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Abstract: In this paper we characterize the mechanistic roles of the crystalline purple membrane (PM)
lattice, the earliest bacteriorhodopsin (BR) photocycle intermediates, and divalent cations in the conversion
of PM to laser-induced blue membrane (LIBM; Amax = 605 nm) upon irradiation with intense 532 nm pulses
by contrasting the photoconversion of PM with that of monomeric BR solubilized in reduced Triton X-100
detergent. Monomeric BR forms a previously unreported colorless monomer photoproduct which lacks a
chromophore band in the visible region but manifests a new band centered near 360 nm similar to the 360
nm band in LIBM. The 360 nm band in both LIBM and colorless monomer originates from a Schiff base-
reduced retinyl chromophore which remains covalently linked to bacterioopsin. Both the PM—LIBM and
monomer—colorless monomer photoconversions are mediated by similar biphotonic mechanisms, indicating
that the photochemistry is localized within single BR monomers and is not influenced by BR—BR interactions.
The excessively large two-photon absorptivities (=10¢ cm* s molecule™* photon™?) of these photoconversions,
the temporal and spectral characteristics of pulses which generate LIBM in high yield, and an action spectrum
for the PM—LIBM photoconversion all indicate that the PM—LIBM and Mon—CMon photoconversions are
both mediated by a sequential biphotonic mechanism in which I, is the intermediate which absorbs the
second photon. The purple—blue color change results from subsequent conformational perturbations of
the PM lattice which induce the removal of Ca?" and Mg?" ions from the PM surface.

. Introduction ment$-1516 and other G protein-coupled receptéfsand its
potential applications in photonic devic€s’BR, which imparts
color to the “purple membrane” (PM) of the archaebacterium
Halobacterium salinariun}1%1819is a 248-residue, 26 kDa
chromophoric transmembrane protein consisting of sewvha-
lices oriented around a common center, in which artratts:
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AR 72401. series of global conformational changes in BR which result in
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92121 the pumping of a proton across the PM, generating a trans
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IA 50321. of ATP under conditions of low oxygen concentratiSris
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Since its discovery in 1974 bacteriorhodopsin (BR; see
Figure 1) has become one of the most extensively studied of
all proteins due to its ready availability, its thermal stabflity
and photostability>~14 its similarity to vertebrate visual pig-
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3418 = J. AM. CHEM. SOC. 2002, 124, 3418—3430 10.1021/ja010116a CCC: $22.00 © 2002 American Chemical Society



Laser-Induced Blue State of Bacteriorhodopsin ARTICLES

A B

Figure 1. (A) Side view of bacteriorhodopsin (BR), showing its membrane-spanmihglical structure and the covalently bound retinyl chromophore in

the protein interior. (B) Top view of BR, showing the circular arrangement of its seveslices, the covalently bound retinyl chromophore in the protein
interior, and surrounding purple membrane lipids. Figures correspond to the ground state of the E204Q BR mutant as presented in Luecke, HB;; Schobert,
Cartailler, J.-P.; Richter, H.-T.; Rosengarth, A.; Needleman, R.; Lanyi, J. Klol. Biol. 200Q 300, 12371255, the coordinates of which are deposited in

the RCSB Protein Data Bank with accession code 1F50.

for every BR molecule in PM, of which the bulk-@0% by
mass) are saturat@d®1%2426 BR accounts for 75% of the total
mass and 50% of the surface area of the PM, with polar (23%)
and nonpolar (2%) lipids accounting for the remaining
mas$13.18.19.2426 gnd surface are®.
all-trans-retinal (ATR) In contrast to typical metabolically active membranes, which
are highly fluid?62"the PM is strikingly rigid, as the PM lattice
immobilizes BR both laterally and rotationaf§26.28-31 The
NN NNN po viscosity of halobacterial membrane lipids (0-3& Poise}™*"*

* is 1(P—10* times smaller than that of PM=(7,000 Poise}!
indicating that the rigidity of the PM lattice originates primarily
from BR—BR interactiong?3! This unusual regularity and

all trans-retinyl protonated Schiff base (ATRPSB) rigidity suggest that BRBR and BR-lipid interactions may
regulate the function and optical properties of BR in PM. In
these regards, it is known that BBR and BR-lipid interac-
S N e NH, — BO tionsf regulate the lifetime of the Mo _photpcycle inter-
+ mediatel?1133-36 g5 well as BR photochemistry in both the early
(pre-Ksgo)?2:23:343753 gand later stages of the photocycle. BR
BR and/or BR-lipid interactions also impart photostabifity*

non-retro Schiff base-reduced ATRPSB

(22) Kriebel, A. N.; Albrecht, A. CJ. Chem. Phys1976 65, 4675-4583.
(23) Ebrey, T. G.; Becher, B.; Mao, B.; Kilbride, P.; Honig, 8. Mol. Biol.
1977 112 377-397.
(24) Szundi, |.; Stoeckenius, VBiophys. J1989 56, 369-383 and references
NH,_po therein.
+ (25) Kates, M.; Kushwaha, S. C.; Sprott, G. Methods Enzymol1982 88,
98—-111.
(26) Jain, M. K.; Wagner, R. Antroduction to Biological Membranesiohn
Wiley and Sons: New York, 1980.
retro Schiff base-reduced ATRPSB (27) Fliesler, S. J.; Anderson, R. Brog. Lipid Res1983 22, 79-131.
(28) Ahl, P. L.; Cone, R. ABiophys. J.1984 45, 1039-1049.

Figure 2. Structures of allransretinal (ATR), alltrans-retinyl-protonated (29) Korenstein, R.; Hess, B:EBS Lett.1978 89, 15-20.
lgure ( ) yi-p (30) Razi Nagvi, K.; Gonzalez-Rodriguez, J.; Cherry, R. J.; ChapmaNaire

Schiff base (ATRPSB), noretro Schiff base-reduced-ATRPSB, aretro ;
h ’ _ . ™ . New Biol.1973 245, 249-251.
Schiff base-reduced ATRPSB, in which BO represents bacterioopsin, the (31) Sﬁ‘grmg)n' W_av_; %Iifkin, M. A.; Caplan, S. Biochim. Biophys. Acta
apoprotein of bacteriorhodopsin. Carbon atom indices are shown for ATR 1976 423 238-248.
only, but are identical for all species. (32) Lanyi, J. K.Biochim. Biophys. Actd974 356, 245-256.
(33) Mukhopadhyay, A. K.; Bose, S.; Hendler, R. Biochemistry1994 33,
10889-10895.

lattice of trimers p3 crystallographic point group with 62 A (34) Shrager, R. I.; Hendler, R. W.; Bose,&ir. J. Biochem1995 229, 589
H _nei i . 595.
sepa_ratlng the centers of nearest n_e2|ghbqr trimers; BR_ngmber(gs) Lanyi. J. K. Varo, Glsr. J. Chem1995 35, 365-385.
density ~150 000 BR moleculeam=2) which spans a lipid (36) Tokaji, Z.FEBS Lett.1998 423 343-346.
; 18,19,21+-23 ; iAi (37) El-Sayed, M. AAcct. Chem. Re4992 25, 279-286 and references therein.

bllayer. There are approxmately 10 |Ip|d molecules (38) Fitter, J.; Verclas, S. A. W.; Lechner, R. E.; Seelert, H.; Dencher, N. A.
FEBS Lett.1998 433 321-325.

(21) shen, Y.; Safinya, C. R.; Liang, K. S.; Ruppert, A. F.; Rothschild, K. A.  (39) Polland, H. J.; Franz, M. A,; Zinth, W.; Kaiser, W.; Kolling, E.; Oesterhelt,
Nature 1993 366, 48—50 and references therein. D. Biophys. J.1986 49, 651-662.
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and thermal stabili§® to BR, since BR in native PM is more  protein interior2?58.6266pairs of lipid phosphate and sulfate
resistant to bleaching and denaturation than BR in PM exposedmoieties on the membrane surf&€é*’7and combinations of

to organic solvent&}~56 anestheticg,detergentd?-1424.57and BR COO™ and anionic lipid moietied247273.77./ here is also
elevated temperaturés?2! some evidence which suggests that cation binding is entirely
In addition to the roles described above, BBRR and BR- nonspecific, with the ions residing in the Geu€hapman layer
lipid interactions also contribute to the binding ofM(M?2+ = at the membrane surfaég?479.8Regardless of the nature and
C&tand Mg™) and H" ions to PM20.2456,5871 which in origin of cation binding, it is clear that the color of CFBM and
turn regulates the color, wavelength absorption maxi- ABM is associated with perturbations of the native BBR
mum }10-14.20.24,56,59,62,65.675 gnd proton-pumping capabil- and BR-lipid interactions.
ities!20.24.56,58,6271.76 of BR, as PM converts to a “cation-free In addition to CFBM and ABM, which are reasonably well
blue membrane” (CFBM) upon the removal ofZCand Mg understood, a number of research groups have repotteta
iong?462-68 and to an “acid blue membrane” (ABM) at pH induced blue membrar(&IBM) species which results from the

3.51:24,56,62,656771 neither of which pumps protons. The nature irradiation of PM suspensions with high-intensity laser puises.
and location of the cation binding sites is currently in dispute While LIBM bears some similarities to CFBM and ABM, it
and is the subject of intense investigation by a number of differs from these species in a number of important ways. The
research groups. The binding sites may consist of pairs of closelyprincipal objective of the research described below is to
coupled carboxylate moieties on the protein surface or in the characterize the structural and color regulatory roles of-BR
BR interactions in LIBM and other blue BR species, as well as

(40) Nuss, M. C.; Zinth, W.; Kaiser, W.; Hiing, E.; Oesterhelt, DChem. Phys.

Lett. 1985 117, 1-7. o _ their mechanistic roles in the generation of LIBM. LIBM is a
“1) Si'gﬁzsickg‘;'i%‘glvég'ggg'_ag‘gg_"' S. P Litvin, F-8fophysics (Engl. Transl. - 4 ticylarly good system for characterizing photocooperative
(42) Gillbro, T-; Sundstrom, VPhotochem. Photobioll983 37, 445-455. BR—BR interactions since the photon fluxes required to generate
(43) éﬂgﬁ“{’gnﬁ.Pégggﬁﬂgggasve’gf 1'0";$28‘§% E. S Litvin, Bigphysics LIBM are high enough to simultaneously photoexcite two BR

(44) Balashov, S. P.; Litvin, F. F.; Sineschekov, V. A. Rysicochemical monomers within a trimefl 85 Secondary objectives of this
Biology Reiews Skulachev, V. P., Ed.; Harwood Academic Publishers:

Chur, Switzerland, 1988: Vol. 8, pp-B1. research include identification of the photointermediate which
(45) fégescmkovv V. A; Litvin, F. FBiochim. Biophys. Acta977 462, 450~ mediates the generation of LIBM and structural characterization
(46) Sharkov, A. V.; Pakulev, A. V.; Chekalin, S. V.; Matveetz, Y.Biochim. of the retinyl chromophore in LIBM.

Biophys. Actal985 808 94—102. i Shut ; i ;
(47) Govindiee. R.. Bocher. B.: Ebrey, T. Giophys. J1978 22, 67-77. In this contribution we describe three novel BR species WhICh
(48) Wu, S.; El-Sayed, M. ABiophys. J.1991, 58, 190-197. we have recently generatédrom PM, LIBM, and monomeric

(49) El-Sayed, M. A.; Lin, C. T.; Mason, W. RRroc. Natl. Acad. Sci. U.S.A. i i
1089 86, 53765379, BR (Mon). We designate these specieslorless monomer

(50) El-Sayed, M. A.; Karvaly, B.; Fukumoto, J. ®roc. Natl. Acad. Sci. U.S.A. (CMon), monomerized laser-induced blue membrgmeno-

(51) %:geilsi;&}%ég;hly% 31992 63, 1432 merized LIBN), and photolyzed cation-free blue membrane
(52) Wu, S.; Awad, E. S.; El-Sayed, M. Biophys. J.1991, 59, 70-75. (photolyzed CFBM These species provide new insights into

(53) %ﬁﬁ?}';gaMﬁ}:“é'éhgrfétfigggrgg‘g’tiol*lf"l?lgeed'ema”' R Lanyi, J. K the roles of BR-BR and BR-lipid interactions and MI" ions

(54) Mitaku, S.; Suzuki, K.; Odashima, S.; Ikuta, K.; Suwa, M.; Kukita, F.; in the generation of LIBM, the nature of the photointermediate
I:%sgzllfawa, M.; Itoh, H.Proteins: Struct., Funct., Genet995 22, 350— which mediates the PMLIBM photoconversion, and the
(55) Torres, J.; Padros, Biophys. J.1995 68, 2049. structure of the retinyl chromophore in LIBM, as described

(56) Mowery, P. C.; Lozier, R. H.; Chae, Q.; Tseng, Y. W.; Taylor, M,; bel
Stoeckenius, WBiochemistryl979 18, 4100-4107 and references therein. elow.
(57) Schreckenbach, T.; Walckhoff, B.; Oesterhelt,Hdr. J. Biochem1977,

76, 499-511. Il. Experimental Section

(58) Yang, D.; El-Sayed, M. ABiophys. J.1995 69, 2056-2059. . .

(59) Heyn, M. P.; Dudda, C.; Otto, H.; Seiff, F.; WallatBiochemistryl989 A. Sample Preparation.Aqueous PM suspensions were purchased
28, 9166-9172. ) from Biological Components Corporation (Palo Alto, CA) at BR

gg% E”ﬂé"eéff’%fﬁg,‘)’%%jfsf-Eb“;alc%@ioé_9H§J§f§rre£§§$htyr‘§réﬁ‘ém_ concentrations of 3:86.1 x 10~4 M and diluted to concentrations of
1997 101, 10584-10587. T ' 108 M < [BR]o < 3 x 1075 M in pH = 6.9-7.4 phosphate buffer

(62) Jonas, R.; Ebrey, T. ®@roc. Natl. Acad. Sci. U.S.A991, 88, 149-153. ; i i i i i

(63) Zhang, N .- El.Sayed, M. ABiochemistryl993 32, 14173-14175, prior to all experlments unless 0t_henmse specified. Appropriately diluted

(64) Tuzi, S.; Yamaguchi, S.; Tanio, M.; Konishi, H.; Inoue, S.; Naito, A.. PM suspensions were placed in standard 1 cm path length cuvettes
NengtEfman, R.:thany_i, J. K.; Saito, Biophys. J.1999 76, 1523-1536 and light-adapted using light from slide projectors passed through a
and references therein. ) .

(65) Gerwert, K. Ganter,IU. M.: Siebert, F.: Hess, FEBS Lett.1987 213 475 nm long pass filter (Oriel no. 51290)ca 2 cmpath length of
39-44 aqueous 15% w:v CuS&H,O solution prior to all sample preparations

(66) Stuart, J. A; Vought, B. W.; Zhang, C. F.; Birge, R.Blospectroscopy  and experiments. Concentrations and molar extinction coefficients for
1995 1, 9—28 and references therein.

(67) Fu, X.; Bressler, S.; Ottolenghi, M.; Eliash, T.; Friedman, N.; Sheves, M. all species were obtained assumhiﬁ's = 63000 M*cm™
FEBS Lett.1997 416, 167—-170.

(68) Kimura, Y.; lkegami, A.; Stoeckenius, ViPhotochem. Photobioll984 (77) Roux, M.; Seigneuret, M.; Rigaud, J.-Biochemistry1988 27, 7009
40, 641-646. 7015.
(69) Hu, J. G.; Griffin, R. G.; Herzfeld, J. Am. Chem. Sod997, 119, 9495- (78) Lanyi, J. K.; Plachy, W. Z.; Kates, NBiochemistryl974 13, 4914-4920.
9498. (79) Varo, G.; Brown, L. S.; Needleman, L. S.; Lanyi, J.Blophys. J.1999
(70) Nasuda-Kouyama, A.; Fukuda, K.; Lio, T.; KouyamaBiochemistry199Q 76, 3219-3226.
19, 6778-6788. (80) Szundi, I.; Stoeckenius, VProc. Natl. Acad. Sci. U.S.A987, 84, 3681—
(71) Hardy, J. P.; Knight, A. E.; Ghiggino, K. P.; Smith, T. A.; Rogers, P. J. 3684.
Photochem. Photobioll984 39, 81—88. (81) Masthay, M. B.; Buckman, C. B.; Chen, J.; Helvenston, M. C.; Kofron, J.
(72) Baribeau, J.; Boucher, Biochim. Biophys. Actd987 890, 275-278. T.; Sammeth, D. MPhotochem. Photobiol. Special Iss1@98 673 27S-
(73) Padfs, E.; Dutach, M.; Sabs, M. Biochim. Biophys. Act&984 796, 1—7. 28S.
(74) Lugtenburg, J.; Muradin-Szweykowska, M.; Heeremans, C.; Pardoen, J. (82) Govindjee, R.; Balashov, S. P.; Ebrey, T.®Bophys. J.199Q 58, 597—
A.; Harbison, C. S.; Herzfeld, J.; Griffin, R. G.; Smith, S. O.; Mathies, R. 608.
A. J. Am. Chem. S0d.986 108 3104-3105. (83) Czege, J.; Reinisch, Photochem. Photobioll991, 53, 659-666.
(75) Kamo, N.; Yoshimoto, M.; Kobatake, Y.; Itoh, Biochim. Biophys. Acta (84) Chizhov, I. V.; Engelhard, M.; Sharkov, A. V.; Hess, B.Structures and
1987 904, 179-186. Functions of Retinal ProteingRigaud, J. L., Ed.; John Libbey Eurotext,
(76) Birge, R. R.; Murray, L. P.; Zidovetzki, R.; Knapp, H. M. Am. Chem. Ltd.: Paris, 1992; pp 172173.
So0c.1987 109 2090-2101. (85) Balashov, S. Rsr. J. Chem.1995 35, 415-428.
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Laser-Induced Blue Membrane (LIBM). LIBM was prepared by monitoring decreases in the absorbance at 532 nm according to
irradiating PM suspensions with 0.6 cm diameter, 8 ns, 532 nm pulses

from a Spectra Physics model GCR-11-3 pulsed Nd:YAG laser AL, — A,

i i i ini %photoconversiorr %P = 100 x ————— Q)
operating at 10 Hz with typical actinic powers of 6.7 MW th{15 op 0 R _ AP
mJ pulsel) until the absorbance maximum of the chromophore band 32 532

dropped to~50% of its initial value and the samples appeared blue, . .
Witrf)?l betweeon 579 and 590 nm P PP in which A%, and A, are the absorbance values after 0 asdconds
max .

BR Monomer (Mon). Mon was prepared by solubilizing PM in of laser irradiation, respectively, anc€A is the absorbance after R
reduced Triton X-100 detergent (reduced-TX; Sigma-Aldrich, used as haz been Icompletehlﬂy Coznvfﬂrgfd tod%ﬁN%EBﬁsfsumﬁd ;oMlathl:é)&stant
purchased). We used reduced-TX instead of normal TX to facilitate an eqéja to 04?%:2 0. OASEZ’ 6}” 3'%2\532 %r the o
spectroscopic analysis in the UV region. In our initial PM solubilization MO '|V|°7n’ and CFBM-photolyzed CFBM photoconversions, re-
step we added 1 mL of a 1% v:w(% w:w) solution of reduced-TX spective ys )
in pH = 6.9 phosphate buffer to 1 mL of a 2.5 mg BR/mL aqueous . C. Af:t'n'c_ Power Depgndence.To specify the role of BR_BR
suspension of PM. Our procedure was otherwise identical to the methogiNteractions in the generation of LIBM, we contrasted the a(_:tlnlc power
of Dencher and Hey#: The resulting suspensionsvhich were purple dhependencedof thedMeFCI\/}on arr:d PM—]LBII?IIM phhotoconvers_lons. AS
and nonturbid-consisted of BR monomers incorporated into reduced- the power: dependence tor the PHL i p otocqnvgrsmn was
TX micelles (critical micelle concentratiosr 0.015% v:v§® with a prewously reported as quadraffcour principal objective was to
4:1 w:w reduced-TX:BR ratio and a 0.5% v:v detergent:buffer ratio. c_haractenze the power dependence of the M@Mon photoconver-
These concentrated Mon suspensions were diluted with appropriates'on'

volumes of buffer or 0.5% v:v detergent:buffer solutions prior to We performed three separgte sets of power d.egf;”de”ce studies of
irradiation the Mon—CMon photoconversion (two with highAlz;" ~ 1.0] and

Colorless BR Monomer (CMon). CMonwas prepared by irradiat- ~ ©N€ With low el ~ 0.1] initial absorbance). For brevity we report
ing suspensions of Mon with 6.7 MW crf) 532 nm pulses until the

only the results of our low-absorbance studies. All data points used in
absorbance maximum of the chromophore band droppet5@6 of the low-absorbance studies corresponded20% drops in absorbance.
its initial value and the samples were faint purple or colorless to the

Actinic powers in the low absorbance studies ranged from 0.67 to 7.1
eye. To prepare oumonomerized laser-induced blue membrane

MW cm~2, with total actinic doses ranging from 51.3 to 6.4 J,
(monomerized LIBM) suspensions, we monomerized 100% LIBM respectl\{ely. . ) . .
suspensions using the procedures described above D. Action Spectrum. To characterize the intermediate which absorbs
Cation-Free Blue Membrane (CFBM). CFBM Was. prepared by the second photon in the PMLIBM photoconversion, we obtained
passing PM suspensions (unbuffered to avoid addingadsal K" ions

an action spectrumdg;™ %" vs 1) with ~7.6 MW cn2 (3 mJ, 2 ns,
to the suspensions) through a 15 mn20 cm gravity column packed 0.3 cnt beam cross section) pulses over wavelengths ranging from 400

with 9—10 g of Bio-Rad AG50W-X8 biotechnological grade 100 t0 580 nm qsing a Spectra Physics GCR'27O'.M9PO'730 Nd:YAG-

200 mesh hydrogen form cation-exchange resin atpbl according pumped optical parametric oscillator systg?rlrl. p@zﬁ values ranged

to the technique of Kimura, et.& The column slurry was rinsed with oM 0.721 t0 0.766, with 106 (AAes /Asz;") ranging from 0.52 to

deionized water at pH= 5.9 until the pH of the water leaving the 16.0296%7

column was equal to that entering the columa.21drops of [BR]= Il. Results

3.8 x 107*M suspensions of PM were placed at the top of the columns;

~1 mL aliquots of CFBM were collected at the bottom of the columns. ~ A. Spectroscopic Characterization of BR SpeciesA

We subsequently generatptiotolyzed cation-free blue membrane glossary and schematic description of the various BR species

(photolyzed CFBM) by irradiating CFBM suspensions with 6.7 MW described below is given in Figure 3. The absorption spectra of

cm 2, 532 nm pulses untifeo: decreased by-50%. PM, LIBM, Mon, CMon, monomerized LIBM, CFBM, and
Monomerized Cation-Free Blue Membrane (Monomerized photolyzed CFBM are given below. Their fluorescence excita-

CFBM). This compound was prepared by converting PM to CFBM  tjon and emission spectra are summarized in the Supporting
and subsequently monomerizing the resultant CFBM. Upon centrifuga- Information®?

tion, the monomerized CFBM separated into two layers: a nonturbid,
light purple layer on the topl{ax = 560 nm) similar to normal Mon .

and a turbid, dark purple Iayee;lxngax= 556 nm) on the bottom. The a‘?'apt%ﬁ’ﬂ PM samples W(;\,‘Are characterized E,al/ a chromophore band
spectroscopic properties of monomerized CFBM given below are based With Amax =P368 nm,W;, = 3700 cnT?, eggq = 63 OOQ M

on spectra of the top layer, which had a more distinct chromophore ¢ %, andegz; = 49 000 Mt cm™, and a Trp band withmax

PM. Consistent with reports in the literatufeour light-

band. = 280 nm andk,gp = 140 000 Mt cm™* (see Figure 4).
B. Sample Spectra and Composition.UV —visible absorption LIBM. Consistent with reports in the literatu¥& s> our
spectra were obtained with a Hewlett-Packard model 8453sible agueous PM suspensionkngx = 568 nm) turned blue upon

spectrophotometer. Two fluorescence emissitn: & 280 and 360 jrradiation with intense 532 nm pulses, with a concomitant
nm) and two fluorescence excitation spectia.e= 330 and 490 nm) bathochromic shift of the chromophore band fromiigy =
spectra were obtained for each species using Shimadzu model RF-530kg1 |, (Emax = —365 cn1l) and an~50% decrease in the
PC or SPEX Fluorolog-Il spectrofluorometers. All spectra were obtained absorbancemrgxziximum Upon converting 91% of the PM to LIBM

with [BR]o = 1-4 x 107> M samples placed in 1 cm path length .
absoEptio]?l or fluorescence cuvetﬁgs. P P g (see Figure 4). The Trp band of PM was photostabledas

We calculated the % photoconversion of reactants R (PM, Mon, or decreased by only 5% upon converting PM to LIBRES
CFBM) to photoproducts P (LIBM, CMon, or photolyzed CFBM) by  Isosbestic regions formed near 420 and 615 nm upon converting
- - PM to LIBM. The 420 nm region resulted from a reduced
(86) Tiller, G. E.; Mueller, T. J.; Docktor, M. E.; Struve, W. @nal. Biochem. . B .
1984141, 262-266. chromophore photoproduct we designatgy® which was
(87) See Supporting Information, which contain further details regarding (1) characterized by a structured band with peaks at 340, 360, and

deconvolution of the spectra of pure LIBM and CMon from those of PM . 2 .
+ LIBM and Mon + CMon mixtures and the physical origin of the small 380 nm which was-4/3 as intense as the chromophore band of

initial Mon-to-CMon bathochromic shift, (2) fluorescence spectraNRjoo PMB82-84 The 615 nm region originated from one or more
calculations, (4) quantum yields, (5) the PM-to-LIBM action spectrum, and ’ . X X
(6) details of our titrations of CFBM and LIBM with metal cations. bathoproducts which we collectively desgnat%as'ﬁ. Both the
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Relationships between PM, LIBM and monomerized LIBM

2+ 2+
PM PM M 2 hv. -Ca”’, -Mg LIBM 1 LIBM p LIBM  reduced TX monLIBM monLIBM monLIBM
—23 —_—F et
BR 570 BR 570 BR 570 332 P 360 BR 570 BR 570 P 360 P 605 P 605 P 360 + P 355 + P 555
a b c a b c a b c a b c
PM LIBM (1,,) monomerized LIBM
Relationships between PM, Mon, and CMon
2 hvm
reduced TX per BR

PM PM
570 BR 570

BRQ@BRb
PM

Mon Mon Mon
el =
BRY + BR,{” + BR;
a ¢

Mon

CMon CMon CMon
P 360 + P 2,?60 + P 360
a c

CMon

Relationships between PM, CFBM, photolyzed CFBM, and monomerized CFBM

—Ca2+, M 2

2 hvgy,

+
PM PM PM g CFBM CFBM CFBM per BR photolyzed CFBM photolyzed CFBM photolyzed CFBM
BR 570 BR 570 BR 570 7 > BR 605 BR 605 BR 605 P 360 +P gao +P 360
a b c a b c a c
PM CFBM photolyzed CFBM
C32+ Mgz+ CFBM CFBM CFBM duced TX ized CFBM ized CFBM monomerized CFBM
PM PM PM = s~ reduce ized monomeriz
BR 570 BR 570 BR 570 > BR 605 BR 505 BR 605 — Py + Pl +P 555
a b c a b c a b .
PM CFBM monomerized CFBM

Figure 3. Relationships between purple membrane (PM), laser-induced blue membrane (LIBM), BR monomers (Mon) solubilized in reduced Triton X-100

(reduced TX) detergent, colorless monomer (CMon), monomerized LIBM, cation-free blue membrane (CFBM), photolyzed CFBM, and monomerized CFBM.

For brevity we show only therds component of LIBM. LIBM is actually a 50%;dq + 50% lleg mixture, in which ltes = Phin Piton Pstan

(see text).
1.8+
1.6

1.4]

absorbance

500 600 700

wavelength(nm)
Figure 4. Generation of 91% LIBM from 100% PM with 6.7 MW cr
532 nm pulses. Spectra were obtained after O (initial), 2, 4, 6, 8, 10, 12, 14,

16, 18, and 20 (final) min of irradiation with a frequency-doubled Nd:
YAG laser operating at 10 Hz (12 000 pulses total).

300 400

bathochromic shift and the 615 nm isosbestic region were
reversible upon the addition of monovalent or divalent metal
cations, but the original intensity was only partially restoféd.
The spectrum of pure LIBM, obtained by deconvoluting the
spectrum of pure LIBM from that of PM- LIBM mixtures
using techniques detailed in the Supporting Informatiomas

a chromophore band withnax= 605 nm,ege’ = 31 000 M1

3422 J. AM. CHEM. SOC. = VOL. 124, NO. 13, 2002

cml, EBM = 24000 M! cml, and WIEM = 4300
Cmfl_82f84

Mon. Our light-adapted Mon samples were characterized by
a chromophore band with'>" = 555 nm,W,)S" = 3700 cm?,
vy’ = 42 000 M cm L, andepsy = 36 000 M2 cm %, and a
Trp band essentially identical to that of PM, in reasonable
agreement with the literature (see Figure&)4

CMon. Upon irradiation with 532 nm pulses, our Mon
suspensions progressively became colorless without turning blue,
consistent with the small 555560 nm AEmax= —161 cnT?)
bathochromic shift in thémax observed upon converting Mon
to 55% CMon (see Figure 5). Upon continued irradiation the
chromophore band disappeared and the suspensions became
colorless. The Trp band was effectively photostable. Isosbestic
regions formed near 425 and 620 nm. The 425 nm region
resulted from a Egg“ photoproduct which was characterized by
an unstructured band withnax = 365 nm and was-45% as
intense as the chromophore band of Mon. The 620 nm region
was 5 nm wide (50% narrower than the 10 nm wide 615 nm
PM—LIBM isosbestic region) and was not reversible upon the
addition of metal cations. On close inspection, most of the
spectra were approximately parallel and did not intersect in this
region, suggesting that bathoproducts are not present in GMon.

Ourmonomerized LIBMsamples were purple in appearance,
with chromophore bandmaxandWi, values identical to those
of Mon. However, the chromophore band was only one-third
to two-thirds as intense as that of Mon (see Figure 6). Upon
adding reduced-TX to LIBM, the three peaks of tHg® band
converged into a single broad band which peaked at 338 nm
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Figure 5. Generat

532 nm pulses. Spectra were obtained after O (initial), 1, 2, 3, 4, and 5
(final) min of irradiation with a frequency-doubled Nd:YAG laser operating
Ises total).

at 10 Hz (3000 pu

absorbance

400 500 600 700
wavelength(nm)
ion of 55% CMon from 100% Mon with 6.7 MW cfy

3

300

Figure 6. Spectra of (1) light-adapted PM, (2) 100% LIBM generated by

400 500 600 700

wavelength(nm)

exposing PM to 18 min of irradiation with 6.7 MW cr& 532 nm pulses

from a frequency-doubled Nd:YAG laser operating at 10 Hz (10 800 pulses
total), and (3) monomerized LIBM generated from 100% LIBM using a

standard monome

with an intensity roughly equal to that of the chromophore band
of monomerized LIBM. The Trp band was essentially identical

to that of Mon.

CFBM and Monomerized CFBM. Consistent with reports
in the literatureé?®88 our CFBM samples were characterized by

a chromophore

cm~1, a shoulder at-400 nm, and a Trp band similar to that of

rization procedure (see Experimental Section).

CFBM

band wi = 601 nm and\CPM = 4700

PM (see Figure 7). Monomerized CFBM, witfjionomenzedcram

= 560 nm and

WjgnomenizedCFBM= 3900 cml, was spectro-

scopically similar but not identical to monomerized LIBM.

Photolyzed CFBM. Upon converting CFBM to 83% pho-
tolyzed CFBM, thelmax Of the chromophore band shifted
hypsochromically from 601 to 580 nm, thke.x decreased by

(88) Chang, C. H.;

Chen, J. G.; Govindjee, R.; Ebrey, TP&c. Natl. Acad.

Sci. U.S.A1985 82, 396-400.

/ Initial (O min)

absorbance

0.6

0.4+ Initial

0.2 Final (25 min)

300 400 500 600 700
wavelength(nm)
Figure 7. Generation of 83% photolyzed CFBM from 100% CFBM with
6.7 MW cn12, 532 nm pulses. Spectra were obtained after O (initial), 1, 2,

7, 12, 17, 22, and 25 (final) min of irradiation with a frequency-doubled
Nd:YAG laser operating at 10 Hz (15 000 pulses total).

~50%, and the band broadened somewhat (see Figure 7). There
was a slight and unstructured increase in absorbance in the 300
500 nm region which we attribute to &E°¥***“*#Mphoto-
product57-82.83.89.900n jsoshestic region appeared-a#87 nm,

but no isosbestic region occurred near 620 nm. The Trp band
was essentially photostable.

B. Quantum Yields. Upon exposing~2 mL aliquots of
optically thin Al = 0.2) samples of Mon and PM to 100
laser pulses (4. 8 MW cn%, 532 nm), theactinically active
absorbances #°"°™ and Al "™ ~which we define as the
total absorbance minus Ilght scatterlng contributions (the latter
of which accounted for 20 and 30% of the initial total
absorbance of Mon and PM at 532 nagecreased by 62 and
53%, respectively, corresponding to quantum yields of

pYoCMon — o 70% pulse! = 7.4 x 10~ molecule photont
and @£ ®M = 0.43% pulse! = 5.2 x 1074 molecule

photorr®. The quantum yields were based on actinically active
rather than total absorbance because scattered light is not intense
enough to induce nonlinear effeéfs.

C. Nonlinear Character of the Mon—CMon and
PM—LIBM Photoconversions. 1. Actinic Power Dependence
The accuracy of photochemically based actinic power depen-
dence studies is enhanced by the use of low-absorbance samples
since the actinic intensitiesand hence the probility of mul-
tiphoton absorptiofrare approximately constant over the entire
optical path length and since normalized absorbance changes
AAJA are approximately independent of concentration in low-
absorbance samplés87.91.92Hence, although we consistently
obtained nonlinear power dependence for both low- and high-

(89) Birge, R. R.; Bocian, D. F.; Hubbard, L. M. Am. Chem. S0d.982 104,
1196-1207.

(90) Druckmann, S.; Renthal, R.; Ottolenghi, M.; StoeckeniusP#btochem.
Photobiol. 1984 40, 647—665

(91) Angelov, D. A.; Kryukov, P. G.; Letokhov, V. S.; Nikogosyan, D. N.;
Oraevskll A. A.Sw. J. Quantum Electron198Q 10, 746—-753.

(92) Masthay, M. B.; Helvenston, M. C. Characterization of actinic power

dependence in systems which undergo irreversible multiphoton-induced

photochemistry. InProgram and AbstractsGomer, C. H., Scientific

Program Chair, Ed.; American Society for Photobiology: Chicago, IL, 2001;

pp 28.
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4.2 5 PM—LIBM and Mon—CMon and quantum yields is
y = 0.8703x - 5.4446 °
4.4 2 _ * 1 z02
R=08 Nszz = o5 PeCeR 0532 (4)
46 2v2 W,
x o in which Np, = 2.94 x 10% photon pulse! is the number of
g photons in an 11 mJ puls€ = N/(1.0644%pus) = 3.45 x
5 10?4 photon sec! is the number of photons per second at peak
intensity, C3<29®MHBM — 1 9 « 105 molecules cm? and
52 CerageMomehon — 2 3 x 105 molecules cm? are the average
actinically active concentrations for thd5 ~ 0.20 (PM)—
54 . . . . ' nal ~0.15 (PM+ LIBM) and AN ~ 0.20 (Mon)— A& ~
025 05 075 1 125 3 - 2 e 2
0 0.10 (Mon+ CMon) solutions used in our studies, the path
log P

Figure 8. Linear-least squares best-fit plot (correlation coefficiBAt=
0.946) of logk' vs log Paciinic, in which K’ is the rate constant normalized
to total actinic dosage for the MerCMon photoconversion (see eq 7 in
text). Since slopes of lo§ vs log Paciinic are equal tax — 1 for nth order

processes, the observed slope of 0.87 indicates that the rate of the N532

91.87

Mon—CMon photoconversion is proportional t@,;.. Hence the

Mon—CMon photoconversion is mediated by a consecutive biphotonic or

two-photon absorption mechanism.

absorbance samples, we report only the results of our low- Ns3,

absorbance studies.

We determined the power dependence of the M@Mon
photoconversion using the method of initial r&feé<-9lassuming
a rateR which is first-order in the actinically active absorbance
Aggdonchromat 555 nm andhth order in the actinic power.Rinic:

Monchrom
A 55

R= At

_ _ L paverage
- kA555 Pn

actinic

10 (2

In eq 2,AZ%%is the average actinically active absorbance
over an irradiation interval oAt secondsk is a rate constant
with units of mJ™ pulsé—1, and the factor of 10 originates from
the 10 Hz repetition rate of the laser. To obtaiwe normalized
eq 2 toAZZ?%®and the total actinic dosag&ot = 10At Pagtinic

to yield eq 349192

R _ AAgss
oPeeg 9° 10AtP,

— n—1
average kP actinic —
actini 55

k (3)

in which k' (units = mJ1) was equal to the slope of
RIEiASz “9°vs At for the earliest 20% of the photoconversion
process. A plot of lo&’ vs log Rciinic yielded a slope oh — 1
= 0.87 for the Mor~CMon photoconversion (see Figure
8).8491.92Hence,R is proportional toP%2!  indicating that the
Mon—CMon photoconversion is mediated by either a two-
photon proces$8 or a sequential biphotorfitprocess. In similar
fashion, we found the PMLIBM power dependence to range
from n = 1.5—-1.8, consistent with reports in the literat§f&487

2. Two-Photon Absorptivities.On the basis of conventional

two-photon theory?°which assumes that a molecule simul-

lengthzy; = 1 cm, the beam radiusg; is equal to 0.3 cm, and
028 is the two-photon absorptivity of BR for 532 nm photons.
Multiplying all of the factors above, eq 4 reduces to

BRYINPM—= (2.4 x 10°° GM " pulse * molecule)x 655"
(5a)
and
BR*inMon— (2.9 % 10°° GM™* pulsé * molecule)x
6gszinMon (5b)

for the PM—LIBM and Mon—CMon photoconversions, re-
spectively, in which 1 GM= 1 GoeppertMayer= 1 x 107%°

cm* s photort! molecule? is the standard unit of two-photon
absorptivity?395 Assuming that the PMLIBM and Mon—CMon
photoconversions are mediated by simultaneous two-photon
absorption and that each BR molecule which absorbs two 532
nm photons converts to photoproduct, we may equate the
percentages of doubly excited molecules in the beam path with
the % pulse! quantum yields:

%(BR** in PM) =100 x (Ngg*ian/NBRiana — cI)EgllzﬁLlBM

beampat (68.)
%(BR** in Mon) = 100 x (N5 "™ UNSRmon =
q)gllsozn—»CMon (6b)

Combining eqs 5a and 6a and egs 5b and 6b, substituting

Normain= 5.7 x 10 molecules andNpxot = 6.9 x 104
molecules, and solving fabg™ ™ and dcp " yields
oM = (2.4 x 10 ** GM pulse)®h M (7a)
and
OpRMMON— (2 4 % 107** GM pulse)®parcMon - (7b)

Substituting the quantum yields reported above into egs 7 yields
OSRMPM = 1.0 x 10f GM andogy™°"= 1.7 x 106 GM. These
values are exceptionally large (see Figuré3dp°7

D. Titrations of CFBM and LIBM with Ca 2" and Na'.

taneously absorbs two photons, the average number of BRTo determine if metal cations are removed from PM during the
molecules per pulse which underwent two-photon excitation PM—LIBM photoconversion, we contrasted the effects of added
under the actinic power conditions we used to obtain the Na® and C&" ions on the spectra of CFBM and LIBM by

(93) Birge, R. R.One-photon and two-photon excitation spectroscdfliger,
D. S., Ed.; Academic Press: New York, 1983; pp 1195.

(94) Lachish, U.; Schafferman, A.; Stein, G.Chem. Physl976 64, 4205
4211.

(95) Birge, R. R.; Zhang, C.-Rl. Chem. Phys199Q 92, 7178-7195.
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(96) Geactinov, N. E.; Breton, Exciton annihilation and other nonlinear high-
intensity excitation effecté\lfano, R. R., Ed.; Academic: New York, 1982;
pp 157191.

(97) Arsenault, R.; Denariez-Roberge, M. Mhem. Phys. Letl976 63, 84—
87.
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7 Table 1. Cation-Induced Hypsochromic Shifts of the Chromophore
Bands of CFBM and LIBM?

Effects of Na* and Ca** on 1, of CFBM

5 Algr(nim) AAS moles titrant
umole titrant mj moles BR
2 4 NaCl 3.5 1,100
2 350
g3 S5 = 100
CaCl, 350 11

B. Effects of Na* and Ca** on A, of ~20% PM : ~80% LIBM Mixtures

| Anatin s moles titrant

0 pmole titrant AN moles BR
Species NaCl 0.01 14,000

Figure 9. Base 10 logarithm of the two-photon absorptiviti&s(units:

GM = 1 x 107%0 cn* s photort! molecule’!; wavelengthl in nm) for 0.027

various species, illustrating the highly atypical behavior of bacteriorhodopsin 201

(BR). A = ¢ for typical virtual state-mediated two-photon transitions (shown CaCl, 0.027 14,000

in gray to represent theange of typical two-photon absorptivities); B

estimatedss; of tryptophan; C= estimatedss, of BR assuming all two-

photon absorptivity originates from its 8 tryptophan residues; (D) largest ¢, ggecs of Na* and Ca®* on A, of CFBM and LIBM Contrasted
reported two-photon absorptivity for inhomogeneously broadened transitions

reported to date (290 GM; see ref 95); (E) experimediad of BR in PM

as calculated using eq 7_a; (F) experimentap of BR solubilized in Triton AJCFBM AL 35
X-100 as calculated using eq 7b. | 2l / l DM | = 22 =350

pmole Na imole Na 001
titrating samples of CFBM and LIBM with 0.010 M NaCl and
0.00010 M CaCl (see Table 1 and details provided in the ‘ ALV | ARLEM 30 _ oo
Supporting Informatio®f). Consistent with reports in the pumole Ca** / umole Ca™ 0.027 ’
literature24.68.77 CFBM turned purple~100 times more ef-
ficiently on a per mol basis upon titration with €a(AAmax = 20ur results indicate that (A) €& hypsochromically shiftsioie
—36 nm upon adding 11 mol of Gaper mol of BR) than upon ~ ~100 times more efficiently than Na (B) Jos¥ is ~40 times less

CFBM
A

At ; - _ ; sensitive to C& (as compared to N3 than , suggesting that
titration with Na" (Admax 35 nm upon adding 1100 mol of irradiation of PM with intense 532 nm pulses reduces the selectivity of the

Na* per mol of BR). In contrast, thénaxshifted to the blue by cation binding sites for divalent cations, and (C) the-Nand C&*-induced

<2 nm and the samples failed to turn purple whe80% LIBM hypsochromic shifts of55" are smaller than those #f-2" by more than

suspensions were titrated with NaCl and with GaCl 2 and 4 orders of magnitude, respectively, suggesting that the binding

S . efficiencies of both Naand C&* are reduced significantly upon irradiation

~To determine if laser pulses lower the specificity of the it intense 532 nm pulses. See text for additional details.

binding sites for divalent cations we performed another set of _ _ _ _ _

titrations to characterize the relative efficiencies with whicNa ~ photocooperative multi-exciton specféshe excited singlet state

and C&" ions induce hypsochromic shifts in LIBM by using BR*,828485%the BR photocycle intermediategdand Kso* 8

titrants of sufficient concentration (3.0 M CaCand 3.0 M is0-BR#1:43:44.82.85,98.9%nd pseudo-BR44.8285.98100 couyld all

NaCl) to induce blue-purple transitions. We limited our ~ potentially act as intermediates in the PNIBM photo-

analysis to the first four 2L aliquots in these high concentra- ~ Conversion. As de_mon_strated below, our data indicate that the

tion titrations, as determination of thg.,became difficult upon  principal intermediate is th€d, (post-Franck-Condon) com-

further addition of 3.0 M CaGldue to significant increases in ~ ponent of BR*0!

light scattering. In contrast to CFBM, tig.ax0f LIBM shifted Temporal and Spectral Characteristics of the Intermediate

hypsochromically only 23 times more efficiently upon titration ~ in the PM—LIBM and Mon —CMon Photoconversions.

with C&* (Admax= —8 nm upon adding 14 000 mol of &a According to current model§3940.10+106 the BR photocycle is

per mol of BR) than with Na (Admax= —3 nm upon adding — -
(98) Balashov, S. P.; Karneeva, N. V.; Litvin, F. F.; Sineschekov, V. A;;

14 000 mol of Na per mol of BR). Ovchinikov, Y. A., Ed.: InRetinal ProteinsVNU Science Press: Utrecht,
1987; pp 505-517.
. . (99) Sineschekov, V. A.; Balashov, S. P.; Litvin, F.Btophysics (Engl. Transl.
IV. Discussion Biofizika) 1984 29, 1082-1088.
(100) Gillbro, T.; Kriebel, A. N.; Wild, U. PFEBS Lett.1977 78, 57—60.
. . . . .. 101) Zhong, Q.; Ruhman, S.; Ottolenghi, M.; Sheves, M.; Friedman, N.;
A. Mechanistic Implications of Quadratic Actinic Power ( )Atkinsgon%, H.: Delaney, J. KJ. Agm, Chem. S0d.996 118 12828

i i it - 12829.
Dependence and Large Biphotonic .AbSOI’p'[IVItIeSAS dem (102) Atkinson, G. H.; Ujj, L.; Zhou, YJ. Phys. Chem R00Q 104, 4130~
onstrated above, the rates at which LIBM and CMon are 4139

i ini indi ; (103) Harah, G.; Wynne, K,; Xie, A.; He, Q.; Chance, M.; Hochstrasser, R. M.
generated depend quadratically on actinic power, indicating that Chem. Phys. |.eti006 261 339395,

the photochemical event which initiates the PMIBM and (104) Hasson, K. C.; Gai, F.; Anfinrud, P. Rroc. Natl. Acad. Sci. U.S.A.
e ; 1996 93, 15124-15129.

Mon—CMon photoconversions involves the absorption of tWo  ;5e) ‘55" “1asson, K. . McDonald, J. C.: Anfinrud, P.Skience1998

photons. Short-lived virtual intermediate stat€$rp residues? 279, 1886-1891 and references therein.
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Figure 10. Normalized action spectrum for the PM.IBM photocon-
version obtained with 7.6 MW cr# (3 mJ, 2 ns, 0.2 cf) pulses from an
optical parametric oscillator pumped with the third harmonic from a pulsed

Nd:YAG laser. Quantum yield®™ ™" are normalized tabL}, "M
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In principle, then, it should be possible to identify the intermedi-
ate which mediates the PMLIBM photoconversion by match-
ing the temporal and spectral characteristics of actinic pulses
to those of the intermediate. Regarding the temporal require-
ments, it is significant that Chizhov, et#lwere able to generate
LIBM with 10 ns pulses and 30 ps pulses, but not with 200 fs

s) virtual intermediate stat®s'%8 and more than 5 orders of
magnitude larger than thie~ 1—10 GM values typical of two-
photon processes mediated by virtual st&#&gsee Figure 9).
Our og5"™M and 925™°" values thus appear to require long-
lived (>100 fs) intermediates, and are consistent with the studies
of Chizhov et al., who estimated the lifetime of the PNMIBM
intermediate to be 1.7 4. We thus conclude that the
PM—LIBM and Mon—CMon photoconversions are not medi-
ated by virtual state intermediates.

Tryptophan Residues Do Not Mediate the PM~LIBM
and Mon—CMon Photoconversions.Noting that the absor-
bance at 280 nm decreases slightly—436) during the
PM—LIBM photoconversion, Govindjee, et. al. suggested that
Trp residues might play a direct role in this proc&his
suggestion appears reasonable, since Trp residues could con-
ceivably mediate the reduction of ATRPSB by donating
electrons to water or hydronium ions to yield aqueous electrons
or hydrogen atoms after absorbing two 532 nm photons. We
nevertheless conclude that Trp does not mediate the-PIldM
and Mon—CMon photoconversions, for three reasons.

First, our two-photon absorptivities are much too large to
originate from the eight Trp residues in BR since our two-photon
cross sections require thaf™™" and 055" = 1.2 x 10P
GM and thatof "™ and 1/8025" = 1/8 655™°"= 2.1 x
10° GM. Thesed., values are not only exceptionally large in
generdl395-97.109.110pyt are 1.6-1.7 x 10° times larger than
the approximate theoretical value 6f) ~ Ope'® ~ 10 GM
(see Figure 9}99.110

Second, the 34% decrease in absorbance at 280%Hih
which occurs during the PMLIBM, Mon—CMon and
CFBM—photolyzed CFBM photoconversions is-I0 times
smaller than the>30% drop which occurs at the chromophore

pulses, indicating that the intermediate which absorbs the secondband absorption maxima, indicating that the Trp residues are

photon must be generated with a rise time 206:fgse < 30
ps following the absorption of the first phot&®.

The spectral characteristics of the intermediate may be
inferred from the PM~LIBM action spectrum, which peaks near
530 nm, drops to~50% of maximum near 500 and 535 nm,
and falls nearly to baseline at 480 and 580 nm (see Figur&’10).
Since®?"®M is proportional toe}™ ™™ x €™, in which
Int and Int* designate the intermediate state before and after it

effectively photostable. Such stability appears inconsistent with
the photooxidation of Tr8%1!1since Trp* and related species
would be expected to degrade efficiently via subsequent
reactions with other amino acid residues in BR, PM lipids, water,
and Q.11

Third, Govindjee, et al. found the PMLIBM photoconver-
sion to be more efficient at pH 9.7 than at neutral or acidic
pH.82 These results also argue against a Trp-mediated photo-

has absorbed the second photon, the action spectrum should beeduction of ATRPSB since such a process should occur more

intense when bote," "™ ande;" "™ are large and weak when

either of these extinction coefficients are small. Our action

spectrum thus indicates that bo#]™ ™™ and /™™ are

efficiently under low pH conditions via the reaction of aqueous
electrons with HO™ to produce K%
Govindjee, et. al. note that at least two Trp residues are close

reasonably large between 500 and 540 nm and that one or both

of these extinction coefficients must approach zero near 480
and 580 nm, wher@?" ®™ approaches the baseline.
Short-lived Virtual State Intermediates Do Not Mediate
the PM—LIBM and Mon —CMon Photoconversions.Our
experimental values fodZ3"™ and 623™°" equal or exceed
10° GM, more than 3 orders of magnitude larger than the largest
two-photon absorptivity reported for inhomogeneously broad-

ened two-photon transitions mediated by short-liveet (10~%°

(106) Gai, F.; McDonald, J. D.; Anfinrud, P. A. Am. Chem. Sod.997, 119,
6201-6202.

(107) Chizhov, et. al. generated LIBM with 10 ns, 532 nm pulses, with 10 ns,
610 nm pulses, and with 30 ps, 610 nm pulses, but failed to generate
LIBM with 200 fs, 615 nm pulses. Their results were consistent with our
action spectrum, however, since they found the yield of LIBM to be
significantly higher with 10 ns, 532 nm pulses than with 10 ns, 610 nm
pulses. Professor Benno Hess. Private Communication.
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(108) Chlorophylla in diethyl ether has a two-photon absorptivity df 107
GM upon excitation with a pulsed ruby laser (see Arsenault, R., Denariez-
Roberge, M. M.Chem. Phys. Lettl976 40, 84—87, and ref 96 and
references therein). These authors ascribed the largamd value to
“resonance phenomena” since the 694.3 nm ruby line overlaps with the
intense $absorption band of chlorophydl. The lifetime of the $state
of chlorophyllais 15.2 ns, indicating that the largevalue—like that of
BR—originates from a sequential biphotonic process which is not mediated
by a virtual intermediate state.

(109) Professor P. R. Callis. Private communication.

(110) The two-photon absorptivity of indole is observed experimentally to be
roughly 10 times that of benzene and toluene according to Anderson, B.
E.; Jones, R. D.; Rehms, A. A;; llich P.; Callis, P. ®hem. Phys. Lett.
1985 125 106-11, Rehms, A. A.; Callis, P. RChem. Phys. Lettl987,
140, 83—89, and Callis, P. RChem. Phys. Lett1984 107, 125-130.
The maximumtwo-photon absorptivity of benzene is between 0.1 and
1.0 GM at its two-photormax 0f ~6.6 eV= 187 nm, which corresponds
energetically to the absorption of two 374 nm photons (see Ziegler, L.
D.; Hudson, B. SChem. Phys. Letil98Q 71, 113-116); it is less at 266
nm, which corresponds energetically to the absorption of two 532 nm
photons. See also Birge, R. Rcc. Chem. Red986 19, 138-146.

(111) Creed, DPhotochem. Photobiol984 4, 537562 and references therein.
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to the ATRPSB chromophore and that the small decrease invia-135, mechanism

Azgo could be due to changes in interactions between these

residues and the reduced chromopH8réVe believe this —hvsa 2N

suggestion is likely to be correct, but note in addition that
reduction of the chromophore could also directly contribute to
the decrease ipgp if epng @@ ATRPSB< TRPSB

Multi-Exciton Intermediates Do Not Mediate the
PM—LIBM and Mon —CMon Photoconversions.A bipho-

tonic two monomemechanism, in which two closely associated

PM=BR;, BRg; BRgy Tg0 BR g0 BR g
a b ¢ a b c
T350BRg7g BR g — Py P 5P o5 = LIBM
a b 4 a b ¢

has also been propos&8® in which a single monomer absorbs
a photon and converts tdg), which subsequently absorbs a

monomers each simultaneously absorb a single photon to yieldSe€cond photon and converts to LIBM/e beliee this to be the

a trimeric BR,,, BR:,o, BR:7o. Species which converts to
LIBM has been proposett. Our results indicate that the
PM—LIBM and Mon—CMon photoconversions are mediated

principal mechanism by which the PM.IBM photocomersion
is mediatedor several reasons. First, the temporal characteristics
of 1360 (Trise = 100—200 fS; Tgecay = 500 fs}7:39:101,103105.115

by a common mechanism since both processes manifestMatch those required for the intermediate in the-PMBM
quadratic power dependence and have similar quantum yie|0|sphotoconver3|on. Second, our action spectrum indicates that

and since both LIBM and CMon contain noetro Schiff base-
reduced chromophores (see below). Since individual Triton
X-100 micelles typically contain only a single BR moleciilé,
the fact that®ya ™" is slightly larger thandiy B
unequivocally indicates that the photoreduction step in the
PM—LIBM photoconversion is mediated by a process in which
a single BR monomer absorbs two photons, & M
would exceedbysy M°"if multi-exciton states were required.
We thus conclude thathe Mon—~CMon and PM-LIBM
photocomersions are both mediated by a biphotonic one
monomer process in which indilual BR monomers absorb two
photons

Je25 Ksgo iS0-BR, and pseudo-BR Play Minor Roles (At
Most) in the PM—LIBM and Mon —CMon Photoconver-

sions.A biphotonic one monomaiia-photocycle intermediate

@M s large at wavelengths ranging between 490 and

530 nm (wheree;™ "% and /%% are both reasonably
large9-104106.117 and that®;" ®M—0 near 480 nm (where
2710 js small) and decreases monotonicallytat 540 nm
(where ¢e'%0—() 39.87.102,.104106,117 Third, becausejk, is a
resonantly accessed eigenstate of BR with a lifetime much
greater than that of typical virtual state intermediates, it is not
precluded as an intermediate by our large two-photon cross
sectiong3:95-97 Fourth, given the profound difference in the
viscosities of PM £7000 poise} and reduced-TX (2.4 Poise),

it is reasonable to expect photochemical processes which induce
conformational changes in BR to be more efficient in Mon than
in PM.38 However, the fact thabye V" and ®fy, -*V are

of the same order of magnitude indicates that the M@Mon

and PM—LIBM photoconversions are mediated by a mechanism

mechanism, in which a single monomer absorbs a photon andin which the second photon is absorbed before changes in BR

is converted to a photocycle intermediate tlss Ksgo iSO-

conformation occur, and hence is more consistent with fast

BR, or pseudo-BR, which subsequently absorbs the secondintermediates such agg) than with slower intermediates such

photon leading to an IfBR;"° BR3® species which converts
to LIBM, has also been proposé#:85 While Jys (trise = 500
fS; Tdecay= 3 ps}P1192and Kego (rise = 3 pS?7’39’40'84’95'11%decay
= 2 us in both PM095.113.1149nd Morf®114, iso-BR @ise = 3
PS; Taecay= 7 PS)285and pseudo-BRrfise = 3 PS; Tdecay= 70
psF285all satisfy the temporal requirements for the PiIBM

as Kggo.3740.101,105.116,11¢ifth while we are not aware of any
reports in which BR* or ¢s in BR monomers have been
characterized, the similarities between the pogfykoortions

of the PM and Mon photocycl&s!* and the rapid localization
of photoexcitation energy in the absorbing monomer in PM
trimers”:39:42-45 syggest that Mon should have an excited singlet

intermediate, none of these species has an absorption spectrurgtate similar to s, in PM.

consistent with our PM-LIBM action spectrum. gbs does not
absorb between 500 and 540 AfAand hence is precluded as
the intermediate, since our action spectrum is intense in this
region. Ksgois bathochromically shifted with respect to Biz1®

and thus also appears to be precluded as the principal intermedigR"M
ate, since the action spectrum would peak at wavelengths longer

than 570 nm in photoconversion mediated exclusively by.K
Furthermore, because the absorption spectra of
BR41,43,44,82,85,98,9&nd pseudo_BR744,82,85,98100 are similar to
that of BR, the PM~LIBM action spectrum would be similar
to the absorption spectrum of PM if the PMLIBM photocon-
version were mediated by either of these species.
1360 iS the Principal Intermediate in the PM—LIBM and

Mon—CMon Photoconversions A biphotonic one monomer-

iso-

(112) Reynolds, J. A.; Stoeckenius, WBroc. Natl. Acad. Sci. U.S.A977, 74,
2803-2804.

(113) Bazhenov, V.; Schmidt, P.; Atkinson, G. Biophys. J1992 61, 1630—
1637

(114) Mildér, S. J.; Thorgeirsson, T. E.; Miercke, L. J. W.; Stroud, R. M.; Kliger,
D. S. Biochemistryl991, 30, 1751-1761.

(115) Kulcsa, A.; Saltiel, J.; Zimayi, L. J. Am. Chem. So2001, 123 3332
3341.

B. Spectroscopic Properties of BR Species: Implications
Regarding the Structure of LIBM and CMon. Czege and
Reinisch’ suggest that LIBM consists of a Poisson distribution
of BR trimers in which the chromophores of zero (P
BRS7o,  BRs70).  One  (fed gos  BReosi

570a

360a
(116) Song, L.; EI-Sayed, M. Al. Am. Chem. S0d.998 120, 8889-8890.

(117) The Jgo— I4go (.., S—Sy) absorption spectrum indicated by our action
spectrum is in close agreement with reported experimentatSS
absorption spectra of BR (see refs 39, 102, and-1®5). It also agrees
reasonably well with theoreticak'S'S, absorption spectra calculated using
semiempirical molecular orbital methods (see Dinur, U.; Honig, B.;
Ottolenghi, M. InDevelopments in Biophysical Resear@orsellino, A.,
et. al.,, Eds.; Plenum: New York, 1980; pp 20221 and Birge, R;
Findsen, L. A.; Pierce, B. Ml. Am. Chem. S0d987, 109, 5041-5043).
The experimental and theoretical-SS, absorption spectra are more
intense in the 406500 nm region than in thé > 500 nm region, and
are thus consistent with a PMLIBM action spectrum (proportional to

SRelioo o lisalie see text) peaking between 500 and 550 nm, in
agreement with our results. Our action spectrum thus indicates that the
PM—LIBM and Mon—CMon photoconversions are mediated by high
lying S, states of BR (i.e.,;k, = S, with n > 2), and that $(which may
be responsible for the recently observed-S, absorbance in the 760
900 nm region; see refs 163.06) plays a significantly smaller rotef
any—in these photoconversions.

(118) Aharoni, A.; Weiner, L.; Ottolenghi, M.; Sheves, M. Am. Chem. Soc.
2001, 123 6612-6616.
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BRLY), two (llred = Pieon BR5r BRbw), or three (Ilkeg = to the B chromophore and hence that thgg chro-
Pseor BRSE: BR5eor) monomers are reduced. In this model, mophore remains localized in the binding site.

S originates from the BR monomer(s) within a trimer ~ We conclude that the & chromophore has five double
which contain reduced chromophorese originates from bonds since the 466 nm emission band of LIBM is similar to
the remaining unreduced monomer(s) within the same trimer. the emission bands of pulse-radiolyzed ## and the non-
The precise nature of thes" and Rie" chromophores has  retro species altransretinol -1?!axerophten&’'?!and 1,3,5,7,9-
not been specified to date. As discussed below, our studiesdecapentaen&;*23each of which has 5€C bonds, and since
provide more definitive insights into the structures of th®  the emission maxima afetro and nonetro-retinoids with 6
and RIM chromophores than previous studi#éss* as well as  double bonds occur at significantly longer wavelengitfg;t
providing an assessment of the accuracy of the model of Czege> 510 nm) than that of LIBM712L

and Reiniscl§? PS5 and PjaromerzedtBM aside from their lack of vibronic

onomerizedLIBM

The Nature of the Psso Photoproducts P’ . Although structure, the absorption spectra df" and g
the Amax Of the chromophore band in LIBM is similar to those are similar to that of %%M, as are their fluorescence spectra.
of CFBM and ABM, the absorption spectrum of LIBM differs ~ We attribute the lack of vibronic structure in the spectra of
from those of CFBM and ABM in two notable ways. First, the Pseo " and Hgrome*®Vto detergent-induced relaxation of
chromophore band in LIBM is roughly half as intense as those steric constraints on ring torsions, in analogy with the loss of
of PM 82 CFBM 68 and ABM 156.71119Gecond, LIBM contains vibronic structure observed upon adding detergents to boro-
a P2 photoproduct (absent in PM, CFBM, and ABM) which  hydride-reduced PN Our specra thus indicate that both CMon

has a structured absorption spectrum with peaks340, ~360, and monomerized LIBM contain covalently bound, netro
and~380 nm. Schiff base-reduced ATRPSB chromophores with fivee@

. o . bonds. They further indicate that the vibronic structure of
The absorption spectra of retinoids are typically broad and ~ gy . . . . )
originates from @—C; torsional constraints imposed

unstructured due to inhomogeneous broadening originating fromb360th hromophore binding it ince th rum of
torsional rotations of th@-ionylidene ring around the & C; y e chiromophore cing site, since the spectrum o
: I, 0 pponomerizedUBM o 1d manifest vibronic structure if LIBM

single bond. In contrast, the spectra of retinoids in which ring * 360

torsions are hindered by as€C; double bond (as occurs in contained aetro chromophore? . n i
retro-retinoids§”#7:8%r by steric constraints imposed on ring  CMon lacks a chromophore band in the visible regith,
torsions around the 4=-C; single bond within the chromophore Whereas monqmerlzed Ll,BM hgs a visible chromophore band
binding site of BR7.7L87:82.80.120as occurs in borohydride- with Amax identical to but intensity roughly half that of Mon._
reduced PN-87:89.120and radiolytically reduced PNf,in both Hence, 100% and~5(_)% of the chromop_hores are _reducgd n
CMon and monomerized LIBM, respectively. The intensity of
the chromophore band in monomerized LIBM thus indicates
that both LIBM and monomerized LIBM contain an50:50
mixture of native and reduced chromophores, which is consistent
with an ~50:50 mixture of g and lkeq.83 The similarities
between Bl and By are particularly significant, as- in
agreement with our actinic power dependence studigbey
indicate thatthe generation of £2 is not mediated by BR

of which the G=N bond has been reduced to-®) manifest

vibronic structure. The similarities of the absorption spectrum

of Pyy” to those of variougetro retinoids8”:89.121.122horo-

hydride-reduced PM, and radiolytically reduced PM, in com-
bination with the fluorescence spectrum of LIBM and the
spectral properties of " and Hgromeized-BMsee below),
lead us to conclude that;®" originates from BR containing

n%’?éﬁtr%ri;hr'gb?;eléﬁ?u%id 'rol\;—?cl):?hBean;alpc;?eg'ng:jaor?g(iliat BR interactions but rather originates from photochemistry
;,I\fneI ibroniclstructure gf P'g"" ori inatespfch))m sl,téric con localized entirely within indidual BR molecules
v se0 OM9 pphotolyzedCFBM \y/hjle the changes in the absorption spec-

I o . . . R0
fitrzgl?éfslirgsgsed by the chromophore binding site which hinder trum observed during the generation of photolyzed CFBM are

o not identical to those observed in the PNIIBM and
LIBM has a fluorescence excitation spectruflanfs = 490 \1on—CMon photoconversions, an increase in absorbance in
nm) similar to its absorption spectrum, and a broad emission {ha 306-400 nm region similar to those observed during the
band centered at 466 nmief. = 360 nm). B originates

from changes in ATRPSB and not from changes in the (123) b'Amico, K. L.; Manos, C.; Christensen, R. I Am. Chem. S0d979

i i M i i 17771782.
apOprOteln’_Smce%% doe_s nOt_form in PM Wh_ICh has been (124) Although BR solubilized in detergents is more susceptible to “photo-
bleached with hydroxylamine prior to laser irradiation. Because bleaching” (i.e., the light-induced separation of the retinyl chromophore
e ; _chi ; : from the apoprotein; see ref 13) than BR in native PM (see refs120

emission is always red-shifted with respect to absorption, the 23, and 57) andtlike “photobleached” BR-CMon lacks the native purple

466 nm emission band cannot originate froffP, indicating color of BR, we are confident that the chzgr?r?phci’re remains covalently
. . B ound to the apoprotein in on since (i) the absorption spectrum o

that th|§M466 nnl;laMband Onglr.]ates e.XC.IUSNer f.roétob and P is markedly flatter and less intense than that of photobleached BR

that B;2™ and P'BM are chemically distinct speci€&We also see refs 13 and 87), (ii) the increase in absorbance at 400 nm observed

360 605 y p ¢ n ab :
observed a weak 466 nm emission band when we excited LIBM during the Mon-to-CMon photoconversion is only 30% of that expected

for a photobleaching process (see ref 87), (iii) the fluorescence spectra of
with 280 nm light, indicating that Trp residues transfer energy P and Byomee?-®¥are essentially identical to that of LIBM,
inglcating that the reduced chromophores remain localized in the binding
sites of these species, and (iv) we failed to observe increases in absorbance

(119) Moore, T. A.; Edgerton, M. E.; Parr, G.; Greenwood, C.; Perham, R. N. at 570 nm in CMon over a period of several hours following photo-
Biochem. J1978 171, 469-476. conversion, indicating that BR does not reconstitute, in contrast to bleached
(120) Peters, J.; Peters, R.; Stoeckenius,ABBS Lett.1976 61, 128-134. PM, which rapidly reconstitutes (see ref 57). The failure of CMon to
(121) Christensen, R. L.; Kohler, B. Bhotochem. Photobioll973 18, 293— reconstitute is analogous to that of borohydride-reduced PM, which fails
301. to reconstitute since the chromophore in this species remains covalently
(122) Das, K. K.; Barua, A. B.; Siddhanta, N. KRurr. Sci. 1969 38, 363~ bound to the apoprotein (see ref 120). We thus conclude that the
364.- chromophore remains covalently bound to the apoprotein in CMon.
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generation of LIBM and CMon occurs, and the excitation molecules present are redud@éiHence,we beliee that the
spectrum of photolyzed CFBM manifests a peak at 466 nm, cation remeal is mediated by a combination of conformational
indicating that BIS°Y**Y“*®¥contains a covalently bound, non-  changes induced by the reduction of BR chromophores

retro Schiff base-reduced chromophore with five=C bonds. plus additional, unspecified laser-induced conformational
The Nature of P5". As noted above, the 568605 nm  changes.

bathochromic shift resulting from the generation g is Fifth, the PM~LIBM photoconversion is not mediated by

similar to those observed when PM is converted to CRE%168 the peroxidation of membrane lipids B®; since LIBM forms

and ABM 1245662656771 \\e thus performed a number of studies in identical fashion in both kO and RO (data not shown).

to elucidate the relationship of LIBM to CFBM and ABM, the In combination, these results indicate that the-PMBM

results of which are detailed below. bathochromic shift originates from the removal of?Cand
First, in agreement with Czege and Reini§&le find that Mg?" cations from unreduced BR molecules following the

the AmaxOf LIBM returns to 570 nm upon the addition of cations ~Photoreduction of the chromophores 'TH5(|)% of the BR
but that the intensity of the chromophore band is restored to molecules in PM. We thus conclude thajof® consists of
only 30-50% of its original PM value, indicating that50% unreduced, deionized (CFBM-like) BR molecules which are
of the chromophores in LIBM are reduced. The 340, 360, and closely coupled to BR molecules containing non-retro Schiff
380 nm bands are unfaffected by cations, indicating that only base-reduced ATRPSB chromophores and that LIBM is gener-
the unreduced §&" chromophores shift hypsochromically ~atedvia the following mechanism:
upon the addition of cations. PM—LIBM Photoconversion Mechanism.

Second, in distinct contrast to the bathochromic shift observed

during the PM~LIBM photoconversion, the chromophore band PM—LIBM Photoconversion Mechanism

shiftshypsochromicallyuring the CFBM-photolyzed CFBM BR,wBR 1oBR 5o — ™52 5 12, BR, BRyy —252 5 12 BR, BR,, "
photoconversion. The opposite direction of these shifts strongly +  * = b e 2 e

suggests that the PMLIBM bathochromic shift is mediated . - -~ . "
by the removal of C& and Mg ions from PM, since CFBM Lo R S

inherently lacks these ions and hence cannot have them
photolytically removed.
Third, while we observed essentially identical hypsochromic

Conformational changes
P BRlsijRsm >
2 ¢

shifts upon adding equal volumes of 0.0001C&* and 0.01 Pyo BReoBR sy —— P BRG" BR Y = LIBM (i)
M Na' to CFBM, we failed to observe bluepurple transitions

in LIBM unless we used concentrated titrants (BI@Ca" and d

3.0M Na"). Quantitative comparison of our CFBM and LIBM _'ﬁ‘gi jﬁagii

titrations indicates that Naand C&" induce hypsochromic
shifts 350 and 13 000 times more efficiently, respectively, in
CFBM than in~80% LIBM suspensions, and that €anduced
hypsochromic shifts only-23 times more efficiently than Na On the basis of the studies described above we conclude the
in LIBM, in contrast to the 100-fold greater sensitivity to@a  following.

in CFBM 2466.68.77(see Table 1). Hence, LIBM binds divalent (1) Intense 532 nm pulses induce a purple-to-colorless
cations not only more weakly but also less selectively than Mon—CMon photoconversion in BR monomers (Mon) solu-
CFBM. Unfortunately these results do not enable us to specify bilized in reduced-TX detergent analogous to the 532 nm-
whether the loss of selectivity results from changes the prox- induced purple-to-blue PMLIBM photoconversion. CMon and

V. Conclusions

imities of pairs of COO moieties on BR86266pairs of lipid LIBM both contain nonretro Schiff base-reduced retinyl
PO~ and SQ~ moieties?2477or combinations of BR COO chromophores in which the=€N bond is reduced to €N. The
and anionic lipid moietied? 77 reduced chromophores remain covalently bound to the apopro-

Fourth, since the " band lies outside the visible range, tein in both species. All of the chromophores are reduced in
the blue color of LIBM must originate from BR molecules CMon, whereas only~50% (1-2 per trimer) are reduced in
containing unreduced chromophores. This suggests that thel|BM.
photoreduction of an individual BR molecule induces confor-  (2) The rates of the MorrCMon and PM~LIBM photo-
mational changes which extend throughout its local environment, conversions both depend quadratically on actinic power and both
resulting in the removal of cations from unreduced BR Pprocesses have similar quantum yields, indicating that they are
molecules nearby. As additional support for this conclusion, we both mediated by a common biphotonic mechanism in which a
find that the magnitude of the MemCMon bathochromic shift ~ single BR monomer absorbs two photons.
depends inversely on the ratio of [reduced TX] to (3) On the basis of an action spectrum for the-PMBM
[BRY], indicating that native lipids play a role in the laser-induced photoconversion obtained in our laboratory, in conjunction with
purple—blue color change and suggesting that the bathochromic experimenta®104-106.117 and theoretical'’S,—S, absorption
shift may occur only when micelles are occupied by two or spectra of BR and the temporal characteristics of the laser pulses
more (at least one reduced and one unreduced) BR mole-which effectively generate LIBM*10” we conclude that the
cules®” Conformational changes induced by reduced BR excited singlet stat€d, is the intermediate which absorbs the
molecules cannot account for all of the color change, however, second photon and mediates the generation of LIBM and CMon,
since PM does not turn blue during the early stages of its with Jsz5 Ksgg iS0-BR, and pseudo-BR playing significantly
reduction with borohydride, when only a fraction of the BR smaller-if any—roles in the photoconversions. Our data entirely
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preclude multi-exciton states, excited states of tryptophan, andCairns, P. R. Callis, I. V. Chizhov, J. R. Cox, B. Hess, M.
short-lived virtual states as intermediates. Engelhard, and W. Gter for helpful discussions, Professor

(4) The quantum yield for MorrCMon is roughly twice as J. G. Stuart, Dr. J. M. Mclntyre, A. K. Bunch, B. Buu, J. Chen,
large as that for PM-LIBM, indicating that chromophore  T.R. Cullen, G. A. Gerholt, G. L. Gottschalk, M. A. Hammond,

photoreduction occurs as a result of the absorption of two J. D. Holland, R. J. Provost, W. C. Spencer, N. E. Sveum, A.
PM—LIBM

photons by individual monomers, sinc®.;, would L. Trujillo, and Y. Xiao for experimental and editorial assistance,
greatly exceedblsy “M°" if multi-exciton intermediates were  Ms. L. A. Afzali, Mrs. L. Conklin, Ms. E. L. Pyle, Ms. R. G.

involved. Furthermore, because the viscosity of PM is 1000 Raspberry, and Ms. T. Sirls for help with manuscript preparation,
times larger than that of reduced-TX, the quantum yields indicate Professor J. R. Cox for help with preparation of figures,
that significant protein conformational changes do not occur Professor R. F. Volp for his careful reading of the manuscript,
prior to the absorption of the second photon, in agreement with and Professors G. W. Boggess and J. F. Mateja for help
our assignment of;}, as the intermediat&8 procuring intramural and extramural funding. This work was

(5) The blue color of LIBM does not originate from oxidation funded by grants from the National Institutes of Health to
of membrane lipids by singlet oxygen since LIBM is generated M.B.M. and D.M.S. (NIH 2S06GM08066-25) and from the
with equal efficiency in HO and DO. National Science Foundation (NSF EPS-9874764), the Research

(6) Metal binding sites are altered during the generation of Corporation (C-2974), the Christian Scholars Foundation, and
LIBM as a result of conformational changes induced by the grants-in-aid from Murray State University to M.B.M.
photoreduction of ATRPSB chromophores, leading to the

removal of C&" and Mg ions from binding sites on neighbor- Supporting Information Available: Details regarding (1)
ing native BR monomers. deconvolution of the spectra of pure LIBM and CMon from
We are actively pursuing further studies of the PMIBM those of PM+ LIBM and Mon + CMon mixtures and the

and related photoconversions in our laboratories. These studiephysical origin of the small initial Mon-to-CMon bathochromic
should provide additional new insights into the structural and shift, (2) fluorescence spectra, (As00 calculations, (4)
functional roles of BR-BR and BR-lipid interactions in PM, guantum yields, (5) the PM-to-LIBM action spectrum, and (6)
as well as into the potential relationship of these photoconver- details of our titrations of CFBM and LIBM with metal cations
sions to photodegenerative processes in the human retina.  (PDF). This material is available free of charge via the Internet
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