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Abstract: The visual pigment rhodopsin is a seven-transmembrane (7-TM) G protein-coupled receptor
(GPCR). Activation of rhodopsin involves two pH-dependent steps: proton uptake at a conserved
cytoplasmic motif between TM helices 3 and 6, and disruption of a salt bridge between a protonated Schiff
base (PSB) and its carboxylate counterion in the transmembrane core of the receptor. Formation of an
artificial pigment with a retinal chromophore fluorinated at C14 decreases the intrinsic pK, of the PSB and
thereby destabilizes this salt bridge. Using Fourier transform infrared difference and UV-visible
spectroscopy, we characterized the pH-dependent equilibrium between the active photoproduct Meta I
and its inactive precursor, Meta I, in the 14-fluoro (14-F) analogue pigment. The 14-F chromophore
decreases the enthalpy change of the Meta I-to-Meta Il transition and shifts the Meta I/Meta Il equilibrium
toward Meta Il. Combining C14 fluorination with deletion of the retinal 5-ionone ring to form a 14-F acyclic
artificial pigment uncouples disruption of the Schiff base salt bridge from transition to Meta Il and in particular
from the cytoplasmic proton uptake reaction, as confirmed by combining the 14-F acyclic chromophore
with the E134Q mutant. The 14-F acyclic analogue formed a stable Meta | state with a deprotonated Schiff
base and an at least partially protonated protein counterion. The combination of retinal modification and
site-directed mutagenesis reveals that disruption of the protonated Schiff base salt bridge is the most
important step thermodynamically in the transition from Meta | to Meta Il. This finding is particularly important
since deprotonation of the retinal PSB is known to precede the transition to the active state in rhodopsin
activation and is consistent with models of agonist-dependent activation of other GPCRs.

Rhodopsin is the G protein-coupled receptor (GPCR) respon-the transition to Meta Il appears to be mediated by a partially
sible for dim light vision. It is a prototypical seven-trans- solvent-exposed interhelical network linking the cytoplasmic
membrane (7-TM) helical membrane protein that specifically ends of TM helices 3 and Bwhich includes Glu 134 as part of
binds an 11-cis retinal chromophore. Unlike other GPCRs the conserved E(D)RY mofif(Figure 1A).
activated by diffusible ligands, rhodopsin binds its chromophore  In the dark state of rhodopsin, the PSB is stabilized by the
via a protonated Schiff base (PSB) with a lysine on TM helix negative charge of Glu 113 on TM3 (Figure 1%)together
7. In the dark, the 11-cis chromophore acts as an inverse agonistvith the hydrogen-bonded network extending along the extra-
and locks the receptor in an inactive conformation. Photo- cellular loop 2 (EC2, Figure 1B) to Glu 181. After photoexci-
isomerization to all-trans switches the ligand to a full agonist. tation, the dominant contribution to the counterion appears to
This initial change within the retinal binding pocket is propa- shift from Glu 113 to Glu 181 in Meta@However, as Glu 113
gated into the protein to produce a series of intermediates remains charged in Meta I, it is possibly still part of a counterion
defined by their spectral and conformational properties. Meta complex8 In the transition to the active Meta Il state, Glu 113
I, the active receptor species, forms in milliseconds and exists
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Figure 1. Molecular model of rhodopsin based on the structure of the dark state (PDB 3%2Me insets show close-ups of the cytoplasmic TM3/TM6

microdomain with the ERY motif including Glu 134 (A) and the domain around the protonated Schiff base (PSB) with the salt bridge to Glu 113 and the
H-bonded network extending along extracellular loop 2 (B). The positions of the two carboxylic acids Glu 122 on TM3 and Asp 83 on TM2 are indicated.

finally becomes protonateédwhile the retinal Schiff base  (unpublished observation). Therefore, the E134Q mutant can
deprotonates. The overall process results in a net transfer ofbe used to study both the coupling between the Glu 134 network

the PSB proton to Glu 113, and the original salt bridge is
abolished.

The activation of rhodopsin is known to involve a change of
the helix bundle orientation due mainly to a relative reposition-
ing of TM helices 3 and 6%11 As the structure of the helix
bundle does not change substantially up to Metd this
reorientation of helices takes place mostly during the transition
from Meta | to active Meta Il and depends on two proton-
dependent steps: proton uptake by the cytoplasmic TM3/TM6
microdomain and protonation of Glu 113. Using rhodopsin
artificial pigments derived from synthetic chromophores, we

and the Glu 113 network and the impact of the proton uptake
by the TM3/TM6 network on protonation of Glu 113 and
receptor activation. The influence of protonation of Glu 113
on the transition from Meta | to Meta Il is much less easily
mimicked by a mutation, as neutralization of Glu113 in the
E113Q mutant abolishes the counterion function of Glu 113
and severely alters protein function. To circumvent this obstacle,
we have used here a different approach. Instead of neutralizing
the negative charge of residue 113, we lowered the intrinsic
pK, of the retinal PSB by fluorination of the polyene close to
the Schiff base nitrogelf. The electron-withdrawing fluorine

recently showed that the two protonation steps during receptor group destabilizes the positively charged PSB linkage and lowers

activation are allosterically coupléé,as had been suggested
earlier!* Allosteric coupling between the cytoplasmic TM3/
TM6 network around Glu 134 and the protonated Schiff base
network with Glu 113 is presumably weak in the dark state

its intrinsic Ko We therefore prepared 14-fluoro (14-F)
isorhodopsin, 14-F acyclic isorhodopsin, and the 14-F acyclic
mutant E134Q and studied the impact of a decreased intrinsic
pK, of the PSB on receptor activation, with specific attention

and becomes considerably enhanced in the transition from Metato the properties of the Meta I/Meta Il conformational equilib-

| to Meta Il. The coupling depends in particular on the ring
and 9-methyl group of the all-trans retinal, which play important

roles in the concerted rearrangement of the helix bundle in the

transition to Meta I3 Replacement of Glu 134 by GIn leads
to formation of Meta Il and protonation of Glu 113 independent
of pH (manuscript in preparation). However, the E134Q mutant,
reconstituted with acyclic or 9-demethyl retinal, displays es-
sentially the same pH dependence of its Meta I/Meta Il
equilibrium as the wild type of these pigment analogifés.
Mutation of Glu 134 to glutamine mimics the proton uptake
reaction without significantly perturbing the conformation of
the dark state, at least in a native-like lipid environment
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Materials and Methods

Preparation of Modified Retinals. 14-F 9-cis retinal was synthe-
sized as previously describétl14-F acyclic retinal (2-fluoro-3,7-
dimethyl-10-ethyl-2,4,6,8-dodecatetraenal) was prepared by conden-
sation of the 2-cis isomer of 6-ethyl-3-methyl-2,4-octadienal with
acetone (in the presence of sodium hydroxide), followed by reaction
with the sodium salt of diethyl phosphono-2-fluoroethylacetate and
subsequent reduction with diisobutylaluminum hydride and oxidation
with Mn02.

Pigment Preparation. Rhodopsin artificial pigments were prepared
in their native disk membrane environment as isorhodopsins by
regeneration of opsin with the synthetic 9-cis ligaffti§or control
experiments, isorhodopsin was prepared similarly using unmodified
9-cis retinal. Mutant pigments were purified, reconstituted into phos-
phatidyl choline (PC) vesicles, and regenerated with synthetic chro-
mophores as described previou¥ly.

Fluorination of C14 of retinal (Chart 1) decreases tli& pf the
retinal Schiff base by 2.3 units compared to that of the unfluorinated

(16) Steinberg, G.; Ottolenghi, M.; Sheves, Biophys. J.1993 64, 1499~
1502.
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1978 100, 5957-5960.
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Chart 1. Modified Chromophores Used in This Study?

native

14-F

Ve Yo Yo S \N*/ 14-F acyclic
F H

aThe chromophores are shown as all-trans isomers of the protonated
Schiff bases. Regeneration of the pigment was achieved with the respective

9-cis retinals.

Schiff base in methandf. 9-Cis 14-F retinal absorbed at 377 nm in
ethanol. It reacted readily with opsin, regenerating withih atroom

Low-temperature spectroscopy was performed using a custom-made
liquid-nitrogen-cooled cryostat. Samples for BVisible spectroscopy

at —20 °C were supplemented with 50% glycerol (v/v) to reduce
scattering.

Results

In the following, all photoreactions of the artificial pigments
started from the 9-cis isorhodopsin dark state and are compared
to those of isorhodopsin obtained by regeneration of opsin with
unmodified 9-cis retinal.

We will distinguish between Meta | and Meta Il on the basis
of their functionality rather than merely on their visible
absorption properties, as those may be misleading (see, e.g.,
refs 22 and 23 for active receptor states with aberrant absorption
characteristics). We refer to Meta Il as the photoproduct state
with an active state conformation similar to that of native Meta
II, being in conformational equilibrium, with characteristic
anomalous pH dependentwiith a Meta | state that is shifted
toward Meta Il by binding of G protein or of G protein-derived
functional peptides (as in this study). While the Meta Il states
of the artificial pigments studied here generally have conforma-
tions very similar to that of native Meta Il, the conformations

temperature the 14-F isorhodopsin analogue with a visible absorption of the respective Meta | states are often distinctly different from

peak at 511 nm at full yield, in agreement with previous stutfies.

FTIR Spectroscopy.Fourier transform infrared (FTIR) spectroscopy
was performed with a Bruker IFS 28 spectrometer with a mereury
cadmium-telluride (MCT) detector. Spectra were recorded in blocks
of 512 scans with an acquisition time of 1 min and a spectral resolution
of 4 cnrl. Experiments were performed with sandwich samples
containing 0.5 nmol or less of pigment in native membranes to allow
for control of water content, pH value, and salt concentratidvieta
I/Meta Il titration curves obtained from these samples are identical to
those measured with membrane suspensidadiquots of 40uL of
citric acid, 2N-morpholinoethanesulfonic acid (MES), or Bis-Tris-
propane (BTP) were used at 200 mM to provide for precise pH
adjustment, particularly at pH extrem®s-or H/D exchange, sample
films were equilibrated twice with ED and dried under nitrogen before
addition of the respective buffer prepared in Buffer pH was
adjusted at 20C, and effective pH was measured again at the specific
temperature of an experiment to account for the temperature dependen
of buffer pK,. Stated pH values are always effective pH values unless
noted otherwise.

Samples were photolyzed for 20 s through fiber optics fitted to a
150 W tungsten lamp equipped with a long-pass filter. The cutoff

that of native Meta |, reflecting the altered ligangrotein
interactions. The anomalous pH dependence and the sensitivity
to G protein-derived peptides of their associated conformational
equilibria with their respective Meta Il states, as well as a
conformational distinction from their Lumi precursor states, are
therefore used to identify these states as Meta | states.

14-F Isorhodopsin. 14-F isorhodopsin Amax = 511 nm)
formed, at acidic pH, a Meta Il photoproduct absorbing at 392
nm. The FTIR difference spectrum of the transition from the
isorhodopsin dark state to Meta Il (Figure 2A) shows all Meta
Il marker bands. In particular, in the range above 1700%¢m
the absorption changes of the=O stretch vibrations of
protonated carboxylic acids are practically identical to those in
Meta Il minus dark statspectra of unmodified isorhodopsin,

C(gvhile other bands have small alterations of their intensities (e.g.,

the Meta Il bands at 1644 and 1532 chand the dark-state
bands at 1665 and 1557 ch). The dark-state fingerprint
vibrations of the 14-F chromophore, the coupled@stretch

and the CH in-plane bending modes in the range between 1100

wavelengths were 530 nm for 14-F and native isorhodopsin and 495 and 1400 cm?', are considerably different from those of

nm for 14-F acyclic isorhodopsin.Ka values for Meta I/Meta Il

unmodified isorhodopsin, reflecting the influence of the 14-F

equilibria at different temperatures were determined as described group on position and coupling of the chromophore vibrational

previously*® employing the conformationally most sensitive spectral
region between 1800 and 1600 cinwhich comprises mostly bands
of structurally important protonated Glu and Asp residues in the

transmembrane core of the receptor and the amide | bands of the protei

backbone.
The Meta I/Meta Il equilibrium was verified to be sensitive to the

n

frequencies. Also, the position of the G#C12 hydrogen out-
of-plane (HOOP) mode of the chromophore is shifted from 958
in unmodified isorhodopsin to 952 crhin 14-F isorhodopsin.
Fluorination of C14 shifts the Meta I/Meta Il equilibrium
toward Meta Il (Figure 2C). This is particularly pronounced at

presence of a 20-fold excess of a peptide analogue to the C-terminusO °C, where the apparenKp of Meta I/Meta Il equilibrium is

of the transduciro-subunit, peptide 23 (VLEDLKSCGLP}, which
shifted the equilibrium in all cases toward Meta I
UV —Visible SpectroscopyFor UV—visible spectroscopy, sandwich

increased by about 1 unit. At 2TC, an increase of theky
from 7.7 in native pigment to approximately 8.2 in the 14-F
pigment is still noticeable. Theky value for 14-F pigment at

samples identical to the IR samples were used in a Perkin-Elmer og °C g only an approximate value, as it was not possible to

Lambda 17 spectrophotometer equipped with a temperature-controlled
sample holder. lllumination was the same as in the FTIR experiments.

(19) Vogel, R.; Siebert, FJ. Biol. Chem2001, 276, 38487-38493.

(20) Vogel, R.; Siebert, FBiospectroscopp003 72, 133-148.

(21) Martin, E. L.; Rens-Domiano, S.; Schatz, P. J.; Hamm, H. Biol. Chem.
1996 271, 361-366.

extend the titration curve sufficiently into the alkaline range to
obtain a reasonably pure Meta | state. To obtain a pure Meta |

(22) Fahmy, K.; Siebert, F.; Sakmar, T.Bochemistryl994 33, 13706-13705.
(23) Vogel, R.; Fan, G. B.; Siebert, F.; Sheves, Blochemistry2001, 40,
13342-13352.
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reference spectrum, we had to resort to lower temperats&3 (
°C at a pH of approximately 9.3).

As reported previously the apparent I§, values of Meta
I/Meta Il titration curves (K1 and [K;) measured at two
different temperatures{ andT,) can be used to calculate both
the enthalpy changeAH) and the entropy chang@&§) of the
transition from Meta | to Meta Il using the expressions

T,T.

AH = R(2.303)(K, — pK,) T 2T2

and

B pK,T; — pK,T,
AS= R(2.303(ﬁ

whereR is the gas constant. The calculated thermodynamic
parameters are listed in Table 1. A striking difference between
isorhodopsin and 14-F isorhodopsin was the considerably
decreased temperature sensitivity of the Meta I/Meta Il photo-
product equilibrium in the 14-F pigment, implying a reduced
enthalpy increase accompanying the transition (46 kJ/mol in
14-F Meta I/Meta 1l, compared with 84 kJ/mol observed in
native Meta I/Meta Il). The decrease&H of 14-F Meta I/Meta

Il is, to a considerable extent, offset by a concomitant decrease
of AS of the transition.

The Meta | minus dark statelifference spectrum of 14-F
isorhodopsin at-10 °C and pH~9.3 reveals several pronounced
changes compared with that of isorhodopsin (Figures 2B and
3A). We observe a strong alteration of the difference band of
the ethylenic &C stretching mode of the chromophore (at
1553()/1537¢) cm™! in Meta | minus dark statspectra of
unmodified isorhodopsin), which is correlated with an altered
visible absorption in Meta |, as will be shown below. Further,
there are considerable changes above 1700 amolving Asp
83 on TM2, which takes part in a hydrogen-bonded network
between TM2, TM6, and TM7, and Glu 122 on TM3, which is
part of a network between TM3 and TM5 (Figure 1). With
isorhodopsin, we observe a dark-state band of Asp 83 at 1771
cm~1 and a difference band of Glu 122 with Meta | absorption
around 1704 cmt in the high-frequency side of the band pattern,
peaking at 1701 crt and with split bands at 1735 and 1728
cmtin the dark. With 14-F isorhodopsin, the dark absorption
band of Asp 83 is slightly downshifted to 1768 th while
Glu 122 shows a peculiar absorption pattern in 14-F pigment:
the dark absorption at 1728 ct corresponds to the low-
frequency part of the split absorption band in the dark state of
the native pigment. In the Meta | state of 14-F, there is more
heterogeneous hydrogen bonding of Glu 122 than in native Meta
I, leading to two positive absorption bands at 1745 and 1710
cm™L. This heterogeneous absorption indicates at least two
distinct populations of Glu 122 rotamers in 14-F Meta I. The
identification of these Meta | bands with the=© stretch of
Glu 122 is based on their /D,0 sensitivity (Figure 3B),

Metall A

|
o
&
~ unmodified

™5

|
o
@
o

absorption change

B

PP BFETEErE EPEPEPEE BN S | PP B EFREr B | P
1800 1600 1200

1000

1400

wavenumber [ cm™
T T T T T T T T
1.0 O C
$ sl at 0°C
= 0.
E 14-F
2 o0s 6.6 .
3 at 0°cC ~8.2
£ o4l e
s unmodified -,
@ &
2 02} 7.7
8 I at 20°C
0.0}
3 4 5 6 7 8 9
pH

Figure 2. Meta Il and Meta | of 14-F isorhodopsin. FTIR difference spectra
photoproduct minus dark staté 14-F isorhodopsin (black) were obtained
under conditions favoring either Meta Il (at°’C, pH 5.1, A) or Meta | (at
—10 °C, pH ~9.3, B). These difference spectra are compared with
corresponding spectra of the transition from unmodified isorhodopsin to
the native Meta I/Meta Il photoproduct states (green) obtained &C10

pH 5.0 for Meta Il and at-10°C at pH~9.3 for Meta I. In thephotoproduct
minus dark stateepresentation, photoproduct bands are positive, while
contributions of the dark state are negative. (C) The appat€nopthe
Meta I/Meta Il equilibrium of 14-F isorhodopsin (colored curves) is
approximately 0.5 unit higher at 2 (red) and 1.0 unit higher at T
(blue) than that of native Meta I/Meta Il (gray dotted curves). The all-trans
14-F ligand is therefore a more potent agonist than the native all-trans ligand.
In contrast to those for Meta I/Meta Il of unmodified isorhodopsin, tkg p
values of 14-F Meta I/Meta |l are less dependent on temperature in the
range between 0 and 2@, indicating a reduced enthalpy change in the
transition.

very small absorption changes in the 14-F Lumi, similar to the
native Lumi (not shown).

The UV—visible spectra of the 14-F photoproducts reveal a
deprotonated Schiff base for Meta Il (Figure 4) with an
absorption peak at 392 nm in the difference spectrum. At pH
9.5, we observe a Meta | photoproduct with a protonated Schiff

allowing the assignment to a carboxylic acid, and the disap- base and a red-shifted absorption peak around 516 nm (com-
pearance of the band pattern in thketa | minus dark state  pared with its dark-state absorption at 511 nm) that appears to
difference spectrum of the E122Q mutant of 14-F isorhodopsin have a reduced absorption coefficient. The small light-dependent
(Figure 3C). Further, the Meta | state of 14-F pigment is absorption increase at 390 nm might reflect residual Meta |l

distinctly different from its Lumi precursor, in particular in  formed at this pH, while the light-independent absorption in

regard to the conformationally sensitive=O stretching vibra- the spectra around 365 nm is due to retinal-oxime and unreacted
tion of Glu 122 close to the ring of retinal, which shows only retinal present in the pigment preparation. Formation of a Meta

10506 J. AM. CHEM. SOC. = VOL. 128, NO. 32, 2006
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Table 1. Enthalpy and Entropy Changes in the Meta I/Meta I
Equilibria of Selected Pigments?
pKa
at at AH AS TASat 20 °C
20°C 0°C  Apk, (kd/mol) (J/(mol K)) (kJ/mol)

native® 7.7 6.6 1.1 84 434 127
14-F 82 76 0.6  46¢38) 314 92 (-35)
14-F acyclic 5.0 5.3 —-0.3 —-25(-107) 17 5¢122)
acycli¢ 50 4.1 0.9 69¢15) 331 97 £30)
opsirPd 3.8 48 (-36) 236 69 (-58)

a ApKa is the difference between th&kpvalues measured at 0 and 20
°C. The estimated error margins faH andASare 15 kJ/mol and 54 J/(mol
K), respectively. In the case of the 14-F pigment, these error margins are
larger due to the less precisely determinég palue at 20°C. The values
in parentheses fokH andTASindicate the difference from the respective
value of the native pigment.From ref 15.¢ Diethyl acyclic-2 from ref 15.
d Opsin conformational equilibriurt see text for details.

T T T T T T T T T

1663

| unmodified

1553

! B
[\ 14-F Meta |

absorption change

C
14-F Meta |

wildtype 14-F

\ |
[ R --_\I
r;\ 1l

E122Q 14-F

1800 1600 1500 1400
wavenumber [ cm™

Figure 3. Meta | of 14-F isorhodopsin. (A) Close-ups of theta | minus
dark statedifference spectra of 14-F isorhodopsin (black) and unmodified
isorhodopsin (gray) of Figure 2B in the spectral range of amide | and
carboxylic acid vibrations. (BMeta | minus dark statdifference spectra

of 14-F isorhodopsin obtained in,B (black, as in A) and BD (gray) at
—10 °C at pH~9.3, allowing the identification of the €0 stretches of
carboxylic acids in 14-F Meta | at 1745 and 1710¢rhy their deuteration-
induced downshifts to 1735 and 1704 threspectively. (CMeta | minus
dark statedifference spectra of wild-type 14-F isorhodopsin (black) and
the E122Q mutant of 14-F isorhodopsin (gray), obtainee-20® °C and

pH 7, revealing Meta | bands at 1744 and 1709 &im the wild type that
disappear in the E122Q mutant.

[T T[T T[T YT TTTT [T T T T T T T T

14-F Meta ll 14-F Meta |
0°C, pH 5.1 0°C,pH9.5

before

absorption

0.05¢}

after
illumination

0.00

400 500 600

600
wavelength / nm

Figure 4. UV—uvisible spectra of 14-F Meta Il and Meta |. Dark-state
isorhodopsin (black) and photoproduct spectra (gray) were obtained at 0
°C. The Meta Il photoproduct formed at pH 5.1 has a completely
deprotonated Schiff base with a photoproduct peak at 392 nm. At pH 9.5,
the photoproduct is largely Meta | with a protonated Schiff base and an
absorption peak that is red-shifted compared with that of the isorhodopsin
dark state.

structural alterations of the hydrogen-bonded network involving
the protonated Schiff base and its complex counterion formed
by Glu 181 and Glu 113 (and presumably other additional
residues and bound water molecules) in Meta I. Due to allosteric
coupling of the Schiff base region to the cytoplasmic TM3/
TM6 proton uptake regiof® disruption of the Schiff base salt
bridge in Meta | is strictly coupled to the conformational
transition to Meta Il, such that a shift of the equilibrium toward
Meta Il is observed rather than a deprotonation of the Schiff
base in Meta I. We therefore prepared another fluorinated
analogue, 14-F acyclic, in which we additionally deleted the
retinal S-ionone ring (Chart 1). As we had shown previously,
deletion of the ring portion largely abolishes this coupling
between the Schiff base region and the cytoplasmic TM3/TM6
region around Glu 13% It appeared therefore plausible that,
by combining the 14-F and the acyclic modification, a disruption
of the Schiff base salt bridge in Meta | could be uncoupled
from the conformational transition to Meta II.

14-F Acyclic. The 9-cis 14-F acyclic retinal absorbed at 362
nm in ethanol and reacted with opsin at a much slower rate
than the 14-F or previously studied acyclic analogi¥eBhe
complete regeneration of 14-F acyclic isorhodopsin (visible
absorption peak at 481 nm) required incubation for at least 6 h
at room temperature. Removal of tBégonone ring in acyclic
pigments had been shown recently to shift considerably the Meta
I/Meta Il equilibrium toward inactive Meta | (Table 1324
Likewise, in the 14-F acyclic pigment, the appareKt pf the
equilibrium is shifted by roughly 3 units compared with that of
the 14-F pigment (Figures 2C and 5C). The temperature
dependence of thekp of 14-F acyclic is very unusual, as the

| state with a completely protonated Schiff base is also observedPKadecreases slightly as the temperature is increased, implying

at—20°C, where Meta | is stable over the entire accessible pH
range.

Fluorination of C14 withdraws electrons from the protonated
Schiff base, reducing its intrinsid{@ and consequently increas-
ing the K, of its protein counterion. This leads to a weakening
of the protonated Schiff base salt bridge in a thermodynamic

that the transition from Meta | to Meta Il is enthalpically
downhill in the analogous pigment, unlike in native Meta I/Meta
Il (Table 1). The associated entropy change, on the other hand,
which is the driving force of the transition in the native pigment,
is practically zero in the 14-F acyclic analogue.

The conformation of the Meta Il state of 14-F acyclic, which

sense, such that neutralization of the salt bridge becomes!S formed only at very acidic pH, is very similar to that of native

enthalpically more favorable. The fluorination-induced change

of the protonated Schiff base does, however, also lead to small

(24) Bartl, F. J.; Fritze, O.; Ritter, E.; Herrmann, R.; Kuksa, V.; Palczewski,
K.; Hofmann, K. P.; Ernst, O. R. Biol. Chem2005 280, 34259-34267.
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Figure 5. Meta |l and Meta | of 14-F acyclic isorhodopsin. FTIR difference  deprotonated Schiff base. U\Wisible spectra of the 14-F acyclic iso-
spectrgphotoproduct minus dark staté 14-F acyclic isorhodopsin (black) rhodopsin dark state (black spectra) and its photoproduct states (red for
were obtained under conditions favoring either Meta Il (&Q0 pH 4.6, Meta Il and blue for Meta I) were obtained at 2 (A) and 0°C (B)

A) or Meta Isg (at 0°C, pH 7.6, B) and are compared with corresponding under conditions that favor either Meta Il (at pH 4.5) or Meta | (at pH 7.6).
spectra of the native states (gray) obtained from unmodified isorhodopsin The spectra show a Meta | photoproduct with a retinal Schiff base that is
(green) at O°C at pH 5.1 and pH 9.5, respectively. C. The apparétt p completely deprotonated at 2€C and still largely deprotonated at°@
values of the Meta I/Meta Il equilibrium of 14-F acyclic isorhodopsin  (Meta Isg). At —20 °C (C), a low-temperature Meta | photoproduct state
(colored curves) are, both at°@ (blue) and at 20C (red), considerably with largely protonated Schiff base (Metash) is formed at both acidic
lower than those of unmodified isorhodopsin (gray dotted curves). The all- and alkaline pH.

trans 14-F acyclic ligand shows, therefore, a partial agonist behavior.

Compared yvith the Meta I/Meta Il photoproduct equilibrium of unr_nodified to Meta II. Despite the similarity of their U¥visible spectra,
isorhodopsin, the i, of 14-F acyclic Meta I/Meta Il has a weak, inverse . .
dependence of temperature in the range between 0 af@,20dicative of thephotoproduct minus dark Stamﬁerer?c‘? SpeCtr"_" of the Meta
an enthalpy decrease during the transition from Meta | to Meta II. Ise and Meta Il photoproducts are distinctly different. Most
pronounced are the differences in the absorption range of
Meta Il (Figure 5A). Differences between the Meta Il FTIR protonated carboxylic acids above 1700 émwhere the
difference spectra of isorhodopsin and 14-F acyclic isorhodopsin difference bands in the Metad spectrum generally attain only
are restricted mainly to the fingerprint modes of the chro- about half of their intensity in the Meta Il spectrum, which is
mophore. further examined below. Further, the amide | marker band of
Meta | of the artificial pigment, on the other hand, shows a Meta Il at 1644 cm? is entirely lacking in Metads. For a
very surprising behavior. At20 °C, where the transition to  functional characterization, we tested the sensitivity of the
Meta Il is completely blocked, a low-temperature Meta | state conformational equilibrium between Metggland Meta Il to
with a PSB (Metagdsg) absorbing at 477 nm is observed (Figure the presence foa G protein-derived peptide analogue (see
6C). In the temperature range betweetD and 20°C, however, Materials and Methods). The presence of a high-affinity peptide
where Meta | equilibrates with Meta Il in the pH-dependent analogue to the C-terminus of the transdueisubunit shifted
conformational equilibrium (Figure 5C), a Meta | state with a the equilibrium toward Meta Il at the expense of Meig IThis
largely deprotonated Schiff base (Metg)lis formed, absorbing indicates that the peptide favors the Meta Il state of the 14-F
at 370 nm, similar to the absorption of the artificial pigment acyclic analogue over its Metasd state for binding and
Meta Il (375 nm, Figure 6A,B). The thermodynamic parameters stabilization, suggesting that the receptor conformation of Meta
derived above apply, therefore, to the transition from Mega |  Isg is not an active conformation.
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Figure 7. Meta | of 14-F acyclic isorhodopsin. (A) Comparison between
photoproduct minus dark stawifference spectra of the Metag photo-
product (gray) formed at 0C, pH 7.6, and of the low-temperature Meta
Ipsg photoproduct (black) formed at20 °C, pH 9, of 14-F acyclic
isorhodopsin. (B) Th@hotoproduct minus dark statéfference spectra of
the low-temperature Metadg photoproduct of 14-F acyclic isorhodopsin
(black, as in A) bears similarity to that of the Meta | photoproduct of non-

fluorinated acyclic isorhodopsin (gray, at’C, pH 7.0).

Meta Isg and the low-temperature Metagk product display
considerably different receptor conformations as well. The FTIR
photoproduct minus dark statifference spectrum of the low-
temperature Metapkg photoproduct is very similar to that of
Meta | of the acyclic artificial pigment described eaAfFigure
7B). In particular, a photoproduct band at 1697 @ms

T T T T T T T T T

A

14-F acyclic

absorption change
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Figure 8. Meta Isg of 14-F acyclic isorhodopsin. (A) A close-up of the
photoproduct minus dark statéfference spectra of the Meta | photoproduct
of unmodified isorhodopsin (gray) and of the Metg photoproduct of
14-F acyclic isorhodopsin (black) in the range of amide | and carboxylic
acid bands is reproduced from Figure 5B. (B) A comparison betwésta
Isg minus dark state=TIR difference spectra of wild-type 14-F acyclic
isorhodopsin (black) and of the E122Q mutant of 14-F acyclic isorhodopsin
(gray) at 0°C and pH 7.6 allows the assignment of the 174B(729(-)
cm1 difference band to the €0 stretch of Glu 122. (CMeta lsg minus
dark statedifference spectra of 14-F acyclic isorhodopsin obtained in either
H20 (black) or O (gray) at 0°C, pH 7.6 reveal the H/D sensitivity not
only of the G=0 stretch vibrations of Asp 83 and Glu 122, but also of an
additional photoproduct band shifting from 1710¢nn H,0 to 1704 cm*
in DO, which is possibly due to protonation of Glu 113 in Metg bf
14-F acyclic.

vibrations in the FTIR difference spectra, indicating a protein

reproduced, which is a unique feature in the Meta | spectra of conformation of Metadg that is distinctly different from both

non-fluorinated acyclic pigment. Using site-directed mutagen-

that of Meta psg of the analogue (Figure 7A) and that of native

esis, this band could be assigned in the acyclic pigments to theMeta | (Figure 8A). The amide | marker band of native Meta |

C=0 stretch of Glu 122, which experiences unusually strong
hydrogen-bonding in Meta I. Further, the G2C12 HOOP
mode of Meta | at 950 cmi is lacking in Meta &g of the

at 1663 cnlis largely absent in Metasg of 14-F acyclic, and
the band pattern above 1680 thbears strong similarity to
the band pattern of Meta Il without, however, attaining its full

analogue (not shown), implying that removal of the ring renders intensity. In the photoproducts of unmodified isorhodopsin, a

the chromophore geometry planar in the €112 region of
the polyene, again similar to Meta | of non-fluorinated acyclic
pigmentst® but unlike native Meta I. It should be noted that
this low-temperature Meta4dg photoproduct of the 14-F acyclic

photoproduct band at position and intensity similar to those of
the positive band at 1685 crhof 14-F acyclic Meta dg is
observed in Meta Il only (Figure 5A).

Using the E122Q mutant in combination with the 14-F acyclic

analogue does not represent an actual Lumi state, as Lumi ofchromophore, th#leta Isg minus dark statelifference band of
this analogue differs considerably in several respects and, inGlu 122 is identified at 1728()/1743() cm™ (Figure 7B),
particular, does not show the strong hydrogen-bonding of Glu reflecting an upshift of this band in Metgg| similar to that in

122 (data not shown).
At 20 °C, the photoproduct obtained at pH 7.6 consists
entirely of Meta kg. At 0 °C, the Schiff base in Meta | is still

Meta II. The difference band of Asp 83 at 1769(1751¢)
cm~1 is much more intense in thigleta lsg minus dark state
spectrum of 14-F acyclic than in the control pigment (Figure

largely deprotonated, and only a small fraction has a PSB 8A) or the Meta psg spectrum (Figure 7A). The positive

(Figure 6B). The contribution of this small fraction of Meta |

photoproduct band at 1710 chappears to be sensitive to®/

with PSB remained roughly constant over the pH range from D,O exchange (Figure 8C), suggesting that this band is due, at
6.5 to 9, in which the Meta | conformation is stable. This least in part, to another protonated carboxylic acid in Meta I.
behavior implies that the Schiff base moiety in 14-F acyclic On the basis of FTIR data on site-directed counterion mufants,
Meta | is not accessible to titration from the solvent. Depro- a band at the same position in Meta Il spectra is usually assigned
tonation of the retinal Schiff base in Metagl leads to to Glu 113, which becomes protonated in the transition to Meta
considerably altered amide | and protonated carboxylic acid Il. The intensity of that Meta 1l band appears, however, to be
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Figure 9. The E134Q mutant of 14-F acyclic isorhodopdfotoproduct
minus dark statalifference spectra of the E134Q mutant of 14-F acyclic
reveal a Meta Il-like photoproduct at both pH 4.5 (A) and pH 8.1 (B) at 0
°C, as indicated by the prominent Meta Il marker band at 1644'cithe
E134Q mutation therefore strongly favors the Meta Il state of 14-F acyclic
pigment also at alkaline pH.

higher than the intensity of this Meta | band in 14-F acyclic.
This band could therefore reflect (partial) protonation of Glu
113 or possibly also Glu 181 already in Metg bf the 14-F
acyclic analogue. This (partial) neutralization of the counterion
would complement the deprotonation of the Schiff base. A
rigorous assignment and quantitative evaluation of the extent
of such counterion protonation reaction is, however, not possible
on the basis of these data.

Finally, using the E134Q mutant of the 14-F acyclic analogue,
we have evaluated the effect of neutralization of Glu 134, located
in the cytoplasmic TM3/TM6 microdomain, on the position of
the Meta I/Meta Il equilibrium of this pigment. Presumably due
to the very slow reactivity of the retinal analogue, only small
amounts of the mutant pigment analogue could be obtained.
FTIR difference spectra revealed a Meta ll-like photoproduct
at both pH 4.5 and pH 8.1 in the mutant analogue, with
formation of the characteristic amide | marker band of Meta Il
at 1644 cm! (Figure 9), in contrast to the wild-type analogue,
which formed Meta Il only at low pH. This indicates that the
E134Q mutation strongly favors the formation of the Meta I
state of the 14-F acyclic pigment, even at alkaline pH.

Discussion

The transition from the still inactive Meta | photoproduct state
to the active Meta |l state of rhodopsin appears to depend on
two distinct protonation steps. One involves proton uptake by
a cytoplasmic network between TM3 and TM6 around the
conserved E(D)RY motif including Glu 134, and the other
corresponds to a net proton transfer from the protonated Schiff
base to Glu 113, which accounts for the major part of its dark-
state counterion function. In the transition from the early
photointermediates to Meta |, the contribution of Glu 181 to
the counterion is increased significantlguch that both Glu
181 and Glu 113 contribute to the complex counterion in Meta
1.8 In this study, we tried to reduce the stability of the salt bridge
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between the protonated Schiff base and its protein counterion
in the Meta | state by substituting the polyene C14 with a
fluorine group, which decreases the intrinsiK,of the retinal
Schiff base. It is plausible that, thereby, the hydrogen-bonded
network associated with the PSB and the carboxylate will be
affected such that the apparen{pof the counterion will be
increased> 2% In the dark state, the apparergof the Schiff
base has been found to be abovefa lowering of the intrinsic

pKa by 2 or 3 units will therefore not be sufficient to neutralize
the salt bridge with Glu 113 in the dark state. In Meta I, on the
other side, the Ig, of the Schiff base is substantially lower and
drops even below 2.5 in Meta 4f,such that fluorination of the
Schiff base should strongly affect the transition between these
late intermediates.

As we have previously shown, there seems to exist no strict
steric constraint at the C14 position affecting the Meta I/Meta
[l equilibrium, as addition of a considerably larger methyl group
at C14 led to only moderate changes in the properties of the
equilibrium?® Furthermore, the van der Waals radius of a
fluorine group (1.35 A) is only slightly larger than that of a
hydrogen (1.20 A), while the radius of a methyl group is
considerably larger (2.0 &Y. We therefore expect that the
alterations introduced by the fluorine group are mostly electronic
rather than steric in nature.

In the 14-F artificial pigment, the decrease of the intrinsic
pKa of the retinal Schiff base due to fluorination did not
neutralize the Schiff base salt bridge in Meta |. Weakening of
the Schiff base salt bridge led instead to a shift of the equilibrium
between Meta | and Meta Il toward the active Meta Il
conformation. This is not surprising, as the two proton-
dependent steps of the transition to Meta I, proton uptake by
the cytoplasmic TM3/TM6 domain around Glu 134 and the net
proton transfer from the Schiff base to Glu 113, are strictly
coupled during this transition in native rhodop&imy facilitat-
ing specifically one of these two steps, the other step is favored,
leading to the full conformational transition to Meta II.
According to recent 2D dipolar-assisted rotational resonance
NMR experiments, the transition to Meta Il involve 5 A
movement of the chromophore along its polyene axis toward
TM5,28 |eading to a perturbation of the hydrogen-bonding
pattern of Glu 122 on TM3 to residues on TM5 by ffxonone
ring of retinal?® which was also suggested by previous FTIR
studies® This retinal movement is further coupled via Trp 265
to a rotation of TM6 to its active-state conformati&#2 The
concerted rearrangement of chromophore, TM5, TM6, and
presumably also TM7, to which the chromophore is covalently
bound via Lys 296, appears to be the link between the disruption
of the Schiff base salt bridge and the proton uptake by the
cytoplasmic TM3/TM6 network. A lowering of the enthalpy
required for disruption of the Schiff base salt bridge due to
fluorination of the chromophore would therefore shift the Meta

(25) Gat, Y.; Sheves, MJ. Am. Chem. S0d.993 115 3772-3773.

(26) Ebrey, T. GMethods EnzymoR00Q 315 196-207.

27) Wagniee, G. H. General and theoretical aspects of the carbafogen
bond. InThe chemistry of the carbon halogen boihtai, S., Ed.; John
Wiley and Sons: London, 1973; pp-47.

(28) Patel, A. B.; Crocker, E.; Eilers, M.; Hirshfeld, A.; Sheves, M.; Smith, S.
O. Proc. Natl. Acad. Sci. U.S.£2004 101, 10048-10053.

(29) Patel, A. B.; Crocker, E.; Reeves, P. J.; Getmanova, E. V.; Eilers, M.;
Khorana, H. G.; Smith, S. Ql. Mol. Biol. 2005 347, 803—-812.

(30) Beck, M.; Sakmar, T. P.; Siebert, Biochemistryl998 37, 7630-7639.

(31) Crocker, E.; Eilers, M.; Ahuja, S.; Hornak, V.; Hirshfeld, A.; Sheves, M.;

Smith, S. O.J. Mol. Biol. 2006 357, 163-172.

(32) Lin, S. W.; Sakmar, T. PBiochemistry1996 35, 11149-11159.
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I/Meta Il conformational equilibrium toward Meta Il, which is  This band is entirely lacking in the difference spectrum of Meta
equivalent to increasing the apparetof the pH-dependent  Isg of the 14-F acyclic analogue. It appears, therefore, to reflect
transition. structural changes that are associated with the proton uptake

To gain further insight into these protonation-dependent steps, reaction of the cytoplasmic TM3/TM6 domain, in agreement
we examined the 14-F acyclic analogue, a fluorinated artificial with previous studie8.In a tentative assignment, this pro-
pigment in which the retingB-ionone ring had been largely nounced Meta Il band could reflect structural changes in a
deleted. Deletion of the ring had been shown in previous putative hinge region around conserved Pro 267 on TM6, which
experiments to completely abolish the allosteric coupling are associated with the cytoplasmic rigid body motion of helix
between the Schiff base region and the TM3/TM6 microdomain, 6 away from the receptor core during the transition to the active
presumably by changing the interaction between the retinal andstate!?
the TM3/TM5 microdomain around Glu 122 (TM3) and His  In contrast to the 14-F acyclic analogue studied here, the
211 (TM5)*> We therefore expected that net proton transfer unfluorinated acyclic analogue had revealed only negligible
from the protonated Schiff base to Glu 113 and proton uptake effects of the E134Q mutation on the position of the Meta I/Meta
by the TM3/TM6 motif would occur as two independent events || equilibrium in the membrane environme¥tin that pigment,
in the 14-F acyclic artificial pigment. This was, indeed, the case. neutralization of Glu 134 was not sufficient to break the Schiff
Net proton transfer from the PSB to Glu 113 was no longer pase salt bridge in Meta | and to induce thereby the conforma-
coupled to cytoplasmic proton uptake and the full conforma- tional transition to Meta Il. This behavior indicated the
tional transition to Meta Il. Instead, disruption of the PSB salt importance of the retingi-ionone ring for the allosteric coupling
bridge led to formation of a Meta | state with deprotonated petween the Schiff base region and the cytoplasmic TM3/TM6
Schiff base, Metags. Simultaneously, its complex counterion, network during receptor activation. In Metgglof the 14-F
consisting of Glu 113 and Glu 181, appeared to be partially acyclic pigment, on the other hand, the Schiff base salt bridge
neutralized in this Metagk state. The transition to full Meta Il js already broken, such that neutralization of residue 134 in the
was achieved in a separate pH-dependent step. This second step134Q mutant is sufficient to shift the Meta I/Meta Il equilib-
involved proton uptake by the TM3/TM6 motif, as shown using rjum completely toward Meta I, even in the absence of this
the E134Q mutant of the 14-F acyclic pigment, which extended a|losteric coupling between the cytoplasmic and the Schiff base
formation of Meta Il into the extreme alkaline range. microdomains.

In addition to this Metads state, another Meta | state with It is instructive to inspect the impact of fluorination on the

PSB, Meta bsg is formed at lower temperature 20°C), where  thermodynamic parameters of the Meta I/Meta Il equilibria of
the equilibrium with Mgta Il is thermally bIocked.lThls Meta  the14-F and 14-F acyclic analogues. In the 14-F analogue, the
|psg state of 14-F acyclic was found to be very similar to the gnthalpy increase in the transition from Meta | to Meta Il was
M_eta | state of the non-fluorinated anz_alogL_Je. The existence of (equced to about 55% of that of native rhodopsin. A large part
this low-temperature Metapds state implies that the fu  of the positive reaction enthalpy of the transition from Meta |
difference between the PSB and the counterion, which is {5 Meta Il appears, therefore, to be required for breaking the
responsible for a stable salt bridge, is progressively decreasedsat pridge between the PSB and its protein complex counterion,
as the temperature is increased. This is similarly observed ing), 181 and Glu 113. This becomes even more obvious with
native rhodopsin, where ther_difference is, however, higher _ the 14-F acyclic analogue, where the salt bridge between the
such that a Meta | state with deprotonated Schiff base is gchiff hase and the protein counterion is neutralized already in
observed 2?'3’ above ZT as a transient species on the pathway \jeta Igs. In that case, the enthalpy change of the transition
to Meta Il . ~ from Meta kg to Meta Il becomes negative.

Thg dlsrupthn (.)f the salt bridge betweep th.e PSB and its We can further try to dissect the transition from Meta | to
protein counterl_on in Metas of the 14-F acyc_;hc pigment doe_s, Meta Il of native rhodopsin into two partial reactions: the
therefore, considerably alter the conformation of the protein as neutralization of the Schiff base salt bridge (and the thereby

comlpared _Vrvr']t.h t_hqsz_oftngtlge I\Qetatl a|r|1 d Met&?t?l of the al induced rearrangement of the receptor in a hypothetical Meta
?na; ogue. th ISF'II'SIRmd'fI-;:a ed by s "tJC uraf)'/\/lserlzl |tve spectra Isg state) and the cytoplasmic proton uptake reaction, leading
eatures In the lfference spectrum of Mafgthat appear to completion of the conformational transition to Meta Il in a

_I\/Iettha ”'“kei Wlthofuil,qhowever, att(?'nm&ﬂ:e ISIaTet |n'§n5|ty ?Sf pH-dependent manner. Using the thermodynamic data of the
In the spectrum ot the corresponding Meta 1l state. Several of yyo veta 11 transitions of 14-F acyclic with those of non-

the microdomains of the receptor are therefore in com‘ormatlonsﬂuorinated acyclic pigment (Table 1), we can derive rough

:Pa}: re |nte.rme(;:i|ate .bet\./vetlan dthct)lf € 9I_1‘Nr|1?z’a/t_:_\|/\(/|95Met<:\ ! a|r(1d '\fﬁ 1@ estimates for the enthalpy and entropy changes involved in each
- 1Nese microdomains include the network wi of the partial reactions in the acyclic pigment. By subtracting

tclilu 1h22’ ther;l' Ml/T_'lAhZ/_:—M7 netwolrk V\gth Asfp 83,t_and _?LSO the values obtained for the transition from Megg o Meta I
€ chromophore with 1ts more relaxed conformation. 1Nese o 14 ¢ acyclic analogue from those of Meta I/Meta Il of

conformquonql chanlgefs are QOt sm:fflmer_lt to rendeL_thr:a _SCh'ﬁ the non-fluorinated acyclic analogue, we calculate about 94 kJ/

?h?i.:;gIeotzl;ltirr?t?:eefurl?ymatctﬁlastct)egel\r;lte![g ':fes%gvp\ |rcno|; mol being required for the first partial reaction, disruption of

striking exception to this general behavior concerné the intensethe Schiff base salt bridge and the thgreby |_nduced rearrange-
ment of the receptor to Metasd. This partial reaction is

r'\gﬁcte?:tl'lnmart:rrtr)lzgtlj ?;Cﬁ.‘lg dci;\rl]h'gg (';’ t?]r(]a agltignlbrzglft?one accompanied by a similarly large positive entropic contribution,
g presu y 2 9 protel "TAS of about 92 kJ/mol (at 20C). The second partial reaction,

(33) Thorgeirsson, T. E.; Lewis, J. W.; Wallace-Williams, S. E.; Kliger, D. S. cytoplasmic proton uptake and c_o_mpletion of the transition to
Biochemistryl993 32, 13861-13872. Meta Il, corresponds to the transition from Metga to Meta Il
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of 14-F acyclic, with an experimentally determined enthalpy species termed Metagh3” This species cannot be trapped
release of about 25 kJ/mol and a negligible entropy change.thermally, which hampers investigation of its structural proper-
These energetic values for the partial reactions apply actually ties. In detergent solution, a possibly related Meta Il precursor,
only for the acyclic analogue. However, the thermodynamic Meta ll,, has been described, in which the Schiff base salt bridge
parameters of the non-fluorinated acyclic analogue deviate fromis broken prior to the proton uptake reaction, leading to the
those of native rhodopsin only by roughly 205%, which is active receptor staf®.By combination of fluorination with ring
little compared with the extremely strong alterations observed deletion, a Meta Il precursor state with deprotonated Schiff base
for the 14-F acyclic pigment. These data are therefore alsocan be stabilized, such that structural information can be
suitable to give a qualitative view of the thermodynamics of obtained using steady-state FTIR spectroscopy. Our studies show
the corresponding partial reactions for native rhodopsin. They that deprotonation of the retinal Schiff base in Meta | leads to
underline that the energetically most relevant step in the conformational changes in certain receptor microdomains,
transition from Meta | to Meta Il consists of the neutralization including the networks between TM1, TM2, and TM7 and
of the Schiff base salt bridge. between TM3 and TM5, which are approximately halfway in
In opsin, Lys 296 on TM7 replaces the PSB in the inactivating the transition to Meta Il. Another conformational change, on
salt bridge to Glu 113 on TM3! A putative interhelical salt  the other hand, which comprises a strong distortion of the protein
bridge between homologous residues is suggested to be brokemackbone, is shown to be linked to the proton uptake reaction
during activation of thexy,-adrenergic recept#tand to free  py the cytoplasmic network between TM3 and TM6 around Glu
the glutamate on TM3 for productive interaction with the 134, and is observed only in the full transition to Meta II. This
positively charged amino group of the catechol ligdhd. study provides, therefore, useful information for unraveling the
In summary, the 14-F and the 14-F acyclic artificial pigments sequence of the structural changes taking place in the activation

show strikingly different behaviors. In the 14-F pigment, with rhodopsin and other GPCRs with conserved cytoplasmic
its otherwise native retinal chromophore, destabilization of the hydrogen-bonded networks.

Schiff base salt bridge in Meta | is coupled to a shift of the
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