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Abstract: The absorption spectrum of the all-trans retinal chromophore in the protonated Schiff-base form,
that is, the biologically relevant form, has been measured in vacuo, and a maximum is found at 610 nm.
The absorption of retinal proteins has hitherto been compared to that of protonated retinal in methanol,
where the absorption maximum is at 440 nm. In contrast, the new gas-phase absorption data constitute a
well-defined reference for spectral tuning in rhodopsins in an environment devoid of charges and dipoles.
They replace the misleading comparison with absorption properties in solvents and lay the basis for
reconsidering the molecular mechanisms of color tuning in the large family of retinal proteins. Indeed, our
measurement directly shows that protein environments in rhodopsins are blue- rather than red shifting the
absorption. The absorption of a retinal model chromophore with a neutral Schiff base is also studied. The
data explain the significant blue shift that occurs when metharhodopsin | becomes deprotonated as well
as the purple-to-blue transition of bacteriorhodopsin upon acidification.

Introduction understanding of which naturally is a central topic in photobi-
ology. As absorption data for the bare retinal chromophore have
not been available, comparisons are made to the absorption of
protonated retinal Schiff bases in a methanol solution where
the absorption reaches a maximum at about 440 nm for both
cis- andtransforms of the chromophoréand the so-called
“opsin shift” in proteins is defined as the shift in absorption
from this value? Rhodopsin in rods has its peak absorption at
about 500 nrtf, whereas specific retinaprotein interactions

in cone pigments tune the absorption within the region typically

Retinal is the chromophore in many photoactive proteins,
which carry out a variety of functions such as visual signaling
and light-induced ion translocation. Importantly, it serves as the
photosensitive moiety in rod cells, responsible for night vision,
and in the photoreceptor proteins of cone cells, which provide
color vision1=3 All vertebrate visual pigments are integral-
membrane proteins containing tik-retinal as the chromophore
that is bound to opsin via a protonated Schiff-base linkage to

the seventli-helix* The protonated Schiff-base form of retinal o g g
in the alttrans configuration is the chromophore of Bacterio- between 400 and 600 nfin the case of Bacteriorhodopsifi,

thodopsin, which is a protein in the purple membrane of AmaxiS at 570 nm, that is, red shifted by approximately 130 nm

Halobacterium salinarum Bacteriorhodopsin serves as a as compared tdmax for the chromophore in methanol.

paradigm for transmembrane proton-pumping enzyrhasd OPS"‘ shifts ha\./e. b.een.discussed for a long ﬂl’hbgt the .
is structurally particularly well characterized. precise physical origin is still a challenging open question, which

Protein interactions cause spectral tuning of the chromophore's addressed in solutu_)n studFésnuthonlztumeéﬁ’ and in high-
absorptiof, yielding variations in the maximum absorption level qguantum-chemistry calculatiofs16 A better reference

wavelength,imax This forms the basis of color visidnthe for spectral tu_ning and for ab in_itio theory is the precise gas-
phase absorption spectrum, that is, the energy difference between

" Department of Physics and Astronomy, University of Aarhus, DK- the electronic ground state d)Sand the first excited state {S

8000 Aarhus C, Denmark. . o without perturbations from a surrounding medium. We present
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Figure 1. The ELISA storage ring with the electrospray ion source.

Scheme 1. Model Chromophores Used in the Present Work? of storage. The tunable, visible laser light is provided by an optical
HsC CHs CH3 CH3 parametric oscillator pumped by the third harmonic of an Nd:YAG
NN N laser (ScanMate Optical Power Parametric Oscillator-Lambda Physik
(a) 9 | 8 and Infinity-Coherent, respectively, 3 ns-pulses). Tuning of the laser
CH3 H wavelength to an absorption band results in bond dissociation and hence

in the formation of detectable neutral products. Data are accumulated
in steps of 2 nm with typically 1000 injections at each wavelength.

HC  CHs CHs CHa CH3 The Signal. Figure 2 presents results obtained for the protonated
\ 9\ A 13\ \N_,l,+_CH3 Schiff-base chromophore (Scheme 1a). Shown are counts of neutral
(b) CH <-L'H3 particles (normalized as explained below) as a function of excitation
3

) ” ) ) wavelength and time after the laser is fired. The laser excitation causes
® (a) All-transretinal with a protonated-butylamine Schiff base (mass = 5 100-1000-fold increase in the count rate near the absorption
340 amu); (b) alransretinal with a neutral Schiff base (mass 341 amu). maximum

. L . The signal is due to dissociati®htaused by the-2 eV increase in
here an experimental determination of the gas-phase absorption, ;.4 energyA ~ 600 nm). Briefly, we start with the chromophore

spectrum of retinal in the atransprotonated Schiff-base form  , the singlet ground-state, &t room temperature where only a few of

as well as of an altrans unprotonated Schiff-base form, and  the 3N — 6 vibrational modes are exciteN {s the number of atoms in

we compare the result with absorption in proteins and in the molecule) and the average internal energy-@s7 eV. Photoab-

solution. sorption brings the molecule into the first excited singlet stateyia

an intenser—a* transition?! and radiationless internal conversién

brings the molecule back to the electronic ground state with about 2.7
lon Preparation. The chromophore ions used in the present work €V of energy distributed over the vibrational modes. This eventually

are shown in Scheme 1. They are brought into the gas phase by anleads to dissociation on the millisecond time scale (see Figure 2). Such

electrospray-ion sourd@Briefly, the chromophore cations were formed ~ decays have recently been modeled successfully with an Arrhenius

by electrospray of the retinal molecules dissolved in methanol with a expression for the decay rate??

small amount of acetic acid. The ions were transported through a heated The Photoabsorption Cross SectionFrom a measurement of the

capillary and accumulated for 100 ms in an ion trap with a helium power dependence of the yield, the photodestruction process was found

buffer gas, which cools them down to room temperature. to proceed through one-photon absorption. The photoabsorption cross
The Storage-Ring Technique.We applied the electrostatic ion ~ Sectiona(l) is hence given as:

storage ring in Aarhus (ELISAY*® (Figure 1). After extraction and

acceleration to a kinetic energy of 22 keV, the desired ions are selected N(A) — N, [EO

by a bending magnet, and aboutA®long bunches of typically #& o(4) 0 T/M

1 ions are injected into the storage ring at a repetition rate of 10 Hz.

The ions circulate in the ring with a revolution time of about #5 whereN(A) is the total counts of neutral particles ahg is a small

until they change their mass-to-charge ratio, either by unimolecular conripution of neutrals from residual-gas collisioNs s proportional

dissociation or by collisions with the residual gas. Neutral particles {5 the number of ions in the ring and may therefore be used for

formed in the first section of the ring continue on straight trajectories ormajization.[EClis the average laser-pulse energy, aBd(hc/l) is
and hit a microchannel plate detector located at the end of this sectionihe number of photons in the laser pulse at wavelegth

(see Figure 1). The chromophore ions are irradiated after about 60 ms

Materials and Methods
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2004 37, R57. Pedersen, U. V.; Tomita, $hys. Re. Lett 2003 91, 048302.
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Figure 2. The differential absorption cross section as a function of wavelength and time after laser excitation (the laser is fired at time zero). Neutral
particle counts are accumulated over 1000 injections at each wavelength, and the laser-pulse energy is 0.2 mJ.

Experimental Results and Discussion such as the Green Fluorescent Protéit1, Red Fluorescent

_ ) . Protein?® and Photoactive Yellow Protefd.The trend seems
In Figure 3, we show the absorption spectra of the two retinal v, e that Jarge blue shifts are observed when the electron

chromophores in different environments. The absorption cross yistribution is much delocalized (highly conjugated systems)

section of the isolated chromophore with a protonated  ,n4 pence sensitive to external perturbations, for example, by
butylamine Schiff base exhibits a maximum at 6302 nm hydrogen bonding or counterions, which may limit delocaliza-
(Figure 3a). The size of the 540 nm shoulder was found to vary yjo of charges. In the ionic form, the retinal Schiff base and
with sample history, and the two components may hence be i, coumaric acid are particular sensitive to the external charge
related to vertical transitionsoS— S; at different molecular distribution, for example the presence of counterions in the
structures (local minima ingg The measuredsS— S, transition solvent.
Wayelengths may be used as a new benchmark value for theory, 1o absorption spectra of three human visual pignié (s
which has provided values such as 501 nm (TDDFT/B3L¥P), ity 4 protonated Schiff base) are shown schematically in Figure
482 om (model chromophore without the ionone ring, CASS- 34 From a comparison of the gas-phase absorption maximum
CF); a”d2~'j53 nm (model chromophore without the ionone ring, ¢ the protonated Schiff-base form with the protein-absorption
CASSCF):* A recent calculation including the ionone ring  ayima; we conclude that the sum of all electrostatic interac-
yields 546 nm (CASPT2y: tions and steric constraints in the protein environment of retinal
The absorption spectrum in vacuo of the model chromophore proteins, including the visual pigments, is causing significant
of Scheme 1b is shown in Figure 3b. The Schiff base is here pjye shifts.

unprotonated/neutral, and the absorption maximum is at487  Spectral Tuning. To understand the spectral tuning, we note
2 nm, that is, shifted by more than 120 nm to the blue relative that the § — S, excitation of the protonated Schiff-base
to the gas-phase protonated Schiff-base chromophore. This haghromophore is a charge-transfer transition, which reduces the
an analogy in proteins where a shift of the same magnitude is positive charge at the Schiff-base éid431There is a strong
observed when metharhodopsin | becomes deprotod&ted.  |ocalization of positive charge at the Schiff base ina®d a

In Figure 3c, we show both the absorption oftatlnsretinal more even distribution of positive charge in. $he charge of
with then-butylamine Schiff base in an acidic methanol solution the protonated Schiff base is associated with a negative
where the Schiff base is protonated (Scheme 1a) and thecounterion in the protein, which may be important both for
absorption of the model chromophore with a neutral Schiff base spectral tuning and for induced proton-transfer reactfdfi#
(Scheme 1b) in methanol. It is striking that the solution-phase negative charge near the protonated Schiff base will stabilize
spectrum with the protonated Schiff-base chromophore is blue the ground state more than the excited state and hence cause a
shifted by 166 nm+6100 cnT?) relative to that in a vacuum.  blue shift in the absorption. This is fully consistent with our
The absorption with the unprotonated Schiff-base form (Scheme data because we measure the smallest excitation energy in vacuo
1b) is also significantly blue shifted in the solution by 100 nm where no negative ions are present. The effect of the positive
(~5100 cnT?). The solution-phase absorption properties are thus charge in the “neutral” model chromophore (Scheme 1b) is by
not indicative of the intrinsic electronic properties of the ﬁ26) Nielsen, S. B.; Lapierre, A.; Andersen, J. U.. Pedersen. U. V.. Tomita, S.:
chromophores and are therefore not a good reference for spectral ~ Andersen L. HPhys. Re. Lett 2003, 87, 2281021.
tuning of the absorption. Significant solvatochromatic blue shifts (27) fndersen, L. H; taplerre, A Melsen, 5. B.: Melsen, | B Pedersen, S.
have previously been seen for chromophores of other proteins(28) Boye S.; Nielsen, S. B.; Krogh, H.; Nielsen, I. B.; Pedersen, U. V.; Bell,

A. F.; He, X.; Tonge, P. J.; Andersen, L. IRhys. Chem. Chem. Phys
2003 5, 3021-3026.

(24) Ben-Nun, M.; Molnar, F.; Schulten, K.; Martinez, T.Rroc. Natl. Acad. (29) Nielsen, I. B.; BoyePaonne, S.; El Ghazaly, M. O. A.; Kristensen, M. B.;
Sci. U.S.A2002 99, 1769. Brgndsted Nielsen, S.; Andersen, L. Biophys. J.to appear.

(25) Cembran, A.; Gorites-Luque, R.; AltogP.; Mercha, M.; Bernardi, F.; (30) Merbs, S. L.; Nathans, Blature 1992 356, 433.
Olivucci, M.; Garavelli, M.J. Phys. Chem. Ain press. (31) Mathies, R.; Stryer, LProc. Natl. Acad. Sci. U.S.A976 73, 2169.
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Figure 3. Absorption profiles of retinal Schiff bases in different media.
(a) The absorption spectrum in vacuo of m#insretinal with a protonated
n-butylamine Schiff base (Scheme 1a) peaking at 1@ nm. (b) The
absorption spectrum in vacuo of atkns retinal with an unprotonated
(neutral) Schiff base (Scheme 1b) peaking at 48Z nm. (c) Solid curve,
absorption of altransretinal in methanol with a Schiff base (Scheme 1a)
protonated with trichloroacetic acid peaking at 444 nm; dashed curve,
absorption of alkrans retinal with an unprotonated (neutral) Schiff base
(Scheme 1b) in methanol peaking at 38@ nm, both recorded by a UY

vis absorption instrument (Thermo Spectronic). (d) Absorption spectra of
human visual pigments peaking at 426 nm (blue), 530 nm (green), and 555
nm (red), adapted from ref 30.

0.0
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similar arguments a red shift. The absorption maximum of a
“pure” neutral Schiff-base retinal chromophore in the gas phase

As the absorption maximum of bacteriorhodopsin is only 40
nm blue shifted relative to the gas-phase absorption, the negative
counterion seems to be well screened in this protein as was
also concluded from high-level quantum-chemistry calcula-
tions32 However, distortions of the chromophore also matter.
The O state of bacteriorhodopsin has an absorption maximum
at 640 nm* even red shifted relative to that in a vacuum. This
indicates that the gas-phase chromophore, like the situation in
solution?is not quite planar and hence does not form the most
delocalized electronic state.

Conclusions

Numerous interactions may alter the absorption profile of
chromophores in solutions and proteins. Such effects include
hydrogen bonding, dispersion interactions, and Coulomb inter-
actions with charged and polar groups that change the electronic
energy levels and cause conformational changes. To account
for the opsin shift with its present definition, the chromophore
must be modeled in three media: the solution, the gas phase,
and the protein. There is considerable difference between the
absorption in solutions and in the gas phase, which is not of
prime interest for the understanding of the spectral tuning by
proteinst®35 With the present gas-phase absorption data, this
step can be avoided and the absorption of proteins can be
directly compared to that of the bare chromophore. This should
offer new perspectives in terms of pinpointing the mechanisms
of color tuning in visual pigments and other retinal-containing
proteins.
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nm.

Our data also explain the origin of the purple-to-blue transition
of bacteriorhodopsin where the 570 nm absorption maximum
is shifted to 605 nm upon acidificatic¥*2 When acid is added
to the protein solution, the negative counteranion becomes
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