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ABSTRACT: Proteorhodopsin, a retinal protein of marine proteobacteria similar to bacteriorhodopsin of the
archaea, is a light-driven proton pump. Absorption of a light quantum initiates a reaction cycle (turnover
time of ca. 50 ms), which includes photoisomerization of the retinal from the all-trans to the 13-cis form
and transient deprotonation of the retinal Schiff base, followed by recovery of the initial state. We report
here that in addition to this fast cyclic conversion, illumination at high pH results in accumulation of a
long-lived photoproduct absorbing at 362 nm. This photoconversion is much more efficient in the D227N
mutant in which the anionic Asp227, which together with Asp97 constitutes the Schiff base counterion,
is replaced with a neutral residue. Upon illumination at pH 8.5, most of the D227N pigment is converted
to the 362 nm species, with a quantum efficiency of ca. 0.2. TKgfqr this transition in the wild type

is 9.6, but decreased to 7.5 after mutation of Asp227. The short wavelength of the absorption maximum
of the photoproduct indicates that it has a deprotonated Schiff base. In the dark, this photoproduct is
converted back to the initial pigment with a time constant of 30 min (in D227N, at pH 8.5), but it can be
reconverted more rapidly by illumination with near-UV light. Experiments with “locked” retinal analogues
which selectively exclude rotation around either the<C10, C1¥C12, or C13=C14 bond show that
formation of the 362 nm species involves isomerization around the=C13 bond. In agreement with

this, retinal extraction indicates that the 362 nm photoproduct is 13-cis whereas the initial state is
predominantly all-trans. A rapid shift of the pH from 8.5 to 4 greatly accelerates thermal reconversion of
the 362 nm species to the initial pigment, suggesting that its recovery involving the thermal isomerization
of the chromophore is controlled by ionizable residues, primarily the Schiff base and Asp97. The
transformation to the long-lived 362 nm photoproduct is apparently a side reaction of the photocycle, a
response to high pH, caused by alteration of the normal reprotonation and reisomerization pathway of the
Schiff base.

Retinal proteins of the two major classes, photoreceptorsible reactions of sensory rhodopsins | and Il underline color
and pumps, undergo photochemical reactions that are ac-discrimination and phototaxis3( 11). The photochromic
companied by large shifts of the chromophore absorption properties of retinal pigments are interesting also as a po-
band. These shifts reflect mainly isomerization of the retinal tential source for applications in optical recording and
and protonation changes of the Schiff base and its counterion.information processingl@—16).

More subtle spectral transitions are caused by changes in Recently, a new family of retinal proteins called proteo-
protein conformation and chromophore environment. Spec- rhodopsins has been discovered in uncultivated marine
troscopic studies of these light-induced absorption changesproteobacteria in the Pacific Ocean, Red Sea, Mediterranean
in combination with mutagenesis have provided valuable Sea, and Sargasso Sd&-20). This new family includes
information about the mechanism of the functioning of visual ~800 variantsZ0). They fall in several groups, which differ
rhodopsin, bacteriorhodopsin, and othets-§). The cycle in amino acid sequence, spectral properti2t @2), and
of photochemical conversions of bacteriorhodopsin consti- important functional features such as the lifetime of the
tutes the basis for light-induced proton transport by the purple photocycle intermediates and the ability to generate photo-
membrane of halobacteri@z{10), whereas the photorevers- currents 23), implying the possible diversity of their
functions.

The proteorhodopsin, produced from a gene found in
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BR to 526-488 nm in different PR speciegX, 22). Light
absorption initiates a photocycle which includes intermediates
K, M, N, and O, in many aspects similar to those of BR
(24—26) but with several significant differences: the L
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362 nm versus 400 nm in M, with the unusually long lifetime
of 30 min and longer.

MATERIALS AND METHODS

intermediate was not detected, the M intermediate decays

faster than in bacteriorhodopsin, and the red-shifted inter-
mediate at the end of its photocycle has a 13-cis retinal
configuration rather than all-trans as in the O state of the
BR photocycle 24). Many of the key residues involved in
proton transport in bacteriorhodopsin are conserved in
proteorhodopsin. This includes Asp97, the proton acceptor
and Schiff base counterion (homologous to Asp85 in BR),
Asp227 (Asp212 in BR), a residue close to the Schiff base
and the C13-C14 bond of the chromophore and also part
of the counterion, and others. Th&pof proton acceptor
Asp97 is much higher than that of Asp85 in BR (7.6 vs 2.6).
This shift in (K, correlates with a shift in thelf, of proton
pumping (, 23). The internal proton donor in BR, Asp96,
is conservatively substituted with a residue with a longer
side chain, Glu108, which efficiently reprotonates the Schiff
base during the M to N transition in PR4). The order of

The expression ii. coli, reconstitution with retinal, and
purification of proteorhodopsin [the pseudo-wild-type triple-
cysteine mutant, TCM, in which three cysteines are replaced
with valines to prevent photooxidatiod){ and its D227N
mutant were as described in our previous pap2r).(
Pigments solubilized in detergents (0.1% DM or 1% OG)
were used.

Reconstitution of the proteorhodopsin with artificial retinal
analogues was performed by addition of the analogues to
cell membranes. We found that a substantially larger amount
of the pigment was formed by reconstitution in the cell
membranes rather than in the solubilized apoprotein. The
membranes were obtained by breakkgcoli cells with a
French press, and subsequent washing by several centrifuga-
tions as described previousl24). The retinal analogues
dissolved in ethanol were added to the suspensions of the

light-induced proton release and uptake during the photocyclemembranes in the presence of 100 mM NaCl and 20 mM

is reversed in PR compared to that in bacteriorhodofih (

phosphate buffer (pH 7.0). The final concentration of ethanol

These and other differences suggest that studying PR andn the membrane suspension was below 1%. The formation
its mutants is likely to provide new insights into the of pigments was followed spectroscopically. Incorporation
mechanism of light-induced proton transport and its relation- of all-trans retinal occurred with a time constant of ca. 15

ship to chromophore photoconversions.

One of the key residues in the chromophore binding site
conserved among all archaeal retinal proteins and all pro-
teorhodopsins is Asp227, homologous to Asp212 in BR. In
previously reported work, we found evidence that as in BR,
this aspartate has a very lowKp (27). lllumination of
proteorhodopsin at low pH results in the accumulation of a
long-lived blue-shifted photoproduct absorbing at 430 nm
(27). Its FTIR spectrum indicated that its chromophore is
9-cis. The yield of the 430 nm species in PR increases with
a decrease in pH with aKg of 2.6, which is much lower
than the i, of Asp97. The properties of the D227N mutant
strongly suggested that thiKpis for the protonation of
Asp227: the pH dependence is largely eliminated, and the

min in both PR and the D227N mutant. Reconstitution of
the all-trans retinal analogue locked in the X314 bond
was almost as rapid, but analogues locked in the=C20
bond and particularly in the CHC12 bond incorporated
slower, with time constants of ca. 1 and 4 h, respectively.
In the latter case, the kinetics was biphasic and formation
of an intermediate absorbing at 44050 nm was observed.
The photoconversions of the pigments were studied both in
membranes (in the presence of 50% glycerol to reduce light
scattering and prevent fast sedimentation of the membranes
in the cuvette) and in a detergent solution. The two sets of
experiments produced similar results.

The chromophore extraction from the initial (dark-adapted)
pigment and that from the pigment after its illumination at

yield of the 430 nm species is enhanced in the mutant. Thesgvavelengths longer than 500 nm were performed under dim

results indicate that the negative charge of Asp227 in the
wild-type protein restricts formation of the long-lived pho-
toproduct 27). This conclusion is consistent with earlier
studies of the effects of neutralization of negatively charged
residues on isomerization of the retinal in bacteriorhodopsin
(28, 29).

In the study presented here, we continue to explore the

properties of PR. We describe long-lived photoproducts
formed in the physiological pH range under conditions where
the key group Asp97 is deprotonated. The D227N mutation
facilitates accumulation of this long-lived photoproduct(s).

At pH >9 for the wild-type protein and already above pH 7

for the D227N mutant, the photoconversions of the pigments
appear to branch into a pathway leading to a formation of
an M-like photoproduct absorbing at a shorter wavelength,

! Abbreviations: BR, bacteriorhodopsin; PR, proteorhodopsin; TCM,
pseudo-wild-type triple-cysteine mutant of proteorhodopsin in which
three cysteines are replaced with valines to prevent photooxiddfjon (
[in this paper, it is often called wild type (WT)]; OGy-octyl 3-b-
glucopyranoside; DMn-dodecyl3-p-maltopyranoside.

red light as described previousIgQ) with minor changes.
Briefly, extraction of retinal oxime was carried out by hexane
after denaturation by addition of a final concentration of 50%
methanol and 90 mM hydroxylamine. To produce the 360
nm photoproduct, the samples were illuminated aC4or

10 and 3 min for WT and D227N, respectively. The light
source wa a 1 kWslide projector filtered through a 520
nm cutoff filter (=500 nm) and a 1% CuSGsolution for
removal of heat radiation. A high-performance liquid chro-
matograph was equipped with a silica column (6 M50
mm, YMC-0123, Yamamura, Kyoto, Japan) with a detection
wavelength of 360 nm. The solvent was composed of 12%
(v/v) ethyl acetate and 0.12% (v/v) ethanol in hexane; the
flow rate was 1.0 mL/min. The molar compositions of the
retinal isomers were calculated form the areas of peaks in
the HPLC elution using the following extinction coefficients
(e3s0, in hexane): 54 900 M cm! for all-trans 15-syn,
51 600 Mt cm™* for all-trans 15-anti, 49 000 M cm™? for
13-cis 15-syn, 52 100 M cm™* for 13-cis 15-anti, 35 000
M~ cm™? for 11-cis 15-syn, and 29 600 ™M cm* for
11-cis 15-anti 81).
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Absorption spectra were measured on a Shimadzu UV
1601 spectrophotometer at room temperature. Actinic light
was from a Cole-Palmer 9741-50 illuminator equipped with
150 W halogen bulb and fiber optic light guide. The inten-
sity of the 520 nm light (bandwidth of 10 nm) was2
mW/cn?, and that of the>530 nm light was 15 mW/cfn
The intensity of the 364 nm light (bandwidth of 70 nm) was
ca. 1 mW/cm. Absorption measurements at low temperature
were performed on a homemade cryostat.

The quantum efficiency for the formation of a long-lived
photoproduct (P362) was estimated by measuring the light-
induced absorption changes of wild-type proteorhodopsin and
the D227N mutant at the absorption maximumAbg)
produced by illumination with 530 nm monochromatic light,
and comparing them with absorption changes of dark-adapted
bacteriorhodopsin under short-term illumination with the
same light AA_ ). The illumination time tgr andtpgr, was
such that only small fraction of the pigment was converted
in both cases €10%). The quantum efficiency of light
adaptation of bacteriorhodopsin (photoisomerization from
13-cis 15-syn to all-trans chromophore configuration) was
taken to be ca. 0.064{» = 0.06), an order of magnitude
lower than the efficiency of the photocycle of trans BIR)(
as estimated in ref83—35. Using the value given above
for the quantum efficiency for dark adaptation of BR, the
extinction coefficients for PRegr) and all-trans BR at the Ficure 1: Conversion of the D227N pigment to a short wavelength

: . "
e}bsorpt'on ma)_('mlfm (43900 and 63 OOOM:_m » respec- photoproduct by 532 nm laser flashes. (A) Absorption spectra of
tively), and taking into account that absorption changes due (1) the initial pigment, (2) the pigment after 10 flashes, and (3) the
to light adaptation at 585 nm are equal to 0.2 of the maximum pigment after 10 additional flashes. The flashes were given with
absorbance of all-trans BR, and that the extinction coef- 10 s intervals to allow relaxation of the photocycle intermediates
ficients of all-trans and 13-cis at 530 nm are equal, while from @ preceding flash. The sample was not illuminated with
the fractions of 13-cis in the dark-adapted stdgp dquals continuous light capable of causing photoconversion of the pigment.
- § p q . (B) Curves 1 and 2 are difference spectra obtained by subtracting
0.6, the quantum efficiency of conversion of proteorhodopsin curve 1 in panel A from curves 2 and 3, respectively.
to the P362 nm speciedgssy) could be calculated from the
formula

Dpg,= 0.20 A\ AAprepr(l — Top)tarf/AA A€pr(1 —
Terltor ~ 0.01AARH(1 — Tep)tar/AAA(L — TpR)ter

A
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following, we will examine the new photoreaction as it
occurs in the D227N mutant. At pH 8.5, the D227N
chromophore absorbs at 512 nm (in 0.1% DM). Upon
illumination at 520 nm, most of the pigment undergoes
transformation to the long-lived photoproduct (Figure 2A,B).
The strongly blue shifted maximum of the photoproduct at
362 nm indicates that its formation involves deprotonation
of the Schiff base. The ratio of the absorption changes at
362 and 512 nm is 0.5. This is 1.5-fold greater than the
analogous ratio for the long-lived 430 nm photoproduct that
Reversible Photocorersion of the WT and the D227N  is formed at low pH 27).
Mutant to a Long-Lied 362 nm Specie8oth in the wild The quantum efficiency of the photoconversion to the 362
type and in the D227N mutant, illumination above neutral nm species at pH 8.5 is very high;0.2, in the D227N
pH caused the formation of very long-lived M-like photo- mutant. This value was obtained from a comparison of the
products absorbing at 362 nm. The photoproducts wereyield of the 362 nm species with the rate of light adaptation
produced by 532 nm laser flashes (Figure 1), and by of bacteriorhodopsin. Thus, the quantum yield of the 362
continuous light (Figure 2). The 362 nm photoproduct is nm species at pH 8.5 is20-fold higher than for the 430
produced much more effectively in D227N, but can be also nm species at pH 4 in the same muta®if)(
observed in the wild-type protein when the illumination is Upon incubation in the dark, the 362 nm photoproduct
at high pH (Figure 3). Unlike in D227N, in the wild type slowly converts back to the initial state (Figure 2A,B) with
the yield of the photoproduct is negligible at pH 8 but a time constant of 30 min (Figure 2C). This is more than 3
increases with an increase in pH (Figure 4). The quantum orders of magnitude slower than the photoconversion of the

whereTgr and Tpr are the transmissions of the samples at
530 nm.

RESULTS

efficiency at pH 10 is~0.02.
In the WT and D227N, the photoreaction that produces
the 362 nm species occurs with appareldt palues of 9.6

M intermediate in the photocycl@4).
Ilumination with 364 nm light converts a large fraction
of the 362 nm photoproduct back to the initial pigment

and 7.5, respectively (Figure 4). These values are well below (Figure 5). Only a small fraction remains after prolonged

the K, for deprotonation of the Schiff base in the dark,
which is 11.3 for the WT and 10.4 for D2271R7%). In the

illumination, because light at this wavelength drives both
forward and reverse photoreactions and leads to a photo-
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a 012 Ficure 3: Light-induced formation of the 362 nm species in WT
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8 and the PR after illumination at530 nm for 15, 45, 105, 225,
T 008 465, and 945 s, respectively. (B) Traces6@lare difference spectra
g ) obtained upon illumination at 530 nm, and trace 7 is the spectrum
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Ficure 2: Light-induced conversion of the D227N mutant of
proteorhodopsin to a 362 nm photoproduct and reverse thermal
transition in the dark. (A) Absorption spectra of (1) the initial
pigment at pH 8.5, (2) the pigment after illumination for 30 s at
520 nm, and (3-12) the pigment after incubation in the dark for 2,

6, 10, 15, 21, 32, 50, 90, 260, and 330 min after illumination,
respectively. (B) Curves-110, obtained as the difference of “curve

i minus curve 2", where curvasare curves 312 in panel A. (C)
Kinetics of absorption changes at 512 and 362 nm.

06

04

0.2

Fraction of photoconverted pigment

steady state mixture. The 520 nm light converts nearly all

the pigment into the 362 nm form. Thus, by alternating 0 - ! ! ! :
illuminations with 364 and 520 nm light, the pigment can 5 6 7 8 s 10 M
be switched reversibly between two states (absorbing at pH

longer wavelength and short wavelength forms). i _
Evid that Asp97 Is D t ted in the 362 Ficure 4: pH dependence of the fraction of the long-lived
U'_ ence thal Asp S _epro on_a e |_n e nm photoproducts in D227N and D97N mutants and WT PR produced
SpeciesThe 362 nm absorption maximum is shorter than py illumination for 1 min at>530 nm. The fraction was calculated
that of the M intermediate (ca. 400 nm; see below). A likely from the light-induced decrease in the absorbance of the main band.
explanation for this is that Asp97 is deprotonated in the 362 The background level of photoconversion of the D227N mutant at
nm photoproduct. Two lines of evidence support this. pH below 7 is caused by its transformation to the 430 nm

o . photoproduct as described previoushr)
The first is from low-temperature experiments. In BR and
phoborhodopsin, illumination of the M intermediate trapped of the chromophore, followed by fast reprotonation of the
at low temperatures with blue light causes photoisomerization Schiff base by reverse proton transfer from Asp85. It occurs
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Ficure 6: (A) Curves 1-6 are difference spectra obtained upon
illumination of the D97N mutant at 530 nm for 15, 45, 105, 225,
465, and 945 s, respectively; trace 7 shows the light-induced
absorption changes caused by illumination at 364 nm. The
photoproduct of this reaction exhibits an absorption band at longer
wavelengths than the initial state, but it relaxes thermally to the
latter in the dark. (B) Fractions of light-induced conversion of wild-
type PR, the D97N mutant, and the E108Q mutant to a long-lived
photoproduct at pH 9.1. The pigments were solubilized in 0.1%
DM and 100 mM NaCl.

1
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available at Asp97 to reprotonate the Schiff base in the initial
photoproduct of the 362 nm species. Another relevant
observation is that the 362 nm species does not form below

nm species at pH 8.5 and reverse photoconversion of the 362 nm230 K. lllumination of the D227N mutant during cooling
species back to the initial pigment: absorption spectra at 295 K of from 230 to 200 K at 486530 nm caused formation of the

(1) the initial D227N pigment, (2) the pigment after illumination
for 3 min at 520 nm, and (3) the pigment after illumination for 2
min at 364 nm. (B) Difference spectra produced by (1) illumination

at 520 nm (curve 2 minus curve 1 in panel A), (2) subsequent

illumination with 364 nm light (curve 3 minus curve 2 in panel
A), and (3) difference spectrum upon illumination of a sample

containing 362 nm species (analogous to sample 2 in panel A but

containing 66% glycerol) at 200 K with 364 nm light. The absence

of absorption changes indicates no photoconversion of the 362 nm

M intermediate and the red-shifted species, most likely K,
but the 362 nm species did not accumulate (see curve 1 in
Figure 5C). This indicates also that the formation of the 362
nm species does not precede M; it is highly temperature-
dependent and appears after M is formed.

The second piece of evidence is from photoconversion of
the D97N mutant, in which residue 97 cannot be anionic.

species takes place at 200 K. (C) Formation and photoconversion!llumination of D97N mutant at high pH also results in

of the M intermediate of D227N at low temperatures. (1) Absorption
changes accompanied formation of M (and some fraction of K)
upon illumination of a water/glycerol (1:2) suspension of the D227N
mutant in 0.1% DM and 100 mM NacCl for 5 min with 48630

nm light during cooling from 230 to 200 K (the spectra before and
after illumination were recorded at 200 K). (2) Absorption changes
produced by a subsequent 5 min illumination at 407 nm.

even below 200 K36—39). A similar photoreaction occurs
also with the M intermediate of the D227N mutant at 200 K
(Figure 5C). In contrast, illumination of the 362 nm species

formation of a long-lived photoproduct with deprotonated
Schiff base, but with a red-shifted absorption maximum
relative to those of the wild type and D227N, from 362 to
386 nm (Figure 6A). The latter is as expected, since
neutralization of Asp97 causes a ca. 30 nm red shift of the
absorption maximum of PR and its deprotonated fo2).(
The yield of the short wavelength photoproduct and quantum
efficiency of its formation is lower than in the wild type
(Figure 6 B) and manyfold lower than in D227N mutant,
indicating that neutralization of the two aspartates near the

at 200 K does not cause reprotonation of the Schiff base chromophore has different effects on formation of the long-
(Figure 5B, curve 3). It occurs only at higher temperatures lived photoproducts. Neutralization of the proton donor

(>250 K). This would be explained if no proton were

E108Q, on the other hand, does not cause any substantial
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change in the accumulation of the long-lived photoproduct
compared to the wild type (Figure 6B).

Acceleration of the Decay of the 362 nm Photoproduct
by Lowering the pHIf the difference between M produced
in the normal photocycle and the 362 nm species is in the
protonation state of some residue, perhaps Asp97 as dis-
cussed above, then one might expect that the pH would
influence the decay of the 362 nm species. Alternatively, if
the 362 nm species is the product of hydrolysis of the Schiff
base, as was shown for the short wavelength 9-cis photo-
product of BR 40), decreasing the pH would not affect the
absorption maximum in a strong way. These possible
alternative explanations were tested in pH-jump experiments
where the 362 nm species was produced at pH 8.2, and then
the pH was rapidly decreased from 8.2 to 4. As shown in
curve 3 of Figure 7A and curve 1 of Figure 7B, the 362 nm
species (deprotonated Schiff base) rapidly and completely
converts to a species absorbing around 440 nm (protonated
Schiff base) and the initial 518 nm pigment after the pH
shift. Subsequently, all or nearly all of the 440 nm species
converts to the 518 nm pigment in a biphasic reaction with
time constants of 30 s (60%) and 6 min (40%). This is faster
than the thermal conversion of the 362 nm pigment at pH
8.5 (Figure 2C), although still much slower than the decay
of M in the photocycle. These data suggest that recovery of 02,5 200 500 600 700
the initial state is accelerated upon reprotonation of the Schiff
base and Asp97 from the bulk, and imply therefore that the
362 nm species is not a product of hydrolysis of the Schiff
base. The slower recovery compared to the M intermediate
indicates that these states differ in the configuration of the
chromophore or the conformation of the protein.

Reconstitution and Photocoersion of the D227N Mutant
with Retinal Analogues that Restrict Isomerization around
the C3=C10, C1¥+=C12, and C13-C14 BondsExperiments
with retinal analogues were undertaken to identify the double
bond whose rotation is involved in the formation of the 362
nm species. The three analogues that were used (Figure
8A,B) which selectively block isomerization around the Oe
C9=C10, C1+C12, or C13=C14 bond, but allow isomer-
ization aro_und the other double bond(s). Th(;—‘(CElO locked . FIGURE 7: Acceleration of the decay of the 362 nm photoproduct
analpgue m. D.227N has a.chronjophor.e with an absorption of the D227N mutant with a shif%/ in pH from 8.2 to 4. (A)
maximum similar to one with native retinal (522 nm vs 523  apsorption spectra of (1) D227N at pH 8.2, (2) the pigment after
nm at pH 6.9, respectively). The C¥C12 locked analogue illumination for 3 min at 520 nm, (3) the pigment after the
resulted in a somewhat blue-shifted spectrum at 514 nm. Insubsequent shift of the pH to 4, and+@) the pigment in the dark
contrast, the C13C14 locked analogue produced a consid- E%r)%i?férlgﬁcles'sgg(’:tégq (31(; ?d?\;ée;ﬁﬁﬂ‘éeéy{nag:;g‘iS;:]'g é’i pH.
erably red-shifted chromophore W't,h a maximum at ,549 m,n curves obtained by subtracting spectrum 3 in panel A from spectra
and a shoulder at 500 nm. In the wild type, the maximum is 4—9. (C) Kinetics of recovery of the initial pigment at pH 4 and
at 551 nm. The red shift indicates that the conformation of its fit with two components.
the retinal locked in the CE3C14 all-trans configuration is
somewhat different from the native chromophore. This could is as expected because the absorption maximum of the
be caused by different torsion angles of the ECA3=C14 C9=C10 locked retinal analogue in solution, with unproto-
bonds in the native form and the locked analogue. If a twist nated Schiff base, is also considerably blue-shifted (to 335
in the C12-C13 bond in the native chromophore resulted nm). As with the native chromophore, this photoconversion
in a blue shift of the maximum, introduction of a ring would was thermally reversible on a time scale of tens of minutes.
lead to a more planar chromophore and a red shift. These data indicate that the formation of the long-lived

lllumination at pH 8.1 converted the D227N pigments photoproduct absorbing around 360 nm is not inhibited by
reconstituted with the G8C10 and C1#C12 locked blocking rotation around the G8C10 or C1#C12 double
analogues to short-wavelength photoproducts absorbing atonds, and we conclude that the photoconversion to the 362
347 and 358 nm, respectively (Figure 9A,B), with a quantum nm species with native chromophore does not necessarily
efficiency close to that of the native chromophore (Figure involve isomerization around these bonds.
8B). The blue-shifted maximum of the photoproduct of the ~ The D227N pigment reconstituted with the GiG14
C9=C10 locked pigment (347 vs 362 nm for native retinal) locked retinal exhibited a quite different pattern (Figure 9C).

Absorbance, OD

AAbsorbance, OD

Wavelength, nm

AAat532 nm

0 5 10 15 20 25 30 35

Time, min
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FIGUurRe 8: (A) Structures of the all-trans chromophore and artificial 447 nm  D227N. C13=C14 locked
analogues used in this study. (B) Relative fraction of photocon- 0.01 | ’
version of the D227N pigments reconstituted with all-trans retinal
and its locked analogues upon illumination with 520 nm light. The a
pigments were solubilized in 1% OG. The difference spectra of © 0\-,
light-induced conversions are given in Figure 9. § 1
®©
lllumination with 520 nm light for 1 min converted only a £ 001 |
very small fraction of this pigment, far less than when § ) 2
isomerization is blocked in the €8C10 bond, in the <
C11=C12 bond, or with the native chromophore. The 002 |
difference spectrum obtained upon prolonged and more . . 545 nm C
intense illumination at 530 nm light shows that the species 300 400 500 600 700
that formed absorbs at 447 nm (Figure 9C). Unlike the 362 Wavelength, nm

nm photoproduct observeq in the €210 locked p.|g'me.nt, Ficure 9: Light-induced absorption changes of the D227N pigment
the 447 nm photoproduct is thermally stable. This indicates reconstituted with (A) the all-trans €810 locked retinal analogue,
that photoconversion of the CE814 locked analogue does (B) the all-trans C14C12 locked retinal analogue, and (C) the
not lead to the 360 nm species but yields a different all-trans C13=C14 locked analogue. In panels A and B, curves

photoproduct formed with much lower quantum efficiency iffrﬁviﬁfezpnﬁ?g,uﬁ?ir?,yaiﬂténz;irrﬁﬂ??evsvggc?ﬁgmr:iggﬁfecirsl,oszégga

(ca. 15-fold smaller than in the native pigment). The 37 3\yere produced by illumination for 1, 3, and 6 min, respectively,
transformation into the 447 nm species was reversible with with a much more intense light at530 nm.

blue light. Prolonged illumination with 425 nm light caused
re-formation of the 550 nm band of the initial pigment. Itis Table 1: Retinal Isomeric Composition of Wild-Type
reasonable to conclude that the limited photoreversible Proteorhodopsin and the D227N Mutant before and after
conversion into the 447 nm photoproduct involves isomer- lumination with >520 nm Light

ization around a double bond other than the €C34 bond. all-trans  13-cis  11-cis
On the other hand, the absence of the 362 nm photoproduct (%) o) *)

in the C13=C14 locked analogue implies that its formation =~ WT in the dark at pH 10.0 95.1 4.9 0.0
i i i7ati i WT after illumination at pH 10.0 16.7 78.5 4.8
involves isomerization around this bond. D227N in the dark at pH 8.4 o - s

Extraction and HPLC Analysis of the Chromophore of the
362 nm SpeciesThe long lifetime of the 362 nm photo-
product makes it possible to identify the isomeric state of protein was almost entirely all-trans, with only a small
its retinal by extraction and chromatographic analysis. The fraction of 13-cis (5%). This agrees with recent FTIR data
D227N mutant at pH 8.2 and the wild type at pH 10 were (41). After photoconversion of most of the pigment to the
analyzed in this way before and after illumination wits20 360 nm species, the isomeric composition was found to be
nm light. Under these conditions, illumination converted 90% 80% 13-cis and 17% all-trans (Table 1). This result clearly
of the D227N mutant and 80% of the wild type. The retinal shows that the 362 nm photoproduct is 13-cis. The analogous
isomeric composition in the initial (dark-adapted) wild-type experiment with the D227N mutant produced a similar result,

D227N after illumination at pH 8.4 7.6 83.2 9.2
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but the ?nitial dark-adapte_d S_tate of D227N contained a Table 2: Configuration of the Chromophore and Protonation State
substantial amount of 11-cis pigment as well (75% all-trans, of Key Groups in PR, M, N, and P362
22% 11-cis, and 3% 13-cis). After illumination a620 nm,

configuration of the

the isomeric composition changed to 8% all-trans, 83% chromophore Schiffbase  Asp97  Glul08
13-cis, and 9% 11-cis. The results summarized in Table 1 all-rans n — n
indicate that in both the wild type and D227N the formation 13-cis - + +
of the 362 nm species correlates well with conversion of N 13-cis + + -
all-trans retinal to 13-cis. P362 13-cis - - ?

aThe plus sign stands for the protonated state and the minus sign
DISCUSSION for the deprotonated state.

This study describes the formation of & long-lived pho- - ., 10 on Asp97 in the 362 nm species, which prevents
toproduct of proteorhodopsin with the unprotonated Schiff P . P . P J pre
reprotonation of the Schiff base upon photoisomerization of

base at high pH, .and examines its possible origin and the chromophore. Finally, the D97N mutant, in which Asp97
dependence on residues close to the chromophore. We show

that mutation of Asp227 to Asn greatly enhances the 'S neuiralized, does not conver'_[ to the 362 nm species;
formation of this species. Our findings of these long-lived Ir;?ti?g'ﬁ? photoproduct absorbing at 398 nm is formed
species absorbing around 360 nm (Figure 1), and the relateo( 9 '

forms with a protonated Schiff base absorbing at around 440 Is the 362 M species a ph_o_toproduct .Of a fraction of
nm (Figure 7A), might provide an explanation for the proteorhodopsin in which an acidic residue is unprotonated?

presence of 13-cis species in the initial stag®)(and If the pH dependence of the yield of this species (Figure 4)

- ) : : ere to originate from photoconversion of the unprotonated
observations of heterogeneity of proteorhodopsin as discusse orm onlv. such a protonation equilibrium would have to be
in the FTIR study by Krebs et al4p). Y, P d

. - slower than the 10 min of illumination time. This seems very
Interestingly, the D227N mutant exhibits several features unlikely. It is more probable that the 362 nm species arises
different from those of the homologous D212N mutant of ;¢ 4 side reaction of the normal photocycle, and the pH

BR (43, 44)._The formation of the M photointermediate is dependence of the yield is from the pH-dependent competi-
accelerated in D227N at neutral pH; in the D212N BR mutant ion, of this branching with the reaction that leads to recovery
itis slowed, and its level of accumulation is greatly reduced  the initial state. At which step is this branch leading to
or even absent at alkaline pi44). Most prominently, the ¢ |ong-lived photoproduct? Deprotonation of which group
D227N mutant of PR exhibits a reversible transition 10 a 5 regponsible for the titration-like increase in the yield of

long-lived photoproduct at pH 8, absorbing at 362 nm that {he nhotoproducts withi, values of 7.5 and 9.6 in D227N
contains a deprotonated Schiff base. It converts back to theg 4 wild-type PR? Our working hypothesis is that the branch
initial pigment thermally in an extremely slow “photocycle”, g |ate in the photocycle, and the effect of the D227N residue
and can be reconverte'd by illumination also. No suc replacement on it is through the decreaskdyalues of the
photoproduct was described for the D212N mutant of BR. gchiff hase and Asp97 in the mutant. This is suggested by
This implies that the chromophore environment is not quite he opservation that illumination at 210 K results in ac-
the same in the two proteins. The possible causes of the.,mjation of the M intermediate but no 362 nm species
unusually slow PR photocycle at high pH are discussed 4re formed, strongly implying that the latter originates from
below. branching of the pathway after the M intermediate is formed.
Origin of the 362 nm SpecieShe short wavelength  |n the E108Q mutant, M decay is so slow that little N
maximum of the 362 nm species implies that it has a accumulatesl). Because the 362 nm species is formed in
deprotonated Schiff base. The chromophore extractionthe E108Q mutant approximately as well as in the wild type
experiments and experiments with artificial analogues indi- (Figure 6B), the branching point may well be at M. On the
cate that the 362 nm species is formed as a result ofother hand, the high yield of the 362 nm photoproduct
photoisomerization around the C£814 bond. The 362 nm  correlates with slowing of the reisomerization of the pho-
species is formed not only under continuous light but also tocycle in the N state of the D227N mutant (not shown). It
under short 6 ns 532 nm laser flashes given at time intervalsijg likely that photoisomerization of the chromophore to
long enough to allow for decay of the photocycle intermedi- 13-cis leads to a decrease in thé,pf the Schiff base by
ates (Figure 1). This indicates that it is formed as a single at |east 2.5 units. If the Schiff base is in equilibrium with
guantum reaction originating from the initial state. the bulk, this would explain the appearance of the long-
The 362 nm species has an absorption maximum at alived photoproduct with a deprotonated Schiff base at a pH
shorter wavelength than the M intermediate of the photo- as low as 7.5 in D227N and 9.6 in the wild type. Apparently,
cycle. This would be explained if Asp97 in the 362 nm in the 362 nm species, the Schiff base equilibrates with
species were deprotonated, unlike in the M state where it isthe bulk, whereas in the M intermediate, both deprotonation
known to be protonate®4, 25) (see Table 2). This ideais  of the Schiff base and its reprotonation are internal processes.
supported by the facts that in the D227N mutant tikg p Thermal reconversion of the 362 nm species to the initial
values of Asp97 and the Schiff base in the unphotolyzed state includes, necessarily, reprotonation of the Schiff base,
state are lower than in the wild typ27) and the [, for the reisomerization of the chromophore, and recovery of the
photoconversion efficiency to the 362 nm species is lower initial protein conformation. Reprotonation of the Schiff base
also (Figure 4). Furthermore, the different photoreactivities strongly decreases the barrier for thermal reisomerizadisn (
of the M intermediate and the 362 nm species at low 46) and so does the protonation of the counterion, Asp85 in
temperatures (Figure 5B,C) can be explained by the absencdR (47). Thus, transient protonation of the Schiff base and
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its counterion in the 362 nm species should precede re-the photoreversibility of its photoconversior3( 53), the
isomerization of the chromophore from 13-cis to all-trans. high photochemical and thermal stability of the protein, its
In agreement with this, the recovery of the initial state is dichroism, and nonlinear optical propertid®,(54, 55) were
accelerated upon reprotonation of the Schiff base, as the pHimplemented in several devices and prototypes for optical
jump experiment from pH 8 to 4 indicates. information storage and image processingB-<16). In

Thus, the enhanced formation of the 362 nm species in particular, the D96N mutant of BR, because of its long-lived
the D227N mutant can be partially explained by electrostatic deprotonated M statés@) from the absence of an internal
perturbation of the Schiff base and its counterion caused by proton donor, was utilized in a number of applicatioh3)(
neutralization of Asp227, which result in a loweKgpfor Other mutants showed some promise for optical information
the Schiff base and Asp97 in this mutant. storage, particularly the mutants of Asp85, a residue close

The presence of a considerable amount of 11-cis pigmentto the chromophore’s Schiff base and its proton acceptor as
in the initial state of the D227N mutant is in agreement with well as part of its counterion, i.e., D85N and especially
our earlier conclusion that neutralization of D227N strongly D85N/V49A (57). These mutations affect the chromophore
affects isomerization of the retina2q). Small amounts of  isomerization pathway so that along with the “normal” 13-
11-cis and 9-cis isomers were found in the initial state of cis photoproducts it leads to high yields of a long-lived 9-cis
the D212N mutant of BR as wel48). species, which were first found in wild-type BR at low pH

Why Does the 362 nm Photoproduct #¢aa Long (58) and in the deionized “blue membran&9( 60). Some
Lifetime?Decreasing the pH strongly accelerates the thermal applications are based on the photochemical reactions
recovery of the 362 nm species, but the rate is still many involving the O intermediate [or the blue membrane which
orders of magnitude slower than for the M intermediate. This is present in small amounts even at high pH)[ and its
indicates that reprotonation of the Schiff base, and presum-photoproduct called Q which is analogous to the pink
ably Asp97, does not direct the 362 nm species to the membrane and its deprotonated form Q absorbing at 390 nm
pathway taken by the pigment in the “normal” photocycle. (61, 62).

The rate—limiting factor for the recovery of the initial state The photochemicai features of proteorhodopsin and par-
might reside in the altered conformation of the chromophore ticylarly the D227N mutant described in this study and our
and/or the protein. The nature of this constraint needs to beeariier Study 27) make it interesting as a prospective
investigated further. A likely possibility is that isomerization photochromic material. These features include (a) the virtu-
around the €N bond of the retinal might be involved, as  ajly complete light-induced transformation to a long-lived
during light-dark adaptation of BR and during formation intermediate absorbing at 362 nm which is accompanied by
of the Meta Ill intermediate in rhodopsin. In the absence of 3 |arge spectral shift, (b) the very long lifetime of this
transducin, a significant fraction of this signaling state of photoproduct, which is substantially longer than that of the
rhodopsin with a deprotonated Schiff base undergoes a slowp intermediate of the D96N mutant of BR, the favorite
transition to a species with a protonated Schiff base, called material in a number of application&3), and (c) the high
Meta Ill, which is inactive as a signaling state and was quantum efficiencies of the formation and reversal of the
suggested to serve for storage of the chromophd®. (362 nm species. These features of the D227N proteorhodop-
Interestingly, the transition involves the thermal equilibrium sin pigment are suitable for appiications deaiing with
of Meta Il with Meta | and thermal isomerization of the  dynamic (real time) information processing. In analogy with
C=N double bond of the chromophore (transition from the  the transition of BR to the M intermediate, one should expect
anti to the syn configuration50). The Meta Il to Meta Il that the conversion of PR to 362 nm species should be
transition can be induced also by UV ligtg1). According  accompanied by changes in the refractive index and thus
to recent data, Meta Il converts partially to rhodopsin, Meta might be used in a number of applications, such as
Il, and isorhodopsin upon illuminatiorb@). It is possible  holography, based on nonlinear properties of photochromic
that C=N isomerization is involved in formation and thermal  material and light-induced refractive index variations.
conversion of P362 also.

Is There a Physiological Role for the Transition of PR to
the 362 nm Species?urrently, there is no evidence for such
arole, but it is a possibility. The transformation to the long-
lived 362 nm photoproduct is apparently a side reaction of
the photocycle, caused by alteration of the normal reproto-
nation and reisomerization pathway of the Schiff base at high
pH. One may speculate that this transition might be a re-
sponse to high pH. The pH of seawater on the surface gen
erally is 8.4 62), so under most conditions, the P362 nm
species should not accumulate in substantial amounts in wild-
type PR. If the light intensity is high, however, up to 10% REEERENCES
of the PR still might be transformed to the 362 nm species.

Under these conditions, this photoproduct could serve as a 1. Dioumaev, A. K., Wang, J. M., Balint, Z., V&, G., and Lanyi,
signaling state for elevated pH and/or high-light intensity. J. K. (2003) Proton transport by proteorhodopsin requires that the

Proteorhodopsin and Its D227N Mutant as a Photochro- 292“%&5'8232&96‘39 counterion Asp-97 be anioriiéochemistry
mic Material The phOtOChrO.mIC propertles of retinal pig- 2. Oesterhelt, D. (1998) The structure and mechanism of the family
ments have attracted attention and stimulated attempts t0  of retinal proteins from halophilic archae@urr. Opin. Cell Biol.
utilize them for photonic applications. In the case of BR, 8, 489-500.

In conclusion, our study of the photoreactions of the
D227N mutant shows that neutralization of Asp227 leads to
accumulation of a very long-lived 362 nm photoproduct
which is formed in the wild type also but at a higher pH.
This species has a 13-cis chromophore. Potentially, it might
serve as a signaling state for the high-pH conditions. It is
photoactive, and under illumination with UV light converts
to the initial state. This photochromic behavior might be
“utilized for sensing UV light and in artificial systems for
optical recording and information processing.
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