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ABSTRACT. A highly conserved carboxylic acid residue in rhodopsin, *&jumodulates transducin (G
interaction. It has been postulated that ¥tbecomes protonated upon receptor activation. We studied
the interaction between rhodopsin anduGing Fourier transform infrared (FTIR) difference spectroscopy
combined with attenuated total reflection (ATR). Formation of the complex betweand@hotoactivated
rhodopsin reconstituted into phosphatidylcholine vesicles caused prominent infrared absorption increases
at 1641, 1550, and 1517 crh The rhodopsin mutant E134Q was also studied. When measured in the
presence of Greplacement of GRi* by glutamine abolished the low-frequency part of a broad absorption
band at 1735 cmt that is normally superimposed on the light-induced absorption changes &% #xsp

Glu'?22 of rhodopsin. In addition, a negative absorption band at 1400 ¢hat is evoked by interaction

of native metarhodopsin Il (MIl) with Gwas not observed in the difference spectrum of the E134Q
mutant. Thus, GIt#*is ionized in the dark and exhibits a symmetrical CO&retching vibration at 1400

cm L. Glu*®**becomes protonated in the-@vill complex and displays a=€0 stretching mode near 1730
cm™1. The E134Q mutation also affects absorption changes attributable to lipids, suggesting that the
protonation of Gl&*is linked to transfer of the carboxylic acid side chain from a polar to a nonpolar
environment by becoming exposed to the lipid phase whehiit@s. These results show directly that
Glu'** becomes protonated in MIl upon; Binding and suggest that changes in receptor conformation
affect lipid—protein interactions.

The large family of class | or rhodopsin-like G protein- (9, 13. In addition, tentative assignments of infrared
coupled receptors (GPCRscludes visual opsins, biogenic  absorption bands to Gl#f in MIl (15) and in MII—G; (14)
amine receptors, neuropeptide receptors, and some chemoare conflicting.

!(ine receptors. The location of the Iigqnd-binding domain A recent modification of the FTIR technique employed

in the seven-transmembrane (TM) helical bundle and the giqysis-coupled attenuated total reflection (ATR) to allow
mechanism of agonist-induced receptor activation are prob-gpecira of adsorbed membrane samples to be recorded under
ably conserved for all GPCRs within the rhodopsin-like class o4 physiological conditions. Infrared absorption changes
(1, 2. Class | GPCRs share an Asp(GIU)ArgTyr(Phe) \yere recorded to probe the formation of the activated-MI|
sequence at the cytoplasmic end of TM helix 3, which moves g ¢ompex (6). These initial ATR-FTIR spectra suggested
during metarhodopsin Il (MIl) formatior$( 4). Amino acid  yhat 4 carboxylic acid group of rhodopsin apart from the

replacements of Gl and Arg® affect G activation . omophore-binding pocket became protonated in the-Mil
(5—8), and GIU3* plays a central role in modulating proton Gt complex

uptake by MII @), suggesting that its protonation may be a . .
critical event in G binding or activation. The protonation e employed the ATR-FTIR technique to study a site-
states of internal carboxylic acid groups in rhodopsin have directed mutant of rhodopsin in which Gfdwas replaced
been studied by Fourier transform infrared (FTIR) difference bY glutamine (E134Q). By comparing the spectra of the
spectroscopy in combination with site-directed mutagenesisMutant and wild-type rhodopsin, we can assign an IR
(10-12). However, the postulated specific protonation of difference band to the protonation of Gitiin the Mil—G;
Glu®** has not been demonstrated directly in previous complex. GIld3* is ionized in the dark and exhibits a

FTIR studies or kinetic studies of recombinant rhodopsin Symmetrical COO stretching vibration at 1400 crh Glu'3*
becomes protonated in thg-GMIl complex and displays a
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EXPERIMENTAL PROCEDURES

Preparation of Washed Membranes and Breparation
of washed membranes from bovine rod outer segments was
carried out as describedq) with minor modifications. G
was purified from illuminated, osmotically shocked rod outer
segments by successive washes and hexyl agarose chroma-
tography (8). G; was eluted with 300 mM NaCl in buffer
solution (10 mM sodium phosphate, pH 7.1, 2 mM MgCl
1 mM dithiothreitol (DTT), 0.1 mM phenylmethylsulfonyl
fluoride). The pooled peak fractions were diluted with the
same buffer to a final concentration of 200 mM NaCl. The
G final concentration was typically 220 uM.

Purification and Reconstitution of Recombinant Rhodop-
sin. The E134Q mutant was constructed in a synthetic gene
(19) as previously describe®) and expressed in COS-1
cells, regenerated with 1dis-retinal, and purified by im-
munoaffinity binding 21) in 1.5% n-octyl-3-p-glucoside
(Anatrace, Inc.). Reconstitution of the recombinant pigment 1800 1600 12001990 1000 800
into lipid vesicles of-a-lecithin from fresh egg yolk (Fluka) WAVENUMBER / oni”

was done by dialysis and antrlfugatlon as repork] £2. Ficure 1: Infrared spectral changes during binding of @
FTIR SpectroscopyDetails of the ATR measurements  pnosphatidylcholine vesicles reconstituted with Con A-purified
have been reported ). In short, -2 nmol of recombinant  rhodopsin (trace A) or mutant rhodopsin E134Q (trace B) in the
pigment in phosphatidylcholine vesicles was dried under dark. ATR-FTIR spectra of reconstituted adsorbed vesicles were
nitrogen gas overnight on an internal reflection element (IRE) récorded 3 min ah 1 h after the addition of GThe difference

. . spectra represent the absorption change between the two times. The
made of ZnSe. The adsorbed material was then perfused 'nspectra were measured at k7 [10 mM sodium phosphate buffer,

the dark with a solution of freshly prepared @—12 uM). pH 6.8 (A) and 7.1 (B), 200 mM NaCl, 2 mM MggI1 mM DTT].
After equilibration of the membrane stacks with @t 17 Positive bands are due to accumulation qfwi@hin the vesicle

°C), the sample was illuminated with a 150 W light source layer at the surface of the IRE, and negative bands are caused by
through fiber optics for 30 s. The IR absorption of hydrated decreasing absorption of phosphatidylcholine.
phosphatidylcholine was determined by drying protein-free
vesicles on the IRE and then adding water. A pure water
spectrum measured in the same cell was used as referenc
All experiments were carried out with a Bruker IFS 28
apparatus equipped with a nitrogen-cooled MCT detector.
Interferograms (256 scans co-added) were recorded with sca
velocity 11 at 2 cm? resolution. The intensity reaching the
detector was reduced by a 2000 ¢neutoff Ge filter. A
nonlinearity correction was applied to all interferograms
using Bruker software.
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acid residues of Gwhich are expected to be unprotonated
at pH 6.8. These spectral features correspond very well to
®hose of Gbinding to disk membranes in the dark using the
identical experimental setud ). Therefore, association of
Gt with lipid vesicles containing rhodopsin mutant E134Q
fs not perturbed by the single amino acid substitution despite
evidence that G#* might be involved in the stabilization
of rhodopsin structure in reconstituted vesicl&8)( The
absorption decreases in the frequency range of carbonyl
stretching (17061800 cm?) and lipid headgroup modes
RESULTS (900-1300 cn1?) are attributed to swelling of the adsorbed
membranes associated with @nding (16).

Figure 1A and 1B show the signal associated with G = The spectral changes noted uporb{dding to E134Q are
binding in the dark to adsorbed vesicles containing recon- essentially identical to those obtained uponb@ding to
stituted rhodopsin or mutant pigment E134Q, respectively. rod outer segment rhodopsin. The slightly higher lipid
Complete loading of Ginto the stacks of lipid vesicles is  carbonyl stretching frequency (1735 chin E134Q versus
essential for the identification of (@ependent absorption 1733 cnT?! in rhodopsin) may reflect a slightly different
changes in light-induced difference spectra of MG, degree of incorporation of water into the adsorbed layer of
complexes. Efficient loading of the vesicles with i6 the vesicles. Variations in vesicle size and packing during the
dark minimizes additional Guptake during the spectral drying process may affect the swelling behavior of the
acquisition time after illumination. Spectra recaddeh after adsorbed sample when buffer is added. The detailed assign-
G; addition are ratioed against those measured 3 min afterment of bands arising from the adsorption of phospholipid
G; addition. The absorption increase in the amide | and Il vesicles to the IRE is not directly germane to the present
range that indicates binding of @ vesicles in the dark was  results and will be described in detail elsewhere (Fahmy,
essentially complete after 20 min. Using the absorption 3 K., in preparation).
min after addition of Gas reference eliminated baseline The ratio of the amide | (1640 cr®) to amide Il (1550
perturbations that accompanied injection of buffer containing cm™1) absorption bands is slightly higher for the E134Q
G; into the sample compartment. Prominent absorption pigment compared with that of rhodopsin. This difference
increases are noted in the amide | and Il spectral regions atis most likely accounted for by experimental variations in
1640 and 1550 cnt, respectively. In addition, an absorption  the orientation of pigment and, @ith respect to the normal
increase is seen at 1401 chthat is most likely attributable  of the IRE surface. Partial replacement of water Qyr@ay
to the symmetric COO stretching vibrations of carboxylic  also affect the net absorption increase of the amide | band
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where MII formation was~70% MIl (16, 24, 25. The
E134Q replacement does not distinctly influence bands in
the 1706-1800 cn! range, which includes the =€0
stretching modes of protonated carboxylic acid groups and
lipid esters. This result agrees with the lack of distinct effects
E134Q + Gt on carbonyl stretching modes during Mll formation in &fu

(light - dark) replacement mutants expressedsi cells (13).

The light-induced difference spectrum of E134Q shows
essentially all of the bands characteristic of wild-type
rhodopsin 16). Only small alterations are noted in the amide
| spectral range. For example, the 1662 émegative band
of dark rhodopsin is shifted to 1665 cfin E134Q, and
the neighboring negative band at 1654 ¢ns reduced by
about 50%. The introduction of one additional amide group
in the side chain of GH¥* in the E134Q mutant might
Gt-induced Effects contribute to the small alterations in the amide | spectral
(trace A~ trace B) range. However, the magnitude of the effect on the band at
c 1654 cn! appears too large to be caused by a single amide

group. Since the E134Q pigment activatesr®re efficiently
than wild-type rhodopsin, the spectral alterations cannot be

1800 16'00 : 14‘00 : 12'00 : 10'00 : 8(')0 related to a functional de_fect int(activaﬁon. In additi(_)n,
the prominent MIl absorption at 1641 ctis present, which

WAVENUMBER / cm’! . . : .

. _ . is generally displayed by active photoproducts but is absent
Ficure 2. ATR-FTIR difference spectra of mutant pigment E134Q ;, 5 inactive form of another recombinant pigme)(
reconstituted into phospholipid vesicles. Light-induced changes are o . .
recorded. Trace A, ATR-FTIR difference spectrum of mutant |he deviations from the wild-type MII difference spectrum,

pigment E134Q in the presence of.Grace B, ATR-FTIR especially the reduced 1654 chrband, suggest a “partially
difference spectrum of mutant pigment E134Q in the absence of active” receptor conformatior28, 29 that exists already in
G;. Trace C, Absorption changes induced by complex formation the dark state of E134GB0), thereby reducing additional

between Gand mutant pigment E134Q calculated by spectral . : T
subtraction (trace A- trace B). The spectra were measured at conformational changes apparent during photoactivation.

17 °C (10 mM sodium phosphate buffer, pH 7.1, 200 mM Nacl,  The effects of Gon light-induced absorption changes in
2 mM MgCl, 1 mM DTT). the E134Q pigment are shown in Figure 2, trace A. The

predominant effects are the increased absorption at 1641
because an absorption decrease of the strong water absorptioom™ and the superposition of the negative amide Il and
band at 1640 cmt (H—O—H scissoring) may superimpose C=C stretching bands of the dark state with a broad
with the amide | band. The magnitude of this effect would absorption increase between 1500 and 1560‘cmhese
again depend on microscopic packing properties of the differences, as well as more subtle spectral changes, are
vesicles. Taking into account these potential physical vari- resolved when the difference spectrum of E134Q recorded
ables, the time course, magnitude, and frequencies ofin the absence of Gs subtracted from that obtained in the
absorption changes that accompany binding eftdsthe presence of ({Figure 2, trace C). The subtraction constant
vesicles reconstituted with E134Q in the dark agree ex- was chosen so that the negative band ofAap1767 cm?
tremely well with results obtained with wild-type rhodopsin cancels in the resulting spectrum. A thorough analysis of
in phosphatidylcholine vesicles and in disk membraiég ( Gr-induced bands showed that extra MIl caused positive

The effects of illumination of mutant E134Q are presented bands at 1237 and 968 ctin a pH-dependent manner and
in Figure 2. Figure 2, trace A shows the ATR-FTIR that these bands vanished when the MII:MI ratio of the
difference spectrum of membranes containing E134Q thatreference spectrum matched that formed in the presence of
were preincubated with (zand trace B shows the spectrum G;. The influence on the 1735 crh absorption increase,
of membranes containing E134Q in the absenceoffiGe however, was negligible when 650% MIl was present in
magnitude of the light-induced absorption changes is small the reference spectruri®). At pH 7.1, mutant E134Q forms
compared with the changes caused byiGding in the dark more than 70% MIl even in the absence of @ereby
as indicated by the OD scale bar. These data show thatreducing its ability to form extra Mll. Correspondingly, bands
spectral markers of Gdark binding to membranes and at 1237 and 968 cnt are barely resolved in thes@duced
pigment photoactivation can be probed separately in the ATR absorption changes of mutant E134Q when the reference
cell. spectrum is recorded at the same pH. Therefore, the resulting

Mutant E134Q exhibits reduced sensitivity to alkaline pH spectral features in trace C are largely dominated by G
with respect to MIl formation. Consequently, in the differ- induced absorption changes. Distingti@luced bands are
ence spectrum of mutant E134Q in Figure 2B, the contribu- seen at 1640, 1550, and 1517 ©mBands at identical
tion from MII should be even more than the 65% reported positions are observed with disk membranes and with wild-
to form from wild-type rhodopsin under similar conditions type reconstituted rhodopsin. Also, the less pronounced
(29). In addition, residual absorption of the chromophore at absorption changes at 1308 and 907 tmre in excellent
950 cn1tin the Ml-like spectrum of E134Q is even smaller agreement with those previously described. Therefore, the
than that reported in the difference spectra of reconstituteddata confirm that the amino acid replacement does not
wild-type rhodopsin recorded at the more acidic pH of 6.8 interfere with the productive interaction of Mll with.G
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regions in which lipids may contribute to absorption changes
during MIl—G; complex formation. In disk membranes as
well as in reconstituted vesicles,; & duces a structured
absorption increase in the spectral range between 1440 and
1470 cm! with peaks at 1460 and 1444 cin(Figure 3,
trace B). In mutant E134Q, however; iBduces an unstruc-
tured absorption increase at 1450 ¢m

The presence of @&lso causes the appearance of absorp-
tion bands in the range of the symmetrical@nd G-O—
PG~ vibrations between 1050 and 1100 ¢min disk
membranesl(6) and reconstituted vesicles, MiG; forma-
B tion is accompanied by small but reproducible absorption
. . . increases at 1088 and 1067 ¢hiFigure 3, trace B). Dark
1800 1600 1400 1200 1000 800 rhodopsin £6) and the dark state of E134Q exhibit absorption
WAVENUMBER / cm” bands in the same frequency range (Figure 2). However, the
FiGURE 3: Comparison of the effect of®inding on light-induced ~ Peaks at 1098 and 1072 cirdiffer significantly from those
spectral changes in reconstituted phosphatidylcholine vesiclesinduced by G Therefore, it can be excluded that the bands
containing recombinant pigment E134Q (trace A) or rhodopsin at 1088 and 1067 cm are artifacts caused by spectral
(race B). Absorption changes induced by complex formation gyptraction. These bands are abolished in the difference

between and pigment were calculated by spectral subtraction as .
in Figure 2. The spectra were measured at@710 mM sodium spectrum of MIFG; of E134Q. In the native complex, they

phosphate buffer, pH 7.1 (A) and 6.8 (B), 200 mM NaCl, 2 mM May be caused by the phosphate ester of the GDP bound to
MgClz, 1 mM DTT]. The reference spectrum used for generation G;. However, the frequencies of these bands match those of
of trace B was recorded at pH 5.5 to compensate for extra Ml the phosphate ester stretching modes of phosphatidylcholine
formation by reconstituted purified rhodopsin. in fully hydrated reconstituted vesicles. Therefore, a tentative
. L assignment of the 1067 and 1088 ¢nbands to lipid
The difference spectra of E134Q and rhodopsin in the paaqgroups that become perturbed during formation ofMil
presence of Gare directly compared in Figure 3. Spectral g seems reasonable. Thus, the entire ensembleiotiGeed

changes. are .noted at frequencies typical of vibratiqns of hands at 1743, around 1450, and between 1060 and 1100
carboxylic acid groups. These alterations can be directly o1 may indicate that lipid absorptions are influenced by
related to the removal of the carboxylic acid group in the i, E134Q replacement.

side chain of GIt#*in the mutant pigment. Based on previous
experiments carried out inJD, the low-frequency half of  piscussioN
the broad absorption increase at 1735 &fffrigure 3, trace
B) was assigned to protonation of an external carboxylic acid  Light-induced formation of the complex between&ad
group in the wild-type MI+-G; complex. Correspondingly,  the recombinant pigment E134Q was probed by ATR-FTIR
the negative band at 1400 ctmwas attributed to the  difference spectroscopy and compared with the correspond-
symmetric COQ stretching mode of this group in the ionized ing spectrum of wild-type rhodopsin. Two distinct spectral
state in dark rhodopsin. Upon E134Q mutation, both of these alterations were observed in the E134Q mutant: (i) the lack
spectral features vanish (Figure 3, trace A). This result allows of a CG=0 stretching vibration around 1730 ch(positive),
the assignment of the 1400 cf(negative) band to ionized  and (ii) the lack of a band at 1400 cin(negative) typical
Glu'34in dark rhodopsin, and the 1733725 cm? (positive) of a symmetric COO stretching mode. These spectral bands
band to protonated Gléf in the light-activated Mi+-G; can be assigned to Gfttin rhodopsin. The data show that
complex. The complete absence of the 1400 timand the equilibrium of the protonation reaction of Gitis shifted
argues for Gl being the sole carboxylic acid group that from an ionized state in dark rhodopsin (1400 érabsorp-
becomes protonated in MHG:. tion) to a protonated state in MHG; (1730 cm* absorption).

A lipid ester carbonyl stretching mode was suggested to Light-induced protonation of this residue has been suggested
cause the high-frequency part of the broad 1735doand based on the inhibition of proton uptake by M8)(@nd the
in rhodopsin (Figure 3, trace B) because of its persistencepH sensitivity of G activation of the detergent-solubilized
in D,O-containing sampleslf). The composite nature of E134Q pigment). In rhodopsin, only the protonated form
the 1735 cm? absorption is confirmed here, since removal of MIl, MIl y, interacts with G(32). Therefore, stabilization
of Glu3*abolishes only part of this band, as is obvious from of MIl by G;, “extra-MIl formation” (33), specifically
the residual absorption increase at 1743 £(Figure 3, trace populates the M}J state and depopulates the unprotonated
A). The frequency of this band is 2 cthhigher than that of Ml , species. This explains why specific infrared absorption
the corresponding band of wild-type MG, in D,O, and changes of M} may become visible only in the presence
its magnitude is reduced, indicating that the perturbation of of G;. Our data show that protonation of Gitiis favored in
a lipid ester G=O stretching mode is altered by the amino the MII—G; complex and may thus be linked to Mlrather
acid replacement. An involvement of absorption changes than Mll, formation. These results strongly suggest that
from lipids interacting with MIFG; is not unlikely. A Glu® functions as a proton acceptor in the Mtb Ml
specific interaction of rhodopsin with a lipid in disk transition in the absence of.GAccordingly, the lack of
membranes has recently been described and causes distinct spectral alterations between 1700 and 1800 @md
difference band at 1743 crh(positive)/1724 cm! (negative) near 1400 cmt in the difference spectrum of mutant E134Q
(31). Therefore, it is of interest to analyze other spectral alone (3) argue for predominant formation of MIunder
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the conditions of previous FTIR experiments in the absence
of G.

In a recent polarized ATR-FTIR study on MII formation,
however, bands at 1736 and 1403 érhave been tentatively
assigned to the €0 stretching and CO© stretching modes
of Glu*®* respectively 15). Our results provide direct
evidence for the protonation change at this site in the
presence of G The data do not support a previous assign-
ment of a band at 1704 crhto the G=0 stretching mode
of Glut3*in MIl —G; (14). In addition, we show here that
the GIU3*replacement gives rise to spectral alterations that
may be caused by lipid headgroups and side chains ir-Mll
G:. Lipid—protein interactions in MIl are apparently modu-
lated by Gand probably involve the environment of Git)
extending the observation that a lipid carbonyl band shifts
from 1724 to 1743 cmt during MII formation in vesicles
(3.

Conclusions from our data with respect to a putative proton
uptake function of GIt#* depend on the validity of present
models describing different protonation states of JMiihd
Mll , as well as their affinities for GIn a recent study, proton
uptake by MI} rather than MI} has been suggested to
proceed concomitantly with Schiff base deprotonati®d) (
The conflicting models render an unequivocal assignment
of the protonation of GIt#* to the different MIl species in
the absence of @mpossible. Irrespective of the direct or
indirect role of Gld®* in proton uptake by MIl, the proto-
nation of GI43* demonstrated here in MHG; shows that
the neutral side chain at this position favors the active
receptor conformation. This agrees with the higher rate of
G activation by the mutant pigment E134Q and the constitu-
tive activity of several mutant opsins with Gfd replace-
ments 6, 7). Anticipation of the neutral state of the G¥
side chain in the mutant may thus induce an active-like
conformation in a restricted domain on the rhodopsin surface

Biochemistry, Vol. 39, No. 34, 2000611

functional importance during Gbinding and activation.
Topologically, such an interaction appears possible because
Glu3*is positioned at the interface between the lipid layer
and the cytoplasn3@). Rigid body movements of TM helix

3 relative to TM helix 6 40) and conformational changes in
the Glu-Arg-Try motif itself may cause a transfer of the
Glu*** side chain from a polar to a nonpolar lipid environ-
ment, thereby inducing its protonation. Alternatively, charge
neutralization at this site by substitution of Gin for Glu would
anticipate a lipid helix packing in which the Gin side chain
points to an apolar environment already in the dark state. A
further perturbation of lipid vibrations during MHG;
formation would be reduced. This may explain the lack of
spectral changes between 1060 and 1090'cemd the
reduced absorption increase at 1743 &mpon MII-G;
formation in E134Q.

In summary, the results demonstrate that protonation of
Glu***occurs in the MG, complex, giving rise to a €0
stretching mode at 1730 crh(positive) and a symmetrical
carboxylate stretch at 1400 cfn(negative). This protonation
may be linked to specific lipietprotein interactions in the
MIlI —G; complex. Additional studies are underway to char-
acterize specific lipietprotein interactions during receptor-
dependent G protein activation. The high degree of conserva
tion of an acidic amino acid in GPCRs at a position
homologous to GIt#* of rhodopsin 41) hints at a common
mechanism for G protein activation that may operate by
protonation of the Asp(Glu) side chain in the conserved
Asp(Glu)ArgTyr(Phe) motif. Although effects of homologous
amino acid replacements in other GPCRs are not uniform
(42—44), our data strongly support protonation-dependent
signaling in other rhodopsin-like GPCRs as proposed:fgr
and 3,-adrenergic receptor®(39.
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