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ABSTRACT. The role of ionizable amino acid side chains in the bovine rhodopsin activation mechanism
was studied in mutants E134Q, E134R/R135E, H211F, and E122Q. All mutants exhibited bathorhodopsin
stability on the 30 ns to ks time scale similar to that of the wild type. Lumirhodopsin decay was also
similar to that of the wild type except for the H211F mutant where early decaygp® a second form

of lumirhodopsin was seen, followed by formation of an extremely long-lived Mgggtoduct (34 ms),

an intermediate which forms to a much reduced extent, if at all, in dodecyl maltoside suspensions of
wild-type rhodopsin. A smaller amount of a similar long-lived Mejg product was seen after photolysis

of E122Q, but E134Q and E134R/R135Q displayed kinetics much more similar to those of the wild type
under these conditions (i.e., no Metgolproduct). These results support the idea that specific interaction

of His211 and Glu122 plays a significant role in deprotonation of the retinylidene Schiff base and receptor
activation. Proton uptake measurements using bromcresol purple showed that E122Q was qualitatively
similar to wild-type rhodopsin, with at least one proton being released during lumirhodopsin decay per
Meta kLgp intermediate formed, followed by uptake of at least two protons per rhodopsin bleached on a
time scale of tens of milliseconds. Different results were obtained for H211F, E134Q, and E134R/R135E,
which all released approximately two protons per rhodopsin bleached. These results show that several
ionizable groups besides the Schiff base imine are affected by the structural changes involved in rhodopsin
activation. At least two proton uptake groups and probably at least one proton release group in addition
to the Schiff base are present in rhodopsin.

The visual pigment rhodopsin offers insight into the  Rho
activation mechanism of an important but difficult to hv | ~1ps
characterize transmembrane protein family, G protein- Batho <<= BSI

40 ns

coupled receptors (GPCRsBecause GPCRs span a mem- 1 240ms

brane bilayer, the interactions of charged or hydrogen- Lumi Iw—>s Lumi II o Meta I

bonding amino acid side chains within the low-dielectric B lims T Lims .

interior region are much more energetically important than Meta Lgoﬁ Meta IT* ﬁMeta *H"

the interactions similar groups would have at the surface of

globular proteins. Fourier transform infrared (FTIR) differ- ré(r;#;:raﬁrezhi%d?r?:gbrtgﬁgmég?n :egf“‘t?r?gein?eerfr’;fegi@t’:'sO'gg:fage
ence _spectros_copy and resonance Raman_ measurement_s Shqygpped after low-temperature photolysis, but those shown in italics,
a series of discrete steps that reorganize electrostaticallygs| (whose equilibrated mixture with Batho is sometimes called

significant side chains to connect rhodopsin photoexcitation BL) and Meta go, only build up appreciable concentrations near
with G protein activating cytoplasmic loop changés-8). physiological temperatured%, 23, 34). The time constants given

; _are appropriate for membrane suspensions of rhodopsin near 20
How_ever, _the low t_emp_eratures gsed to trap phot(_)lnter °C. This general scheme also holds for detergent samples (such as
mediates in most vibrational studies exclude detection of pyy with the same time constants up to Lumi Il formation.

entropically favored intermediates (see Figure 1), so a full However, DM forward shifts both the Lumi K= Meta kg and
understanding of the activation mechanism can come only Meta Lgy== Meta II* equilibria so that little or no Metasbo appears
at high DM:rhodopsin ratios. Because the two Meta Il forms are
isochromic, their equilibrated mixture was originally termed meta-
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been reportedd). Most recently >N magic angle spinning
NMR spectroscopy has been used to probe changes in key®®*
polar side chains in two later intermediatéd, (but as in p:]
vibrational methods, low-temperature trapping was used,;
therefore, the NMR results need to be combined with data
from other methods for us to understand physiological events.
Because optical methods are capable of the highest time 4
resolution, they are best suited to characterizing the full
bleaching sequence, including entropically favored photo- ©0.04 E134R/R135E + BOP ra—
intermediates. < BT esoe ;
Proton movements are significant in rhodopsin activation, < SIS ot
with Schiff base deprotonation and counterion neutralization o.00 " i e
being associated with the active state. These events are Sous e e
believed to be fairly complex since final Schiff base — . T
deprotonation has long been known to be favored by proton 008 "
uptake by the protein, and at least eight different side chains 10ms - .
have been proposed to be involved, although many of these 400 600 400 600
probably undergo changes in hydrogen bonding rather than Wavelength/nm Wavelength/nm
protonation 8—11). By using an indicator dye, proton Ficure 2: Photointermediate kinetics and proton release in the
movements can be characterized simultaneously with theE134R/R135E mutant of rhodopsin. The top left panel shows the

; i ; : time-resolved absorbance changes observed after photolysis. Data
formation and decay of rhodopsin's photointermediates. | e iod at 30, 60, 120, 240, 400, and 1000 ns (thick lines)

Op“CaI array detectors combined with glObal analySiS allow and at 10. 30. 50. 100. 150. 200. 300. 400 and;ﬁ@ﬁnd 2 and

the spectral changes of the indicator and photointermediatesi0 ms (thin lines). The increase in absorbance at 30 ns, peaking
to be separated much more easily than is possible whennear 560 nm, is due to formation of the Batho intermediate. The
monitoring only one or two wavelengths. In our measure- TERSE B ERIEARE 2 SO0 A R S e, Mela Il The-
ments, the |nd|C§1tor bro".””e.so' purple reports proton uptake negative absorbance change at long times near 50b nm is 'due to
ar‘d release', while the kinetics and spectra of photointerme-the gisappearance of the pigment absorbance (and other protonated
diate formation and decay help us to understand the hydrogerschiff base intermediates) after photolysis. The spectral changes
bonding changes. Here we report results for two rhodopsin seen in this mutant are essentially identical to those seen after
mutants, E134Q and E134R/R13E, with amino acid sub- Raoye o, 2 e oD e e e rom
Sft'tUt'onS nea_r cy_toplasmlc loop 2 which changes conforma- the E134R/R135E mutant are presented in the top right panel and
tion upon activation and for two other mutants, H211F and show the spectral changes associated with each exponential time
E122Q, with substitutions of residues involved in the constant as determined from the global exponential fitting process
hydrogen bond between transmembrane helices 3 and 5 thafsee the text), and thespectrum labeled 0 is the time-independent

is believed to be disrupted late in the activation process. spectral change seen here. Points in the figure give the experimental
b-spectra, and the smooth curves show the fit to the data using

microscopic rate constants and model intermediate spectra deter-
MATERIALS AND METHODS mined from fitting. The observed lifetimes associated with the time-
dependent components (1, 2, 4, and 5) are given in Table 1. The
Preparation of Rhodopsin MutantSite-directed mutagen-  quality of the fit to these four exponentials is shown by the residuals
esis of bovine opsin was carried out as previously reported (difference between the actual d_ata and fit Computed using the time
(12). Opsin genes were expressed in COS-1 cells, and thepTaE 2 Se G IE) BAlRn, 1 Ch qt fme delay is at the
pmdu,Ct prOtem was regg_nerated with dis-retinal. The_ pottom). The bottom left panel’ shows time-resolved absorbance
resulting pigment was purified and concentrated as describedchanges seen at late times in the presence of BCP. Delay times
previously (3, 14). Samples for transient absorbance shown are 50, 100, 200, and 508 and 1, 2, and 10 ms. At these
measurements were solubilized in©0.25% (w/w) dodecyl  times, long after Batho has disappeared, the changes in the red,
maltoside (DM) and either 155 or 45 mM NaCl, 70 mM near 595 nm, are due to the disappearance of the deprotonated form
KCI, or 2 mM MgCl (the kinetics seen here were inde- of BCP at late times (i.e., proton release by rhodopsin). The
! protonation changes in E134R/R135E are the opposite of what is
pendent of the exact neutral salt present). The data showrpbserved under these conditions in wild-type rhodopsin. For
in Figure 2 were collected using'450 ug of pigment. comparison of kinetics with other mutants, the 2 ms time-resolved
For measurements of proton uptake and release in paralleRbsorbance difference spectra are shown as dashed lines.
with the kinetics of photointermediate formation, 2&BI .
ethanol stock solution. The pH was then adjusted to 6.3 (the 483 nm for E122Q, and 496 nm for H211F.
pK of BCP), and in a spectrophotometer, the size of the Time-Resaled Spectroscopyindividual 1 uL samples
absorbance change caused by calibrated additions of HCI oiwere photolyzed by 7 ns (fwhm) laser pulses. The change
NaOH was determined. This calibration allowed us to in the absorption spectrum at a particular time delay after
determine how many protons were taken up or released wherphotolysis, ranging from 30 ns to 690 ms, was measured
a given BCP spectral change was seen after photolysis ofusing a gated optical multichannel analyz&B)( In most
the pigment sample. The buffering capacity of the samples cases, samples were excited using 477 nm light from a dye
could be reduced by using microdialysis to remove the laser pumped by the 355 nm third harmonic of a Nd:YAG
rhodopsin C-terminal peptide used to elute the mutant laser to prevent photolysis of bathorhodopsin, the intermedi-
pigments from the immunoaffinity column. THgax values ate present during the photolysis pulse for all the mutant

b-spectra

0.00 %
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pigments studied here. In all cases, the energy delivered toRESULTS
the sample was 10@J/mn?. Absorbance changes were
monitored using a flash lamp producing white probe light
that was polarized at 5&.Felative to the laser polarization
direction to minimize kinetic artifacts due to rotational
diffusion. The path length of the probe light in the sample
was 2 mm; typical pigment concentrations wer8.5 mg/
mL, and the sample temperature was maintained 0

Figure 2 shows the time-dependent absorbance difference
spectra obtained after photoexcitation of the E134R/R135E
mutant. The data at short delay times (from 30 ns s}
were best fit with two exponentials, with observed lifetimes
of 30 and 200 ns, that described decay of bathorhodopsin
(Batho) through equilibrium with a blue-shifted intermediate

When BCP was present, unusual transient absorbanc BSI) to form Iurmrhqdopsm (Lum|).. The 3|'m|Iar|t.y gf
changes took place on the early microsecond time scale. It spectra 1 and 2 in Figure 2 and their associated lifetimes

was suspected that these transient changes resulted front1O results obtained for native rhodopsit lifetimes of 36

. N : and 215 ns) suggests that Batho, BSI, and Lumi were not
direct excitation of the 425 nm-absorbing, protonated form significantly affected by this mutation. The subsequent decal
of BCP by the 477 nm laser light causing it to release protons g y Y ) N y

. of E134R/R135E Lumi (from Ls to 10 ms) was best fit by
e il MEChnSTLE L0 wuch 022 o exponentals wih fetimes f 120 and 12 The
be minimized b ing 532 liaht f | itati b-speptr_a for these processes (curves 4 an_d 5 in Figure 2)
€ minimized by using nm tight for sampie excitation. -,y gimilar shapes, which both report the disappearance of
Hovye\{er, since the use of 532 nm light for rhodqpsm a protonated Schiff base species to form a deprotonated
excitation increases the level of secondary photolysis and

he di L ional f BCP subsid thin-20 Schiff base product. This is similar to what occurs after
the direct excitation signal from subsides Within20 i hexcitation of detergent suspensions of native rhodopsin
50 us, most measurements were made after 477 nm excita-

’ i : where Lumi initially decays into equilibrium with the Meta
tion, but analysis of the proton uptake signal started only | ‘ohotointermediate followed by complete decay of Meta
after the direct BCP signal subsided (i.e., oal$0 us). l3s0 to Meta Il. While the signal-to-noise ratio achieved in
Data AnalysisThe set of experimental difference spectra, measurements on this rhodopsin mutant was not high enough
{AA(1,1)}, were fit as described previousl¥g) to a function to resolve the three PSB decay processes seen in studies with

whose form was a sum of exponential decays: much larger amounts of purified bovine rhodopsin, the
essential similarity of PSB decay in this mutant to the wild
Aa(A,t) = by(4) + by(4) expt/ry) + type is demonstrated by the fact that the data of Szundi et
b,(1) exp(-tiz,) + ... al. (20) show PSB decay to be 64% complete at a 280

delay after photolysis as compared to being 66% complete
in the data shown here.

No process was detected after photolysis of E134R/R135E
on the 20us time scale where native rhodopsin displays a
very small spectral shift in the Lumi | to Lumi Il transition.
However, when the spectral shift between Lumi | and Lumi
Il 'is small and limited amounts of pigment are available,
this process is difficult to detect. Data for E134R/R135E were

rocesses. then thespectrum associated with the isolated well fit by the four time constants used here, as demonstrated
P ' P by the featureless residuals plotted in the bottom right panel

phrocess can ?ehsmply_ lnterpre(zjt_ed as ;he dn‘fere_nce betwleenof Figure 2. Fits with fewer exponentials than the numbers
the spectra of the two interme |atgs. OWEVEr, In generay, areported here produced residual plots with curvature showing
b-spectrum “.““St be.decompose'd Into muInple |ntermed|ate that too few exponentials were fit. Fitting with more
spectra co_nS|stent with the chemlqal T“eCha”'Sm (Wh!Ch mustexponentials than the numbers we report did not significantly
be detgrmlned). A procedure fgr fmdmg_the mechanism fand improve the residuals. Figure 2 also shows photoexcitation
determmmg spectra of photointermediates was descr'bedresults for E134R/R135E in the presence of BCP, which
previously (9). detects protons released to or taken up from solution during
Data were collected initially from samples without BCP photointermediate formation and decay. The BCP results are
to determine the microscopic rate constants and photo-quite different from what is observed in similar preparations
intermediate spectra as described above. Measurements weref native rhodopsin. For E134R/R135E, bleaching is seen
then conducted with BCP present. By using the known near the 595 nm absorption peak of the deprotonated form
behavior of the previously determined photointermediates, of BCP, indicating that proton release takes place rather than
the additional wavelength-dependent signal due to the BCPthe proton uptake observed after photoexcitation of native
could be isolated for analysis of proton uptake and release.rhodopsin. Figure 3 shows the proton release signal compared
Using the absorbance calibration of the BCP signal, the time- with the temporal concentration behavior of the E134R/
dependent protonation changes associated with each photoR135E photointermediates. Results for the rhodopsin mutant
intermediate were then determined. Since the absorbancéE134Q (concentration profiles of photointermediates and
changes of BCP are largest near 595 nm where the depro{roton signal shown in Figure 3, raw data not shown) were
tonated form absorbs exclusively, these were the mostsimilar in all important features to those presented for the
apparent in the data, but smaller, broader changes wereE134R/R135E mutant.
present due to stronger absorption by the protonated form Time-dependent absorbance difference spectra obtained
of BCP in the 406-450 nm region, which overlapped after photoexcitation of the E122Q rhodopsin mutant are
absorbance changes due to the photointermediates. shown on the left side of Figure 4. Data collected at 30 and

The apparent lifetimesz;, and the difference spectra, or
b-spectrahi(1), associated with the individual lifetimes are
unambiguously determined by the fitting proce$8)( The
number of exponentials fit was the minimum number that
produced flat residual plots (see Results). If one photo-
intermediate completely transforms into another in an
exponential process and it is well isolated in time from other
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Ficure 3: Time dependence of the concentration of photointer-
mediates and proton release seen after photolysis of rhodopsin
mutants E134R/R135E and E134Q. Curves)[E134R/R135E and 0.02
(— — —) E134Q] show the relative concentration of photointer-
mediates that appear after photolysis, and point¥ E134R/R135E <
and ©) E134Q] show proton changes associated with the pigments 0.00
after photolysis (proton release signal at 690 ms was the same as E
at 10 ms; data not shown). Although the concentrations of E134R/
R135E and E134Q photointermediates have a time dependence very.o2
similar to those observed for wild-type rhodopsin, in these mutants
only proton release by the protein is seen (rather than the uptake

E122Q b-spectra \H211F b-spectra

tor wild hodons 200 600 400 600
seen for wild-type rhodopsin). Wavelength/nm Wavelength/nm

Ficure 4: Photointermediate kinetics and proton release and uptake
in the E122Q and H211F mutants of rhodopsin. The top left panel
shows the time-resolved absorbance changes observed after pho-
pigment 71(nS) t2(ns) 73(us) 7a(us) 7Ts(us) e (MS) tolysis of E122Q. Data were collected at 30 and 90 ns (thick lines)
and at 1, 10, 50, 150, 300, and 808 and 2, 10, 60, and 690 ms
Eiggg/RBSE 30319 200 g 158 3633 24 (thin lines). The kinetics of Schiff base deprotonation seen after
H211F 140 20 100 3100 34 photolysis of E122Q showed significant slowing relative to those
E134Q 295 a 130 690 b of wild-type rhodopsin under these conditions. This is demonstrated
by the time constants given in Table 1 associated wittbtbpectra
2 No kinetic component was observed on the Lumi | to Lumi Il time  shown in the bottom left paneb{spectrum associated with Batho
scale.” No slow component was det_ectédnsufflment time points were decay not shown). Time-resolved difference spectra that were
collected to resolve two exponentials on the Batho decay time scale. collected from E122Q in the presence of BCP at delay times of
. . ... 50,150, and 45@s and 1, 2, 5, 10, and 60 ms (thin lines) and 690
90 ns suggest the formation of a Batho product with stability ms (thick line) are shown in the middle left panel. For E122Q,
comparable to that of native rhodopsin. Because insufficient early proton release (bleaching near 595 nm at 4§0followed
data were collected to resolve the two processes on this timeby net proton uptake (absorbance peaking near 595 nm at 690 ms)
scale, the two processes were fit with a single exponential Was seen which is behavior qualitatively similar to that of wild-

. P . type rhodopsin. The top right panel shows the time-resolved
with a lifetime of 310 ns. Data on the longer time scale (from absorbance changes observed after photolysis of H211F. Data were

1 us to 690 ms) were fit with three exponentials with collected at 30 and 90 ns (thick lines) and at 1, 10, 50, andi300
lifetimes of 180 us, 3 ms, and 54 ms. Thée-spectra and 2, 10, 30, 60, and 690 ms (thin lines). The kinetics of Schiff
associated with these lifetimes are shown in Figure 4 in the base deprotonation seen after photolysis of H211F showed much

; i<greater slowing relative to those of wild-type rhodopsin under these
bottom left panel. The presence of three exponentials on thlsConolitions than do those of E122Q. As Shown by brepectra in

time scale a|_1d the shape of thespectra demonstrate that the bottom right panel, for H211F the slowest component (6) which
E122Q Lumi decayed through a more complex process was small for E122Q and does not occur in detergent-solubilized
involving the Meta lgo photointermediate in addition to Meta  wild-type rhodopsin is the largest amplitubespectrum Ig-spectrum
lsaoand Meta Il: Again, for E122Q. no process was seen in &8P 00 i e 0 1 e Shown that were callected fiom
; ; . ime- \ i
the 2.0.#3 range correspondlng to the Ll.JmI. | to Lumi 1l H211F in the presence oprCP at delay times of 28Gand 2, 8,
transition. The data obtained after excitation of E122Q 55 55 and 690 ms. For H211F, as for EL34R/R135E and E134Q
samples containing BCP showed proton release by the(data not shown), only proton release is seen. For a comparison of
pigment at early times (bleaching of the deprotonated form kinetics, the 2 ms time-resolved absorbance spectra are shown as
of BCP around 45Qs) followed by proton uptake at late  dashed lines.
times. Figure 5 plots the temporal concentrations of the
photointermediates for comparison to the proton signal. Time-dependent absorbance difference spectra obtained
Although the proton signal for E122Q is qualitatively similar after photoexcitation of the H211F rhodopsin mutant are
to that observed for native rhodopsin, the appearance andshown on the right side of Figure 4. Data collected at 30
slow decay of a small amount of Metagd seen after and 90 ns suggest the formation of a Batho product with
photolysis of E122Q is not seen in detergent suspensions ofstability comparable to that of native rhodopsin. Given the
native rhodopsin. focus here on later proton transfer events, further details of

Table 1: Observed Lifetimes Obtained from Fitting Time-Resolved
Absorbance Difference Spectra in the Absence of BCP
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Ficure 5. Time dependence of the concentration of photointer- FIGURE 6: Time dependence of the concentration of photointer-
mediates and proton release seen after photolysis of rhodopsinmediates and proton release seen after photolysis of rhodopsin
mutant E122Q. Curves show the relative concentration of photo- mutant H211F. Curves show the relative concentration of photo-
intermediates that appear after photolysis, and poiti)s show intermediates that appear after photolysis, and poittis show
proton changes associated with the pigment after photolysis. Theproton changes associated with the pigment after photolysis. The
proton uptake data show release of at least one proton performation of large amounts of Metagh seen on the time scale of
photolyzed rhodopsin at the Metad stage followed by more than  tens of milliseconds is an unusual feature of this mutant. At longer
1 proton per rhodopsin uptake at Meta II. times, it also displays proton release in contrast to the behavior of
wild-type rhodopsin.
Lumi formation were not investigated. The sparse delay times
where difference spectra were recorded did not allow us to  E134R/R135E and E134Q: Normal Photointermediates
resolve the two processes on this time scale, and only a singlesut No Proton UptakeThe E134R/R135E mutant exhibited
exponential with a lifetime of 140 ns was fit to the early kinetics indistinguishable from those of detergent-solubilized
data. Absorbance difference spectra on the longer time scal@yild-type rhodopsin. On the early time scale up to Lumi,
(from 1 us to 690 ms) were fit with four exponentials with  this is not surprising since the site of mutation is quite far
lifetimes of 20us, 100us, 3.1 ms, and 34 ms. Thespectra  from the retinylidene chromophore in the rhodopsin crystal
associated with those lifetimes are shown in Figure 4 in the structure §). The fact that the similarity extends into the
bottom rlght panel. The time constant and small SpeCtral shift kinetic region inc|uding Schiff base deprotonation is some-
of the fastest process on this time scale suggest that itwhat less expected since at lower temperatures, Schiff base
corresponds to the Lumi | to Lumi Il transition of H211F.  deprotonation is closely coupled to G protein activation, and
Theb-spectra and time constants of the last three exponen-g134R/R135E does not activate transdu@g)(However,
tials suggest that H211F Lumi Il decayed primarily through  at physiological temperatures or in detergent as described
the Meta kgo photointermediate to produce Meta Il with only  here, two deprotonated Schiff base photointermediates, Meta
a small amount of Metagd being transiently formed. The |,) and Meta II* (the latter also called M), are known to
data obtained after excitation of H211F samples containing precede Meta II*H, the active form (also called R* or Mj).
BCP (right-hand side of Figure 4) show proton release similar Thys, the similarity of E134R/R135E Metgdand Meta I
to what was seen for E134Q and E134R/R135E. Figure 6 photointermediates to those of wild-type rhodopsin suggests
plots the temporal concentrations of the H211F photointer- that the structures participating in formation of those photo-
mediates for comparison to its proton signal. The microscopic intermediates are unperturbed by mutation and therefore that
rate constants fit to the mechanistic scheme for each pigmentytation blocks activation by interfering with the final,
are shown in Figure 7, and the photointermediaigvalues  spectrally silent Meta I1* to Meta II*H process. One way
are plotted in Figure 8. this could occur is if the E134R/R135E mutation shifted the
pK of Meta II* significantly below 7 to block proton uptake
DISCUSSION to form Meta II*H*. The isospectral character of Meta II*
The participation of polar and/or charged residues in the and Meta II*H" prevents direct observation of proton uptake,
molecular mechanism of rhodopsin activation has been but its existence has been deduced from the pH dependence
suggested by many mutagenesis studies as well as by thef the kinetics seen in rhodopsin membranes, where a
observation that Schiff base deprotonation precedes transsequence of two coupled equilibria extends to a protonated
ducin activation which itself involves net proton uptaRa)( Schiff base precursor intermediate, Mefg (23). Here, the
Here we have studied the kinetics of the photointermediatesBCP results show the E134R/R135E mutation blocks proton
in several rhodopsin mutants affecting ionizable amino acid uptake by Meta II*, suggesting a mechanism of inactivation
side chains since mechanistic steps involving those groupsby this mutation, but this is not the only possible interpreta-
should display mutation-induced kinetic changes. We have tion as demonstrated by the fact that E134Q, which also does
also monitored proton uptake and release with BCP on thenot take up protons, competently activates G protein. The
same time scale that was used for the late photointermediategctual mechanism may be quite complicated, and coupling
to determine how the mutations studied here affect proton between at least two protonatable groups has been proposed
movement in the later photointermediates. (29).
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2380 5 Ficure 8: Blue shift of rhodopsin mutant photointermediates
E122Q . Lumi < Meta Isg relative to rhodopsin’smax (498 nm). The blue shifts of th&yax
2690 5! values of rhodopsin’s photointermediate are indicated by wt in the
" _,l l 695 & plot, and since Metay$o does not appear to any significant degree
$ . s in DM suspensions of rhodopsin, the value of its blue shift obtained
19 in membrane suspensions is denoted heretalSor cases in which
Meta Lsgo > Meta Il no Lumi | to Lumi Il transition was detected (E122Q, E134R/
R135E, and E134Q), only the undifferentiated Lumi photointer-
mediate’s blue shift is plotted. Changes in the size of the labels
denote changes in the plotted photointermediate’s extinction coef-
47,100 s 545" ficient. Notable here is that mutation of either Glu122 or His211
H211F . Lumil — Lumi Il «<—= Meta Isg, produces a large blue shift of the Lumi intermediate which persists
7270 ! in Meta lygo.

2165"l l2030 s* phase. The significance of the release of two protons seen
27" here at the Metag}o stage is not clear. While it is possible
Meta Lygg «— 71’ Meta II . that a second ionizable group besides the Schiff base could
2s e . .
be specifically affected at Metagh, it is equally possible

FiGure 7: Mechanistic schemes deduced for rhodopsin mutants. . f
Data were analyzed in terms of the square scheme which describeéhat several groups could have theif palues shifted, each

rhodopsin in membrane suspensions. Normally, in detergent Producing a partial proton release. In any event, given the
suspensions of rhodopsin, the Meig photointermediate does not ~ significant uncertainty involved in the proton uptake and
appear (behaving like the scheme deduced here for E134R/R135Ke|lease measurements (approximatel9.3 proton), any
and E134Q). However, in E122Q and H211F, the fuller form of detection of whole numbers of protons here is probably
the scheme prevails, as it does in membrane suspensions of_ _. " . -
thodopsin. At<20 °C in membrane suspensions, no Meig | c_ommdental_. However, it should be emphasized that at _Iong
appears, which is similar to what is seen for H211F here. times, the difference between thel proton uptake seen in
the wild type @0) and the~2 protons released here by the
Originally, the fact that E134Q enhanced G protein E134Q and E134R/R135E mutants cannot be ascribed to the
activation while preventing proton uptake was interpreted single-proton uptake blocked by E134Q, or even less by the
to mean that Glul34 itself was protonated in forming R*. E134R/R135E mutation, which is formally a neutral muta-
However, FTIR measurements on wild-type rhodopsin do tion. Thus, there is great likelihood that these mutations also
not show clear difference bands associated with protonationaffect the ionization of other groups besides the ones
of Glul34 except when transducin is prese2)( which specifically changed. This could happen, for example, if the
suggests that Glu134 may not initially take up a proton itself E134Q mutation causes premature proton uptake by more
but may indirectly cause proton uptake via its influence on than one other group in the dark, e.g., Arg135 and another
a closely coupled, basic residue such as its hydrogen-bondingesidue. In any event, the involvement of at least two proton
partner, Arg135. In E134Q, thékpof this Glul34-associated uptake sites is indicated by the difference between the wild
protonation may have been shifted so that it has alreadytype’s proton uptake and the proton release expected when
occurred in the dark form of the pigment, accounting for the Schiff base is deprotonated. Results here for proton
the absence of observed proton uptake at the Meta Il stagerelease for E134Q at Meta Il are in reasonable agreement
In the case of the E134R/R135E mutant, it is not clear with those previously reporte@§), given the uncertainties
whether that mutation blocks proton uptake necessary forand the differences between the temperature and initial pH
activation or whether it is prematurely protonated in a manner of the two measurements.
similar to that of E134Q, but the reordering of the two E122Q: Perturbed Late Photointermediates and Proton
residues makes the final form inactive. Uptake PresentEven though Glul22 is much closer to the
As is the case for rhodopsi2@), the E134Q and E134R/  retinylidene chromophore than Glul34 and is the most
R135E Meta {g0 intermediates release at least one proton closely chromophore-coupled mutation studied here, E122Q
(here the results are closer to two). As concluded in the Batho still appears to have normal stability. Significant
rhodopsin case, the simplest interpretation of a proton releaseperturbations of the chromophor27 or mutations near the
at the Meta g stage is that the during early Schiff base 5-methyl of thes-ionone ring 28) are known to destabilize
deprotonation the proton is released directly to the aqueousBatho. However, E122Q is an isosteric mutation, so at early
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times, it results in a minimal kinetic effect even though it is
only ~4 A from the ring. This agrees with the idea that steric
factors control events leading to Lumi formatio29) and
that, although there are possible hydrogen bonding perturba-
tions associated with the glutamic acid to glutamine substitu- LEE
tion, the position of the side chain is not dramatically affected N\ :
by this mutation, and apparently no charge change is [/
introduced by it, which is consistent with FTIR measurements :
which identify Glul22 as being neutral in rhodopsB0),
In contrast to the lack of an effect on Lumi formation, the \ Y :
E122Q mutation significantly slows deprotonation of the ;‘\ 7 Glu122
Schiff base. This can be seen directly in the time-resolved ¥ 4
absorbance data in Figure 4 and by comparing the micro- |
scopic rate constants in Figure 7 governing the E122Q \Hi_f_,gﬁ A
Lumi—Meta kgo equilibrium with those for E134Q and : E
E134R/R135E, which are similar to those of wild-type 4 -
rhodopsin. .
In effect, the E122Q mutation shifts the balance in the Tyr206
square scheme (Figure 1) from the path normally seen in
detergent-solubilized rhodopsin (across the top and down thep,gure 9: Hydrogen bonds involving side chains of Glu122 and
right side, through Metagdo) back toward what is seen in  His211. Fragments of rhodopsin helices 3 (red), 4 (orange), and 5
membrane suspensions of rhodopsin (down the left side and(yellow) are shown in relationship to the retinylidene chromophore

; (green). Shown by dashed lines are hydrogen bonds proposed to
across the bottom, through Metgg). This suggests that the exist from Glu122 to the backbone carbonyl of His211 (2.8 A)

isosteric nature of glutamine is no Ionger sufficient t0 ;1q't0 the side chain of Trp126 (3.1 A). Also shown by a dashed
stabilize Lumi and that stronger interactions between the jine is the proposed rhodopsin hydrogen bond from the side chain
chromophore and Glu122 exist at the Lumi stage that dependof His211 to the hydroxyl of Tyr206 (2.9 A). The distance from
on the detailed nature of the side chain of residue 122, for the hydroxyl of Tyr206 to the nonhelical backbone carbonyl of
example, its exact hydrogen bonding character. Apparently A12166 (2.6 A) is shown by a solid line. Note that if His211 is
o .= unprotonated, Tyr206 can participate in only one of these potential
some specific structural characteristic of Glu122 catalyzes pyqrogen bonds, Also of interest is the fact that the distance from
Schiff base deprotonation and stabilizes the deprotonatedHis211 to Trp126 (3.3 A) is only slightly greater than that from
form of the Schiff base, especially in Metgd However, Glul22. The coordinates used to generate this view were derived
ultimately the Schiff base is deprotonated in E122Q (like from molecule A of Li et al. ).
rhodopsin in membrane suspensions at physiological tem-
peratures), and our BCP data show that proton uptake at latemovement at an earlier stage. However, the fact that E122Q
times associated with transducin activation in E122Q is ultimately forms Meta I, which displays proton uptake and
present. This suggests that Glul22 is not itself a protonis capable of activating transducin, shows that after some
uptake group, but its mutation affects protonation of other perturbation of the late protonated Schiff base photointer-
groups. The control of other protonatable residues is similar mediates the mutation does not disable the receptor. Interest-
to the case of E134Q where mutation of a single residue ingly, Glu122 is not preserved in cone pigments, and the
blocks two or more protons from being taken up. Qualita- difference has been proposed to be responsible for the faster
tively, the slowing of Schiff base deprotonation we see in Meta Il decay seen in those pigmen82(33).
E122Q is consistent with the observation that Glul22 H211F: Late Photointermediate Equilibria Are Membrane-
stabilizes Meta Il 9), but the full proton uptake seen here like, with No Proton UptakeAs with the other rhodopsin
in E122Q indicates that the character of that stabilization mutants studied here, the H211F mutation had a minimal
does not come through direct participation of Glu122 in Meta effect on the photointermediates preceding Lumi. This is
Il proton uptake. consistent with the fact that the side chain of His211 is more
Another unusual feature of E122Q is the large blue shift distant from the chromophorg-ionone ring than Glul122
of its Lumi and Meta Jgo photointermediates, compared to and that again a fairly isosteric substitution was made.
what is seen after photolysis of wild-type rhodopsin. Since Although the kinetics of Lumi formation show no large
the spectra of retinylidene-protonated Schiff bases blue shift perturbation, the properties of the H211F Lumi intermediate
as the counterion moves closer to the PSB, a simplewere strongly affected by this mutation. In contrast to the
interpretation of this observation would be that some other mutants studied here, in H211F a time-dependent
hydrogen bond network involving Glul22 maintains the spectral shift occurs on the same time scale as the Lumi | to
distance between the PSB and counterion and that in E122QLumi Il transition that has been observed in native rhodopsin
some defect in the hydrogen bonding allows a closer (34). Although small amounts of pigment were used here,
approach. This is of interest since it has recently beenthe Lumi | to Lumi Il transition was detectable because the
proposed that in Meta Il the chromophgtéonone ring has red shift in going from H211F Lumi | to H211F Lumi Il
moved 4-5 A toward helix 5, disrupting the hydrogen bond was twice as large as it is in rhodopsin [464 and 467 nm for
between Glul22’'s carboxyl and the backbone carbonyl of H211F vs 488.5 and 490 nm for rhodops&4)]. Even more
His211 (see Figure 9, 31). The spectral blue shift seen in  distinctive is the fact that both H211F Lumi intermediates
E122Q Lumi and Metasbo may suggest that the normal are dramatically blue shifted compared with the Lumi
hydrogen bonding of Glu122 is important in regulating that intermediates that appear in native rhodopsin (see Figure 8).
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A similar blue shift was seen for E122Q Lumi described if structural changes in the photointermediates affected its
above, but the blue shift in the H211F Lumi intermediates aqueous exposure near the cytoplasmic side of helix 4. As
is much more pronounced, particularly when these shifts arediscussed above, and shown in Figure 9, His211 could
compared to the respective pigment absorption maxima. plausibly cause such changes through hydrogen bonding
Apparently, both these mutations act similarly, but paradoxi- rearrangement near the base of helix 4. Further, His152 is
cally, the largest spectral shift occurs in the H211F mutant near the beginning of cytoplasmic loop 2, which is known
where the side chain modification is approximately twice as to be involved in transducin activation. The other end of loop
far from the chromophorg-ionone ring as it is for E122Q, 2 terminates near Glul34, another site of proton uptake, as
which suggests that the inability of the phenylalanine side discussed above. Connection through that loop could provide
chain in H211F to meet the hydrogen bonding requirements a path for the H211F mutation to affect proton uptake by
of the native histidine becomes significant at the Lumi stage the Glul34-associated site as well, accounting for the net
and has a larger effect than the more limited hydrogen proton release seen here.
bonding deficiencies produced by a glutamic acid to glutamine  Is Reorganization of Hydrogen Bonding among Helices
substitution closer to the chromophore. Figure 9 shows 3—5 Normally Coupled to the Membrane? remarkable
hydrogen bonding possibilities in the vicinity of these two thing about the slow Schiff base deprotonation seen here in
side chains. The only His211 side chain hydrogen bond in E122Q and even slower deprotonation in H211F is the
rhodopsin is to Tyr206, and the results presented here suggesmechanistic similarity to what is seen in membrane suspen-
that the breaking of this bond could contribute to the blue sions of rhodopsin. Solubilization in detergents such as DM
shift in going from Lumi to Meta 4go. is well-known to remove some constraint that opposes Schiff
Besides the pronounced effect the H211F mutation hasbase deprotonation. The effect of detergent is especially
on the Lumi spectrum, an unusually large amount of Meta pronounced at the Metagh stage where FTIR results have
I 480 Subsequently makes its appearance and persists for tenshown that significant differences exist between phospholipid
of milliseconds. This is again similar to what was seen in vesicle and DM preparations in the amide | vibration (1662
E122Q but occurs to a greater degree. Remarkably, finalcm™) and carbonyl of carboxylic acid (near 1700 ¢
deprotonation of the Schiff base in H211F is slower than regions 87). The same FTIR study concluded that Glu122
that which normally occurs in native rhodopsin membrane in Meta Lgo significantly changes its hydrogen bonding
suspensions instead of being a factor of 100 faster than whatenvironment in a way affected either directly by His211 or
is typical for detergent-solubilized preparations (compare dataindirectly through an unspecified intermediary, hydroxyl-
for H211F to what is seen here for E134R/R135E, which is containing side chain. The breaking of the His2Tyr206
very similar to rhodopsin). Clearly, some feature of His211 hydrogen bond and formation of one to the backbone
acts to catalyze Schiff base deprotonation in a manner similarcarbonyl of Ala166 could account for this structural feature
to that of Glu122 but to a much larger degree. Given that a of Meta Lo
limited effect is seen in E122Q, which has perturbed The kinetic results for the E122Q and H211F mutants
hydrogen bonding potential, while the effect is maximal in studied here are consistent with a model in which re-
H211F, where no side chain hydrogen bonds are possible,organization of hydrogen bonding into a specific structure
to achieve a normal Lumi spectrum one of these two groupsinvolving Glul22 and especially His211 constitutes an
may be required to rearrange their hydrogen bonding important transition state for Meta Il formation. Apparently,
beginning at Lumi from what prevails in the dark form of achieving this transition state is normally opposed by the
the pigment. Both residues may need to reach a specificphospholipid bilayer. Presumably, the His211 side chain
hydrogen bonding arrangement to achieve timely Schiff base needs to form new hydrogen bonds, possibly including one
deprotonation. While changes in the vicinity of His211 at a with Trp126 to help break the hydrogen bond between its
stage as early as the Lumi intermediate may be unexpectedbackbone carbonyl and Glul22, in the transition state for
they are consistent with the fact that the side chain of His211 Meta Il formation. A change in the polarity of the Trp126
is near the base of helix 4 where a phototagging reagent hasnvironment has previously been proposed to contribute to
been found to transfer from th&ionone ring to Alal69 at  ultraviolet absorbance differences that appear during rhodop-
Lumi (35). sin activation 88, 39). Breaking the Glu122His211 back-
Although the lack of proton uptake in H211F seen here bone carbonyl hydrogen bond and formation of a new one
agrees with previous observations of the effect of H211F to the His211 ring could pull Glu122 out of the way of the
on the pH dependence of the Mejgt-Meta Il equilibrium chromophore3-ionone ring, triggering the ring chain dis-
and would be consistent with His211 directly taking up a placement toward helix 5 at Meta Il seen'#il NMR studies.
proton in the activation process, recent NMR results have Such a model can account for both our observations of a
suggested that His211 remains unprotonated in Met@) !l (  decreased rate of Meta$ decay and the FTIR observations
Thus, the interpretation of the effect of the mutations studied on the Meta Jgo hydrogen bonding changes in these
here, both the suppression of proton uptake by a secondrhodopsin mutants.
group resulting from the E134Q and E134R/R135E mutations The model also is consistent with slower kinetics in the
and the elimination of at least two protons taken up by the membrane since the search for the specific transition state
H211F mutation, must involve one or more residues con- would be slower in a more constrained environment, like
nected to both positions 134 and 211. His152 is a strongthat which exists in the membrane. However, while FTIR
candidate since it is conserved and is also known to affectand NMR data are useful in understanding the Meta |
the K of the Meta kgg—Meta Il equilibrium @). Further, decay path, in the absence of more detailed information from
its pK has been predicted by molecular dynamics to be 5.7 FTIR studies of Lumi in these rhodopsin mutants, the origin
(36), a value that would make it eligible for proton uptake of their corresponding stabilization of the PSB at the Lumi
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stage (relative to Metaydo) is less clear. Since deprotonation
of the Schiff base to form Metagd, may take place directly

to water, the stabilization by these less polar mutants may
simply result from their reduced polarity generally stabilizing
the hydrophobic core relative to the more permeable condi-
tion that presumably exists when interior hydrogen bonds
are broken or strained. A more specific stabilization of the
PSB in Lumi could result from premature formation of a
Tyr206—Alal66 backbone carbonyl if this could be shown
to exist. Unfortunately, FTIR methods do not have sufficient
time resolution for characterization of the Metgolinter-
mediate, but the presence of similar hydrogen bonding
patterns at Lumi temperatures in these mutants could suggest
a similar mechanism of stabilization of this PSB intermediate.

The idea that Schiff base deprotonation takes place directly
to water at the Lumi stage is compatible with the observation
that Meta g0 is favored both by detergents and by higher
temperatures in membrane suspensions of rhodopsin. Pen-
etration of water into the hydrophobic region should be
increased by both these factors since they disrupt the rigidity 10.
of the phospholipid bilayer environment. As a final note, it
is intriguing to consider the fact that other changes in
membrane properties produce an effect that is the opposite
of what is found with detergent solubilization, with the
presence of short chain, saturated lipid8)(or cholesterol-
like substancesi(, 42) opposing Schiff base deprotonation.

In light of this opposite tendency, it is interesting to note
that in two-dimensional crystals of rhodopsin, which also 12.
strongly favor the protonated Schiff ba€®,(a binding site

for cholesterol has been found, and it is very near the top of
helix 4, a region which could be an important locus for proton 13
uptake as suggested by the proton uptake results for the
mutants studied here. Recent structural models have proposed
that helices +4 form a fairly rigid structural unit43). Given

this emerging picture and its logical complement, it not
surprising to find that an important site of functional
reorganization of hydrogen bonds, showing sensitivity to the 15.
membrane environment, occurs near the end of this structure
at helix 4. Another important hydrogen-bonded network
occurs at the opposite end of the proposed hetix Tigid
structure 44), involving amino acid side chains and bound
water molecules that possibly link the chromophore to the
NP (XY (X)eF domain at the top of helix 7. Future studies
of the kinetic and spectral changes produced by modification
of polar residues in that region will be required to complete
the picture of hydrogen bond reorganization and proton
transfer in GPCR activation begun here.
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