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ABSTRACT: Recent molecular models of rhodopsin (Rho) propose a specific interaction between
transmembrane (TM) helices 3 and 5, which appears to be mediated by amino acid residues Glu122 and
His211 on TM helices 3 and 5, respectively. To test this proposed interaction, four single-site histidine
replacement mutants (H100N, H152N, H211N, and H211F), two single-site glutamic acid replacement
mutants (E122Q and E122A), and three double-site replacement mutants (E122Q/H211F, E122Q/H211N,
and E122A/H211F) of Rho were prepared. The expressed mutant pigments reconstituted into membranes
were studied by FTIR difference spectroscopy addressing especially the transition to metarhodopsin I
(MI) . It is shown that the lipid environment influences bands typical of the MI state. Spectra of mutants
with substituted Glu122allowed assignments of the CdO stretch of protonated Glu122 in the dark state and
in MI of Rho. Mutation of His211, but not of other histidine residues, affects these vibrational modes
assigned to Glu122. In addition, replacements of His211 affect protein modes that are proposed to arise
from a third, hydroxyl-bearing group, which also interacts with Glu122. These modes are influenced as
well when Glu122 is replaced by Ala in mutant E122A but not when it is replaced by Gln in mutant
E122Q. These results provide direct experimental evidence for an interaction between TM helices 3 and
5 in Rho, which is mediated by Glu122 and His211.

Rhodopsin (Rho)1 is a member of the superfamily of
seven-transmembrane-helical, G protein-coupled receptors
(GPCRs) (1). The Rho chromophore, 11-cis-retinal, is
covalently bound to the protein via a protonated Schiff base
linkage (2) at Lys296 (3, 4). After photoisomerization of the
chromophore toall-trans-retinal, the protein relaxes through
a series of spectrally defined intermediates to the active
conformation (R*), which binds the heterotrimeric G protein
transducin and thereby couples photon absorption to the
biochemical cascade of visual transduction. R* is defined
spectroscopically to be metarhodopsin II (MII) (5, 6). MII
(λmax ) 380 nm) exists in an equilibrium with its precursor
metarhodopsin I (MI) (λmax ) 478 nm). The MI/MII
equilibrium depends on temperature and pH. Acidic pH and
higher temperature favor MII, whereas basic pH and lower
temperature favor MI (7, 8). The pKa of the MI/MII
transition is≈6.5.
Site-directed mutagenesis of Rho in conjunction with

infrared difference spectroscopy has shown that the Schiff

base counterion, Glu113, becomes protonated concurrently
with deprotonation of the Schiff base (9, 10). Chromophore
isomerization and Schiff base deprotonation to form MII are
further coupled to protein conformational changes at the
cytoplasmic surface of the receptor that allow transducin to
interact. It is of special interest to study the activation path
of Rho from the chromophore isomerization as the primary
event up to the deprotonation of the Schiff base, because it
may provide some clues to the activation mechanism of other
G protein-coupled receptors. In Rho, the chromophoreall-
trans-retinal can be regarded as a pharmacologic agonist,
whereas 11-cis-retinal functions as a potent inverse agonist,
completely shutting off the active state.

Electron cryomicroscopy has provided a map at moderate
resolution of the three-dimensional arrangement of the seven
membrane-spanningR-helices of Rho (11). The resolution
of the electron density is still not sufficient to locate single
amino acid residues or the chromophore. However, since
the primary structures of the TM helices are known, concepts
of molecular modeling have been applied using various
constraints. In one model, possible common motifs for
hydrogen bonding among a large number of G protein-
coupled receptors are used together with some constraints
on the position of the helices (12). In another model, the
low-resolution model derived by Baldwin (13) is used
together with the constraints on the interaction of the
counterion Glu113 with the chromophore bound to Lys296

provided by solid-state NMR measurements of Rho and
bathorhodopsin (14, 15). In a refinement of that model, the
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properties of several Rho mutants with replacements on TM
helices 3 and 6 were considered (16). Although the two
models (12, 16) show considerable differences with respect
to the orientation of the chromophore, they agree reasonably
well with the three-dimensional electron density.

Rho activation involves protein conformation changes (17).
A series of elegant studies using site-directed mutagenesis
of Rho in combination with spin labeling and EPR spec-
troscopy showed that Rho activation after chromophore
isomerization involves outward rigid body movements of TM
helices 3 and 6 relative to the center of the helix bundle
(18-20). Cross-linking of these helices near the cytoplasmic
surface of the receptor by engineered disulfide bonds (18),
or by chelated metal ions (20), prevents receptor activation.
Movements of TM helices 3 and 6 are likely to cause changes
in interhelical interactions among those helices in contact
with 3 and 6. The derived electron projection density map
demonstrates that TM helix 3 is significantly tilted relative
to the other TM helices, providing the possibility for contact
with TM helix 5 near the cytoplasmatic surface of the
receptor. Both molecular models (12, 16) predict the
interaction between TM helices 3 and 5 and indicate that it
may be mediated by Glu122 (TM helix 3) and His211 (TM
helix 5). Fourier transform infrared difference (FTIR)
spectroscopy, especially in combination with site-directed
mutagenesis, has been shown to be a sensitive tool for
detecting interactions among residues in Rho (21, 22) and
bacteriorhodopsin (23, 24).

We measured FTIR difference spectra of nine Rho mutants
with replacements of Glu122 and/or a His: four single-site
histidine replacement mutants (H100N, H152N, H211N, and

H211F), two single-site glutamic acid replacement mutants
(E122Q and E122A), and three double-site replacement
mutants (E122Q/H211F, E122Q/H211N, and E122A/H211F)
(Figure 1). The mutant pigments were studied in membranes
to facilitate the measurement of their MI difference spectra
(MI, dark state) and to avoid the potential of distortion of
spectral bands related to detergent. Glu122 bands can be
definitively assigned in the MI difference spectrum of Rho.
The data clearly demonstrate that His211 mutation, but not
mutation of His100or His152, influences Glu122. This influence
may be transmitted via an additional group X, most likely
bearing an OH function. The FTIR data provide strong
experimental support for an interaction between Glu122 and
His211 and support models of Rho structure in which TM
helices 3 and 5 interact.

EXPERIMENTAL PROCEDURES

Materials. L-R-Lecithin from fresh egg yolk was from
Fluka Chemie, andn-octyl â-D-glucoside was from Bachem
Biochemica or Anatrace, Inc. Sources of other materials
have been previously reported (25-28).
Preparation of Rho and Rho Mutants.Disk membranes

were isolated from bovine rod outer segments, and Rho was
solubilized and purified on a Con A-Sepharose column in
n-octyl â-D-glucoside as described (29, 30). Purified Rho
was dialyzed against 1 mM sodium phosphate buffer (pH
6.5). Site-directed mutagenesis was accomplished using
restriction fragment replacement in a synthetic gene for
bovine Rho (31). Mutagenic synthetic DNA duplexes for
single-site mutants were as follows: H100N, 68-bp
BglIIsRsrII duplex; H152N, 86-bpSpeIsBsaHII duplex;

FIGURE 1: Secondary structural model of bovine Rho. The cytoplasmic surface and the extracellular surface of the receptor are above and
below the seven TM helices, respectively. Each of the six histidine residues in the protein, and one of the glutamic acid residues (Glu122),
is numbered. His100, His152, His211, and Glu122 were studied in this paper.
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H211N and H211F, 75-bpPstIsAVaII duplex; E122A, 63-
bp SpeIsRsrII duplex. The nucleotide sequences of all
cloned synthetic duplexes were confirmed by the chain
terminator method for DNA sequencing of purified plasmid
DNA. Double-site mutants were assembled from the cor-
responding single-site mutants. The opsin genes were
expressed in COS-1 cells and purified by immunoaffinity
adsorption as previously described (9, 28). To prepare
recombinant pigments reconstituted into phospholipid vesicles
by dialysis, the detergentn-octyl â-D-glucoside was used in
place ofn-dodecylâ-D-maltoside (DM). The octyl glucoside
concentration was 2% (w/v) in the COS-cell solubilization
buffer, and the purified pigments were obtained in 0.5 mM
sodium phosphate (pH 6.5) and 1.5% (w/v) octyl glucoside.
Reconstitution of Rho and Mutant Pigments into Phos-

pholipid Vesicles.Phosphatidylcholine (L-R-lecithin) from
fresh egg yolk was lyophilized and resuspended in 1 mM
sodium phosphate (pH 6.5). The suspension was incubated
for 10 min in a bath sonicator and mixed with a purified
Rho sample in a molar ratio of 100:1 (phospholipid/pigment).
The samples were kept on ice for at least 1 h before dialysis.
Samples were dialyzed against 1 mM sodium phosphate (pH
6.5) for 24 h at 8°C with a 20 000 MW cutoff membrane in
a microdialyzer unit (Pierce) in flow-through mode. Vesicles
were pelleted by centrifugation at 80000g (4 °C, 16 h).
Vesicles were washed and resuspended in a small volume
of 1 mM sodium phosphate (pH 6.5). The concentration of
pigment in the vesicles was determined by UV-visible
spectroscopy.
FTIR Spectroscopy of Rho Mutants.Approximately 1.5

nmol of pigment in vesicles was adjusted to pH 8.5 by adding
0.5µmol of sodium phosphate buffer and dried onto a CaF2

window under a stream of N2. Samples were rehydrated
and sealed by another CaF2 window. Measurements were
performed with an IFS-28 interferometer (Bruker) equipped
with a liquid N2-cooled MCT detector. The degree of
rehydration of the protein films was monitored by using the
broad absorption band of water at∼3300 cm-1. The degree
of hydration was sufficient to yield full conversion to MII
under the experimental conditions (i.e., 4°C, pH 5.5). The
spectral resolution was 2 cm-1. Interferograms were aver-
aged (n ) 512) before and after illumination of the sample,
and difference spectra were calculated from the single-
channel spectra (32, 33). Illumination was carried out by
irradiation for 1 min with wavelengths above 530 nm (OG-
530 filter, Schott) using a 150-W projector lamp. For mutant
pigments with replacement of Glu122, irradiation with wave-
lengths above 450 nm (OG-450 filter, Schott) was chosen.
A home-built cryostat was used to cool the samples to-15
°C for measurement of MI difference spectra. The same
procedure was used for measurement of the batho-
rhodopsin difference spectra, but the temperature of the
sample was set at 80 K and illumination was carried out at
wavelengths between 420 and 500 nm. In all figures
showing direct difference spectra, the negative (dark state)
band at 1390 cm-1, which appears to be barely affected, if
at all, by mutations, is used for approximate normalization.
FTIR Spectroscopy of 4(5)-Methylimidazole.Solutions of

10 mg/mL of 4(5)-methylimidazole were adjusted to pH 5.5
or 8.5 with HCl. Measurements were carried out at room
temperature in a 5-mm-diameter cuvette with an optical path
length of 4µm. Water absorbance was subtracted such that

the broad absorbance around 1650 cm-1 was eliminated.

RESULTS

UV-Visible Spectroscopy of Rho Mutants.Opsin and
opsin mutants expressed in COS cells were regenerated with
11-cis-retinal, and the resulting pigments were purified in
DM. Spectral properties of the mutant pigments are shown
in Table 1. Theλmax values of mutants E122Q and E122A
are significantly blue-shifted from that of Rho. These values
agree well with those previously published for the same
single-site mutants (25, 34). The histidine replacement
mutants H100N and H152N displayedλmaxvalues essentially
identical to that of Rho, whereas mutants H211N and H211F
displayedλmax values that were only slightly blue-shifted.
These results agree well with spectra taken under similar
conditions as previously reported (35). The effect on the
λmax value of simultaneous mutation of Glu122 and His211 is
nearly additive.
Transducin ActiVation by Mutant Pigments.The detailed

biochemical properties of the mutants studied here will be
presented elsewhere when the results of FTIR difference
spectroscopy of the MII-like photoproducts of the mutants
are reported. With the exception of the H211F mutant, all
of the histidine mutants exhibited normal bleaching behavior
and were capable of catalyzing GTPγS uptake by transducin
as judged by a filter-binding assay (36). We observed altered
bleaching and decreased activity of H211F (not shown). This
effect may be due to abnormal bleaching in which the MI
photoproduct is stablized relative to MII (35). However, a
normal ability of mutant H211F to activate transducin was
reported previously as well (37). Slight impairment of
transducin activation by mutants E122A and E122Q was also
reported previously (25, 34). However, the salient result
relevant to the present analysis is that each of the mutants is
able to catalyze light-dependet GTPγS uptake by transducin,
which indicates that the amino acid replacements do not
introduce large perturbations in receptor structure.
FTIR Difference Spectrum of the MI Photoproduct of Rho.

The infrared MI difference spectra of wild-type Rho in DM
detergent and Rho reconstituted into phospholipid vesicles
are compared in Figure 2. The spectrum of bovine Rho in
rod outer segment disk membranes reported by Ganter et al.
(32) is practically identical to the spectrum of wild-type Rho
reconstituted into lipids (Figure 2). However, solubilization
of Rho in DM detergent causes quite notable deviations in
the spectrum above 1600 cm-1. The positive bands at 1662
cm-1 (amide I) and near 1700 cm-1 (carbonyl of carboxylic
acid group) (32) are greatly decreased. These spectral

Table 1: Spectral Properties of Mutant Pigments

mutant
λmaxa
(nm)

blue shiftb

(cm-1) mutant
λmaxa
(nm)

blue shiftb

(cm-1)

H100N 499 40 E122Q 482 747
H152N 500 0 E122A 476 1008
H211N 495 202 E122Q/H211N 480 833
H211F 495 202 E122Q/H211F 480 833

E122A/H211F 472 1186
a The λmax value of Rho purified and measured under the same

conditions was 500 nm. UV-visible spectroscopy was carried out as
previously described (21). b Blue shift is defined as the difference in
λmax between the mutant pigment and Rho, in wavenumbers. Theλmax
values of the mutant pigments agree well with previously published
values (25, 34, 35, 37).
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differences may be explained in part by a lack of orientation
of the detergent sample. However, the reconstituted lipid
samples, which do not display these altered spectral features,
are also not likely to be very well oriented. Therefore, we
attribute the spectral differences mainly to altered protein
conformations in MI due to differences in the protein
environment in detergent versus membrane. Detergents are
also known to affect the MI/MII equilibrium of photolyzed
Rho. For example, MI is stabilized in digitonin and MII is
stabilized in DM (27, 28). These factors prompted us to
perform FTIR measurements on samples reconstituted into
lipid vesicles under conditions that allow MI-like photo-
products to be reproducibly stabilized. Every FTIR spectrum
in this paper, other than that of Rho in detergent in Figure
2, is performed on a pigment sample in lipid vesicles.
FTIR Difference Spectra of Mutant Pigments H100N,

H152N, H211N, and H211F.The spectra of the mutants
H100N and H152N are essentially identical to the spectrum
of Rho (Figure 2). Small variations in band intensities, but
not band positions, are observed between 1680 and 1620
cm-1 (amide I bands). Since similar variations in band
intensities were also frequently observed among different
sample preparations of the same mutant, they do not reflect
different structural features but are likely to be spectral
artifacts due to the high background absorption. The
spectrum of the mutant H211N shows several clear differ-
ences from that of Rho (Figure 2). They involve bands above
1660 cm-1 as well as features in the chromophore fingerprint
region. In the fingerprint region, the 1238 cm-1 negative

band in the H211N spectrum shows much lower intensity
than the corresponding 1238 cm-1 band in the Rho spectrum.
In addition, the positive band at 1204 cm-1 in the spectrum
of H211N shows a small but significant downshift of its
maximum compared to the corresponding band in the Rho
spectrum. In this region, the spectrum of H211F (Figure 3)
is very similar to that of H211N, with changes in the intensity
of the 1238 cm-1 band and a downshift of the 1204 cm-1

band. The similarities between the H211N and H211F
spectra suggest a common etiology for the spectral effects.
These spectral features induced by mutation of His211 will
be discussed in greater detail below. However, it is important
to point out here that these changes in the fingerprint regions
of the spectra of the His211 mutants are not noted in the
spectra of H100N or H152N. The very good agreement
between the spectra of Rho, H211N, and H211F in other
regions demonstrates that no larger structural distortions are
present in these mutant pigments.
FTIR Difference Spectra of Mutant Pigments E122Q,

E122A, and E122Q/H211F.The MI difference spectra of
the mutants E122Q, E122A, and E122Q/H211F together with
the spectrum of Rho and appropriate controls are shown in
Figure 3. Again, visual inspection of the spectra demon-
strates that these mutants display no gross structural alter-
ations due to the amino acid replacement(s). Spectral
deviations can be seen above 1660 cm-1 for each of the
mutants. Replacement of Glu122 (E122Q or E122A) causes
qualitative differences in the amide I spectral range. Inter-
estingly, in the E122Q/H211F spectrum, part of the change
in the 1204 cm-1 band caused by replacement of His211seems

FIGURE 2: FTIR MI difference spectra (MI-dark state) of Rho
solubilized in DM, Rho in lipid vesicles, and Rho mutants H100N,
H152N, and H211N in lipid vesicles. The spectrum of Rho in
detergent was obtained at-20 °C, pH 8.5. All spectra of pigments
in lipid vesicles were obtained at-15°C, pH 8.5. Absorption bands
of the dark state are pointing downward; those of photoproduct
point upward. Each tick interval on the ordinate scale corresponds
to 0.0025 OD.

FIGURE 3: FTIR MI difference spectra (MI-dark state) of wild-
type Rho and Rho mutants. Pigments were reconstituted into lipid
vesicles. The spectra were obtained at-15 °C, pH 8.5. Spectra
are normalized over the spectral region between 1500 and 900 cm-1

to compensate for different amounts of material. Each tick interval
on the ordinate scale corresponds to 0.0025 OD.
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to be reverted by the additional second-site replacement of
Glu122. The spectrum of E122A appears to be very similar
to that of E122Q/H211F in this spectral range.
Influence of Glu122 Replacement on the Spectral Range

aboVe 1660 cm-1. Figure 4 shows an enlarged view of
relevant spectra in the 1800 to 1500 cm-1 range. Replace-
ment of Glu122 by Gln abolishes all of the bands between
1740 and 1700 cm-1, indicating that they are due to the CdO
stretch of protonated Glu122. The assignment of the double-
band structure at 1735 and 1727 cm-1 to Glu122 was made
previously on the basis of MII difference spectra measured
in detergent (9). Thus, in the dark state of Rho, Glu122 is
characterized by two CdO stretching bands at 1735 and 1726
cm-1, which in MI merge together into the single band with
a maximum at 1701 cm-1 (Figure 4). This low band position
(1701 cm-1) shows that Glu122 is strongly hydrogen bonded
in MI. The assignment of the 1701 cm-1 band to a carboxyl
group has been made earlier on the basis of the deuteriation-
induced downshift (32), but the assignment of the band to a
specific group (Glu122) can now be made with the use of
site-directed mutants. The double-band structure (1735/1726
cm-1) indicates the possibility of heterogeneity. It is
interesting to note that only the band at 1735 cm-1 undergoes
the deuteriation-induced downshift. The downshifted 1735
cm-1 band is thereby superimposed onto the band at 1726
cm-1, which does not exhibit a deuteriation-induced down-
shift (32).
The negative band at 1691 cm-1 in the spectrum of E122Q

probably reflects the CdO stretch of Gln122 in the mutant
pigment. The band superimposes onto a band located at
1695 cm-1 that can be seen in the spectrum of E122A (Figure
3) and is also present in the spectrum of Rho with low
intensity due to its superposition with the band at 1701 cm-1.

Due to the overlap with amide I modes, it is not easy to
determine to where the CdO group of Gln122 shifts in MI.
In any case, from the spectra in Figure 4 we can exclude an
upshift. It could be that the CdO group of Gln122 in the
E122Q mutant causes the increase of the shoulder around
1675 cm-1, which would indicate a considerable downshift
similar to that observed for the CdO band of Glu122 in Rho.
Influence of His211 Replacement on the Spectral Range

aboVe 1660 cm-1. The spectra of H211N (Figure 2) and
H211F (Figure 3) clearly display changes in the range above
1660 cm-1. Figure 4 shows an enlarged view of relevant
spectra in the 1800 to 1500 cm-1 range. Mutation of His211

clearly causes alterations in the spectral region of protonated
carboxyl groups. In the spectrum of H211F, a differential
band appears at 1711(-)/1718(+) cm-1. In the spectrum
of H211N, a similar band structure is observed at 1721(-
)/1729(+) cm-1. These spectral features disappear upon
second-site replacement of Glu122 with Gln in both double-
site mutants E122Q/H211F and E122Q/H211N (Figure 4).
This shows that the new differential bands apparent in the
spectra of both single-site His211 mutants are caused by
Glu122. Thus, the environment of the Glu122 carboxyl group
is drastically altered by mutation of His211 both in the dark
state and in MI. In the spectra of the single-site His211

mutants, the double-band structures are replaced by a single
band that is downshifted to 1711 and 1721 cm-1 in H211F
and H211N, respectively. Instead of the strong hydrogen
bonding of Glu122observed in MI for wild-type Rho, upshifts
to 1718 and 1729 cm-1 are observed in the spectra of H211F
and H211N, respectively.
Both His211 replacements cause qualitatively similar

spectral changes that depend in detail and magnitude on the
newly introduced amino acid as might be expected. For
example, the negative 1698 cm-1 band in the H211N mutant
might be caused by the CdO stretching vibration of Asn211.
However, a definite assignment cannot be made for this mode
in the H211N photoproduct due to overlap with amide I
modes.
Bathorhodopsin Difference Spectrum (Batho-Dark State)

of Mutant H211N. It was noted above that the positive band
at 1204 cm-1 in the MI spectrum of Rho shows a small but
significant downshift of its maximum in both mutants H211N
and H211F (Figures 2 and 3). The intensities of the 1238
cm-1 bands are also reduced in these mutants. The question
arises as to whether any changes in this chromophore
fingerprint region of the spectrum are due to His211mutation
directly or to effects on chromophore bands that are
influenced indirectly by the mutation. To address this
question, we recorded the FTIR difference spectrum of the
low-temperature photoproduct of mutant pigment H211N.
We chose to compare this spectrum to that of bathorhodopsin
since protein alterations are expected to contribute very little
to the corresponding conformational transitions represented
by the spectra. Therefore, an influence of His211 mutation
on the chromophore would be easiest to detect. The low-
temperature difference spectrum of the H211N mutant is
compared with that of Rho in Figure 5. Under these
conditions at a temperature of 80 K, the mutant photoproduct
corresponds to bathorhodopsin as confirmed by a comparison
of the spectra. The strong bands between 1150 and 1300
cm-1 are chromophore bands. The two prominent bands at
1238 cm-1 (-) and 1207 cm-1 (+) in the Rho difference

FIGURE 4: FTIR MI difference spectra (MI-dark state) in the
spectral range between 1800 and 1500 cm-1. The spectra for the
range between 1800 and 900 cm-1, except that of mutant E122Q/
H211N, are shown in Figures 2 and 3. Each tick interval on the
ordinate scale corresponds to 0.0025 OD.
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spectrum are noted at the same positions and with the same
relative intensities in the spectrum of the H211N mutant.
Thus, the intensities of the 1238 cm-1 band of the dark state
and the 1207 cm-1 band of the bathorhodopsin state are not
altered by mutagenesis of His211. These results suggest that
replacement of His211 does not affect the bands arising from
the chromophore in the 1150 to 1300 cm-1 region of the
spectrum. We can infer that spectral changes in this region
in subsequent photoproducts are due to effects of mutation
of His211 on protein conformation as discussed below.
Double-Difference FTIR Spectra.To elucidate subtle

spectral changes caused by mutation, we subtracted indi-
vidual spectra of mutant pigments from the spectrum of Rho.
The vast majority of bands, which are not influenced by
mutation, should cancel to give a flat baseline. Only bands
arising either directly or indirectly from a particular amino
acid replacement will appear in the double-difference
spectrum after subtraction. The choice of the subtraction
constant is critical since the spectra of two different samples
with different absorbances must be subtracted. We evaluated
the spectral range between 1125 and 1000 cm-1 and between
1250 and 1500 cm-1, and especially the band at 1390 cm-1,
to minimize residual bands by subtraction. The subtraction
constant varied between 0.92 and 1.12, in agreement with
the approximately equal amounts of recombinant pigment
in each infrared sample. Furthermore, difference spectra are
subtracted in which the absorbance due to bulk water does
not appear. The relative amounts of protein and water in
the samples play a role only as far as the generation of MI
is concerned, which is guaranteed as described under
Experimental Procedures. The results of the subtractions
(Rho- mutant) in the spectral range of 1000 to 1400 cm-1

for each of the mutants are shown in Figure 6. The
uppermost trace in Figure 6 represents the subtraction for
the H100N mutant (Rho- H100N). The reasonably flat
line shows that the subtraction procedure is acceptable and
confirms that the H100N replacement does not affect the
FTIR spectrum of the H100N mutant, as suggested by
comparison of the H100N and Rho spectra shown in Figure
2. In the subtraction for mutant H211F (Rho- H211F),
two bands clearly show up at 1205 cm-1 (positive) and at
1236.5 cm-1 (negative). These bands are reproduced in the
subtraction for mutant H211N. The observation that the
spectral effects are independent of the particular amino acid

introduced in place of His211suggests that the bands observed
in the subtraction are due to His211, although an indirect
influence involving another group would still be consistent
with the finding.
Since His211mutation influences bands assigned to Glu122

as described above, a reciprocal effect of Glu122 mutation
upon bands potentially attributable to His211 might also be
expected. Therefore, we performed spectral subtractions for
single-site mutants E122Q and E122A and for double-site
mutants E122Q/H211F, E122Q/H211N, and E122A/H211F
(Figure 6). It is clear that bands different from those
observed for His211mutation appear in the double-difference
spectra. These include two negative bands at 1216 and 1191
cm-1 and a small positive one at about 1185 cm-1. (The
band structure around 1275 cm-1 observed for mutant E122Q
probably represents an artifact, since it is not observed for
the corresponding double mutants.) Furthermore, the sub-
tracted spectra for the double-site mutants demonstrate that
the effects of the single replacements are independent and
additive. Thus, the mutation of His211 influences Glu122, but
Glu122 mutation does not influence bands that become
apparent after His211mutation. Whether or not these bands
can be assignable to His211 will be discussed below.

DISCUSSION

Several molecular models of the transmembrane structure
of Rho have been reported (12, 16, 38). Although prepared
using different methodologies, these models are based upon
electron density projection maps obtained from Rho recon-

FIGURE 5: FTIR bathorhodopsin difference spectra (Batho, dark
state) of wild-type Rho and Rho mutant H211N. Spectra were
obtained at-180 °C, pH 5.5. Each tick interval on the ordinate
scale corresponds to 0.0025 OD.

FIGURE 6: Subtractions of MI difference spectra in the region
between 1400 and 1000 cm-1. Mutant spectra were subtracted from
the wild-type spectrum such that the differences were minimized
over the spectral range from 1500 to 1250 cm-1 and from 1125 to
1000 cm-1. Each tick interval on the ordinate scale corresponds to
0.0025 OD.

Interhelical Interactions in Rhodopsin Biochemistry, Vol. 37, No. 20, 19987635



stituted into phospholipid bilayers (39). The density maps
were reconciled with existing primary structures and bio-
chemical and mutagenesis experiments from a large number
of related G protein-coupled receptors to give a convincing
assignment of the seven helical segments to projection
densities (13, 40). In the case of Rho, 11-cis-retinal was
oriented into the ligand-binding pocket of the receptor on
the basis of NMR constraints that position the Glu113

counterion relative to the chromophore (15). This model of
the helical bundle of Rho, which includes the 11-cis-retinal
chromophore, is consistent with several spectroscopic and
biochemical studies (41-44).
One particularly interesting observation present in molec-

ular models of Rho is a predicted interaction between TM
helices 3 and 5. At the extracellular surface of the receptor,
the seven helices are arranged in a sequential orientation
around a central open pocket. A significant tilt of TM helix
3 with respect to the helical bundle results in a change in
the arrangement of the helices in moving from extracellular
to cytoplasmic sides of the membrane domain. At the
cytoplasmic surface of the receptor, TM helix 3 is much more
central in location. Although not juxtaposed near the
extracellular surface of the receptor, TM helix 3 appears close
to TM helices 5 and 6 at the cytoplasmic surface. A specific
interaction mediated by the chromophore between Gly121on
TM helix 3 and Phe261on TM helix 6 has been demonstrated
(43). In terms of interactions between TM helices 3 and 5,
molecular models indicate a potential interaction between
Glu122 (TM helix 3) and His211 (TM helix 5). It has also
been pointed out that these residues are pairwise conserved
in Rho pigments (12), meaning that the presence of a
glutamic acid residue on TM helix 3 is accompanied by a
histidine residue on TM helix 5.
The combination of site-directed mutagenesis and FTIR

spectroscopy has provided valuable site-specific structural
information about Rho and Rho mutants (9, 45). In
particular, spectral band assigments for the CdO stretching
vibrations of carboxylic acid residues, including Glu122 (9)
and Asp83 (9, 45), have been propopsed. We undertook a
study to evaluate the detailed role of histidine residues in
Rho structure and function by the same general methodology.
In addition, we combined histidine and glutamic acid
mutations to test directly whether Glu122 and His211 interact
in the dark state of Rho and its photoproducts. These studies
are relevant for understanding the role of interhelical
interaction between TM helices 3 and 5 in the function of
Rho.
We prepared four single-site histidine replacement mutants

(H100N, H152N, H211N, and H211F), two single-site
glutamic acid replacement mutants (E122Q and E122A), and
three double-site replacement mutants (E122Q/H211F, E122Q/
H211N, and E122A/H211F). These mutant pigments were
expressed at high levels, purified, and reconstituted in lipid
membranes to measure FTIR difference spectra of their MI-
like photoproducts. The study of the MI state was chosen
in part to elucidate the postulated role of histidine residues
in the MI/MII equilibrium. The FTIR difference spectrum
of MI in reconstituted vesicle membranes was identical to
that obtained from ROS disk membranes. The differences
between the spectra of Rho obtained in detergent and
membranes are presented above (Figure 2). All spectra of
mutant pigments were recorded on samples reconstituted into

membranes. This method proved particularly useful for the
study of the MI photoproduct, which is difficult to trap in
pigment samples in the presence of most detergents.
The FTIR difference spectra of the MI-like photoproducts

of H100N and H152N were nearly identical to the spectrum
of wild-type MI (Figure 2). This result clearly shows that
replacement of either His100 at the extracellular border of
TM helix 2, or His152 at the cytoplasmic border of TM helix
4, does not affect the structural determinants of MI as
represented by even the fine detail of the FTIR difference
spectra. These spectra will not be discussed further. The
remainder of the discussion will focus on the interpretation
of the FTIR spectra of the His211 mutants. There are two
main effects of replacement of His211 represented in the FTIR
spectra. First, His211 mutation affects the spectral region
above 1660 cm-1, a region associated with the CdO
stretching frequencies of carboxyl groups. Second, His211

mutation affects the 1250 to 1150 cm-1 spectral range, a
region generally associated with the chromophore fingerprint.
As presented above, inspection of the spectra of the E122Q

mutant shows that the 1735/1726 cm-1 double band in the
Rho spectrum (Figures 3 and 4) can be assigned to Glu122.
In MI, the two bands merge together into a single band at
1701 cm-1, which indicates that Glu122 is strongly hydrogen-
bonded in MI. The behavior of the 1735 cm-1 band in2H2O
has been previously reported (32, 46). The 1735 cm-1 band,
but not the 1726 cm-1 band, is sensitive to deuteriation. A
tentative molecular interpretation of these band patterns is
possible. The sensitivity of the CdO stretching frequency
of the carboxyl group of Glu122 to deuteriation is caused by
coupling of the OH-bending vibration to this mode, shifting
it up by several wavenumbers. Deuteriation abolishes the
coupling since the O2H-bending vibration has a much lower
frequency. Therefore, the CdO stretch shifts down to its
uncoupled position. This indicates that the low-frequency
part of the CdO stretch of Glu122 in dark Rho behaves as an
uncoupled mode, although the carboxyl group is protonated.
Since the extent of coupling between two vibrations depends
not only on the frequency separation but also on geometric
factors, the uncoupled character of the low-frequency part
can be explained by an orientation of the hydrogen out of
the OCO plane, largely eliminating the interaction of the two
modes. Only isotopic labeling of glutamic acids in Rho
could unequivocally rule out the possibility that the band at
1727 cm-1 is due to another group. However, since the
splitting is abolished for all mutations that affect the band
due to Glu122 [i.e., E122D (not shown), E122Q, E122A,
H211F, and H211N], we regard this possibility as highly
unlikely.
Interestingly, mutation of His211 also causes spectral

alterations in the region above 1660 cm-1 (Figure 4).
Differential bands are seen at 1711(-)/1718(+) and
1721(-)/1729(+) cm-1 in mutants H211F and H211N,
respectively. The bands are abolished by the second-site
replacement E122Q in the mutants E122Q/H211F and
E122Q/H211N, indicating that the bands are caused by
Glu122. From a comparison of the positions of these bands
to those corresponding to Glu122 in the wild-type Rho
spectrum, it is clear that replacement of His211 significantly
alters the environment of Glu122 in both the dark state and
the photoproduct. These results provide direct experimental
evidence of interaction between Glu122 and His211. It is not
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clear from this analysis alone whether His211 interacts directly
with Glu122or whether the influence is indirect and involves
another side chain.
The other spectral changes evoked by His211mutation are

apparent as relatively subtle changes between 1250 and 1150
cm-1 (Figures 2 and 3). In the difference spectrum of Rho,
the largest bands in this region at 1238 and 1204 cm-1 are
caused by the chromophore (32). In the spectra of H211N
and H211F, the magnitude of the 1238 cm-1 band is
decreased and the maximum of the 1204 cm-1 band is
downshifted slightly. To elucidate the subtle changes in this
spectral region caused by mutation, mutant spectra were
subtracted from Rho spectra as described above to produce
the traces shown in Figure 6. The validity of this approach
is demonstrated by the subtraction of the H100N spectrum
from that of Rho, which gives essentially a flat line in the
1400 to 1000 cm-1 range (Figure 6), indicating that the
mutation does not affect this region of the spectrum.
Two main bands are detected after subtraction of the

spectra of the His211 mutants from the spectrum of Rho.
These bands, at 1205 and 1236.5 cm-1, appear at almost the
same positions as chromophore bands in the MI difference
spectra. Therefore, one could argue that the bands attributed
to His211are actually chromophore bands that are influenced
by the mutation. To address this question, we compare the
bathorhodopsin difference spectrum of the H211N mutant
with that of Rho in Figure 5. The relative intensity of the
strong chromophore bands between 1150 and 1300 cm-1 is
not changed by the mutation, and the intensities of the 1238
cm-1 band of the dark state and of the 1207 cm-1 band of
bathorhodopsin are not altered. Because the largest chro-
mophore alterations occur in the transition to bathorhodopsin,
we can exclude that the band at 1236.5 cm-1 obtained in
the subtractions shown in Figure 6 represents a chromophore
band. Therefore, it is also very unlikely that the positive
band at 1205 cm-1 can be attributed to the chromophore.
Otherwise, we would expect to observe an influence of the
mutation on the bathorhodopsin band at 1207 cm-1.
Having excluded chromophore contributions, we can

assign the two bands at 1236.5 and 1205 cm-1 to groups of
the protein. Taking into account that both His211mutations
produce the same band pattern in the subtraction, it would
be reasonable to assign these bands to His211, which might
undergo a change in interaction in the transition to MI. We
therefore recorded infrared spectra of 4(5)-methylimidazole
as a model compound for the side chain of histidine (not
shown). Characteristic bands were observed between 1200
and 1300 cm-1, which had the highest intensity among the
modes. However, we observed that these bands are very
insensitive to the environment. This finding agrees with
quantum chemical calculations showing that these modes are
ring-stretching vibrations coupled to CH-bending vibrations
(47). Only the NH-bending vibration located between 1100
and 1200 cm-1 is strongly influenced by the environment.
However, this band was quite broad and displayed a very
low infrared intensity. In contrast, the band is much stronger
in Raman measurements (47). A rough estimate based on
the measured molar absorbance clearly indicates that the
intensities of the bands at 1205 and 1236.5 cm-1 in the
H211F and H211N subtracted difference spectra (Figure 6)
are far higher than would be calculated for a single imidazole
side chain. According to the quantum chemical calculations

(47), only the tautomerization (i.e., the change of the position
of the NH group) could induce such large shifts on the ring
vibrations. However, in such a case, three bands undergoing
shifts must show up in the subtraction. Therefore, we regard
it as unlikely, although we cannot completely exclude it, that
the bands in Figure 6 that appear upon His211 mutation are
actually histidine bands.

Thus, we assign the 1205 and 1236.5 cm-1 bands to
another group. The band position would be in agreement
with the C-O stretching vibration of an OH-bearing residue
(group X) undergoing a change in hydrogen bonding. Group
X must be held by His211 in a position making it sensitive to
the MI transition. If His211 is replaced, group X no longer
participates in the transition. Since His211 mutation also
affects the CdO stretch of Glu122, inducing an upshift in
MI instead of the strong downshift observed for wild-type
Rho, and also since the band assigned to group X undergoes
a large shift, it appears reasonable to assume that the
interaction of group X with Glu122 is abolished by the His211

mutation, thereby causing the changes in the CdO stretching
mode of Glu122. We have assigned the bands of group X to
the dark state and MI of wild-type Rho. This appears
plausible since the bands show up irrespective of whether
His211 is replaced by an Asn or a Phe. If the bands do in
fact represent a histidine vibration, they would, of course,
characterize the two states of wild-type Rho.

The E122Q mutation causes two negative bands and one
positive band in the subtracted spectrum (Figure 6). We
tentatively assign these bands to the C-O stretching vibration
of Glu122. (The positive band at 1185 cm-1 has very low
intensity, making it difficult to identify with certainty. Thus,
it could be that the photoproduct band cannot be detected.)
The two negative bands could correspond to the two negative
bands observed for the corresponding CdO stretching
vibration.

The preceding discussion logically presents the following
situation. His211 mutation influences the CdO stretching
band of Glu122 and a mode (probably CsO stretch) of an
unidentified group X. The influence on the CdO stretch is
thought to be mediated via group X (e.g., hydrogen bonding
of the OH group of group X to the carbonyl). However,
group X does not, according to the tentative assignment,
influence the CsO stretching mode of Glu122. In addition,
E122Q mutation does not influence the bands of group X.
To resolve this apparent contradiction, one has to keep in
mind that Gln122 in mutant E122Q bears a CdO group, as
does Glu122 in Rho. Thus, it could be that group X interacts
with the CdO group of Glu122 or Gln122 in the same way.
Therefore, the bands attributed to group X are not altered
by the E122Q mutation. If His211 is removed, this interaction
is no longer present, and the CdO group of Glu122 experi-
ences a completely altered environment in both the dark state
and in MI. This interaction would not necessarily influence
the CsO stretching mode. The CdO band of Gln122 of the
dark state has been assigned to the negative band at 1691
cm-1, and we have provided evidence that it is not upshifted
in MI. The band may be considerably downshifted, causing
the pronounced shoulder at 1675 cm-1 (Figure 4). Thus, it
seems that with respect to the CdO group, the behavior of
Gln122 in E122Q is not very different from that of Glu122 in
Rho.
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One way to test the proposed interaction with the CdO
group is to eliminate it by replacing Glu122by Ala. The yield
of the reconstituted E122A mutant was consistently lower
than that of other pigments so that the signal/noise ratio is
reduced in its FTIR spectra. In the description of Figure 3,
we have already noted that between 1150 and 1250 cm-1

the spectrum of the E122A mutant is very similar to that of
the double mutants E122Q/H211F(N). The subtracted
spectra are shown in Figure 6. For the double-site mutant
E122A/H211F, the band pattern observed with mutant
E122Q/H211F is reproduced. In addition, a positive band
shows up at 1248 cm-1. However, most notably, even within
the reduced signal/noise ratio, the same pattern is readily
seen as with the subtraction for the single mutant E122A.
Thus, the bands attributed to group X are influenced by the
E122A mutation. Together with the previous discussion, this
indicates that group X interacts with the CdO group of Glu122

(or Gln122 in E122Q). The additional positive band observed
at 1248 cm-1 (Figure 6) may be caused by group X in the
E122A mutant. It is interesting to note that most of the bands
between 1150 and 1250 cm-1 attributed to group X and
Glu122 do not show up in the MII spectra (Beck, Sakmar,
and Siebert, unpublished observation). This finding agrees
with the observation that the strong downshift of the CdO
band of Glu122 is reverted in MII and instead a small upshift
takes place.

In summary, our data clearly demonstrate that His211

mutation influences Glu122. We have provided evidence that
this influence is transmitted via an additional group X, most
likely bearing an OH function. However, we still cannot
completely exclude that His211 interacts directly with Glu122.
At present, the assignment of bands to group X is only
tentative. We cannot completely exclude that the corre-
sponding bands are due to His211. Even if the bands are due
to group X, interaction between His211and Glu122would still
be possible. The strongest infrared bands of a histidine are
not sensitive to such an interaction. Therefore, the histidine
would not show up in the FTIR difference spectrum, although
its interaction is changed in the transition to MI. In any
case, since the spectral effects can be explained only if His211

is close to Glu122, we can conclude that TM helices 3 and 5
come close together near the level of these two positions in
the bilayer. These data support theR-carbon model of G
protein-coupled receptors based on structural data from Rho,
which shows thatR-carbons corresponding to Glu122 and
His211 are separated by only∼10.9 Å (40). In addition, the
FTIR data provide strong experimental support for the spatial
arrangement of the amino acid chains deduced by the two
different procedures of molecular modeling that have pro-
posed an interaction between Glu122and His211 (12, 16). Thus,
this FTIR investigation on recombinant rhodopsins has
provided additional important structural constraints. Ongoing
investigations with additional mutants may clarify the identity
of group X and further determine the structural basis of the
activation pathway of Rho and related G protein-coupled
receptors. The specific role of histidines for the formation
of MII will be treated in a separate paper.
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