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ABSTRACT: Glutamic acid E134 in rhodopsin is part of a highly conserved triad, D(E)RY, located near
the cytoplasmic lipid/water interface in transmembrane helix 3 of G protein-coupled receptors (GPCRS).
A large body of experimental evidence suggests that the protonation of E134 plays a role in the mechanism
of activation of rhodopsin and other GPCRs as well. For E134 to change its protonation stalg, its p
value must shift from values below physiological pH to higher values. Because of the proximity of the
triad to the lipid/water interface, it was hypothesized that a change in solvent around E134 from water to
lipid could induce such a shift inky. To test this hypothesis, th&Kpvalues of the titratable amino acid
residues in rhodopsin have been calculated and the change in solvent around E134 was modeled by shifting
the position of the lipid/water interface. The approach used to carry outkhegiculations takes into
account the partial immersion of transmembrane proteins in lipid. Qualitative experimental evidence is
available for several residues regarding their likely protonation state in rhodopsin at or near physiological
pH. Comparison of the calculate&pvalues with these experimental findings shows good agreement
between the two. Notably, glutamic acids E122 and E181 were found to be protonatedK Vedyes

were then calculated for a range of lipid/water interface positions. Although the surrounding solvent of
several titratable residues changed from water to lipid in this range, leadirg, shjjts in most cases,

only for E134 would the shift lead to a change in protonation state at physiological pH. Thus, our results
show that the protonation state of E134 is particularly sensitive to its environment. This sensitivity together
with the location of E134 near the actual position of the lipid/water interface could be a strategic element
in the mechanism of activation of rhodopsin.

Rhodopsin belongs to the largest family of G protein- conformational change that involves, in particular, the
coupled receptors (GPCRs), the class | or rhodopsin-like disruption of the cytoplasmic side of the interface between
GPCRs. GPCRs are integral membrane proteins involved intransmembrane helix (TMH)-3 and TMH-&)( Ml is the
signal transduction across the cell plasma membrane inform of rhodopsin that binds the G protein transducin (Gt)
processes as diverse as vision, taste, olfaction, and neu{2). Ml exists in temperature- and pH-dependent equilibrium
rotransmission. GPCRs share a common 7-helix bundlewith the still inactive precursor metarhodopsin | (MB){(
organization that comprises the transmembrane domain|n addition to the deprotonation of the Schiff base, the
(TMD), as exhibited by the crystal structure of the visual transition from Ml to Ml involves the uptake of on@)(or
pigment rhodopsin). more (L0, 11) protons and is accompanied by protonation

The mgchanism of activation of rhodopsip is the best changes of key opsin residudsl). Among these, E113 and
characterized among GPCRs, and many techniques have beef1g1 are noteworthy because they have been shown to play
developed and refined to detect rhodopsin photoproddgts (- the role of counterions to the protonated Schiff base K296
_3).On exposure to_lig_ht, the ldjs-ret@nal chr_omophore that (PBS) in rhodopsin 2, 13) and MI (14), respectively.
is bound to K296 inside the TMD isomerizes to abns: Moreover, E113 is the Schiff base proton acceptor in Ml
refinal. During this Isomerization, a nqmber of photoproducts (12). D83 is also of interest because it has been shown to be
[photo, batho, blue shifted intermediate, lumi, meta 1, and ) i,hated in rhodopsin and to change its hydrogen-bonding

n:retat Irl I(Mr”)], r?ilsunr?u\'/Sh; d rE)ort]h rbyt Sr?ze CdtrOGS C‘_JI_F;:C and network upon activationl). Finally, E134 is of particular
structural properties, have been characteri2ed {6). These interest because it is part of the conserved D(E)RY triad

ph_otoproducts accompany astrgctural relaxatlo_n cascade tha{E134, R135, and Y136 in rhodopsin) in TMH-26) near
ultimately leads to the formation of the active state of the lipid/water interface on the cytoplasmic side (see below)
rhodopsin, MIl. The formation of MIl is marked by a P ytop '
Considerable evidence exists for a role of E134 in the MI/
" The work was supported in part by NIH Grants P01 DA12923 and MII equilibrium in rhodopsin. E134 was shown to become
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titratable residues in rhodopsin were first calculated and then
the effect of moving the lipid/water interface on both sides
of rhodopsin was evaluated. The microenvironment modulated-
screened Coulomb potential (MM-SCP) approa2f, G0)

is used to calculate theKg values. The original method has
been modified to take into account the presence of the
membrane embedding the protein (see Materials and Meth-
ods). Here, it is shown that the protonation state predicted
from the calculated g, values is in good agreement with
the available experimental data. We also show that when
the side chain of E134 changes from being below the lipid/
water interface (within the water region) to being above it
(embedded in the lipid region), we observe a substantial
increase of the overall hydrophobicity of its local environ-
ment leading to a large shift of itKp value.

Ficure 1: Cytoplasmic lipid/water interface in rhodopsin. The lipid/
water interface is defined as the border between the hydrophobicMATERIALS AND METHODS

region of the lipid from the polar headgroups. The cytoplasmic . . .
termini of rhodopsin’s TMHs are shown as ribbons. E134 is shown ~ Electrostatic CalculationsFormulation of the MM-SCP

in stick representation. The line indicates the position of the lipid/ algorithm has been described in detail elsewhe3@). (
water interface determined by Stenkamp et aB)( This line Briefly, the pK, values of the protonatable residues in a
corresponds to thet line in Figure 2. The position of the lipid/ protein are calculated relative to a reference state by
water interface determined by Khorana and co-workgs §8— . .
70) is shown in yellow. employing a standard thermodynamlq cy4,(32). Thus,

the K, for group A in the protein is given by

It has been suggested as well that the E134Q mutant adopts ,

a local active-like conformation even in the darRi). pKA(p) = pKA(S) + (Wx' + AWR')/2.30RT (1)
Analogous behavior is observed in other GPCRs, where

mutation of the acidic residue in the position corresponding where K2(p) and [K4(s) are the K. values of group A in
to E134 increases basal activigX-26). Thus, although ~ the protein and solvent, respectively represents the

there is no direct evidence for the protonation of E134 in gjectrostatic interaction free energy of group A in the field
the Ml state without Gt, E134 is the most likely candidate ¢ ;| of the other residues in the protein, andV! =
) A

EclJrl)the proton uptake observed upon rhodopsin activation aaAwy is the net change in the self-energy between residue
’ ) A immersed in water and in the protein, which is itself
To become protonated, theKpof E134 must shift 0 embedded in waten, is a linear scaling factor that models
values greater than the local (physiological) pH. One way the effects of transferring a titratable group into a very
that such a shift could be realized is for the microenvironment pyqrophobic local environment3g). The treatment of
around the residue to become more hydrophobic on activa-internal waters as part of the continuum and the values of
tion. Such a mechanism has been suggested on the basis ghe scaling factores, were described previouslg®). The
experimental findings 19). Here, we propose that a key proplem of calculating theky values reduces to evaluating
determinant in this process may be the position of the E134 the interaction and transfer energies and the linear scaling
relative to the lipid/water interface surrounding rhodopsin. parameter. The calculation of the energy terms is based on
We define the lipid/water interface as the border between 5 screened Coulomb potential, where the distribution of the
the hydrophic region of the lipids and the polar headgroups, titration charge over the titratable moiety is determined
e.g., we include the polar headgroups in the water mediumyariationally to optimize the total electrostatic free energy
(see Materials and Methods). On the basis of electron og),
paramagnetic resonance studies of spin-labeled single cys- Microervironments.The inhomogeneity of proteins is a
teine mutants of rhodopsin in dodecyl maltoside, Khorana key determinant of their propertie84—36) and has been
famd co-workers place the cytoplqsmic side of the Iipid/water shown to play an important modulating role on pH-dependent
interface for TMH-3 between residues V137 and V138, i.e., glectrostatic propertieS8). To incorporate these effects into
one helical turn below E134£7). According to these results, g algorithm for calculating i, values, it is necessary to
E134 lies within the membrane bilayer region, quite likely haye a set of quantitative descriptors for characterizing the
near the border between the polar headgroups and theypserved inhomogeneity. The approach that has been de-
hydrophobic region. In contrast, a more recent st@8),(  veloped assumes that the primary determinant of inhomo-
which analyzes the distribution of residue properties in the geneity important for electrostatic effects in proteins is the
structure of rhodopsin along the membrane normal axis, gegree of hydrophobicity or hydrophilicity (denoted here by
places the cytoplasmic lipid/water interface slightly above ppy) of the local environment (microenvironment) around
the position of the E134 side chain, thereby putting E134 in the titratable group. The microenvironment around a group
the solvent phase. These findings suggest that the positiong gefined as the volume swept out by a 4.25 A sphere placed
of the lipid/water interface is not clearly defined (Figure 1). gp every nonhydrogenic atom belonging to the group. Any
To test the hypothesis that the protonation of E134 is atom or fragment from neighboring amino acid residues (or
particularly affected by its position relative to the hydro- other chemical entities) within this volume contributes to
phobic region of the membrane, th&pralues of all of the the Hpy value of the microenvironment evaluated from its
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Table 1: Hydrophobicity of Microenvironment of Titratable Groups
in Octane and Water

residue titratable grotip Hpy° Hpy”

His C—imidazole 6.015 —18.453
Lys C—NH;z 3.758 —11.420
Arg C(NH)C(NH,), 7.106 d

Tyr C—-OH 3.325 —8.368
Asp C-COO 5.127 —13.492
Glu C-COO 4.634 —12.832
Lyr C—NH=CH c

aHpy° = octane values; Hp{y= water values® Moiety of the

titratable residue that carries the charge as defined in CHARMM PAR19

(41). ¢ Hpy of the Schiffs base titratable moiety set to Lys validot
calculated, set to Lys value.

Rekker hydrophobic fragmental constant [Table 2 in3@f
gives the assignments of the Rekker coefficiel¥s (38)
used in the MM-SCP algorithm]. It is calculated from:

Na Ng

Hpy, = > Z d,RFHG, (ry, =< 4.25R), (B=A) (2)

where RFHG s the fragmental hydrophobic constant of atom
b in group B,Na andNg are the number of atoms in groups
A and B, respectively, and, = 1 if atom b has not been

counted or O if it has been counted, so that each atom’s
contribution is counted only once. Equation 2 defines the

protein’s contribution to the hydrophobicity/hydrophilicity
of the microenvironment, but it does not contain any
information regarding the degree of burial of the group or

any contribution from the accessible solvent. Both of these

descriptors can be incorporated by defining the quantity

THpy, = (1 — £A)HpYa + EaHPYA 3)

In eq 3, THpy is the total hydrophobicity of the micro-
environment around the fragme#s, is the solvent-exposed
fraction, and Hpy is the contribution of the solvent to

THpya, Where the superscript represents the pure solvent.
Neither Hpy nor THpy are normalized and therefore are not

suitable for comparing groups in different microenviron-
ments. A normalized quantity is given by

rHpy, = THpYA/Hpya (4)

Periole et al.

Aqueous Phase

Trans-

Aqueous Phase

Ficure 2: Schematic diagram for the calculation dfpvalues

for transmembrane proteins. The position of the lipid/water interface
is indicated by the & and L— planes. The & and L— planes lie

on the extracellular and cytoplasmic sides of the bilayer, respec-
tively. The definition of the lipid/water interface is the same as in
Figure 1.

Hydrophobic Salent Unlike globular proteins that are
fully immersed in water, some solvent-exposed groups in
transmembrane proteins will be exposed to the hydrophobic
region of the membrane. The system is represented by a
water-lipid —water slab, as shown schematically in Figure
2. Both the water and the lipid regions are treated as
continuum solvents. Note that the headgroups are not treated
explicitly but are assumed to have the same dielectric
properties as the water phase. Because of the polar nature
of the headgroups, this is probably a safe assumption. To
calculate the contribution from this hydrophobic solvent to
the microenvironment, a procedure was used that is similar
to that used earlier for wateBQ): Each titratable residue,
capped with neutral fragments, is immersed in an octane
droplet of radius 20 A, which is built from an equilibrated
box of 126 octane molecules. The droplet consists of about
115-118 octane molecules, and each system comprises
around 3000 atoms. The system is heated to 310 K and then
equilibrated for 306400 ps using CHARMM and the

because rHpy expresses THpy relative to the group beingPAR22 force field 40). From the last 30 ps of the run, 30

tota”y immersed in water. The quantity ery can therefore structures are eXtraCtEd, and the microenvironment around

be used to characterize and rank the degree of hydrophobicitythe titratable moiety is calculated _from each structure. The

of different microenvironments independent of group size. average from the 30 structures is taken to represent the
The Rekker hydrophobic fragmental constants are negativehydrophobicity, Hpg, of the microenvironment around the

for hydrophilic fragments and positive for hydrophobic ones.
Thus, Hpy can be either positive or negative, while the
microenvironment of a titratable group in water is always
negative (see last column of Table 1). Evidently, a rHpy
value> 1 implies a microenvironment more hydrophilic than
water. Analysis of a data set of 204 globular protei3) (

found that the average value of rHpy ranged from 0.28 for
tyrosine to 0.63 for lysine. Thus, values of rHpy 0.25

represent microenvironments that are fairly hydrophobic,
while values< 0.0 indicate microenvironments that are very

given residue in octane; the results are given in Table 1.

In addition to the octane values, Table 1 gives the
corresponding results for the residues immersed in water,
Hpy", and it is seen that there is a large difference between
the octane and the water values, and the water values are
larger in magnitude. The reasons for this are that the Rekker
fragmental hydrophobic constant of a water molecule is about
twice as large in magnitude as that of a £t CH; group
and that water packs more efficiently around the residue than
octane. The calculation of rHpy is still based on water, i.e.,

hydrophobic. Recent calculations and experimental findings rHpy = THpy/Hpy" so that eq 1 can be used for calculating

suggest that such microenvironments can sHf palues
by 3—5 pH units 39).

the K, values of groups embedded in the hydrophobic
portion of the membrane.



Acid—Base Equilibria in Rhodopsin Biochemistry, Vol. 43, No. 22, 20046861

Computational DetailsThe same protocol as reported T e 2
previously B0, 33) was used for calculating thekg values
in rhodopsin. In particular, all crystal water molecules were
removed and hydrogen atoms were added using the HBUILD His65 ~ 1L9H 099 7.7 7.1 0.21-279 098  Cl

Structure Dependence dfpvalues

residue structure BF pK, Ave® rHpy wnmd aAw'? locus

T " O 1HXZ 098 6.6 0.15 —2.56 2.13

option in CHARMM (41) but no additional minimization Argl77 1L9H 086 12.2 115 048-211 185 E2
was carried out. The calculations are based on the crystal 1HXZ 0.87 10.8 0.49 —0.25 1.86
structures 1HZX 42) and 1L9H @3). These structures are Glu181 1L9H 1.00 7.7 85 008 054 394 E2
missing residues in loop C3 (23@40) and in the C terminus 1HXZ 1.00 9.3 0.00  0.88 5.91

Glu239 119H 093 48 4.0 0.06-3.18 3.68 C3

(331—333). The two small segments were completed in the 1HXZ 097 3.2 010 —2.47 062

structure 1HZX using a protocol designed for the prediction The values are obtained with the hydrophobic/aqueous interface
: : a valu I Wi y I ueous |
of Iopp conformations in globular and tra_nsmembrane placed at15 A. P BF is the buried fractiont Ave is the averagek,
proteins. The protocol has been shown to give reasonableyaye ¢ Energies are in kcal/mot.Position of the residue (C, cyto-
results and has been reported elsewhése 45). plasmic loops; E, extracellular loops).
The parameterization is the same as used previoG8)y (

although it was derived using experiment¥apvalues in  consistent with some estimates (30 A) for the thickness of
globular proteins. No attempt was made to optimize the the nydrophobic patch of rhodopsi2g, 49). (Note that the
method for transmembrane proteins because of the lack ofyk_ of a given group does not depend on the thickness of

quantitative experimental data; therefore, the calculaked p  the hydrophobic patch but on its actual position relative to
values should be interpreted as qualitative indicators of the | 1 or | —)

pKa shifts. The reference Ky(s) values used were as
follows: N-term, 7.5; C-term, 3.8; His, 6.3; Glu, 4.4; Asp,
4.0; Tyr, 10.0; Lys, 10.4; and Arg, 12.0. Partial charges are
taken from the PAR19 force fieldl() for the standard forms
of the amino acid residues; otherwise, they are taken from

PAR22 (0, 46). The charges for retinal were kindly provided Glu) in the dark state of rhodopsin were calculated using

by K. Schulten. _ the crystal structures 1L9HIB) and 1HZX @2). (Tyrosine
To carry out the [, calculations, the center of mass (CM)  regidues were excluded because none titrated beloiaa p

of the protein was positioned at the origin of the Cartesian \51ye of 10.0 and therefore were outside of the pH range of
coordinate system and its principal axis was oriented parallel interest.)

to the membrane normat-éxis). The resulting orientation

of the protein compares very well with the orientation of
Baldwin’s model 47) based on electron cryomicroscopy
experiments48). In our model, the extent of the hydrophobic
region in which the protein is embedded is delimited by the
position of two planes, termedt (extracellular plane) and
L— (cytoplasmic plane), that are perpendicular to the
membrane normal, as shown in Figure 2. Note that in this
way, the lipid/water interface is defined as the border between
the hydrophobic region of the lipids and the polar head-
groups. The positions of the two planes are independent an
given as input to the program (http://physbio.mssm.edu/
~mebhler). In this manner, the hydrophobic limits of the slab

can be modified easily. " . .
lcul for i bl id . b be more sensitive to small changes in conformation of the
To calculate THpy for titratable residues in transmembrane nearby protein environment. Indeed, small conformational

proteins, the octane or water values are used depending O, nges could lead to changes in the hydrophobicity of the

the phase in which the residue is immersed. The choice of icrqenvironment and/or electrostatic interaction that could

the phase in which the residue is buried in depends on themodify both the transfer energya&w") term and the

location of the CM of its titratable moiety relative to the electrostatic interaction energ/ft) term in eq 1.

slab as itis defined above (see Figure 2). Thus, if the CMis Nevertheless, the calculatedypvalues of most titratable

in the lipid slab (within the region delimited by theH.and ' it E'wb h d with
groups were not very different in both structures, and wit

L— planes), the entire titratable group is assumed to be in ) : .

: - . : the exception of H65 whose calculateldps 6.6 in 1HZX
this phase and similarly for the water regions (outside the . .

'S phas simarty W gions (outsi and 7.7 in 1L9H, the K, differences between the two

same planes). structures did not change the predicted protonation state of
RESULTS AND DISCUSSION the corresponding residues at physiological pH (7.0). Thus,
the calculated I§, values indicate that at physiological pH

Rhodopsin was placed in a hydrophobic slab, delimited (7.0) H65 is present in both protonated and deprotonated
by two planes B and L—, as described in the Materials forms in substantial concentration, whereas E181 is neutral,
and Methods section (Figure 2). As a starting point for the and R177 and E239 are charged. In the next section, we
pK, calculations, we chose to place thé-Iplane (extracel-  examine the K, values and the corresponding protonation
lular side) and the £ plane (intracellular side) each at 15 state, at physiological pH, of several key residues in
A from the center of the bilayerz(= 0). This choice is rhodopsin.

Structure Dependence of the Calculated,pKs has been
noted previously §0—52), a better representation of the
experimental i, values can be obtained by averaging the
calculated values from different structures. Thus, tkg p
values of the titratable residues (Arg, Lys, His, Asp, and

The root-mean-square differences between the two crystal
structures are only 0.35 and 0.50 A fonGitoms and all
heavy atoms, respectively. Comparison of the calculated p
values using 1L9H vs those calculated using 1HZX showed
that out of 48 titratable groups, only four residues ha&a p
shift larger than 1 K, unit (Table 2, a complete list of the
calculated g, is given as Supporting Information). The four
residues (H65, R177, E181, and E239) that present somewhat
significant differences are located in extracellular or cyto-
0plasmic loops. These are generally the most mobile parts of
a protein, so that the greater variability in the calculatiég p
values is not so surprising. Moreover, the four residues are
buried in the protein interior and theiKp is thus likely to
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Table 3: Calculated i, Values and Observed Protonation States in  Table 4: Shifts in K. Values of Residues for Which There Is a

Rhodopsin Change in Solvent Environment
residue K2 (calcd) charge state (exp.) exp pH refs residue  BE  solvent pKS  rHpy wintd g Awrd
Asp83 6.1 N 55 18,53 Arg69 0.75 W 13.3 0.56 —2.29 0.11
Glul13 4.3 C 55 12 L 12.7 0.15 -—-3.14 2.14
Glul22 9.2 N 55 18 Glul34 0.91 W 5.3 0.12 —0.56 1.81
Glul34 5.3 C 7.1 19 L 8.0 0.00 —-0.92 5.90
Arg135 10.2 C 5679 20 Argl35 0.95 W 10.1 0.08 —1.50 4.08
Glul81l 8.5 N 6.5,6.8 14,54 L 8.3 0.01 -1.31 6.41
PSB296 11.0 C Ka>12 3 Glu181 1.00 W 7.7 0.08 0.54 3.94
- L 7.7 0.08 0.54 3.94
neZﬁZﬁr(a:gir?e(\? vs(ljues obtained from the two crystal structuresl, Arg252  0.51 W 133 058 —222 0.08
- charged. L 9.1 -022 -243 641
Arg314  0.57 W 12.8 0.50 —1.16 0.04
L 83 —-0.19 -1.36 6.40

Comparison with ExperimenAlthough no quantitative
experimental data have been reported for tkgqf titratable 2Buried fraction.” W, water; L, lipid.© pK, values obtained from
groups in rhodopsin, the protonation states of several the 1L9H @3) crystal structure only! Energies are in kcal/mol.
titratable residues at, or near, physiological pH have been
determined by FTIR difference spectroscod, (19, 53 environment (Table 4). The degree of solvent exposure for
and fluorescence spectroscopy experimefs $4) com- the other residues ranges from only 5 to 49%. However,
bined with site-directed mutagenesis. Most of these are acidicbecause the quantitative contribution of the solvent to the
residues, and the qualitative experimental results suggest thahydrophobicity of the microenvironment is large (see Table
the K, values of some of them are strongly shifted in 1), even a small degree of exposure will have a substantial
rhodopsin from their values in aqueous solution. The results effect when the solvent changes from hydrophilic to hydro-
of the calculations and the experimental observations arephobic. Indeed, Table 4 shows that the main source of the
given in Table 3. altered fiX, values is the transfer energyAw") that becomes

Overall, comparison of the predicted and experimentally much larger when the titratable residue is immersed in a lipid
deduced protonation states at physiological pH shows good(hydrophobic) environment. The response of thg palues
agreement. The highly hydrophobic environment (rpy ~ t0 changes in solvent properties is most dramatically il-
—0.40) surrounding E122 leads to Kvalue of 9.2, which lustrated by R252 and R314, because of their high solvent
supports the experimental finding that this residue is proto- €xposure (49 and 43%, respectively). For these two residues,
nated at physiological pH. For the Schiff base (PSB296), the change of the solvent environment from water to lipid
higher g, values have been suggested in some repbBs ( results in a large shift in the value of their relative
but the value found here certainly is in agreement with the hydrophobicity (rHpy) from average hydrophilic (0.58 and
observed protonation state. Its counterion (E113) is also 0.50, respectively) to extremely hydrophobieQ.22 and
found charged (. = 4.4) at physiological pH. In the same  —0.19, respectively) leading to a concomitant large change
way in the salt bridge E134/R135, both residues are found in their transfer energy (from 0.08 to 6.41 kcal/mol for R252
to be charged. Thek value of E181 indicates that it is and from 0.04 to 6.40 kcal/mol for R314).
protonated. This is in agreement with its experimentally ~ Interestingly, all of the titratable residues that show a large
predicted protonation staté4, 54). It should be noted that ~ response to the change in the solvent environment are located
a recent study based on molecular dynamics simulations ofon the cytoplasmic side of rhodopsin (Table 4). Remarkably,
rhodopsin predicts that E181 should be charged because it®nly for E134 would the shift in g, value lead to a change
environment is structurally unstable during the simulation in protonation state at physiological pH. This observation
when this residue is protonate86j. However, we have  makes it tempting to assign a special role to the placement
found that the environment of a neutral E181 residue is stableof E134 near the lipid/water interface on the cytoplasmic
after a full set of internal water molecules was predicted and Side. As noted in the Introduction, the triad D(E)RY is highly
taken into account for the molecular dynamics simulation conserved in GPCRs and neutralization of the glutamate has
(Periole et al. Unpublished results). Finally, thié;pralue been suggested as part of the activation procgssi(r—
of D83 (pK, = 6.0) would suggest that at physiological pH 21, 57, 58). Here, it is seen that the E134 protonation state
it is primarily deprotonated. This result is in contrast with IS extremely sensitive to changes of its microenvironment.
the experimental findingl@, 53). However, it is noteworthy
that the corresponding experimed8) was not carried out
at physiological pH but under slightly acidic conditions (pH
= 5.5), at which our calculations also predict it to be
protonated.

Effect of Change in Seént on the pKValue of E134To

CONCLUSIONS

The K, values of all titratable residues in rhodopsin have
been calculated using a modified version of the MM-SCP
approach 33) that takes into account the hydrophobic
membrane surrounding the protein. The results are in good

evaluate the effect of moving the lipid/water interface, the
planes I+ and L— in Figure 2 were shifted by upt4 A in
both directions. Table 4 lists all of the titratable residues
(R69, E134, R135, E181, R252, and R314) for which the
solvent environment changes from being water to lipid or
vice versa, as the+ and L— are moved. E181 is completely
buried, and its K, is not affected by the change in solvent

agreement with the experimental data on the protonation
states of some residues in rhodopsin (Table 3). Thus, we
have predicted that E122 and E181 are protonated at
physiological pH. Under these same conditions, the residues
in the E113/PSB296 and E134/R135 salt bridges are charged.
E83 is predicted to be charged at pH 7, and s (6.0)
indicates that it would be protonated at pH 5.5 as found
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