lagged.1®?® The
goal of such a method is to treat the solvent region as a
single three-dimensional density distribution function.
Probability distributions of this kind have been used in
the past as a convenient way of describing and displaying
the average solvent structure.4-82%1.23-25

One important advantage of the three-dimensional
probability density distribution is that it is an experimen-
tally observable quantity from X-ray diffraction in the form
of the electron density map.'®% Using multiwavelength
anomalous dispersion (MAD) phasing, the need for the
initial fit to an atomic model is essentially eliminated, and
the resulting map may be treated as a direct experimental
result free from human bias. At the same time, it may be
calculated from a molecular dynamics trajectory of a
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protein with explicit solvent as described in refs 4, 7, 8,
21, 24, and 25 (Figure 1). Some authors have even
subjected the simulated density to a mock refinement.”?5
Finally, the three-dimensional density may be decom-
posed into quasi-component radial distributions. Histori-
cally this special type of distribution function, known as
a quasi-component distribution function, was introduced
by Beveridge and co-workers in the early 1980s% and
applied to biological macromolecules.”#?* This decom-
position typically relates the property of interest (i.e.,
electron or number density) at a point to the closest
chemical group or moiety on the solute. For groups of
the same chemical type, the data are averaged, taking the
corresponding normalization volume into account (which
is a nontrivial computational task’82426), The resulting
proximal or perpendicular radial distribution functions
depend only on the reference chemical group and the
distance. They are computed in groups, one function for
every chemically distinct moiety of the solute. For pro-
teins, one of the simplest possible decompositions would
be into all oxygen, all nitrogen, and all carbon atoms.”%1024
The value of the density is then determined by the
distance of the water with respect to the reference solute
atom. Given this definition, we find that the proximal
radial distribution functions are relatively insensitive to
the overall shape of the protein and to the parameters of
the model used in simulations, and therefore readily
transferable between proteins irrespectively of their struc-
ture. This is indeed what is observed in practice (Figure
2).%1024 These structural considerations are indirectly
supported by the notion that the fractional composition
of nonpolar, polar, and charged surface regions is very
similar among diverse proteins, as observed in a protein
volumetric study.?” Good agreement with experiment
suggests an immediate utility of this continuum solvent
model for structural and theoretical studies.”?3°

We have used a very simple 3-d density reconstruction
procedure that consists simply of finding the proximal
reference solute group followed by a subsequent assign-
ment of the local density from the respective proximal
RDF.”824 While this is obviously a pairwise approximation
that ignores the contributions of all other, nonproximal,
solute groups?*? and neglects the general many-body
character of hydration,? it has been shown to perform
remarkably well for solvent density reconstructions.”824
This proximal density distribution function decomposition
has been strikingly confirmed by experiment.1?

Solvent Structure and Mobility at the Interface with
Proteins. The presence of a large macromolecular solute
produces significant effects on both structural organiza-
tion and mobility of the surrounding solvent. It is con-
venient to consider an average distribution of solvent in
the form of a density map such as the one shown in Figure
4. Simulations show that there is a region inside the
protein where the solvent does not penetrate easily or
where the probability of finding it is very low (region A in
Figure 4).47 Outside of the “hydrophobic core” there is a
transitional region (region B) that can be characterized
by a significant degree of interpenetration of protein and

A B C D

FIGURE 4. Global picture of protein hydration. This figure shows a
one-dimensional slice through the protein-water interface. Markings
“in” and “out” correspond to the interior and exterior of the protein.
There are four distinct regions in the interface: (A) solvent-free
region; (B) region of interpenetration of protein and solvent; (C) local
maxima in the solvent density, “hydration sites”; and (D) remote
region, where no distinct density maxima are found, but the diffusion
rate is perturbed.

solvent. Observations in the field of protein crystal-
lography and molecular dynamics simulations”243031 ap-
pear to confirm this effect. The value of solvent density
in this region is smoothly increasing as we are moving
away from the protein and into the solution (Figure 4). It
has been proposed® that solvent penetration provides a
significant contribution to the high apparent polarizability
inside proteins, although more work remains to establish
this.

There are also isolated spots of high solvent density
inside the otherwise hydrophobic core of the protein that
correspond to regions where the water is encapsulated
inside the protein.??243233 |t is well established that solvent
penetration into the core influences protein dynamics on
the global scale® and that an excessive water penetration,
forced in, for example, by elevated pressure, may denature
proteins.3462

A large number of local density maxima are found in
the 2.5—4.0 A distance range from the protein (region
C).14162124.25 However, the density value averaged over the
first hydration shell of the protein is higher than that of
the bulk solvent by a modest value of at most 10%, as
evidenced by simulations*7222* and experimental observa-
tions.®® This is in contrast to the effect for a polyion such
as DNA (see below). The local peaks in the density are
often referred to as “hydration sites”.#?%22 These regions
are also evident as minima in the three-dimensional free
energy maps.*® While sites are often too close to each other
to be interpreted as individual water molecules, many
authors have compared the positions of these statistical
sites to those of the hydration crystal waters.*'822 |n
general, these comparisons require other criteria to de-
termine agreement. Nonetheless, the distributions ob-
served in different studies are very similar. In reasonable
cases, most crystal waters fit within 1.5 A, on the average,
from the theoretical sites.82?

The mobility of buried and interfacial water is often
severely restricted. Attempts to calculate the diffusion
constant in the 2.5—4 A range from the protein yield a
value which is usually 25—50% lower than that in the
bulk,3"3 accompanied by a significant anisotropy.?238 In
particular, the diffusion rate in the direction perpendicular
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FIGURE 5. Radial diffusion profiles. Computed radial profiles of the water diffusion coefficient around myoglobin (thin lines) and DNA (thick
lines). The overall diffusion coefficient is shown in the middle (solid), and perpendicular and parallel components are shown with short and
long dashed lines, respectively. The curves are scaled so that the bulk value, achieved at high R, corresponds to 1. This anisotropy persists
as far as 15 A from the solute surface. Three relative depressions in the diffusion coefficient profile (at 2.7, 3.5, and roughly 5 A) correlate with
the locations of the peaks in the radial distribution functions. Reproduced with permission of the authors from ref 38.

to the solute surface is slower compared to the overall
diffusion rate, while diffusion parallel to the solute surface
is around 20% faster?? (Figure 5). Diffusion rates are also
lowered in the various hydration shells around the solute.
This results in characteristic patterns of fine depressions
in the radial profiles of the diffusion coefficient that
roughly correspond to the major peaks in the radial
distribution functions.?238

For the buried and tightly bound water, the diffusion
model does not apply well.3® Such water typically has
a residence time within its own volume on the order
of hundreds of picoseconds, and occasionally much
longer.??3133 On the other hand, those water molecules
that are more exposed to bulk have much shorter resi-
dence times, typically 5—50 ps.?12241:4344 The characteriza-
tion of protein hydration water mobility by a residence
time is an approximation in itself,?23843 as residence times
are almost universally obtained by an exponential fit to
some “survival probability” time correlation function3841:43
that does not follow in general single-exponential kinetics.
More accurate descriptions are achieved utilizing either
polyexponential or the Kohlrausch—Williams—Watts
stretched exponential models typically used for phenom-
ena governed by multiple relaxation rates.??

This points to the existence of complicated scales in
the time domain manifested in the form of a distribution
of solvent residence times, which is specific for every
location at the interface.?? It appears that the primary
factor determining the magnitude of the residence time
is the surface geometry of the site.?? Some of this is
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demonstrated in Figure 6. Water in the sites that are
exposed to bulk typically has a shorter residence time than
that in the grooves, clefts, and buried inside the pro-
tein.?2% Other factors that may potentially influence
residence times appear to be secondary to the surface-
geometry. A number of attempts have been made to
correlate water residence times with the chemical nature
of the protein residues closest to the site or the shell where
the residence time is measured.® “Ranking relations” of
residence times of water in proximity to (typically) charged,
polar, and nonpolar groups appear to be conflicting or
inconclusive.l®#? Luise et al.*’ found that chemical differ-
ences between hydration sites, such as polarity of the
surrounding residues or the ability of hydration water to
hydrogen bond to the protein at the given site, only affect
the residence times of water in the less accessible loca-
tions. Water residence times on the exposed surfaces of
the protein apparently do not depend in a simple way on
the surface polarity.®* On the other hand, water in the
nonpolar atomic sites has a short residence time irrespec-
tive of the solvent accessibility of the site.?240

There is no direct correlation between the spatial
(number density) and temporal (residence time) order of
solvent in the protein hydration shell; i.e., simulated
hydration sites with the highest local density do not on
average contain water with the longest residence time.1%2240
A majority of waters appearing as ordered in a crystal
cannot be resolved by NMR,* yet at the same time, the
presence of positionally disordered water is indicated in
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FIGURE 6. Long-life versus short-life waters. Spatial distributions
of the hydration sites around myoglobin; sites with long residence
times (longer than 80 ps) are buried inside (A) and in the grooves of
the protein, while sites with short residence times (less than 10 ps)
are exposed (B). The dotted area outlines the surface of the protein.
Reproduced with permission of the authors from ref 22.

regions of the protein that appear not to contain water in
the crystal structure.

Further into the bulk of solvent (at a distance of roughly
5—7 A from the protein), one finds only weak maxima
corresponding to the second hydration shell. While the
overall value of the water diffusion coefficient in this
region approaches the bulk value,? there is a big deviation

FIGURE 7. Solvation density around DNA. Density maxima (solid)
and minima (dashed) are shown around a base plane computed
from an MD simulation. The gold spheres are the consensus site
from X-ray analyses (Berman et al.). The agreement is striking. From
Feig et al. (1998) with permission of the authors.

between the rates of diffusion in directions parallel and
perpendicular to the solute surface. This deviation reaches
a maximum at about R = 6 A. From 7 A on, this deviation
diminishes, but it is still clearly visible as far as 15 A away
from the protein, where there is no solvent structure
present in either three-dimensional density maps or the
radial distributions (region D in Figure 4).??

It is clear that the solvation environment of proteins
in part determines folding and is important in ligand
design.t® In our view, while the macromolecule is the focal
point, its properties are inextricably linked to the solution
conditions. Next we consider DNA.

Nucleic Acids

Nucleic acids and DNA in particular present a picture that
is different from but complementary to that given above
for proteins. The stability and conformational flexibility
of nucleic acids are due largely to interactions with
aqueous surroundings.*’¢ However, the strength of in-
teractions with the surroundings is much greater than that
for proteins with a similar molecular weight due to their
highly ionic character. The binding of ligands to nucleic
acids is also well known to induce aspects of the confor-
mational polymorphism which is so important for the
diverse nature of DNA’s bioactivity.**5° High-resolution
hydration patterns around the entire DNA molecule are
clearly correlated with the predominant biological con-
formations.? The role of ions associating with DNA has
been discussed with respect to changes in the hydration
structure which correlate with DNA conformation.5!
The hydration layers around DNA from computer
simulations are easily visualized. Figure 7 shows the
distribution of water averaged over like base planes. The
proximal distribution functions for the system are quite
similar to those shown above from proteins. The volume-
normalized distributions show that the water density is
increased up to 6 times the bulk density in the first
hydration layer near oxygen and nitrogen atoms and
around twice the bulk density near carbon atoms. Second
and even third solvation shells can also be seen to
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contribute to a locally enhanced density of water out to
0.8—1.0 nm from the molecular surface of DNA.

A to B and Back. Considerable attention has focused
on the hydration patterns as they relate to equilibrium of
the predominant biological forms of A and B. The early
crystallographic evidence from DNA fibers demonstrated
a preference for the A-form of DNA at low water activity
and the B-form at high water activities.>? The role of base
pair composition is better understood as C/G base pairs
generally tend less toward B-like conformations than A/T
base pairs.5® Solvent conditions which lower the activity
of water by cosolvents or salt tend to cause a sequence-
dependent B-to-A transition.5

A good deal of experimental data exist on the hydration
patterns around A- and B-DNA.*"% A number of studies
have contributed to the X-ray diffraction analysis literature
on proximal waters.}*%6-59 |n addition, complementary
neutron diffraction studies which are more sensitive to
hydrogen positions have been performed.® While NMR
has some well-known sensitivity limitations, such experi-
ments provide a view which is not biased by crystal
packing, an issue more relevant for DNA than for proteins,
as discussed above.®! This laboratory and others have used
theory and simulation to better understand DNA confor-
mations mechanistically and their dependence on solution
composition and structure.26263

DNA molecules have considerably more favorable
solvent interactions than proteins. While the fundamental
forces which cause both to fold to unique structures are
the same (i.e., the less soluble, “hydrophobic” groups are
on the interior and the more soluble are on the exterior),
the energetic contributions from free energies of solvation
for DNA are stronger. The free energy of transfer from gas
to water of the interior base guanine is similar to that of
the most hydrophilic groups (the acids and bases) of
proteins. The highly favorable free energy of solvation for
DNA is due to the assortment of polar groups on DNA’s
surface with hydrogen bond donor and acceptor groups
in both grooves and along the polyionic backbone inter-
acting with the proximal waters.

The classic view distilled from many past studies shows
that proximal waters of hydration near select sites on the
surface DNA are much less mobile than bulk water, with
residence times for some of a few hundred picosec-
onds.%4% These waters can often be associated with
consensus waters from comparison of multiple experi-
ments.% Such localized hydration sites correspond to well-
defined density maxima. Given the number of strongly
solvated sites, the density of water near DNA is increased
over bulk water.5” This is not unlike that seen in ionic
hydration where the local density of water near even small
ions is greatly increased, as evidenced by the solvent-to-
ion radial distribution functions seen in both simulation
and experiment.®®

An array of nonstructural experiments on DNA fibers
at various water activities, usually controlled by humidity,
have demonstrated that roughly 18—30 water molecules
per nucleotide are associated with B-DNA while fewer,
10—15, water molecules are found for A-DNA.%° The more
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exposed sugar ring’® and the more compact A-DNA
conformation at the backbone are thought to be the major
determinants of the reduced number of waters of hydra-
tion on A-DNA.2 Due to the different probes used, some
past controversies have existed.®”7* Logically, given the
strong free energy of hydration for G/C pairs’ and G in
particular, one might expect those bases to be better
hydrated. However, as is well appreciated, under favorable
conditions G/C base pairs are more likely to adopt the A
conformation, while A/T base pairs are more stable as the
B-form.2 The apparent changes in differential hydration
would then be more a reflection of the reduction in water
activity around A-DNA compared to B-DNA than a direct
effect of sequence.

Structures show that G/C base pairs have an additional
hydrogen bond donor through the exocyclic guanine
amino group in the minor groove compared to A/T base
pairs. Computer simulations allow counting and averaging
for the different canonical structures. By using the se-
quence of a block co-homo oligomer, the hydration
preference for base type was also modeled.

From our simulations, we found the A-DNA hydration
of the furanose ring is increased by nearly two water
molecules, while the phosphate group and major groove
each lost around a water when compared to B-DNA.2% If
we use a hydrogen-bonding criterion, then 18—21 water
molecules were found to be “bound” to B-DNA. Using this
technique gives results in good agreement with those of
previous dielectric relaxation experiments which reported
18—19 (13—15) water molecules strongly interacting with
B-DNA (A-DNA).®® This emphasizes that many mixes of
thermodynamic and structural criteria are reasonable and
can yield distinctly different results.263

Thus, we see that the idea that G/C base pairs are less
hydrated than A/T base pairs found in the early literature
was due to the experimental technique used and reflects
conformationally dependent hydration.532 In addition,
simulation then offers a mechanistic explanation for why
G/C-rich sequences have a higher propensity toward
A-DNA at modest water activity levels, while T/A-rich
sequences remain in B-form until practically dehy-
drated: alower number of bound waters is found around
T/A base pairs in the A conformation. Concomitantly, ~11
water molecules are found in hydrophobic contact in the
first hydration layer of the A-form compared to ~10 in
the B-form and ~9 around C/G base pairs.? The interplay
between hydrogen-bonded (generally quite favorable)
water and water exposed to less soluble groups (“hydro-
phobic” waters) thus reconciles the experimental phe-
nomena and the detailed counting studies.

Solvent Structure versus Mobility at the Interface with
DNA. As mentioned above, some water near DNA exhibits
reduced mobility. We know that mobility and occupancy
are not simply inversely correlated.?* They are measures
of different quantities, one kinetic, one thermodynamic,
which we wish to understand in relationship to each other.
At the extremes of long residence time and high oc-
cupancy, the concepts are certainly correlated though not
identical. Thus, some water density is strong enough to
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be observed by X-ray or neutron diffraction,* while highly
localized water molecules are also found with NMR
techniques.®!

A variety of recurring themes in the patterns of the
waters of hydration exist, including pentagonal water
arrangements in A-DNA major grooves,® “cones of hydra-
tion” with three water molecules around each phosphate
oxygen in B-DNA,*® and the well-known spines of hydra-
tion seen in minor grooves of duplex DNA.5"5%74 |ons are
also seen in both simulation® and diffraction® to occupy
the grooves with a reasonable probability. Different
hydrogen-bonding patterns with DNA and between neigh-
boring water molecules in the primary hydration shell
around adenine and guanine have been seen.>! This has
clear implications for sequence-specific recognition of
DNA through its base-specific solvation shell.

lons have both kinetic and thermodynamic effects. A
general reduction of water diffusion and therefore mobility
near DNA has been seen in simulations of the Dickerson
dodecamer or d(CGCGAATTCGCG), with Mg?" ions.”™
Monovalent ions in and around the major groove near
guanine bases are thought to stabilize bridging water
molecules between adjacent phosphates along the back-
bone that are characteristic of A-DNA hydration.

Thus, we have a clearer picture of how the presence of
ions causes a structural rearrangement and a reduction
in mobility of water near DNA. In this new picture, water
molecules are redistributed in the presence of ions
(monovalent or divalent) but not lost in a dehydration-
like event.%® They have a clear effect on water activity or
chemical potential around DNA, and they reduce water
mobility but not the number of waters.®’> This implies
that reduced humidity A-form structures and the stabili-
zation of A-DNA conformations of C/G-rich sequences in
concentrated salt solutions are related but separate phe-
nomena.

Simulated water distributions around the entire DNA
molecule yield a consistent picture with experimental
data. Both specific and general effects of ions on the water
structure are seen in simulations and demonstrate that
water in the first solvation shell is reordered and reduced
in mobility by the presence of an ion, which has conse-
quences for the populations of the specific water struc-
tures required to stabilize specific sequences.

Perspective

The combination of both continuum effects and specific
solvent interactions is available from examining hydration
in terms of water densities as described in this Account.
The resulting view therefore gives the most complete
picture of solvation effects in biological macromolecules
available at this time.

Future directions for research in this area include
studies concerning the important role of continuum
protein hydration models in folding studies and in drug
design. The implications of the results presented herein
are broad and reach much farther than the fields of
biomolecular simulation and protein/DNA X-ray crystal-

lography from which they originate. In general, the current
hydration description does not provide us sufficient
information about the solvent structure around the pro-
tein in its natural aqueous environment. Hence, such
descriptions can rarely be relied upon in accurate studies
of molecular docking and ligand design'® and folding.*6
In view of the above, it is becoming clear that macromo-
lecular structure should not be considered without the
environment. The entire notion of biopolymer structure
is dependent upon the environmental conditions in which
the protein exists.
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