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ABSTRACT A glutamic acid was buried in the hydrophobic core of staphylococcal nuclease by replacement of Val-66. Its
pK, was measured with equilibrium thermodynamic methods. It was 4.3 units higher than the pK, of Glu in water. This
increase was comparable to the ApK, of 4.9 units measured previously for a lysine buried at the same location. According
to the Born formalism these ApK, are energetically equivalent to the transfer of a charged group from water to a medium of
dielectric constant of 12. In contrast, the static dielectric constants of dry protein powders range from 2 to 4. In the
crystallographic structure of the V66E mutant, a chain of water molecules was seen that hydrates the buried Glu-66 and links
it with bulk solvent. The buried water molecules have never previously been detected in >20 structures of nuclease. The
structure and the measured energetics constitute compelling and unprecedented experimental evidence that solvent
penetration can contribute significantly to the high apparent polarizability inside proteins. To improve structure-based
calculations of electrostatic effects with continuum methods, it will be necessary to learn to account quantitatively for the
contributions by solvent penetration to dielectric effects in the protein interior.

INTRODUCTION

The development of computational tools for the efficientscopic or with continuum methods the dielectric properties
and accurate estimation of electrostatic energies from struf the protein interior and of the solvent phase are repre-
ture continues to attract considerable interest. Calculationsented in terms of dielectric constants. The concept of the
of electrostatic contributions to energetics are important irdielectric constant is not necessarily compatible with the
problems of stability, macromolecular recognition, and de-size, complexity, and heterogeneity of the protein interior.

sign of proteins. There are also innumerable examplefurthermore, it is not clear that use of a single dielectric

where they are essential for understanding functional eneiconstant to represent permittivity in an environment that is
getics in structural terms. Many of the computational prob-inherently anisotropic is valid. Nevertheless, continuum

lems that had to be addressed to make these calculationsethods remain extremely popular due to their promise of
possible, such as the calculation of electrostatic potentials ifast, efficient, and potentially reliable energy calculations.

the protein-solvent system, and the rigorous treatment of A dielectric constant of 4 is commonly used in continuum

cooperative proton binding in multi-site systems, have beefnethods to model the dielectric properties of the protein
solved (Matthew et al., 1985; Sharp and Honig, 1990jinterior. This is also the value of the dielectric constants of
Warshel and Aquist, 1991). The quantitative treatment Ofcrystalline and polymeric amides (Gregg, 1976), and of dry
dielectric effects in the protein interior is the main remain- protein and peptide powders (Bone and Pethig, 1982, 1985;
ing problem that currently limits the accuracy, reliability, Harvey and Hoekstra, 1972). Similar dielectric constants are
and utility of structure-based calculations of electrostaticpredicted for proteins by a variety of theoretical calculations

energies with continuum approaches. based on normal mode analysis and on molecular dynamics

The surface of a protein represents an interface betweeg)mylations (Gilson and Honig, 1986: tiker et al., 1997:
substances of very different dielectric properties. In energysimonson and Perahia, 1995; Smith et al., 1993).
calculations with microscopic methods, these properties can a gielectric constant of 4 is much lower than the dielec-
be captured, at least in principle, through the explicit treaty i~ constant of water (78.5 at 25°C), but it represents
ment of electronic polarizability and of dipolar relaxation of g \hstantial polarizability relative to vacuum. Nevertheless,
both protein and solvent. In calculations with semimicro-y,e magnitude of electrostatic energies in proteins is grossly
exaggerated in continuum calculations with static structures
when a low dielectric constant is used. This problem is most
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dielectric constant of dry proteins, nor captured by theoretpendent equilibrium thermodynamic methods: indirectly, by
ical estimates of the protein dielectric constant. Severahnalysis of the pH dependence of stability of mutant and
molecular mechanisms have been proposed previously twild type protein with linkage relationships, and directly,
rationalize the apparent high polarizability inside proteins:from the difference in proton titration curves measured
reaction field of bulk solvent (King et al., 1991; ffler et  potentiometrically in background and mutant proteins.
al., 1997), solvation by permanent dipoles in the proteinCrystallographic structures were determined under condi-
(Warshel et al., 1989), conformational relaxation (An-tions of pH where the buried Glu is neutral. Similarities and
tosiewicz et al., 1994), fluctuations of surface charged sidsome remarkable differences were observed between the
chains (Simonson and Brooks, 1996; Simonson and Perahibghavior and the milieu of the buried side chains of Glu-66
1995; Smith et al., 1993), and transient exposure to solverdand Lys-66.
by penetration or by local or global unfolding (Warshel et Buried acidic residues, like the one introduced artificially
al., 1984). None of these conjectured mechanisms have beém PHS/V66E, have been identified as the essential func-
corroborated experimentally. tional motifs in membrane proteins involved in proton con-

Empirical approaches have been devised in efforts tauction (Deisenhofer and Michel, 1989; Ermler et al., 1994;
attenuate artificially the electrostatic energies estimated iuecke et al., 1998; Martinez et al., 1996; Pebay-Peyroula
proteins with continuum methods. Some involve the use okt al., 1997). Insights from the correlation of structure and
parameters based on solvent accessibility (Matthew et algnergy of the Glu-66 mutant will deepen our understanding
1985), or the ad hoc use of arbitrarily high protein dielectricof these interesting biological systems at the molecular
constants (Antosiewicz et al., 1994). The same effect can blevel.
achieved by incorporation of explicit water molecules in the
calculations (Gibas and Subramanian, 1996). In the most
physically appealing calculations, the protein interior issM'l'\TERIA"S AND METHODS
treated with a low dielectric constant (2 to 4) and theProtein engineering
realistic magnitude of electrostatic energies is achieved _ . .
through the explicit treatment of conformational flexibility The V66E mutation was mtrodu_ced into the hyperstaple form of nuclease

’ known as PHS, originally engineered by Prof. David Shortle at Johns
(Havranek and Harbury, 1999, and references therein)jopkins University School of Medicine. PHS involves mutations P117G,
These empirical modifications markedly improve the ability H124L, and S128A. PHS and PHS/V66E nuclease were expressed and
of continuum algorithms to capture correctly the ionization purified following the method of Shortle and Meeker (1986). The protein
behavior of surface groups. However, they are less succes‘g.’f’IS determined to be-98% pure by SDS-PAGE. The concentration was
. . . L7 . etermined using a value of 0.93 for the absorbarfce b mg/ml sample

ful at improving estimates of electrostatic interaction ener—; »g5 nm.
gies in or through the protein interior. This remains prob-
lematic. Unfortunately, these are the cases that matter the
most. It is in the interior of proteins, or at buried locations Potentiometric proton titration curves
in the interfaces between pmteins’ where recognition, Catal1'he experimental procedure for the measurement of proton binding curves
ysis, REDOX reactions, photoactivation,"Hand € con- by direct potentiometric methods has been presented previously éGarci

duction, and other key biological phenomena that are govMoreno et al., 1997). Proton titration curves of PHS and PHS/V66E
erned by electrostatics take place. nuclease were measured from pH 5.0 to 10.0 with 3 ml of 1.0-1.2 mg/ml

Proaress in overcomina the problem of the dielectricpmtein solution in 0.1 M KCI. Titrant consisted of calibrated 0.02 N NaOH
9 9 P r HCI. It was dosed in %l increments. All titration curves were measured

prOpertieS of prOtemS has been hindered by the lack o triplicate. Reversibility of the titration curve was routinely tested.
experimental systems where the structural and physical OfFitration curves were fitted with eighth-order polynomials. The difference
igins of dielectric effects could be elucidated, and with between the two proton titration curves represents the titration of Glu-66
which models and theoretical predictions could be teste@nd of all other groups whose pKalues are perturbed by the ValGlu
quantitatively and calibrated. Toward this end, we have!®&1on- The pigof Glu-66 in the native state was obtained by nonlinear
o . . . ast squares fit of the difference titration curve with the modified Hill
initiated systematic structural and thermodynamic studies quuation,

proteins in which ionizable groups have been artificially
introduced into the hydrophobic core by site-directed mu-
tagenesis (GaratMoreno et al., 1997; Stites et al., 1991).

Here, we present crystallographic structures and stability

nalysis of the differen roton titration cur ith Eq. 1 mes that th
measurements of a mutant of staphylococcal nucIeas@ alysis of the difference proton titration curve with Eq. 1 assumes that the
al— Glu mutation at position 66 does not significantly affect the ioniza-

termed PHS/V66E, in which a Glu has been buried in thg;gn properties of other titratable groups.

hydrophobic core by replacement of Val-66. PHS nuclease,

a hyperstable form of the protein, was used in these exper-

iments to maximize the pH range where the protein remain§auilibrium denaturation

folded after ionization of the buried Glu-66. The p¥alue  The pk, of Glu-66 was also obtained from the difference in denaturational
of the buried Glu was determined by two completely inde-free energies of PHS and PHS/V66E proteins measured by guanidine

10 PH-PKa)

T @
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hydrochloride (GdnHCI) denaturation over a wide range of pH values. All Very strong density was observed at the position of the four omitted water
measurements were performed with the ATF-105 automated titration difmolecules in both maps (contoured atdnd 3.5¢ cutoff), confirming the
ferential spectrofluorometer by Aviv (Lakewood, NJ). GdnHCI denatur- presence of the water molecules. B factors of the water molecules were
ation was performed with protein concentration of @/ml at 25°C in comparable to those of the surrounding backbone atoms. Coordinates are
100 mM NacCl plus 25 mM buffer. Acetate was used in the pH range fromavailable through the Protein Data Bank.

4 to 5.5, MES from 5.5 to 6.5, HEPES from 7 to 8, TAPS from 8 to 9,

CHES from 9 to 10, and CAPS from 10 to 11. The fluorescence of the

single tryptophan at position 140 was used to monitor denaturation, alRESULTS

described previously (Stites et al., 1991; 1995). Equilibration times be- .

tween addition of denaturant were longer for PHS nuclease and its mutanfCid/base denaturation and pH

than for the wild type protein. Denaturationansitions were analyzed dependence of stability

assuming a two-state model for reversible denaturation. . . . .
The pK, of Glu-66 in the native and in the unfolded states was obtained T N€ acid/base titrations of PHS and PHS/V66E monitored

by fitting the difference between the pH-dependent stability of the back-by fluorescence are shown in Fig. 1. Because of its higher
ground and mutant proteinaAGp,,c) with intrinsic stability, PHS acid denatured at a pH a full unit
1 4 303K—pH below the midpoint of the acid denaturation of the wild type
staphylococcal nuclease (data for wild type not shown).
1 + 303Ky —pH)’ PHS/V66E acid unfolds at higher pH values because of the
(2)  loss of stability stemming from the replacement of Val-66
Glu.
D e S o f 1 ton e e IS MU A expected, the base denaturation of PHSIVGE was
of Glu-66 in the native and in the denatured states, respectively. ThSNiftéd toward more acidic pH values. This reflects primar-
pH-dependent contributions tAAGY, are captured by the right-most ily the loss of stability related to the shift in ptof Glu-66
term. The pH-independent componetAGP, o(mut)) reflects the ener-  as a result of its burial in the hydrophobic core. The base
getic consequences of the mutation independent of the electrostatic effecifanaturation of PHS nuclease was not as cooperative as its

associated with shifts in pK This function assumes that the pH depen- _ . . S . )
dence oAAGY, is determined solely by the pfof Glu-66. Specifically, acid denaturation. To rule out the possibility that this re

it assumes that the mutation does not significantly affect the ionizationl€Cted changes _in the protonation state of the Trp fluoro-

properties of other titratable groups. The validity of this assumption hagphore, we established that the fluorescence of the Trp ana-

been discussed previously (Gardvioreno et al., 1997). log NATA (N-acetyl tryptophan amide) is pH independent
Acid and base denaturation of PHS and PHS/V66E monitored byjn the pH range explored in Fig. 1 (data not shown). There

fluorescence was performed as described previously (&&oreno et al., . P . -
1997; Stites et al., 1991). All measurements were performed with the Avivare seven tyrosines in staphylococcal nuclease, and, in this

ATF-105 automated titration fluorometer. The experiments were perPH range, tyrosinate in water can fluoresce, possibly con-
formed with a protein concentration of @/ml, at 25°C in 100 mM NaCl
plus 25 mM buffer.

AAG, o(pH) = AAG, o(mut) — RT In

—_
()

X-ray crystallography

PHS/V66E nuclease was crystallized using the vapor diffusion method at
pH 8.0 in 59-61% (vol/vol) 2-methyl-2,4-pentanediol and 10.5 mM KPO
buffer using a protein concentration of 12.2 mg/ml. Crystals were also
obtained at pH 6.0 in 60—-61% (vol/vol) MPD in 10.5 mM KR@ith
protein concentration of 16 mg/ml. Crystals at pH 8 appeared in 1-2 weeks
at 4°C. Data were collected with a single crystal using an R-AXIS lic
image plate detector (Rigaku, Danvers, MA). The crystal was placed in a
thin loop, with the crystallization buffer as a cryosolvent, and flash frozen
under a steady stream of nitrogen-at78°C. Crystals were found to be
isomorphous to those of the uncomplexed, wild type nuclease, and this
structure (1stn in Protein Data Bank) was used as an initial model. The
glutamic acid at position 66 as well as the H124L and S128A mutations in
PHS nuclease were initially modeled as glycine to avoid biasing the side
chain conformation. Refinement was carried out using the program
XPLOR (Bringer et al., 1987; Bmger, 1992) over the resolution range
6.5-2.1 A, to a finaR value of 18.64, an®;,.. of 26.6%. The side chain

of the glutamic acid, and the other point mutations, were built into the 0.0 1 | L I 1 | ! | L
calculated 2Fo-Fc and Fo-Fc electron density maps with the program 2 4 6 8 10 12
CHAIN (Sack, 1988, 1993). Electron density that was modeled as four

water molecules was present near the side chain of position 66 in the pH

structures at pH 6 and 8, in both 2Fo-Fc and Fo-Fc maps, contoured at 1

and 3.50, respectively. The water molecules were prominent in the first FIGURE 1 Acid/base titration of PHSopen squarésand PHS/VE66E
cycle of refinement. Omit 2Fo-Fc, and Fo-Fc maps of the electron densitysolid squarein 100 mM NaCl at 25°C monitored by fluorescence. The
were calculated after refinement with the four water molecules excludedlines through the data are for visual reference only.

o
®
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tributing to the complex shape of the base titration of PHShormal pK, of Glu in water and the pKof the buried
nuclease monitored by fluorescence. Glu-66. The pH dependence of stability of PHS/V66E is
The pH dependence of stability of PHS and PHS/V66Edominated by the loss of solvation of the buried Glu. The
nuclease measured by GdnHCI denaturation is shown ipK, values of most other ionizable groups in the protein
Fig. 2. The stability of PHS was almost pH independentappear not to be greatly affected by the MaBlu mutation.
over the broad range of pH between 10 and 5. It begins tén the difference free energy curve shown in Fig. 2, the
decrease at pH 5 because of the depressedalkies of Glu  decrease in stability with increasing pH levels off at approx-
and Asp residues in the native state relative to theig pKimately 9.5. Therefore, the buried Glu must ionize with a
values in the denatured state (Whitten, 1999). At the othepK_, value below 9.5. The stability of the PHS/V66E protein
end of the pH scale, the stability of PHS began to decreaseached a value of 0 very close to pH 10, consistent with the
markedly at pH 9.5. According to GdnHCI denaturation, themidpoint of the base titration monitored by fluorescence. At
stability of PHS is significant even at pH 11, whereas,this pH, half of the protein molecules are still folded.
according to the titration monitored by fluorescence, half of
the molecules are unfolded at this pH. This further suggest
that the shoulder in the base titration of PHS monitored b
fluorescence originates with chromophores other than TrpThe proton titration curves of PHS and PHS/V66E, and the
140, and does not report the unfolding of the protein withdifference between these two curves, are shown in Fig. 3.
great fidelity. The proton binding properties of the two proteins are almost
The pH dependence of stability of PHS and PHS/V66Eidentical below pH 8. At pH values above 8, more protons
are very different. At pH values below the normal p&f  were released by PHS/V66E than by PHS. The fit of a
4.5 of a Glu in solution, the difference in stability between single-site Langmuir isotherm to the difference curve be-
PHS and PHS/VG6E is approximately 3 kcal/mol. Thistween pH 7.5 and 9 was excellent. The substantial proton
represents the penalty for replacing Val-66 with a neutratelease by PHS/V66E at pH values above 9 signals the onset
Glu-66. At pH values above the normal pf Glu in water,  of base denaturation. It is consistent with the conformational
the stability of PHS/V66E decreases by approximately 1.%ransition that is reflected in the base titration monitored by
kcal/mol per pH unit. This is very close to the theoretical fluorescence.
loss of 1.36 kcal/mol of stability per pH unit that would be
predicted at 25°C based on the difference between the

roton binding measurements
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pH FIGURE 3 Proton titration of PHSpen squarédsand PHS/V66E<olid
square$ measured potentiometrically at 25°C in 100 mM KCI. The lines
FIGURE 2 pH dependence of stabilitAGp,,o) measured by GdnHCI  and the points are fits of the raw data with eighth-order polynomial. The
denaturation for PHSopen squargsand PHS/V66E golid square} at dotted line represents the difference of the polynomial fits to the proton
25°C in 100 mM NaCl. Open triangles represent the difference in stabilitybinding curve (PHS/V66E- PHS), plotted with reference to the right axis.
between these two proteins, shifted arbitrarily along the ordinate. TheSuperimposed on the dotted line is the single site proton binding isotherm
dotted line through the difference curve was obtained by fitting with Eq. 2.for a group with pK, of 8.8.
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The proton titration curves measured potentiometrically Crystallographic structures of PHS/V66E
the acid/base titration monitored by fluorescence, and th .
chemical denaturation studies indicate that, although PHS?P the crystz_allograpmc_structure; of V66K mutants of rTu—
V66E is highly destabilized under conditions of pH whereClease published previously (Gaaevoreno et al., 1997,

the buried Glu-66 is ionized, it still exists mostly as afoldedsmes_et al.,_ 1991) the side chain of Lys-6€_‘> n th? neutral
state is buried in a completely hydrophobic environment

protein. More than 70% of the protein molecules remain> . R
folded at pH 9.8, where 90% of the buried Glu residues arénSlde theg barrel of the protein (Fig. 4). Those structures

ionized. TheA+PHS/V66K mutants of nuclease (Gae did not reveal any clues about the plausible physical or

Moreno et al., 1997; Stites et al., 1991) and the MlOZKstructural origins of the high polarizability experienced by

mutant of T4 lysozyme (Dao-Pin et al., 1991) are otheri©nizable residues buried at this location. The structures are
examples of proteins that remain folded and presumably in
native-like states after ionization of a group artificially
buried in the hydrophobic core.

pK, of the buried Glu-66

Robust measurements of pkKalues are essential for the
interpretation oApK, values in terms of apparent dielectric
constants. This is why the pkof Glu-66 was measured by
two completely independent equilibrium experiments. The
agreement between pKalues obtained by the two different
methods was excellent. The value measured by analysis of
the difference proton binding curves was 8.8 (Fig. 3). A pK
of 8.5 was obtained by analysis of the stability curves (Fig.
2) when the pK of Glu-66 in the denatured state was fixed
at 4.5, the value measured previously for Glu in the Gly-
Glu-Gly peptide in solution (Matthew et al., 1985). When,
instead, the pKof Glu-66 in the denatured state was al-
lowed to float, a pK of 9.0 was obtained for Glu-66 in the
native state. The shift in piKfrom 4.5 to 8.8 amounts to a
Gibbs free energy difference of 5.8 kcal/mol. The, sKifts

of Glu-66 and Lys-66 are almost identical. This suggests
that these groups are in environments of very similar net
polarizability.

The analysis of thermodynamic data with Egs. 1 and 2 to
obtain the pK of Glu-66 assumes that the ionization prop-
erties of other ionizable groups are not perturbed by the
Val— Glu mutation at position 66. Previously, we tested the
validity of this assumption by demonstrating that the,pK
value of an individual histidine obtained from this type of
thermodynamic analysis was identical to the value mea-
sured directly with NMR (Gare-Moreno et al., 1997). In
the specific case of PHS/V66E, the data in Figs. 2 and 3
validate this assumption. The overlap in the proton titration
curves of background and mutant protein between pH 5 andiIGURE 4 @) Structure of PHS/V66E nuclease. The buried side chain
8 in Fig. 2 demonstrates that the pkf other ionizable  of Glu-66is shown in red. The buried side chain of Lys-66, shown in blue,
groups that titrate in this range of pH are not significantly is superimposed for comparison. The water molecules that penetrate into

. . . . the core of the structure are represented as yellow spheres. This image was
altered by the mutation. The difference potentiometric titra- P Y P 9

. ; . drawn with MOLSCRIPT and RASTER 3D (Kraulis; 1991; Merrit and
tion curve is dominated by the large proton release assoCkacon, 1997). 8) Packing density of wild type nuclease oriented as in
ated with the titration of the buried Glu-66. Similarly, the panelA. The side chain at position 66 is shown in blue. The packing
excellent fit of theAAGazo versus pH curve (Fig. 3) with density was calculated with the method of Privalov (1995) with the MOLE
Eq. 2, and the sign and magnitude of the slope of the p|J|"nolecular graphics software package (Applied Thermodynamics Inc.). The

o packing density cutoff was set arbitrarily high to show that the pathway of
dependence O&GHzO for PHS/VEGE demonstrate that the the chain of waters coincides with a channel of very low packing density.

pK, shift of the buried Glu-66 is responsible for the pH the void represents areas where the packing density is below the cutoff
dependence aAAGP . value.
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superimposable with those of wild type nuclease. In the highurns between consecutive strandsBisheets (Rose et al.,

resolution crystallographic structures of PHS/V66E nucle-1983). At these locations, the buried water molecules satisfy

ase at pH 6 and 8, the neutral Glu-66 side chain is buried ithe hydrogen bonds that cannot be made internally by the

almost the exact same environment and orientation as thHeackbone polar atoms at the turn. Although the chain of

buried Lys-66 side chain (Fig. 4). The OE1 and OE2 water molecules in PHS/V66E is, in fact, nestled between

atoms of Glu-66 are approximately 10.9 and 9.5 A awayhelix 1 and the buried reverse turn betwestrands 1 and

from bulk solvent. The only polar atom near the Glu-66 side2, consisting of residues 19 through 22, the backbone di-

chain is the hydroxyl oxygen of Thr-62, which is 3.13 A poles of residues 20 and 21 do not interact directly with

away from the nearest carboxyl oxygen. All atoms in vanwaters W1 and W2. The carbonyl oxygen at position 22 is

der Waals contact with the oxygen atoms in the carboxyhydrogen bonded to water molecules W1 and W2. The other

moiety are nonpolar. The charged side chain nearest tbydrogen bonds in this region of the protein are identical in

Glu-66 is Asp-19, which is solvent exposed and 8.1 A awaythe structures of wild type nuclease and its mutants, includ-
The most remarkable feature of the PHS/V66E structuréeng PHS/V66E (Fig. 5).

is a chain of 4 water molecules that was found connecting

the buried, uncharged side chain of Glu-66 with bulk sol-

vent (Figs. 4Aand 5). The temperature factors of this region |nterpretation of ApK, in terms of apparent

of the protein are low and the water molecules appear t@jjelectric constants

have a high degree of positional order. The two outermost

water molecules (W3 and W4 in Fig. 5) have been see® quantitative understanding of the molecular origins of

previously: W3 in all but two of the 18 deposited crystal- PKa values of buried ionizable groups requires microscopic
lographic structures of nuclease and its mutants, W4 irfalculations where all interactions are treated explicitly and
approximately half of them. The two innermost water mol- Without assumptions about dielectric constants. Such calcu-
ecules (W1 and W2 in Fig. 5) have never been seen previdtions are beyond the scope of this report. A detailed study
ously, not even in mutants with Lys, Ala, Gly, or lle at involving calculations with semimicroscopic and with con-

position 66, nor in structures of nuclease in which thelinuum electrostatic methods is underway and will be pre-

hydrophobic core has been disrupted by mutations else3€nted elsewhere. o _ _
where. The structure of PHS/V66E nuclease is superimpos- A reverse pK calculation is one of the ways in which the
able on the more than twenty crystallographic structures ofPParent dielectric constant® ;) in the protein interior
nuclease and its mutants (r.m.s. between PHS/V66E arfgfn be estimated from pkalues of buried groups obtained
A+PHS/V66K, for example, is only 0.32 A). The water experimentally. This is a strictly model-dependent ap-
molecules that penetrate into the hydrophobic core are adroach: the apparent dielectric constants thus obtained de-
commodated and ordered without any apparent disruption@end on the way in which they are defined and on the model
in packing or in hydrogen bonding patterns in this region ofUS€d to obtained them (Churg and Warshel, 1986; Warshel
the protein. The area of the protein where the water mole@"d Aquist, 1991; Warshel et al., 1997; references therein).
cules were found coincides with one of the regions of lowest" the case of Lys-66, the [, value that was obtained by
packing density in the structure (FigB. analysis of the pK shift with a simple Born formalism

In a statistical survey of crystallographic structures, bur-(Garce-Moreno et al., 1997) is nearly identical to the one

ied water molecules were found most frequently at buried®Ptained with more rigorous and sophisticated inversg pK
calculations based on the numerical solution of the Poisson

Boltzmann electrostatics by finite differences (Antosiewicz
'\, °\, et al., 1994). This implies that the shift in the pKf the
| buried Lys-66 was determined primarily by the energetics
p of desolvation, with only minimal contributions by interac-

e
.S 8 PS / L [ 3 . tions with surface ionizable groups or other polar atoms.
.\'0 kf" 5 '\ . . By 2 '\'Q The D,,,, value represented by the difference in pK

\ 01“@:.;'; ? . : 01\9‘.‘; ‘:} d between Glu-66 and a solvent exposed Glu (pKwas
e A [ calculated with the Born formalism,
. 8 1-361pKref - pKa)

FIGURE 5 Stereo view showing the interactions between the four water 2

molecules, the buried side chain of Glu-66, and the backbone atoms of _ 332 i _ 1
residues 19-22 in strands 1 and 2 of fibarrel. The dotted lines outline 20y \Dapp Dy0€ e
the two puckered pentagonal structures that are made by the two carboxylic
oxygen atoms, the two water molecules, and the backbone oxygen atoms at 3327 1 1
positions 19 and 22. Image drawn with MOLSCRIPT and RASTER 3D o (De"“" D ) (3
(Kraulis, 1991; Merrit and Bacon, 1997). prot H20 app
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This function describes the Gibbs free energy (kcal/mol) fompenetration or by disordered buried water molecules that are
transferring an ion of valence Z and cavity radiyg, (A) not visible crystallographically.
from water into the center of a low dielectric sphere of One of the structural reasons why the buried Glu side
radiusr pop (A) that is surrounded by water. This function chain is hydrated is that the side chain is accommodated in
reduces to the original Born expression for the solvatiora small cavity where there is room for solvent. The cavity
free energy of ions wher,, is large. that is occupied by W1 and W2 has an elongated, pore-like
A D,ppVvalue of 9.5 was estimated when values gf,of  shape instead of the globular shape typical of cavities in
2.17 Aandr o, of 12 A were assumed in the analysis of the monomeric proteins (Williams et al., 1994). Because of this
ApK, of 4.3 measured for Glu-66. The,,,obtained for the  elongated shape, the volume of the cavity was very small
buried Lys-66 with these same parameters and with Eq. 3 iyhen it was measured with the standard 1.4-A probe. With
9.0. To estimate hovD,, values would be affected by g 1-A probe, its volume was estimated to be 8% énough
uncertainties in the parameters in Eq. 3, the variatidd,if),  to accommodate two tightly packed water molecules. When
With rcay oo 2nd ApK, was mapped explicitly. Errors of - the waters are bound there is no open space in the cavity.
+0.30 inApK, translate t0~+0.50 inDq,p Anincrease of  yplike the buried water molecules characterized in other
0.67 Ainrc,, would decreas®,p,t0 7, and a decrease in proteins by NMR, which have been described as being
Feay DY the same amount would increadg,,t0 13.8.D.p,  merely trapped and not interacting strongly with the protein
is least sensitive t0,,; changes of 2.0 A translate 10 penisoy et al., 1996), the water molecules that are visible
changes g, 0f 0.3. When the rightmost term in EQ. 31iS i, jiffraction experiments are those that are positionally
ignored, theD,,,,,reported by Glu-66 is 11.5 and by Lys-66 jareq (ie., they spend a significant fraction of time in

itis 11. .Th|s suggests that the high dle.lec.tr.|c med'umgiven positions) because they are tethered to polar and
surroundmg the protein d_oes not make a s'gn'f'cant.Cont”'lonizable groups directly or through a network (Sreenivasan
gggglr; t|(r)1 ?ﬁgphé;[ dtrggi?)bsigecsort;eg??ﬁs ;?c()at)(lair?re buried to%md Axelsen, 1992). Waters W1 and W2 in PHS/V66E are
' positionally ordered because several factors act synergisti-

cally to define minima at the water positions on the potential

DISCUSSION energy surfaces. The intrinsic hydrogen-bonding potential
The shifts in pK experienced by Glu and Lys residues whence){ t:f ?g%g'd\?vfr:ﬂ;; I:t halﬁhl(ggg)érnd ;;;:ﬁjrﬁ,l\?vi?é;h\?\l/qlkl

buned_at position 66_'” s_tfclphylococcal n_uc_leasg are Consigng we occupy positions relative to OE1 and OE2 that
tent with a net polarizability in the protein interior consid-

. R, . ._correspond to the statistically most favored positions for
erably higher than the polarizability reflected in the Statlchydration of Glu and Asp side chains (Roe and Teeter,

dielectric constants of 2 to 4 measured in dry proteins an ) .
peptides. The structure of the V66K mutants of staphyloﬂg%’ Thanki et al., 1988). Furthermore, the set of atoms

coccal nuclease did not offer any insights about the Strucg?nss_'gng ofi/;/l, V\c/12,2t2he ba(;:likr)]on(e)girbongllgéyzger: atomsf
tural origins of the high apparent polarizability in the core of OF resiaues an ; an € an atoms 0

this protein. The neutral Lys side chain was found nearly 1 lu-66 are in the slightly puckered per_1tagonal arrange-
A from the bulk solvent, entirely surrounded by nonpolar MENtS typical of waters ordered by proteins (Teeter, 1984)

atoms, without polar atoms within van der Waals contact(F19: ). These pentagonal structures optimize the 0-0-O
far from other ionizable groups. The surprising finding in angles at tetrahedral values, and, for this reason, are thought

the structures of PHS/V66E nuclease was the presence oftq be one of two preferred structures in liquid water (Liu et
string of water molecules that hydrate the neutral and burie@!: 1996)- o

Glu-66 side chain, and connect it with bulk solvent. These It IS not surprising that water molecules W1 and W2 are
structures suggest that the high,,, in the interior of positionally disordered and crystallographically invisible in
staphylococcal nuclease reflects the presence of water maiPe absence of the buried Glu-66 side chain. In wild type
ecules that penetrate into the hydrophobic core of the produclease, the cavity is larger than in the V66K or V66E
tein. The similarities in the pKshifts measured for Glu-66 Mutants because the volume of the Val side chain is smaller
and for Lys-66 imply that the polar moieties of the buried than the volume of Lys or Glu side chains. More than two
Lys and Glu side chains experience environments of equivwater molecules could easily fit in the cavity in the wild
alent net polarizability. With the data at hand, it is not type protein. However, in the wild type structure, the cavity
possible to exclude the possibility that the high polarizabil-is lined with apolar atoms everywhere except at the buried
ity experienced by Lys-66 originates from dipolar rotation 8 turn involving residues 19 to 22. The absence of strong
in the protein matrix. However, the presence of buried watepreferential binding sites precludes the positional ordering
molecules in the structures of the V66E mutant, and theof waters in the cavity, rendering them invisible in the
similarity in the ApK, experienced by the buried Lys and diffraction experiment. If the waters are present but disor-
Glu residues, suggests that the high polarizability experidered in the wild type protein, they might be visible by
enced by Lys-66 also reflects hydration by transient solvenNMR, which detects waters based on their lifetimes.
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It is less obvious why the water molecules are not seeturied at other sites in staphylococcal nuclease and in other
crystallographically in the mutants with Lys-66. The ion- proteins.
ization energetics of Lys-66 suggests that, at least in the It has been demonstrated by NMR that the buried water
charged state, but probably also in the neutral state, thmolecules that are seen crystallographically in BPTI have
buried Lys side chain is in contact with water. This contactresidence times between 10and 10 * sec if deeply bur-
could arise from transient penetration, or from interactionded, and 10° to 10 ° sec if closer to the surface (Denisov
with buried waters that are disordered and not visible cryset al., 1995). The fast exchange is probably limited only by
tallographically. There are several structural reasons whyhe small structural fluctuations required for passage of
water molecules W1 and W2, which were positionally or-individual water molecules in and out of the interior of the
dered in the structure of the V66E mutant, might be presenprotein. By visual inspection of the crystallographic struc-
but disordered in the V66K mutant. The intrinsic hydrogen-tures, the environments of the buried water molecules in
bonding potential of the Lys side chain is lower than that ofnuclease and in BPTI appear to be similar. If the dynamics
the Glu side chain (Thanki et al., 1988); in general, carboxykelevant to solvent penetration and exchange are compara-
groups are better hydrated than amines (Collins, 1997). lble between these two proteins, the exchange rates of buried
the structures of mutants with Lys-66, the volume of thesolvent should be equally fast. Interactions between fast
cavity is only 5.4 &, nearly 33% smaller than the volume exchanging water molecules and the buried ionizable
of the cavity when position 66 is a Glu. On the one hand, thegroups, averaged over the slow time scale of the equilibrium
smaller volume of this cavity should have an ordering effectexperiments used to measure p¥alues, could result in
on the waters, and on the other hand, the volume of théigh D,,, values. The observation that the equilibrium di-
cavity might not be large enough to accommodate W1 anctlectric constant of liquid water is 80 even at frequencies as
W2 simultaneously in stable bound positions. The observetligh as 10 GHz (Pethig, 1979) suggests gj,could arise
preference of water for the buried Glu over the buried Lysfrom interactions between buried ionizable groups and bur-
side chain is entirely consistent with the acknowledged roléed but disordered waters, or with transiently buried water
of Glu, GIn, Asp, Asn, Tyr, Ser, and Thr as the preferredmolecules, even if their exchange is as fast as the fastest that
side chains for stabilizing buried water molecules in otherhas been measured by NMR.
proteins (Buckle et al., 1996; Deisenhofer and Michel, In a medium of low dielectric constant, charges can be
1989; Ermler et al., 1994; Luecke et al., 1998; Martinez etsolvated very effectively by a few water molecules or by
al., 1986; Meyer, 1992; Orinet al., 1996; Otting et al., other sources of permanent dipoles (Gibas and Subrama-
1991; Pebay-Peyroula et al., 1997; Shih et al., 1995pian, 1996; Warshel and Aqvist, 1991; Warshel et al.,
Sreenivasan and Axelsen, 1992). 1997). If the true dielectric constant of the protein substance

The hypothesis that solvent penetration can contributés low, the buried water molecules can contribute signifi-
substantially to the high polarizability inside a protein is cantly to the apparent polarizability reported by the mea-
consistent with the recognized ability of water (Ernst et al.,sured pK values. The following calculation affords a sim-
1995; Garca and Hummer, 2000; Oprea et al., 1997; Ottingple semiquantitative estimate of the magnitude of the effect
et al., 1997; Tahsen et al., 1987, Woodward et al., 1982) of buried water molecules on the pléf Glu-66. Assuming
and other small molecules (Feher et al., 1996) to diffusea value of 4 for the dielectric constant inside a protein (Bone
inside proteins rapidly and with small activation barriers. Itand Pethig, 1982, 1985; Harvey and Hoekstra, 1972), then
is also supported by the increasing number of crystallothe expected pKdifference between Glu in water and Glu
graphic structures where buried ionizable groups, especiallin the core of the protein according to a Born formalism
acidic ones, are found in a hydrated state (Dao-Pin et alyould be~18-25 kcal/mol, depending on the size of the
1991; Ermler et al., 1994; Martinez et al., 1996; Meyer,cavity radius used in the calculation with Eq. 3. The effect
1992; Ornioet al., 1996; Pebay-Peyroula, 1997; Roe ancthat a single buried water dipole could have on the, pK
Teeter, 1993; Shih et al., 1995; Sreenivasan and Axelseithis dielectric environment can be estimated from the en-
1992). In the specific case of the core of staphylococcagrgy of interaction between the water dipole and the charged
nuclease, three different factors favor hydration of the burform of the buried ionizable group calculated with
ied side chain at position 66: 1) there is a small cavity in the
region where waters can be accommodated without disrup: (—=69.11Zu coso)
tion of the rest of the structure, 2) the packing density in theAGCharge‘d"“‘"ea(cal/rnOD - (Dr?) : (4)
channel occupied by the water molecules is low, and 3) one
of the walls of the cavity consists of a buri@dturn, which  In this expressiony is the dipole moment of water (1.84
buries two backbone carbonyls that are not hydrogerDebye),Z is the net charge on the ionized carboxylic side
bonded within the protein. To test the generality of thechain,r is the distance (A) between the center of the dipole
hypothesis that the high apparent polarizability in the inte-and the carboxyl oxygen, arfddescribes the orientation of
rior of proteins reflects solvent penetration, we have initi-the dipole. Assuming that the water dipole is aligned per-
ated studies of the energetics of ionization of residuegectly with the field of the charge§(= 180°), thatr is 2 A,
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and thatD is 4, then the calculatedG y,arge-aipolelS —7-9  three different forms of staphylococcal nuclease with global
kcal/mol per water molecule. Interactions between the burstability (pH 7, 25°C) ranging from 5.7 to 12 kcal/mol are
ied group and a pair of water molecules could easily accourdlmost identical (GaferMoreno et al., 1997; Stites et al.,
for the modest shift in pKthat are measured, relative to the 1991), demonstrating that the poes not simply report the
ones that are predicted when the protein interior is treated a&cid unfolding of the protein. In the case of the V66E
a medium of low dielectric constant, and when the presencenutant, the acid/base titrations, chemical denaturation, and
of the buried water molecules is ignored. the proton titration curves also suggest that the magnitude of
A particularly dramatic example of the efficacy with the pK, shifts is not limited by the unfolding of the protein.
which buried ionizable groups can be solvated by buriedPHS/V66E is highly destabilized when the buried group
water is theApK, of only 1.2 units that was measured for a becomes ionized, but, as demonstrated by the data in Figs.
buried Asp in chicken egg white lysozyme (Shih et al.,1, 2, and 3, approximately 85% of PHS/V66E remains
1995). The higher apparent polarizability experienced byfolded even after the buried Glu is 90% ionized.
this buried Asp correlates with the presence of four con- The structures of PHS/V66E constitute compelling evi-
served, internal water molecules in contact with the Aspdence that exposure of buried ionizable groups to water
side chain. The solvation of the buried side chain by thesenolecules can be achieved through penetration into the core
four buried waters is almost as effective as in bulk water. Arather than by unfolding. The structures at pH 6 and 8
recent report of the depressed ptf the buried Asp-76 in  demonstrate that the buried Glu-66 is hydrated when the
ribonuclease T1, which is surrounded by water moleculestructure is in the native state. Note that the stability of
and permanent dipoles of the protein, demonstrates that tHeHS/V66E at 25°C in pH 6~5 kcal/mol) is almost the
protein matrix itself can solvate buried charged groups vernsame as that of wild type nucleaseq.4 kcal/mol) (Fig. 2).
effectively, even more effectively than water itself (Giletto The water molecules were present in both PHS/V66E struc-
and Pace, 1999). According to Warshel and colleaguetures, suggesting that the waters that were in the structure at
(1978, 1989), this is likely to be the case in naturally pH 8 did not penetrate because of the protein’s lower global
occurring buried ionizable groups, where the protein matrixstability and higher propensity toward denaturation at this
can evolve to fine tune solvation of buried groups. pH. The similarity between the polarizability reported by
Many mechanisms have been proposed by others to racidic and basic side chains at position 66 is consistent with
tionalize the discrepancy between the static dielectric conthe ascribed role of water as a general source of polariz-
stants measured with classical methods in dry protein powability inside proteins.
ders and peptides, and the high apparent polarizability in the Buried water molecules are common in light-activated
interior of globular proteins in solution obtained by analysisand other membrane proteins, where they are usually found
of ionization energetics of single or ion-paired buriedin association with buried ionizable groups (Deisenhofer
groups. The structural and thermodynamic studies with muand Michel, 1989; Luecke et al., 1998; Pebay-Peyroula,
tants of nuclease with buried ionizable groups at position 668.997). They are often part of intricate hydrogen-bonded
are sufficient to rule out contributions to the polarizability in networks that have evolved to harness the energy stored in
the protein interior by some, but not all of these mecha-buried ionizable groups for purposes of energy transduction
nisms. For example, the close similarity in the ionizationand H™ and € transfer. Buried water molecules have also
behavior of Glu-66 and Lys-66, despite the very significantbeen found in many water soluble, globular proteins where
difference in the net charge of staphylococcal nuclease itheir acknowledged role is structural or enzymatic. Deeper
the pH range where they titrate, suggests that fluctuations ainderstanding of the structural and energetic consequences
surface ionizable groups do not contribute greatly to theof solvent penetration and its effect on p¥alues of buried
high apparent polarizability at this deeply buried locationionizable groups is essential for improved understanding of
(Simonson and Perahia, 1995; Simonson and Brooks, 1996fructure—energy relationship in these systems. The exper-
Smith et al., 1993). Another way in which high values of imental results reported in this paper contribute toward this
D,pphave been rationalized previously is in terms of expo-end at several levels. First, they demonstrate that solvent
sure of buried ionizable groups to solvent by global unfold-penetration and organization of solvent in the hydrophobic
ing (Warshel, 1981; Warshel et al., 1984). In many of thecore can take place without any significant global or local
proteins listed in a previously published survey of gKifts  conformational rearrangements. Second, they suggest that
of buried ionizable groups (GdeziMoreno et al., 1997), the solvent penetration must be treated explicitly in calculations
size of the shift in pK is limited primarily by the free of dielectric effects in the protein interior from first princi-
energy of unfolding of the host protein (Warshel, 1981). Toples. Third, they provide useful estimates of the apparent
avoid this problem the Glu-66 and Lys-66, mutations weredielectric constants that should be used with continuum
introduced into constructs of nuclease that have been engmethods to improve their ability to capture quantitatively
neered specifically for greatly enhanced stability. The valthe energetics of buried ionizable groups. Finally, they
ues of D,,, that were measured in these mutants do noprovide a set of pKvalues of buried ionizable groups that
reflect global unfolding of the protein. The piéf Lys-66 in  constitute essential benchmarks needed for the testing and
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calibration of theoretical models for calculation of electro- Giletto, A., and C. N. Pace. 1999. Buried, charged, non ion-paired aspartic
static energies acid 76 contributes favorably to the conformational stability of ribonu-

clease T1Biochemistry8:13379-13384.
Gilson, M. K., and B. H. Honig. 1986. The dielectric constant of a folded
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