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ABSTRACT: The role of glutamic acid 181 in the bovine rhodopsin retinylidene chromophore pocket was
studied by expressing E181 mutants in COS cells and measuring, as a function of time, the absorbance
changes produced after excitation of lauryl maltoside pigment suspensions with 7 ns laser pulses. All
mutants studied except E181D showed accelerated decay of bathorhodopsin compared to wild type. Even
for E181D, an anomalously large blue shift was observed in the absorption spectrum of the bathorhodopsin
decay product, BSI. These observations support the idea that E181 plays a significant role in the earliest
stages of receptor activation. E181 mutations have a pronounced effect on the decay of the lumirhodopsin
photointermediate, primarily affecting the size of the red shift that occurs in the lumirhodopsin | to
lumirhodopsin Il transition that takes place on thexBXime scale after wild-type photoexcitation. While

the spectral change that occurs in the lumirhodopsin | to lumirhodopsin Il transition in wild-type rhodopsin

is very small -2 nm), making it difficult to detect, it is larger in E181D-6 nm), making it evident

even in the lower signal-to-noise ratio measurements possible with rhodopsin mutants. The change seen
is even larger for the E181F mutant where significant amounts of a deprotonated Schiff base intermediate
are produced with the 1@s time constant of lumirhodopsin Il formation. The E181Q mutant shows
lumirhodopsin decay more similar to wild-type behavior, and no lumirhodopsin | to lumirhodopsin I
transition can be resolved. The addition of chloride ion to E181Q increases the lumirhodopsin
I—lumirhodopsin Il spectral shift and slows the deprotonation of the Schiff base. The latter result is
consistent with the idea that a negative charge at position 181 contributes to protonated Schiff base stability
in the later intermediates.

Our ability to see visible light depends largely on the fact ionizable group in the hydrophobic retinylidene chromophore
that the retinal chromophore in rhodopsin, our scotopic visual binding pocket, in a position that is known to act as the
pigment, occurs as a protonated Schiff base (PSBh counterion for an altransretinylidene PSB in at least one
Glul13 as its counterion. The corresponding counterion for rhodopsin family member, is a tantalizing coincidence for
invertebrate rhodopsins long eluded discovery, but recently those interested in the vertebrate rhodopsin activation mech-
it was shown that in cephalopod retinochrome, a member of anism. Recent static preresonance Raman data on the E181Q
the rhodopsin family, the counterion corresponds to verte- mutant show little perturbation of the WT 1655 chC=N
brate rhodopsin residue E181)(Mutation of that amino  stretching mode, which has been interpreted to mean that
acid in bovine rhodopsin was shown to affect the pigment E181 is neutral in the dark but becomes a titratable counter-
spectrum, and the X-ray crystal structure of rhodopsin ion atthe metarhodopsin | stag§.(Previous time-resolved
(published while the retinochrome work was in press) shows resonance Raman spectra of bovine rhodopsin have shown
that E181 indeed lies close to the chromophd?e The  the PSB changes its hydrogen-bonding environment early
inference that the residue corresponding to rhodopsin E181in the activation process$). Since at least two PSB inter-

can serve as the counterion for invertebrate visual pigmentsmediates can occur after this hydrogen-bonding change,
has recently been confirme8)( The presence of a second transient absorbance measurements were conducted with

E181 mutants to elucidate the role of the second pocket
carboxylic acid side chain.
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ments were solubilized in 0.1% dodecyl maltoside and 0.5
mM phosphate buffer, pH 7.0, without added chloride except
where specifically noted. Typically150u9 of pigment was

used to collect the data shown in Figures 1 and 2. As a

control to show that the changes seen here are specific to

E181 mutations and are not general to all extracellular loop
Il mutants, M183L and H195A were prepared, and similar
time-resolved measurements were made.

Time-Resaled Spectroscopyindividual 1 4L samples
were photolyzed by 7 ns (fwhm) laser pulses. The change
in the absorption spectrum at a particular time delay after
photolysis, ranging from 30 ns to 690 ms, was measured
using a gated optical multichannel analyZ®r (n most cases
samples were excited using 477 nm light from a dye laser
pumped by the 355 nm third harmonic of a Nd:YAG laser
since this avoids photolysis of bathorhodopsin, the interme-
diate usually present during the photolysis pulse. For E181F,

measurements were also made using 532 nm excitation with

the second harmonic of the Nd:YAG laser in order to
determine whether photolysis of a blue-shifted early product
occurred to a significant extent. In both cases the energy
delivered to the sample was 1Q@)/mn?. Absorbance
changes were monitored using a flashlamp producing white
probe light that was polarized at 54.i&lative to the laser
polarization direction in order to minimize kinetic artifacts
due to rotational diffusion. The path length of the probe light
in the sample was 2 mm, typical pigment concentrations were
~0.5 mg/mL, and the sample temperature was maintained
at 20°C.

Data AnalysisThe set of experimental difference spectra,
{AA(L,1)}, were fit as described previousl¥Q) to a function
whose form was a sum of exponential decays:

Aa(A,t) = by(4) + by(4) exp(—t/zy) +
b,(4) exp(=t/t,) + ...

The apparent lifetimesg;, and the difference spectra, or

b-spectrahi(1), associated with the individual lifetimes are

unambiguously determined by the fitting process. If one
photointermediate completely transforms into another in an
exponential process, and it is well isolated in time from other
processes, then the b-spectrum associated with the isolate
process can be simply interpreted as the difference betwee

b-spectrum must be decomposed into multiple intermediate

spectra consistent with the chemical mechanism (which must

be determined). A procedure for finding the mechanism and

determining spectra of photointermediates was described

previously (L1).
RESULTS

Absorbance difference spectra collected at time delays
from 30 to 600 ns following laser excitation of E181 mutants
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Ficure 1: Early time-resolved absorbance changes observed after
photoexcitation of rhodopsin E181 mutants. Heavy lines show the
absorbance changes observed at 30 ns, light lines show the change
at 200 ns, and the broken lines show the changes observed 600 ns
after excitation wih a 7 nspulse of 477 nm light. (a) shows the
data obtained from the E181D mutant. These data are qualitatively
similar to what is observed after wild-type rhodopsin photolysis
under these conditions. The transient absorbance peak near 560
nm is due to Batho, which decays into an equilibrium with BSI
from 30 to 200 ns. Subsequently, from 200 to 600 ns, this equili-
brated mixture decays to Lumi I. (b) shows the data for E181F.
For E181F little change is seen in the red portion of the spectrum,
suggesting that Batho has decayed within 30 ns into equilibrium
with BSI. Changes seen in the blue portion of the spectrum for
E181F are consistent with decay of BSI to Lumi I. (c) shows data
from E181Q with 200 mM chloride ion. (d) shows data for E181Q
without added chloride. The data in all panels have been scaled to
have the same amplitude pigment bleach.
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appear on the submicrosecond time scale and follow the
scheme 10):

200 ns .
— Lumi

.. Batho =2 Bg|
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q’he positive transient absorption that appears in the red

. ) , "bortion of the 30 ns difference spectrum and decays away
the spectra of the two intermediates. However, in general a

within 200 ns suggests that E181D bathorhodopsin (Batho)
has stability similar to wild-type Batho. For the other E181
mutants shown in Figure 1, Batho is apparently less stable
and has decayed into equilibrium with the blue-shifted
intermediate (BSI) prior to data collection at 30 ns. Thus, in
E181Q and E181F absorbance changes from 30 to 600 ns
report the decays of the Bath®SI equilibrated mixture to
lumirhodopsin (Lumi). Lifetimes observed for the changes
seen on the early time scale are given in Table 1. An estimate
of the composition of the equilibrated mixture of Batho and

are shown in Figure 1. Data were collected at only a few BSI was obtained by fitting the broad absorbance spectrum
delay times in this region because of limitations on the of the mixture observed at 30 ns as the sum of a Batho, red
amounts of rhodopsin mutants available and because it wasshifted by 29 nm from the pigment spectrum, and a second
presumed that E181’s most interesting role begins after theabsorber attributed to BSI. Thg s of the resulting BSI's
PSB has broken away from its original hydrogen bond are given in Table 2, and the compositions estimated for the
acceptor at the lumirhodopsin stads).(The early E181D mixtures are given in Table 3. Due to the limited data
data shown in Figure 1a display the most similarity to wild- collected at submicrosecond delay times, considerable un-
type rhodopsin. At 20C three rhodopsin photointermediates certainty exists about the Batho/BSI ratio in the equilibrated
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Table 1: Apparent Lifetimes Used in Fitting Time-Resolved to that Of_ de_Stabilized Batho inte_rmedi_ates o_k_Js_erved_ after
Absorbance Changes photoexcitation of many rhodopsins with artificial retinal
chromophoresl2) and of several rhodopsin mutants affect-

/72 (NS 73 (us T4 (uS 75 (MS
E181D 30—510/21(50—)250 31(/; : 41(':;0) 52( 6 : ing the chromophore pocket ). : :
E181F 200 10 80 o1 Data for the E181 mutants on the time scale following
E181QClI 170 11 90 0.98 that of Figure 1 are shown in Figure 2. Again, E181D shows
E181Q 208 c 85 1.0 the greatest similarity to what is observed after photolysis
rhodopsin  40/240 1z 130 1.28 of bovine rhodopsin. Residuals from one-, two-, and three-

20nly a single exponential could be resolved on the time scale exponential fits of the E181D data are shown in Figure 3.
leading to lumirhodopsin formatiofi.On the basis of the change  As shown there, E181D data are poorly fit by a single
observed at only the two latest delay times, an additional component exponential, and flat residuals are not obtained from the best

could be fit whose lifetime was 10 m$No component in this time ¢ tial fit. which add Il sl i
range was needed to fit these ddtaiug et al. (0). ¢ Szundi et al. wo-exponential fit, which adds a small slow component.

(14). T For comparison, the two slowest lifetimes detected by Mah et However, as shown in Figure 3c, a three-exponential fit
al. in larger samples of LM-solubilized rhodopsin have been averaged which contains a small 12s component yields residuals

(29). which are within the experimental noise present in the data.
Support for the presence of a A2 component in the E181D
Table 2: Amax of Model Spectra Used in Fitting Time-Resolved data comes from the fact that a component with similar
Absorbance Changes lifetime has recently been reported after bovine rhodopsin
bleach/ photolysis and has been associated with a Lumi | to Lumi Il
pigment Batho BSI Lumil Lumill Metajgo Metall transition (4). Thus, the scheme which governs the later
E181D  499/497 526 460 481 487 375 376 intermediates in detergent suspensions of bovine rhodopsin
E181F  503/501 530 490 496  504/380 370 372 i
E181QCI 508/505 534 485 491 494 376  379/376
E181Q  513/508 537 492 493 493F 381 381 12 ~170
rhodopsin 504/498 529 477 488.5 49 377 377 o leks ) Hs
Lumil — Lumill <= Meta I35

@ This pigment formed an early 380 nm absorbing product after decay
of Lumi | which was followed by a 370 nm absorbing intermediate 488 nm 490 nm 380 nm
which corresponds temporally to Metgd ® On the basis of data at d J ~1ms
only two delay times, a second form of Meta || may be present which
forms with a time constant of 10 m&No spectral evolution on the Meta lss9 = Metall

Lumi I—Lumi Il time scale was detected for this pigment; only a single 380 nm
493 nm Lumi product was detectetiJgger et al. £8). ¢ Szundi et al. ] o )
(14). "Mah et al. 7). where Meta Jgo is shown in italics because little or none

appears at the high detergent to lipid ratios which pre-
mixture and, where little Batho was present at 30 ns, aboutvail in the preparations studied here. The A2 spectral
the Bathodmax as well. shift occurring in the E181D data is in the same direction
As can be seen in Figure 1b, after photoexcitation of as that seen for bovine rhodopsin, but as shown in Figure
E181F unusual positive transient absorbance appears at 3@, the shift is somewhat larger than the bovine rhodopsin
ns in the red region that persists for at leasud after Lumi I—Lumi Il shift. The lifetimes fit to the E181D data
excitation. Since substantial amounts of E181F BSI are are given in Table 1. Th&nas of the sequential intermedi-
present during the 477 nm laser pulse, and its photolysisates determined from fitting the E181D data are given in
could produce secondary photoproducts absorbing in theTable 2.
red, an experiment was conducted using a pulse of 532 nm Comparison of the 10@s curves in Figure 2a,b shows
light to excite E181F (data not shown). The results showed that the fast component is even more prominent in the E181F
similar transient absorbance formation in the red as is seendata. The inadequacy of a single-exponential fit to these data
in the 477 nm data in Figure 1. Signals were also somewhatis demonstrated by the residuals presented in Figure 5. The
smaller amplitude, indicating that photolysis of Batho is a third trace from the bottom in Figure 5 shows that flat
more important pathway for photo-back-reaction than pho- residuals were obtained for the 88 difference spectrum, a
tolysis of BSI. A shift in the bleach observed for 532 nm delay time identical to the best single-exponential fit. The
excitation was consistent with somewhat more isopigment opposite curvature of the residuals at higher and lower delay
(9-cis) being formed, but otherwise data were similar to that times points to the need for both faster and slower compo-
seen in Figures 1b and 2b. Thus, since the E181F rednents. Again for E181F a three-exponential fit was required
transient absorbance is not photolabile and does not decayto produce flat residuals, comparable to the lower set in
on the submicrosecond time scale, it is unlikely to be due to Figure 3. In contrast to the case of E181D where the second
a Batho intermediate. Submicrosecond transient absorbancéntermediate (presumably pure Lumi Il) shows only a small
changes in the blue region of the E181F difference spectrared shift from Lumi I, when the E181F data are analyzed in
support the idea that E181F Batho has decayed prior to 30terms of a straight sequential scheme, the second intermediate
ns, leaving only a BSI to Lumi process in the 30 ns tesl as shown in Figure 6 appears to be a mixture containing a
region. deprotonated Schiff base component, which we designate
Data collected after photoexcitation of E181£chloride) as Lumi llge. The designation of an additional intermediate
are shown in Figure 1c,d. The absence of red transient(besides Metaghoand Meta Il) is needed in this case because
absorbance at 30 ns in both cases indicates that Batho is380 nm absorbance develops in three clear phases. The time
destabilized by the E181Q mutation and has decayed intoconstants determined for E181F are given in Table 1, the
equilibrium with BSI prior to 30 ns. This behavior is similar  Amaxs of the sequential intermediates are given in Table 2,
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Table 3: Composition of Sequential Intermediates Determined by Fitting Time-Resolved Absorbance Changes

30ns intermediate 3 intermediate 4 intermediate 5 intermediate 6

E181D 0.55 Batho Lumi | Lumi I 0.15 Lumi ll Meta Il
0.45 BSI 0.85 Metazko

E181F 0.3 Batho Lumi | 0.4 Lumi ll 0.05 Lumi ll Meta Il
0.7 BSI 0.6 Lumi Ikgo 0.95 Meta g9

E181QCI 0.3 Batho Lumi | Lumi ll 0.27 Lumi ll Meta Il
0.7 BSI 0.73 Metagko

E181Q 0.2 Batho Lumi a 0.15 Lumi Meta Il
0.8 BSI 0.85 Metagso

rhodopsin 0.7 BatHo Lumi | Lumi Il 0.3 Lumi ll¢ Meta Il
0.3 BSI 0.7 Metadgo

2No sequential intermediate was found on the time scale of the intermediate 4 found after photoexcitation of other pigtagrétal. (L0).
¢Szundi et al. 29).
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Ficure 2: Later time-resolved absorbance changes observed after v TN
photoexcitation of rhodopsin E181 mutants. These absorbance
difference spectra are a continuation of the changes seen in Figure c
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data from Figure 1, and arrows indicate the direction of absorbance
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data at 10Qus after photoexcitation. In all cases, the time delays

for the last three curves are 508, 2 ms, and 690 ms. Additional
curves are as follows: (a, E181D) 36, (b, E181F) 10 and 3@s,

(c, E181Q with 200 mM chloride) 3@s, and (d, E181Q without
chloride) 3.6us.

and the compositions of mixtures estimated from decompos-

ing the spectra are given in Table 3. ~—v - —~—
Absorbance difference spectra for E181Q containing 200 T T —

mM chloride ion also required at least three exponential 400 500 600

processes for an _ad_equate fit. The flI’S’F three had chara_cter- Wavelength, nm

istics generally similar to those seen in E181D and wild- . o

type rhodopsin (i.e., no very early deprotonation of the Schiff g:‘GtLrJlZEEglzisDe?jlgt:\ailﬁ goz]rgrzle-(h ;Vgégﬁﬂg éhfrr%?ﬁet)r(qzogggtuglnﬁté

base). When analyzgd In terms .Of a straight Sequer,]t'alexponential fit, 14Qus. T%e earliest time (600 ns) is at the bottor%\.

scheme, the intermediates shown in Figure 7 were obtained(p) Residuals from the best two-exponential fit, 126 and 3.8

(time constants are given in Tabledlxs of the sequential ~ ms. The low noise level in the 690 ms residual results from the

intermediates are given in Table 2, and the compositions of noise present in that data being included in the b-spectrum of the

mixtures estimated from decomposing the spectra are givenslowest component. (c) Residuals from the best three-exponential

. . fit, 12 us, 100us, and 2.6 ms. As was the case in (b), when a slow

in Table 3). In addition to these, a v_ery _SlO,W process-( . component appeared, the presence of a fast component reduces the

10 ms) may have been present, but its lifetime and even itsresiduals at early times.

presence are uncertain because it represents a small change

between data collected at only two delay times. Because thisintermediate absorbing near 380 nm, it does not affect a very

process would correspond to arm3 nm blue shift of an large portion of the spectral region studied here, and hence
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Ficure 4: Spectra of E181D sequential intermediates. Symbols FIGURE 6: Spectra of E181F sequential intermediates. Symbols
show the spectra obtained by fitting the data to a straight sequentialshow the spectra obtained by fitting the data to a straight sequential
mechanism (A~ B — C — D). Smooth curves show the best fit mechanism. Smooth curves show the best fit to these sequential
to these sequential intermediate spectra (which can representintermediates using the model pure intermediate spectra described
equilibrated mixtures) using the model pure intermediate spectrain Table 2. Key: ©) Lumi I, (v) 0.4 Lumi Il and 0.6 Lumi l}gg,
described in Table 2. Key:Q) Lumi I, (v) Lumi ll, (a) 0.15 Lumi (2) 0.07 Lumi Il and 0.93 Metagko, and () Meta II.

Il and 0.85 Meta dg, and () Meta IlI.
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FiGURe 5: Residuals from a single-exponential fit to the E181F Ficure 7: Spectra of E181@ chloride sequential intermediates.
data from Figure 2. The best single-exponential fit,:30 yields Symbols show the spectra obtained by fitting the data to a straight
poor residuals. Data collected using 532 nm excitation had similarly sequential mechanism. Smooth curves show the best fit to these
shaped, poor residuals. The fit using two exponentials was also sequential intermediates using the model pure intermediate spectra
poor, but the three-exponential fit yielded flat residuals comparable described in Table 2. Key:Q) Lumi I, () Lumi Il, (a) 0.27 Lumi
to those in Figure 3c. Il and 0.73 Meta dso, and (J) Meta Il. On the basis of a change
seen between data at the last two time delays for this pigment, there
its characteristics are correspondingly less certain. In contrastM@y be a further shift to 376 nm at very late times not shown in

to the presence of the possible extra process found in thethese intermediate spectra.

data for E181Q with added chloride, the data for E181Q formation. Hence the composition of these mixtures in terms
without added chloride were fit adequately using only two of “pure” intermediates (given in Table 3) tells more about
exponentials. Those two correspond to the formation and the stability of the PSB than do the time constants given in

decay of Metadgo, So the transition from Lumi | to Lumill  Table 2.
was not resolved. However, it could still be present with a  Results for the two control mutations in extracellular loop
small shift similar to what is seen in wild-type rhodop- II, M183L and H195A (data not shown), were not signifi-

sin since at the signal-to-noise ratio and sparse delay timecantly different from those for wild-type rhodopsin ex-
values obtainable with small amounts of mutant pigments it pressed in COS cells. Normal stability of Batho was observed
is doubtful if a shift of the magnitude of wild-type Lumi | in both cases, and no definite detection of any Lusiilimi

to Lumi Il could be resolved. It does seem likely that any Il shift was possible with the amounts of pigment used here
Lumi I—Lumi Il spectral shift in E181Q without chloride  (as would be the case for wild-type rhodopsin wi200

is smaller than the shift observed for E181D, E181F, or ug of pigment). Single-exponential fits of data comparable
E181Q with chloride. The spectra of the straight sequential to those in Figure 2 for the control mutants yielded time
intermediates found for E181Q with chloride are shown constants (20@&s for M183L and 26Qus for H195A) that

in Figure 8. Note that the spectra of these sequential were longer than any seen for the E181 mutants studied here,
intermediates vary more between the various E181 mutantsbut which were in the range expected for wild-type prepara-
than do the lifetimes of the processes involved in their tions.
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LN L B L R cannot be substituted by glutamine at 181. While ionization
is an obvious candidate, it is also possible that a hydrogen-
bonding network could be disrupted by the different hydrogen-
bonding character of glutamic acid’s hydroxyl (one donor
and two acceptors) and glutamine’s amine (two donors and
one acceptor) without invoking ionization of E181 as early
as Batho.

Besides the kinetic perturbations of the Batho decay rate,
the BSIAmaxS are clearly affected by E181 mutation. A larger
blue shift from the normal rhodopsin value (30 nm) is seen
in E181D, which is consistent with the fact that the X-ray
crystal structure predicts that E181D moves the carboxyl
b e L group toward the PSB end of the chromophore. An electro-

400 500 600 static map of the chromophore binding regidG)(shows a
Wavelength, nm nodal plane (where a charged group has no effect on the

FiGURE 8: Spectra of E181Q sequential intermediates without absorption spectrum) near the position of E181 in the crystal

chloride. Symbols show the spectra obtained by fitting the data to Structure. Movement of a negatively charged group away
a straight sequential mechanism. Smooth curves show the best fitfrom this plane toward the PSB end of the chromophore

to these sequential intermediates using the model pure intermediateyould blue shift the absorption spectrum. Increased interac-
spectra described in Table 2. Keyo)Lumi, (4) 0.13 Lumiand 5 of the PSB with D181 at BSI as compared to E181 might
0.87 Meta g and () Meta Ii account for the fact that a larger blue shift is seen for E181D
BSI. The opposite behavior, a smaller shift compared to the
DISCUSSION shift seen in wild type, is seen for E181F and E181Q BSI's.
Recent developments have greatly increased interest in thdt is interesting that the addition of chloride ion partially
function of glutamic acid 181 in vertebrate rhodopsins. The rescues this mutation-induced shift of the E181Q BSI
presence of another glutamic acid in the chromophore spectrum.
binding pocket besides the Schiff base counterion at 113 Effect of E181 Mutations on Later Photointermediai®s
raises the possibility of a counterion shift at some point in might be expected from the similarity of E181D to wild-
the activation sequence and has recently been proposed tdype rhodopsin on the submicrosecond time scale, E181D
explain pH effects on E181Q’s metarhodopsinnieta- intermediate kinetics had more similarity to wild type than
rhodopsin Il equilibrium4). Such a hypothesis invites study the other E181 mutants did at later times. The extra blue
of rhodopsin 181 mutants using time-resolved absorbanceshift that characterized E181D BSI seems to persist into the
measurements. However, while such studies are clearlyE181D Lumi | spectrum, but E181D Lumi Il seems to more
relevant to this question, their interpretation depends on closely approach the spectral shift found for Lumi Il from
detailed understanding of the role of other structural elementsbovine rhodopsin. Thus, if an increased interaction between
revealed by X-ray studies in the vicinity of extracellular loop the PSB and D181 is responsible for the increased blue shift
Il which separates the chromophore from the intradiscal of E181D BSI and E181D Lumi I, the constancy of Lumi Il
aqueous phase, an understanding which is in its early stagesnay indicate that the chromophore has reoriented the nodal
of development. Unlike FTIR and resonance Raman which plane so that aspartic acid or glutamic acid at position 181
at least in principle can directly reveal protonation states of have the same distance from it.
amino acid side chains, optical absorbance spectra report In contrastto E181D, which perturbs but does not grossly
directly only the protonation state of the retinylidene Schiff alter the rhodopsin intermediate scheme, E181F shows an
base, leaving protonation states of amino acid side chains toextraordinarily early Schiff base deprotonation, in parallel
be deduced in combination with other methods. Optical with the formation of Lumi Il. This unique behavior is not
absorbance methods do have significant advantages in timeseen for the E181Q mutant. Almost certainly, the consider-
resolution and signal-to-noise ratio for photolabile samples, able difference in bulk of the glutamic acid and phenylalanine
so new intermediates along the photoexcitation pathway areside chains accounts for some of the difference in Schiff
usually first detected in optical absorbance studies. base deprotonation rate. The destabilization of Batho in
Effect of E181 Mutations on Early Photointermediates. E181F suggests at least that the chromophore environment
The most substantial perturbation of Batho decay kinetics in the binding pocket is perturbed, and one cause of early
occurred for the E181Q and E181F mutations. Similar deprotonation could be that the packing imperfection extends
accelerated Batho decay was originally seen in a number ofoutward toward the aqueous phase, possibly admitting water
artificial rhodopsins with synthetically modified retinal more quickly. Disruption of the aqueous interface in E181F
chromophores12, 15) and has been observed for several is supported by the observation that it has hydroxylamine
mutants of G12113). In general, modifications which reduce reactivity orders of magnitude greater than rhodop#ir).(
the barrier to rotation around the connection of the polyene Further, the disruption of the pocket apparently does not
chain to theS-ionone ring have been associated with fast cease with Lumi Il formation since the E181F Meta Il
Batho decay. It is interesting that the barrier is preserved in spectrum also appears to be blue shifted compared to that
the E181D mutation, which is one carbon atom shorter than seen for wild-type rhodopsin.
glutamic acid, while the barrier is substantially reduced for ~ The role of phenylalanine bulk in disrupting chromophore
E181Q, which is a more isosteric substitution. This suggests pocket packing is supported by data for the E181Q mutant.
that normal Batho stability requires a carboxyl property that More isosteric glutamine at 181 shows no early PSB
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deprotonation (compare the composition of sequential in- argument is not as certain as it once was. Besides showing
termediate 4, Table 3) and has a Meta Il absorbance whichthat E181 is within abau5 A of the chromophore, refine-
is almost 10 nm red shifted compared to that of E181F. This ments of the rhodopsin crystal structugS) have revealed
suggests that the hydrophobicity of the pocket is better the presence of a potentially extensive hydrogen-bonding
preserved in E181Q, which has a 30-fold slower reactivity network near the chromophore, including at least two water
with hydroxylamine compared to E181F. The steric origin molecules, so the hydrophobicity of the environment near
of the increased E181F pigmerttydroxylamine reactivity position 181 is not absolute. In addition to being polar, such
is supported by the fact that another isosteric, extracellular a network of hydrogen bonds should be quite polarizable,
loop Il mutant, D190N, similarly does not increase the rate and some mutations of E181 such as E181F versus E181Q
of dark hydroxylamine attack1@). However, even for  could disrupt it more, reducing its polarizability. While
isosteric E181Q some aqueous accessibility to the binding polarizability is in some sense a second- or even third-order
pocket must be possible because chloride produces significantlectrical phenomenon, in the case of a chain of hydro-
shifts in the E181Q pigment spectrum and in the spectra of gen bonds near the rhodopsin chromophore, it is of pri-
E181Q intermediates, apparently blue shifting all except mary importance because tautomerization of a sequence of
Lumi Il. Another effect of added chloride on E181Q is to hydrogen bonds could be the mechanistic basis of the
stabilize the PSB in the Lumi ll/Metad, equilibrium (see counterion shift. Further studies will be required to determine
Table 3). However, it remains to be determined whether the to what degree mutations at position 181 act directly through
unusually fast deprotonation of the E181F Schiff base is a charge effect (e.g., E181F and E18&hloride) versus
purely due to phenylalanine’s large side chain bulk or is also their effect on polarizability (e.g., E181F).
contributed to by its inability to even partially substitute for Besides the polarity of residues in the chromophore
glutamic acid in a hydrogen-bonding network. binding pocket and polarizability of any hydrogen-bonding
Electrostatic Effects in the Chromophore Binding Pocket. network intrinsic to the protein and bound water molecules,
The primary determinant of the long-wavelength absorbance a final electrostatic effect that needs to be considered is that
band of rhodopsin is the protonation of theetinylidene E181 is very near the aqueous interface. This is demonstrated
Schiff base, a condition guaranteed by the presence of theby the fact that position 181 is analogous to one of the
native counterion, glutamate at position 113. To a smaller residues that forms the chloride binding site in LW2 cone
degree, the rhodopsin absorbance maximum can be shiftedvisual pigments Z4). The fact that the chloride binding
by amino acid substitutions that change the polarity of affinity is affected by photolysis in one such cone pigment,
residues near the chromophore. Such shifts, as their elecP521 from geckoZb), demonstrates that the progress of the
trostatic origin implies, can be discussed in terms of the effect photoexcitation intermediates changes the electrical proper-
which would be introduced by a small test charge. Electro- ties in this region. Hence, beyond the question of the relative
static models of retinal binding proteinky 20) have shown significance of polarity and polarizability intrinsic to rhodop-
that the direction of the absorbance shift depends on whichsin’s hydrogen-bonding network in the progression of
end of the n-retinylidene chromophore the test charge intermediates, external effects such as chloride ions and water
approaches, with the smallest effect caused by a test chargg@enetration have to be considered. The possibility that
that approaches the middle of the chromophore. From this chloride ion could bind to E181Q to mimic an ionized, but
standpoint, the retinal chromophore is poorly positioned to not titrable carboxyl Z6) means that all experiments must
determine the ionization state of E181 since the X-ray crystal be carefully evaluated for chloride effects.
structure shows the E181 carboxyl to be positioned near the In this context of effects external to rhodopsin, it is
center of the chromophore, making the absorbance ofimportantto keep in mind that other factors besides mutations
rhodopsin relatively insensitive to E181's ionization state affect the rate of PSB deprotonation. Most detergents
(21). Thus it is not surprising that absorbance measurementsdramatically accelerate Schiff base deprotonation, but a few
on rhodopsin mutants do not give a clear-cut answer aboutlike digitonin seem to reduce the tendency to deprotonate
whether E181 is ionized in the dark. and stabilize the late Metagh intermediate. Since rhodopsin
The reported red shift of the rhodopsin spectrum induced mutants are typically purified in lauryl maltoside, which
by the E181Q mutation and its full) or partial @) rescue speeds up deprotonation by at least an order of magnitude,
by chloride suggest that E181 could be ionized. In agreementcare must be taken in interpreting the effect of E181
with this view, the E181D mutation blue shifts the pigment mutations on activation. In particular, it is possible that
spectrum, an effect consistent with the picture of the E181 detergent solubilization could affect the protonation state of
side chain from X-ray diffraction that implies the E181D E181 either in the dark or at one of the photointermediate
mutation moves the carboxyl toward the protonated Schiff states, masking a counterion shift which occurs in either
base. Further support for E181 ionization comes from a membrane- or digitonin-solubilized preparations which sup-
recent molecular dynamics simulatid2?j. Arguing against port Meta kLgo formation. It is clearly desirable to extend
E181 ionization in rhodopsin is the fact that numerous other studies of the mutants characterized here in lauryl maltoside
neutral mutations do not produce a red shift, including at suspension to an environment that supports wild-type Meta
least one (E181H) which blue shifts the pigment spectrum lsg0. However, even in the absence of such studies, the results
by as much as E181D. Beyond this specific evidence presented here strongly support the idea that a negative
implying that E181 is neutral, there is the broader argument charge at position 181 stabilizes protonation of the reti-
that if E181 is ionized in rhodopsin, it is not clear where nylidene Schiff base in the later intermediates. At the most
compensating positive charge would come from to neutralize elementary level this is demonstrated by the sequence of time
the binding site in the hydrophobic chromophore binding constants observed for single-exponential fits of the late time
pocket. However, resting on hydrophobicity, the latter data: WT > E181D > E181Q+ CI > E181Q— CI >
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E181F. It therefore seems possible that E181 may supply a 14. Szundi, I., Lewis, J. W., and Kliger, D. S. (2003) Two intermedi-
counterion for an altrans chromophore in the late photo-
intermediates of vertebrate rhodopsins just as it does in the ;¢
dark for invertebrate retinochrome.
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