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The Effect of Protein Relaxation on Charge-Charge Interactions and
Dielectric Constants of Proteins
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ABSTRACT The effect of the reorganization of the protein polar groups on charge-charge interaction and the corresponding
effective dielectric constant (e.¢) is examined by the semimicroscopic version of the Protein Dipole Langevin Dipoles (PDLD/S)
method within the framework of the Linear Response Approximation (LRA). This is done by evaluating the interactions
between ionized residues in the reaction center of Rhodobacter sphaeroides, while taking into account the protein reorga-
nization energy. It is found that an explicit consideration of the protein relaxation leads to a significant increase in e, and that
semimicroscopic models that do not take this relaxation into account force one to use a large value for the so-called “protein
dielectric constant,” €,, of the Poisson-Boltzmann model or for the corresponding ¢, in the PDLD/S model. An additional
increase in e is expected from the reorganization of ionized residues and from changes in the degree of water penetration.
This finding provides further support for the idea that €, (or ¢€,) represents contributions that are not considered explicitly. The
present study also provides a systematic illustration of the nature of e, supporting our previously reported view that
charge-charge interactions correspond to a large value of this “dielectric constant,” even in protein interiors. It is also pointed
out that e for the interaction between ionizable groups in proteins is very different from the effective dielectric constant, €.,
that determines the free energy of ion pairs in proteins (e, reflects the effect of preoriented protein dipoles). Finally, the
problems associated with the search for a general ¢, are discussed. It is clarified that the ¢, that reproduces the effect of
protein relaxation on charge-charge interaction is not equal to the ¢, that reproduces the corresponding effect upon formation
of individual charges. This reflects fundamental inconsistencies in attempts to cast microscopic concepts in a macroscopic
model. Thus one should either use a large ¢, for charge-charge interactions and a small ¢, for charge-dipole interactions or
consider the protein relaxation microscopically.

INTRODUCTION

Electrostatic energies play a major role in many biologicalinteraction term. Experimental observations have indicated
processes (Perutz, 1978; Warshel, 1978, 1981; Warshel anldat the term is usually quite small and corresponds to a
Russell, 1984; Matthew, 1985; Sharp and Honig, 1990jarge effective dielectric constant (e.g., Rees, 1980; Warshel
Nakamura, 1996). Thus it is important to develop reliableand Russell, 1984; Svensson arithskon, 1995). This is
strategies for correlating the structure of macromoleculesntuitively clear in cases of surface groups where the solvent
with their electrostatic energies. Several approaches havsrovides large shielding. However, the case in which
been developed for such calculations in the last two decadesharges are located in the protein interiors is much less
(e.g., Warshel and Levitt, 1976; Warwicker and Watson,clear. In such cases it was postulated that the protein must
1982; Warshel and Russell, 1984; Sharp and Honig, 199Ggorganize upon formation of the interacting charges
Buono et al., 1994; Gilson, 1995), but their quantitative arshel and Russell, 1984; Warshel et al., 1984), and that
level can probably be improved. Among the factors thaligags to a larger than expecteg in protein interiors. This
must be considered in proper calculations of electrostati¢,5s found to be consistent with both experimentally ob-

energies in proteins are the effects of charging each ionizsgreq mutation effects (e.g., Alden et al., 1995: Muegge et

able group when all other groups are neutral (the selfy 1996) and simulation studies (Hwang and Warshel,

energy) and the charge-charge interaction. Although Signif1988; Cutler et al., 1989). It was also stated recently that the

|tcant p\;\(/) grehs SI hTSSble.e\;lvmaﬁelm q(;’?&m'fyl?gltgg ﬁe\l;‘-enequeed of discretized continuum (DC) studies to use a large
erm (Warshel, » varshel and Aquist, ; Yang et‘protein dielectric,”¢, , reflects the missing contribution of

2:£ha1%?13i's II3eusosnz:1)d\(/a::m{:l:ltla’d %/\?l'?f?rezg?g] toetth;l lgh;%?—)c’h;? he protein reorganization (Mueg_ge_ etal., 1996, Sham etal.,
gf997; Warshel et al., 1997). This issue, however, was not
investigated in a systematic way, and the actual effect of the
protein reorganization on charge-charge interactions is nei-
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Cons’[ant”ep used in Poisson-Boltzmann (PB) studies for the In this work we are interested in the effect of protein reorganization on

corresponding,, in the PDLD/S model is discussed. charge-charge interaction. The starting point for evaluating this interaction
" term is the expression for the overall energetics of ionizing the protein

ionizable residues, which is given by (Warshel, 1979, 1986; Yang et al.,
METHODS 1993)

Our simulation strategy is based on the semimicroscopic version of the 1

Protein Dipole Langevin Dipole (PDLD/S) method. This method has been AG™M = E _2-3RTdm)[pKi'?1ti — pH] + 5 E W, qi(m)Qj(m)
described very extensively elsewhere (e.g., Lee et al., 1993; Sham et al., i ' 2 i

1997) and is considered only briefly here. The electrostatic energy asso-

ciated with moving an ionized group with a charge from water to a 1
specific protein site is evaluated by the PDLD/S thermodynamic cycle (Lee = E —qi(m)\/\/io + > E V\/ijqi(m)qj(m) (3)
et al., 1993). The change in this free energy upon the changgfaim 2 i

j#i
to f is given by
AUN=P b_ o whereq™ is the actual charge of thi¢h group. This can be 0 or1 for
PDLD/S(Ql ql) acids and 0 or 1 for basegy; is the charge-charge interaction term that will
_ W o Wp b be discussed below. The intrinsic pKpK;,,) is the pK, that the given
- AUPDLD/s(ch) - AUPDLDls(Ch) ionized group would have if all other ionizable groups were kept at their
neutral state (the evaluation of this term is described in Sham et al., 1997).
= [—AG"( b_, &) + AGP,( b_, o] i _ i Equation 3 can also be expressed in terms of the energy of forming the
- alGi = O alGi = O €n  €w given configuration in a reference state in aqueous solution at infinite
separation of the ions and then transforming it to the protein. This gives
1
b b —
+ [AVg((al — qi) + AV, (a — dD)] . (1) AG™=(AGM)"
) ) ) 1
where we consider here the PDLD/S free energy as an effective potential _ m) P - . (M(M)
(U), since it is taken from a single protein configuratidG, and AGE,, + E 2.RTq [PKih; — PKa]+ 2 2 Wia™a
|

are, respectively, the contributions of the solvent to the change in solvation el
free energies of};, (wheng} becomesy) in water and in its protein site. _ (AG(m))W
These contributions are evaluated by using the microscopic PDLD method,
where the solvent molecules are represented by a grid of Langevin-type 1
point dipoles (for details see Warshel and Russell, 1984; Lee et al., 1993). _ ~m) W—p = (M) (M)
AVy, is the change in the gas phase Coulombic energy for the interaction + E G (AAGSO' (Qi))o + 2 _E_\Nijqi G “)
betweeng, and all other ionized groups, ani\®,, is the change in the ! 171
Coulombic interaction betweegy, and the protein polar groupsg;, is a
scaling parameter that is closely related to the paramgtén PB ap-
proaches (e.g., Warwicker and Watson, 1982; Sharp and Honig, 1990}3
and, as we stated repeatedly, neitlgr nor €, represents the actual
“dielectric constant” of the protein, but the contributions that are not treateci
explicitly in the given model (see King et al., 1991, and the meanirg,pf
in the Results). Although Eq. 1 is expressed in terms of the energies
forming a single ionizable group, it can, of course, be used to describe th
interaction between two groups. As will be clarified below, the correspond-
ing interaction is reflected by both theGf,, andAVE,, terms.

The actual free energy associated with moving a charge from water to

where AAGZP(q)), represents the energy of moviggfrom water to its
ctual protein site when all other ionizable groups are neutral (this term can
e evaluated by Egs. 1 and 2). The interaction terms in Eqg. 4 can be
valuated with the help of the thermodynamic cycle of Fig. 1. This is done
y using Egs. 1 and 2 to evaluate th&®°“P'"9 of the steps in Fig. 1 and
0ﬁhen comparing the resulting free energy to the corresponding expression

8btained from Eq. 4. The resulting coupling term is given by

AGﬁoupling — \Nij quj

its protein site should reflect the proper sampling of the protein configu- = AAG"(q =0—>0 = Q)g=q (5)
rations during the charging process. This can be done here by using the
Linear Response Approximation (LRA) and is given by Lee et al. (1992, _ AAGwep(q_ =0—q= EI) o

i i i/ =

1993). The rigorous implementation of this approximation in the PDLD/S

formulation involves rather complex thermodynamic cycles of the typewhereAAG‘;”oT" designates the change of the correspondi®y’;™ as a

_desc_ribeq most clearly by Muegge et al. (1998). At any raFe, the final resul}esult of the indicated change in charge, ands the charge of théth
is quite simple and the relevant free energy change is given by ionizable group in the ionized form. In this work we trepgs the charge
AAGW%p(qE N Cﬁ) Oy i_n Eq. 1 and con_sidal]j as a charged group in the surrounding prote?n
region. The interaction between these two charges reflects both the direct
1 2 effect of theV,, term and the indirect effect of th&Gf,, term. TheAGj,,

= - [(AAURGR, gt T <AAU‘QIS_%/s>q1:q”] . term gives the contribution to the solvation free energg; éfom the water
2 ' ' molecules in and around the protein. This contribution is influenced, of
N b ) o course, by the surrounding protein and the chagg&quation 5 gives the
Usually gnq g; are the two charge states of thg given |ornzable groupCoupling term for two ionizable groups, fand A, in terms of the
(e.g‘., the ionized and neutral_ forms of an '°”'Za*?'e reS|du§), ‘pd difference between the free energy of chargingwvhen A is ionized and
Qe5|gnates a molef:ular dynam!c (MD) gve_rage obtained by using a Potene free energy of charging, Avhen A is neutral. An equivalent expression
tial surface (force field) that assigns the indicated charge to the correspongy . oG can also be obtained by exchanging i and j in Eq. 5, and the
ing residue (e.gg3). This approach takes into account the protein reorga'agreenl”jlent between the two calculated results can serve as a consistency
nization and the corresponding dielectric effect. It is important to note tha%heck TheW, obtained from Eq. 5 can also be rewritten as
the PDLD/S method without the LRA treatment gives results that are ' v '
similar to those obtained by current PB methods that consider explicitly the 332
protein permanent dipoles. Thus the comparison of the PDLD/S with and V\/ij = (6)
without the LRA treatment should be quite instructive. (rij Gij)
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wop _
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FIGURE 1 Thermodynamic cycles used to obtained the coupling t&@p, Each cycle starts with two identical proteins, each with one ionizable group
in its site and the second in the surrounding solvent (water), and ends up with one protein with two ionizable groups in their sites and the second where
the two groups are in the solvent.

wherer; is the average distance (in A) between ilte andjth charge where 1 and 2 are the relevant base and acid, respectiveh A&B&d,,, is
centers and where the energy is given in kcal/mol. This equation does natefined in Eq. 4. Here thé&g,) term represents the average change of the
depend on any “linearity” of the model and is simplydefinition of the ith ionizable group. Note that this result is not equal\g,, and in
effective dielectric constant for the specific interaction. This reflects ourparticular note the existence of the self-energy terms in Eqg. 8.
perspective (Warshel and Russell, 1984) that the dielectric constant in Because the free energy of forming an ion pair in water from the
proteins depends on its definition and the property studied. Thus we defineorresponding neutral acid and base MAG;; )Y = 2.3RT(pKY, —
the effective dielectric constawy by pKY), and the free energy of forming the ion pair in the protein is
332 (AAG;; )P = 2.3RT(pKE , — pKE. ) (see Warshel, 1981), it follows that

=6 w, (7) (AAGE; )" = 2.3RT(APKY;” — ApKY;™)  (9)

For the purpose of the subsequent discussion it is also useful to define tH@h_erEAng?p = ng,i = pKg; This eqqation can be verified by cglcu—
free energy of an ion pair at a distamgerelative to the energy of the ions  lating the right-hand side of Eq. 9 by using Eq. 4 and then comparing the
at infinite separation in water. This energy (which is not at all equal to theresulting expression to Eq. 8. Now if we try to define an effective dielectric
correspondingW;) can be obtained from Eqg. 4 (see also the original constant byAAGy; ', we find that
derivation in Warshel, 1981, and the related discussion in Warshel and 332
Russell, 1984): ’

€eff — +—\W—| * Eeff (10)
ri(AAG; )"~P
(AAG]; )" =P i(AAG])

Although this additional definition might confuse some readers, it serves an
=[AG(g; = 1,0, = —1)P — AG(g; = 0,0, = O)°] extremely useful purpose in correlating ion pair stability with the corre-
sponding protein folding energy and is directly related to the Potential of
- [AG(q; = 1,0, = —1)¥ — AG(g, = 0,0, = 0)7] Mean Force (PMF) for charge separation in proteins. This point will be
discussed in subsequent sections.
= (—AAGYP(07)) + (AAGE (0 ))o — Wi The actual PDLD/S-LRA calculations involve the use of the program
package POLARIS 6.28 (Lee et al., 1993). This package includes both the
1 1 original POLARIS model for performing the PDLD calculations and a
+ 2 2 WGy — 2 2 W, Qi) (8) built-in ENZYMIX model for performing the MD simulations needed for
k#i,j k#i,j the LRA treatment. The program divides the protein into several simulating
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NDll His M145 |

regions, which are described in detail elsewhere (Lee et al., 1993; Sham et
al., 1997). With regard to these regions, we only mention here that in the
evaluation of Eq. 5 we place;An region | (the region reserved for groups
whose charge is being changed) and plagénAegion Il with the rest of OHj Tyr L222
the protein. It is important to note that the POLARIS program places
special emphasis on the proper treatment of long-range effects by using the
Local Reaction Field (LRF) model (Lee and Warshel, 1992), and on special
spherical boundary conditions with proper polarization constraints of the
solvent in the surface region by using the Surface Constraint All Atom gg; Arg L217
Solvent (SCAAS) model (see King and Warshel, 1989; Lee et al., 1993).
The calculations of thG; of Eq. 5 are made by evaluating the relevant
AAG"™P for charging A when A is charged and when;As uncharged.

The calculations start with a 2-ps MD relaxation followed by the evaluation

of the averages of Eg. 2 from the PDLD/S energies of eight configurations

of the charged state and eight configurations of the uncharged state. These
configurations are generated in each case at intervals of 0.5 ps for a 4-ps
trajectory (the convergence of the calculations is discussed below). All
trajectories were generated at a temperature of 300 K and with a 1-fs time
step. Longer simulation runs or averaging over more configurations were
found to give similar results for the PDLD/S-LRA energies. 0oD1fAsp H170

104

0OD1
oD2 Asp L213

73/0E1
OE2]

7.2

OEllGlu M232|

RESULTS AND DISCUSSION

The effect of protein relaxation NH2{Arg H177 44

NzLys A1
To have an extensive benchmark, we studied the interac-

tions between ionizable groups in the bacterial reactiolFIGURE 2 A schematic description of the interactions between ioniz-
center (RC) ofRhodobacter sphaeroide@&rmler et al., able groups in the bacterial reaction center (RCRtiodobacter spha-
1994)_ This system was considered recently (Beroza et a|t_e,roidesth§\t were_considered in the_ pres_ent work. The relevant distances
1995 and Lancaster et al., 1996) with particular emphasis Otﬁletween |nte_rac_t|ng groups are given in Angstroms and are measured
i i T etween the indicated atoms.

its role in the proton transport process. The ionizable groups

considered are depicted in Fig. 2.

The relevant values oAG; were calculated with and 2 pK, units were considered (Table 3). In these cases we
without the LRA treatment. The corresponding results arevere able to obtain meaningful estimates of the effect of the
summarized in Tables 1, 2, and 3, where each calculatioprotein relaxation (see below). As is clear from the tables,
corresponds to the average obtained using Eq. 5 and exhe introduction of protein relaxation has a major effect on
changing i and j. The error range of the calculations is rathethe calculated interactions. In general, it appears that the
small, despite the relatively short simulation time. That is,explicit treatment of the protein reorganization leads to a
because, as illustrated in Fig. 3 and in our previous studiedecrease in the charge-charge interactions and to a corre-
(e.g. Langen et al., 1992; Sham et al., 1997), the PDLD/Sponding increase in the effective dielectric constant (see
converges much faster than all-atom LRA and FEP simuTable 3). It is important to realize in this respect that there
lations. Furthermore, the SCAAS/LRF treatment imple-is no unique definition for the nonrelaxed result, which was
mented in ENZYMIX provides significantly faster conver- considered here as the result obtained by taking the crystal
gence of electrostatic energies than other current simulatiostructure at its face value. This is, of course, problematic,
programs. This is due to the SCAAS boundary conditiondbecause the orientations of the polar groups in the protein
that allow one to use consistently a relatively small simu-depend on the force field used in the structural refinement
lation region. The convergence error of the calculations igprocess. Furthermore, the x-ray structure evaluated at the
estimated from Fig. 3 and related considerations te-Beb  ionization states that correspond to the crystallization con-
kcal/mol. Thus we consider the error range obtained byditions may not be identical to the equilibrium structures in
exchangingi andj as a much more stringent test for the other pH ranges. And the local environment around groups
accuracy of our results. The average error range-Is  that are neutral in the given crystallization condition is not
kcal/mol, where the largest errors2.0 kcal/mol. Averag- the proper structure for studies of the corresponding intrin-
ing the simulations on very different initial conditions sic pK, values. Fortunately, the unrelaxed results depend on
should, in principle, help in minimizing the error range, butthe presence of the permanent dipoles only in a second-
this is out of the scope of the present work. At any rate,order way. That is, the “back fieldY,,, from the perma-
although an error range of1 kcal/mol can produce a nent dipoles (see definition in Warshel and Russell, 1985,
significant error range in the,; of weak interactions, thisis and Sham et al., 1997) cancels in Eq. 5 (because the dipoles
rather irrelevant, however, because weak interactions arare kept at the same orientation in both steps of the unre-
not so important biologically or conceptually. As a result, laxed cycle), and the only effect comes from the polariza-
only the values ot for interactions that are greater than tion of the solvent by these permanent dipoles. Thus it is not
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TABLE 1 Calculated unrelaxed interaction energies between relevant ionizable groups of the reaction center of Rhodobactor
sphaeroides*

Asp~ Glu™ Asp~ Arg* Tyr™ His™ Glu~ Arg®  Glu~ Lys* Asp~ Glu~™ Arg*

Residue L210 L212 L213 L217 L222 M145 M232 M233 H122 H130 H170 H173 H177
uQB™ 0.6 2.7 2.4 -2.3 2.8 -0.9 0.4 -0.7 0.4 -1.1 0.8 1.6 -1.1
Asp~ L210 2.1 4.2 -0.6 0.8 -0.3 1.2 0.3 26 —41 2.7 3.2 -0.5
Glu™ L212 3.7 -15 0.6 -11 1.8 -1.7 2.7 —-25 2.0 3.4 —2.4
Asp~ L213 -5.0 15 -0.2 2.0 -0.7 2.1 -3.3 3.0 6.2 —-2.6
Arg”® L217 -3.1 0.0 -1.0 0.2 0.2 1.7 -1.9 2.3 1.3
Tyr™ L222 0.1 0.7 -0.4 0.4 -0.7 0.9 15 -1.0
His* M145 -0.1 0.0 -0.3 0.2 -0.2 -0.7 0.1
Glu™ M232 -39 2.7 —-2.8 3.0 4.2 —-9.2
Arg* M233 -8.0 3.7 —4.2 —-2.7 5.1
Glu™ H122 —-6.7 3.7 4.4 -3.7
Lys*® H130 —13.0 —-9.5 6.7
Asp~ H170 6.5 —-11.1
Glu™ H173 —-7.8

*Calculated PDLD/S results obtained using the crystal structure of the reaction ceRbeoddbactor sphaeroidégrmler et al., 1994). The results were
obtained without MD relaxation, using, = 4. The results are given in piunits.

unreasonable to evaluate the nonrelaxed contribution bthere are exceptions (e.g., see LysH130-AspL210 in Table
using the x-ray structure at its face value. The problem is, oB). These deviations reflect the dependencegfon the
course, much more serious when one tries to evaluate thdifference between two relaxation effects, rather than the
absolute energy of ion pairs (Eqg. 8) or the individual,jsk dependence of the relaxation effects on the formation of a
rather than just the interaction terms. In such cases thsingle charge. Thus although the general trend (see discus-
permanent dipoles provide the major contribution. In othersion in the next section) is an increaseejf, some excep-
words, the shielding of charges from each other (whichtions are possible. This reflects the difficulty in casting
defines the coupling terid;) involves only a relaxational microscopic effects in terms of macroscopic concepts. Re-
process that is akin to dielectric response. On the othegardless of this issue, they; obtained with a giverg,
hand, the stabilization of a particular group (which deter-would usually have a larger value with a more microscopic
mines the pK change) involves both the relaxation of the treatment. Furthermore, an additional increase in the effec-
permanent dipoles and the effect of these dipoles at thetive dielectric constant would be obtained if we consider
average orientation. This is important because the orienteexplicitly the reorganization of the ionized residues around
dipoles may favor or disfavor a given ionized group relativethe given interacting pair. In such a case one has to find the
to water. proper ionization state of all residues at the given pH and
In addition to the above problem of structural uniquenessthen keep all ionizable groups ionized during the LRA
it appears that the effect of relaxation ey is not com-  treatment. This is obviously an expensive proposition,
pletely predictable. That is, whereas in most casgs which was considered here only in the evaluation of three
increases when the protein relaxation is taken into accounstrong interactions (Table 4). As seen from the table, we

TABLE 2 Calculated relaxed interaction energies between relevant ionizable groups in the relaxed structure of the reaction
center of Rhodobactor sphaeroides*

Asp~ Glu~= Asp  Arg" Tyr~ His™ Glu~ Arg* Glu™ Lys" Asp~ Glu™ Arg*

Residue L210 L212 L213 L217 L222 M145 M232 M233 H122 H130 H170 H173 H177
uQB™ 0.3 1.8 1.9 —2.2 1.7 -1.0 1.5 -0.2 1.0 —-1.2 0.6 1.6 1.2
Asp~ L210 2.0 3.0 -0.5 0.5 -1.0 1.2 -0.3 1.8 -6.4 1.7 25 0.9
Glu™ L212 2.6 -1.4 0.2 -0.9 2.4 -1.0 2.8 -2.0 2.0 3.0 -0.4
Asp~ L213 —-3.7 0.9 0.0 15 -0.9 2.1 -29 2.4 35 -0.6
Arg* L217 -3.0 -0.4 -1.0 0.4 0.0 1.2 -10 -15 2.0
Tyr~ L222 -04 0.4 -0.5 0.8 -1.3 1.0 15 0.1
His™ M145 0.0 0.0 0.2 -0.5 —-0.2 -1.0 -0.5
Glu™ M232 —4.5 25 -1.9 4.1 4.8 —-7.1
Arg* M233 —-45 1.6 -34 =27 4.2
Glu™ H122 —6.1 4.0 29 —-3.6
Lys* H130 -95 —65 2.9
Asp~ H170 4.7 -3.5
Glu™ H173 —-3.5

*Calculated PDLD/S-LRA results (in pKunits) obtained using;, = 4. The LRA calculations were performed using Eq. 2 and the procedure described
in the text.
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TABLE 3 The effect of the protein relaxation on €. and ¢;,,*

Pair AGE AGY e O e
Lys H130 AspH170 -13.0 -9.5 7.3 10.1 5.5
Asp H170 ArgH177 -11.1 -35 6.9 218 126
Lys H130 GluH173 -95 -65 95 14.0 5.9
Arg H177 GluM232 -9.2 -7.1 7.8 10.2 5.2
Glu H122 ArgM233 -8.0 -45 6.5 116 7.1
Glu H173 ArgH177 -7.8 -35 7.7 17.0 8.8
Lys H130 ArgH177 6.7 2.9 8.6 19.7 9.2
Glu H122 LysH130 -6.7 -6.1 9.4 10.3 44
Asp H170 GluH173 6.5 47 10.6 14.5 5.5
Glu H173 Asp L213 6.2 3.5 9.5 16.5 7.0
Arg H177 ArgM233 5.1 42 8.8 10.7 49
Asp L213 Arg L217 -5.0 -3.7 13.1 17.3 5.3
Glu H122 GluH173 4.4 2.9 9.4 14.1 6.0
Asp H170 ArgM233 4.2 34 9.4 116 49
Glu H173 Glum232 4.2 438 11.0 9.6 35
Asp L210 Asp L213 4.2 3.0 11.9 16.8 5.7
Lys H130 Asp L210 4.1 -6.4 13.7 8.9 2.6
Glu M232 ArgM233 -39 —45 21.0 18.1 3.4
Glu L212 Asp L213 3.7 2.6 12.9 18.8 5.8
Lys H130 ArgM233 3.7 1.6 13.2 313 9.4
Glu H122 AspH170 3.7 4.0 12.0 11.0 3.7
Glu H122 ArgH177 -3.7 -3.6 11.7 11.9 41
Glu H173 Glu L212 3.4 3.0 121 13.5 45
Lys H130 Asp L213 -33 2.9 12.8 14.7 46
Glu H173 Asp L210 3.2 2.5 14.4 18.4 5.1
Arg L217 Tyr L222 -3.1 -3.0 15.2 15.5 41
Asp H170 Asp L213 3.0 2.4 11.4 14.6 5.1
Asp H170 GluM232 3.0 41 12.9 9.5 2.9
Lys H130 GluM232 2.8 -1.9 13.4 19.8 5.9
UQB Tyr L222 2.8 1.7 21.2 34.7 6.6
Glu H122 GluM232 2.7 2.5 12.3 13.2 43
uQB Glu L212 2.7 1.8 11.1 16.8 6.0
Glu H122 Glu L212 2.7 2.8 11.4 11.1 3.9
Glu H173 ArgM233 2.7 2.7 24.1 235 3.9
Asp H170 Asp L210 2.7 1.7 14.8 23.1 6.3
Arg H177 Asp L213 2.6 -0.6 11.3 48.0 17.0
Glu H122 Asp L210 2.6 1.8 14.4 20.4 5.7
Lys H130 Glu L212 -25 -2.0 14.2 17.1 48
Arg H177 Glu L212 —2.4 -0.4 11.0 59.4 21.7
UQB Asp L213 2.4 1.9 15.9 19.9 5.0
uQB Arg L217 -2.3 2.2 15.9 17.0 43
Glu H173 Arg L217 -2.3 -15 14.9 22.8 6.1
Glu H122 Asp L213 2.1 2.1 12.7 12.7 4.0
Asp L210 Glu L212 2.1 2.0 18.2 19.2 42
Asp H170 Glu L212 2.0 2.0 13.5 13.7 4.1
Asp L213 GluM232 2.0 1.5 14.0 18.8 5.4

*The table gives the relevatiG; for the unrelaxed (ur) and the relaxed (r) model in,pikits. The interactions considered are those whose absolute values
obtained by the unrelaxed approach are larger than 2upis. The effective dielectric constants) in each case are evaluated by using Eq. 6 with the
relevantAG; (and the correspondingy;) and ther; of the unrelaxed approacH\" is thee,, that should be used in the unrelaxed model to reproduce the
relaxed results that were obtained wéh = 4.

find a significant increase iy due to the relaxation of nonrelaxed model until it reproduced the relaxed results
ionized residues. A further increasedg; will probably be  obtained withe,, = 4. The corresponding results are re-
obtained if we perform much longer simulations and con-ported in the last column of Table 3. As seen from the table,
sider the change in water penetration during each step in thihe ¢, that has to be used in the nonrelaxed model is
cycle of Fig. 1. Overall, the present results lend furtherfrequently larger than the value of 4 used in the relaxed
justification to a model that uses large implicit; for ~ model. At this point it should be clarified that the view that
charge-charge interactions in proteins (see next section). e is large in proteins (Warshel et al., 1984), which is
It is instructive to ask now what;, is needed to capture supported by the present finding, does not mean &at
the effect of the protein reorganization on charge-chargeshould be large in proteins. That is, as shown abeyéas
interactions. To address this issue, we adjusted;fia the  to be increased to correctly capture the missing effect of
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TABLE 4 The effect of relaxation of dipolar and ionized groups*

Pair AGi(jur) AGi(jr) AGi(jr,ion) Ei(jur) Ei(jr) Ei(jr,ion)
Lys H130 AspH170 —13.0 -95 —4.5 7.3 10.1 154
Asp H170 ArgH177 —-111 -3.5 —-3.4 6.9 21.8 16.3
Glu H173 AspL213 6.2 35 3.6 9.5 16.5 11.7

*Calculations and notation are the same as in Table 3, excepﬁ(&%’ﬂ"”) designates the interaction term obtained when the ionized groups around the
given pair are kept at their most likely ionization state (rather than in the neutral state).

protein relaxation on charge-charge interactions, but in dostant of proteins. Unfortunately, such an argument com-
ing so one would get incorrect results for the self-energiepletely overlooks the nature @f,, because the most con-
and the corresponding fK of ionizable groups in protein sistent treatment will lead tq,, = 1, which is obviously not
interiors (e.g., Sham et al., 1997). This problem is associrelated to the dielectric properties of proteins. This issue
ated, of course, with the fact that, is not a true dielectric  will be addressed further in subsequent sections.
constant, but just a parameter that reflects the implicit
contributions, and as such it cannot consistently reproduce
charge-charge interactions and self-energies. The fact th%e meaning of e,
€, can become rather small when more terms are treated
explicitly has nothing to do with the “proper” dielectric Many of our works (e.g., Warshel and Russell, 1984;
constant of proteins. That is, many workers would be happyMuegge et al., 1996) and that of others (e.g., Rees, 1980;
to argue that because more consistent treatments woulehler, 1996) used a large,; to estimate interactions
reducee,,, it follows that the “correct’s;, will eventually =~ between ionized residues. The large valuesgfdo not
approach what they assume to be the “low” dielectric conteflect arbitrary assumptions, but are rather the results of a
long series (see, for example, pp. 347-364 in Warshel and
Russell, 1984) of computational and conceptual studies and
— their experimental verifications, including rather rigorous
and physically consistent PDLD and FEP calculations (e.g.,
Russell and Warshel, 1985; Cutler et al., 1989). Despite
these works, it seems that the underlying microscopic phys-
ics of e, is not fully appreciated (see discussions in
Warshel et al., 1997). Some might assume tgtsimply
reflects the effective interactions obtained by a macroscopic
model with a smalle,, in the protein region and a high
5.0 \ dielectric constant for the solvent region. Or, in other words,
2.5 7.5 12.5 17.5 22.5 that e, only represents the effect of the solvent around the
Time (ps) protein. Such an assumption might reflect in fact a confu-
‘ sion of the rigorous results of an assumed model and the
actual physics of a real protein. It seems to us that micro-
scopic considerations of charge separation are the best and
perhaps the only way to understand the origiregf Such
considerations do show that reflects the compensation
between the vacuum charge-charge interaction and the re-
5.0 organization of the surrounding environment (e.g., Warshel
a 7 and Russell, 1984), which includes reorientation of the
a Y protein and solvent dipoles and in some cases solvent pen-
Fo—0Y0—0-B=0-0+9 etration to the site of the relevant charges. To clarify this
-5 issue, it is useful to define. in terms of a charge separa-
tion process. Such a definition is not unique and depends on
-5.0 the reference state used. In this work we defigeby Eqgs.
2.5 7.5 12.5 7.5 22.5 - 4 and 6, where the reference state is the self-energy of the
WTT;ek(ps), | two ionizable groups in their protein site (Fig. 1). Another
definition can be obtained by considering the energy of the
FIGURE 3 Demonstrating the convergence of the calculated PDLD/Stywo interacting charges in the protein relative to their ener-
free energy. The figures describe the fluctuation (- - -) and the accumygies gt infinite separation in water. This definition, which is

lated average values (—) &G; for (a) Asp H170-Lys H130 andbyj . . . .
Asp H170-Arg H177 over a 25-ps trajectory. As shown in the figure, we very useful when one is interested in the relationship be-

obtain a reasonable convergence aftar ps. (The first PDLD/S calcula- (WEEN€q and the fqlding energy of the protein (\.N'a'rshel
tion was performed for the configuration generated after 2.5 ps.) and Russell, 1984), is not identical at all to the definition of

—
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FIGURE 4 A schematic illustration of the effects of the reorganization of the protein dipoles on the free energy of interaction between a positive and
a negative ionized residue. The figure describes the contributions to the total free ex@ggy, from the vacuum charge-charge interactigg, and the

solvation energy due to the protein/solvent systA,,,. The figure describes the solvation free energies for the relaxed (r) and unrelaxed (ur) systems.
The figure gives onAG,,, but the corresponding unrelaxed contributitBi,, can be obtained by combinini,, andAGg,. As discussed in the text,

we consider the process of charge separation by transferring one charge from the original protein to a second identical protein and then sgparating th
proteins. The figure illustrates the fact that the relaxation effect is larger for the separated proteinseahan for the actual distanag in the original

protein. As a result, the change &Gj,,, is smaller than iAG;.,,, and . is larger for the relaxed model.

Fig. 1. That is, the energy of ion pairs relative to theirthan the corresponding total solvation free energy of the
energy in water depends drastically on the orientation of thaeparated ions (Warshel and Russell, 1984). Thus the pro-
protein permanent dipoles, whereas (as stated in the previein permanent dipoles around ion pairs do not have to
ous section) the interaction term of Eq. 6 depends only omeorient as much as the dipoles around isolated ions. The
the reorganization of the permanent dipoles and not on thsituation is reversed when we consider two negatively
average orientation. Because this paper does not deal witharged groups in nearby sites. In this case, the largest
the important problems of the stability of ion pairs, which relaxation is expected in the state where the two ionized
depends strongly on the presence and the orientation of ttgroups are in their actual positions in the protein, rather than
permanent dipoles, we focus here on the first definition. Inin the state where they are taken to an infinite distance from
doing so, we have to resort to a process that involves tweach otherR—»). In both cases we find that the relaxation
identical proteins (Fig. 4) and move a charge from oneprocess reduces the absolute valueA&fG and leads, in
protein to another. When this process involves an ion pairmost cases, to an increaseefy.

we find that the largest effect of protein relaxation occurs at

the _charg_e separated stafe—«), beca_use the field from The relationship between e,. and the

the ion pair exerts a smaller electrostatic force on the protein . . !
than the field from the isolated ions. This point can beprotem relaxation

realized by noting that in general (both in solutions and inThis paper examines the effect of the protein relaxation on
proteins), the solvation free energy of ion pairs is smallere;,, needed to reproduce a consistent energy for charge-
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charge interactions in proteins. As seen from Table 3, waCONCLUDING REMARKS

find thate;,, should be larger than 4 in many cases, but thisTh_ . he off ¢ . | .
is not the point of our work. That is, as we clarified repeat- IS paper examines the eflect of protein relaxation on

edly (e.g., Warshel and Aqvist, 1991), there is no universai:harge'd]arge interagtion. This i,s done by evqluating the
€., and this “dielectric constant” depends exclusively oncharge-charge coupling terms in the bacterial RC of

what is being treated explicitlye,, is also not equal or Rho'dobacter sphagroidsﬂith {:md'without expliqit consid-
related in a simple way to the true macroscopic proteinera'uon of the prote_ln reorganlzathn energy. Itis fpund that
dielectric,€ (King et al., 1991). It is important to clarify this the protein relaxation leads to a significant reduction of the
point in view of the repeated attempt to find a genera|Calculated charge-charge interactions and constitutes a ma-
universale,, or to obtain a site-depended, (e.g., Simon- 10" component of the effective dielectric constagy, for

son and Perahia, 1995; Demchuk and Wade, 1996). In ouiuCh interactions. _ _
view such are,, cannot be determined in a general way. For 1€ present work helps to remind us of an important
example, Simonson and Perahia (1995) proposed to evallpoint about the relationship between the energy of ion pairs
ate e, by determining the microscopic energy associatec®Nd €eir- AS was already concluded previously (Warshel,
with the reorganization of the protein upon formation of test1981) and reiterated in the Methods section, the energy of
charges. Unfortunately, the dielectric constant evaluated ifPn Pairs can be expressed in terms of;mkanges. How-
this way cannot reproduce the actual free energy of ionize§Ve": the pK change includes both the intrinsic pkerm
groups in PB models that include the protein dipole explic-(the self-energy) and the interaction term. The self-energy
itly (if the dipoles are not included, such models are entirely_reﬂfeCtS the orientation of the. protein permanent dipoles and
inappropriate). That is, there is no general consistent treatS: iN many cases, the leading term. Thus it is frequently
ment that allows one to use the dielectric associated with thiound that pairs with a smalG; are more stable than those
reorientation of the solvent permanent dipoles for screenind/ith @ largeAG;;. It should also be kept in mind that tlagy
the field between these same dipoles and solvated Chargegbtained from Eq. 6 is much less sensitive to the presence of
This point can easily be clarified by devising a simplethe protein permanent dipoles than that of Eq. 10, which
model of a spherical protein that contains a charge and twieflects the actual energy of the ion pairs. This issue will be
dipoles, where one dipole (on the left) is completely fixed@ddressed further in subsequent studies.
with its head pointing toward the charge, while a second The results of the present study have a significant impli-
dipole (on the right) is completely free to rotate. The di- cation with regard to the nature ef, in semimicroscopic
electric constant obtained from the relaxation energy of thénd PB calculations and the magnitudegf deduced from
second dipole will overestimate the screening of the firsgsuch calculations. That is, as demonstrated here, the use of
dipole (the Vg, /€, term will be too small). Thus it is asmal!em without an explicit consideration of the protein
impossible to reproduce the actual electrostatic energy of Eelaxation can lead to an overestimation of the charge-
charge in this system. In other words, the dielectric constargharge interactions and an underestimation of the corre-
deduced from the reorganization energy cannot be used &Pondinge.. This is particularly serious when one deals
reproduce the energy of an ionized group even in the abov#ith charged groups in protein interiors. In such cases the
model, which is simple and well defined. To further clarify solvent contribution toe.; (which is correctly taken into
this point, we note that the relaxation of the protein uponaccount by current PB methods) is rather small, o=
formation of two interacting charges cannot be identical in€in- Assuming thaik;, = 4 will lead to e, = 4 when one
general to that associated with the formation of a singledeals with internal ions (and therefore small solvent contri-
charge. This is clearer in the most dramatic way in some obutions) and to a very largaG;. Such a prediction, how-
the cases studied here, where begh ande,, are reduced ever, is inconsistent with mutation experiments, whesge
rather than increased when the protein relaxation is includet$ usually rather large, even in protein interiors (Alden et al.,
explicitly. This abnormal effect is due to the fact that the 1995). Here we provided a direct support to an early concept
two terms in Eq. 5 have different responses to the relax{Warshel and Russell, 1984) thaly is large, even in
ation. On the other hand, for a single charge the relaxatioprotein interiors, because it reflects the reorientation of the
will always lead to an increase in the solvation energy. Thugrotein polar groups and other factors and not only the
we would always obtain a large, in models that consider effect of the solvent around the protein. We also provided
this relaxation implicitly. further demonstration of the idea (King et al., 1991) that
The above discussion (which might seem to be unnecesepresents the contributions that are not included explicitly
sary semantics to some) is essential to clarify conceptuah the model, rather than the “true” protein dielectric con-
and practical points that cannot be realized without carefustant. This point is illustrated in Table 3, where we show
microscopic consideration. Thus it appears to us that althat largere;,, should be used in models that consider the
thoughe;,, in PB models can be adjusted to account for theprotein relaxation implicitly rather than in models that con-
general trend expected from observed electrostatic energiesider it explicitly. However, it seems to us that there is no
the best and perhaps the only way to obtain consisterjiosition-dependeng,, that can describe the effect of the
microscopic energetics is to consider the relaxation effectelaxation of the protein in a general way. As discussed in
explicitly. the previous subsection, tleg that allows one to reproduce
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relaxation effects on charge-charge interactions is quit®atthew, J. B. 1985. Electrostatic effects in proteifanu. Rev. Biophys.
different from thee,, needed to reproduce such effects in Biophys. Cheml4:387-417.

; ; ; hler, E. L. 1996. Self-consistent, free-energy based approximation to
studies of isolated Charges' Of course, one may use dlf-fererh({'ialculate pH dependent electrostatic effects in proteinBhys. Chem.

values of ¢, for these different properties (largg, for 100:16006—16018.

charge-charge and smaj|, for charge-dipole). However, a Muegge, I., T. Schweins, R. Langen, and A. Warshel. 1996. Electrostatic
much more consistent picture would be obtained by treating control of GTP and GDP binding in the oncoprotein p21&sucture.

the protein relaxation explicitly at a microscopic level (Lan- A4:475-489.

. : ; uegge, I., H. Tao, and A. Warshel. 1998. A fast estimate of electrostatic
gen et al., 1992; Sham et al., 1997), which is exactly Wha{wgroup contributions to the free energy of protein-inhibitor binding.

is done by our LRA treatment. Protein Eng.(in press).

Nakamura, H. 1996. Roles of electrostatic interaction in proténskev.

. - ) . Biophys.29:1-90.
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