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Using subpicosecond transient optical absorption spectroscopic techniques, the 
photoisomerhation rates and quantum yields were determined for 
bacteriorhodopsin, its relevant mutants, its dionized form and at different pH and 
C1- concentrations. It is found that the rate is catalyzed and made highly specific 
mfd the c13Cl)bond by the presence of negative charges within the retinal 
cavity (e.g., Asp85 and Asp 212). Any perturbation that genetically removes, 
acid wutmbs, or chrplges the geometry of these negative charges is found to 
decnase the rate of photoisomerization, but does not greatly change its quantum 
yield. These results are discussed in terms of the changes in the electronic 
structure of the retinal as well as in the anisotropic charge distribution within the 
cavity that result from the photoexcitation process. The different potential 
energy surfaces proposed to explain the dynamics of the photoisomerization 
piocess aw exBmined in terms of our observed results. 

Introduction 
Bacteriorhodopsin (bR) is a light-traasducing protein present in the purple membrane of 
Hdobacterium salinarium. Its structure and the mechanism of its function are discussed in 
numbems reviews. [1,22] bR is a potentially important biomaterial for phototonics application 
in such ~IWS a8 holographic iwmdhg, ultmht optical devices, neural networks, and associative 
memory. The h e  energy retained after absorption of a photon by the retinal chmmophore 
&riw the system through the following photochemical cycle and translocates a poton across 
the membrane[3]: 

bR-. I , - .b-+K - .L+M+N+O- .bR 
The quantum yield of the retinrl photoisamerizstion was measured to be around 0.64 using 
dB" rmthod8 [47] d occurs around C13'cl) bond exclusively. This hi& yield and 
specificity is not observed in the studies on retinal pmto~ted S c h i f f b  in solutions. 181 

wlf 3ps 1.5nr 

h was shown that the repkrement of some amino acid residues bas stong efiFect on the rate of 
'onof ntinal mbR[9] We arcthus intenstedin exmidythe cfhtoftheae 

qumtumyield andthe energy stored rn the K hkmedim photoisomem& . .  p w b l r b & o n s o n t h e ~  
d d n g  tbe pbotocyde. 

Elactron diffnccion shows that the potoaated Schiff base is located midwa between the C and the 
G helices.[lO] It has been demonsfrated that Arg82, Tyr185, Asps$ anJAsp212 form a special 
enviroament around Miff base.[l,2,10] The ScWbase common * isthoughttobeAsp85or 
Asp212 (or both)$?] both exist in the ionized form in bR 568 [ll]. J?emtoscamd optical transieni 
studies with 6 fs ses suggested that the nsinal in bR relaxes in 200 fs from the Franck-Condon 
state to the exci 2 state potential minimum (I4,) which decays within 500 fs to form 5625 [12], a 
1 3 4 s  isomer ofd-uuns-retinal as shown by picosecond time nsolved Raman [13]. The studies 
of the time-resolved spedra of retinal in short and wide spectral range [14-161 show that excited 
state absorption of retinal with a maximum at 460 nm is formed instantaneously with time- 
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d u t i o n  of50 fs. S t b W  emission bcated at 890 nm also has an ins- risbtime and 
decays CdaeidenbHy with the excited abeorptian at 460 nm. These obsmatio~~ suggest that 
the 90" tasionsl dynuwia in the excited dstc could not be dctcckd spcfmmpically. 
Flrrorrscena upumvmion studits show [17] tbat excited SEateS decay is muftiexpoaential with 
iifctims d 90, 600. loo00 fs. The wei of these cmpoxmts differs depding on the 

@7 ped part gC brad itn d b u t i o n  is minor. However, the rise time optthe i l m c c  at the red 
part of the spectra is instantaneous, which eleiminates the assignment of the fast component to 
~oruldpunics. 

Recena nmkcdar stimulation dynamia of retinal in bR performed by Sckulten et al. [18] suggest 
thathenisacxtmdystrongcouplingbetween S1 and S2 states of rebioal, Within its model the 

into S1 state crosses within 1oOfs totbe S2 state and then cmsm to Sostate at 90 initialexnatroa 
totsiontl twist. 

wavckqtb. Thebluesideofthe !r uoresceaabendhaslar contributionwhileinthe 

. .  

In this paper, we s\mnnBrize OUT WrpaimenEll work [9,19,20,211 on the of difkmg 
pcmrbaions on the lifecime of the excited state m i e n t  absorption at 460 mn a d  thc quantum 
yield of formetion oftbe inbamdiate p8 wtll as OSI dre energy stored in this in9ermediatc. The 
pmturbatiions applied pn mutagmic nplaoement of individual charged, H-bonded and gametry 

the hybgen  ion and chknide ion caacentrabians. 
h v e  the effect of gins the charge disftibution around the Fttinol system. 

* 'on 

controlling amino acid residua, c 
-pe- The general conclusion is thatthe lifetime oftbe excitad statc, which d c c t s  the 
time, is molrc seasitive to these perturbatioes while the ~ o t o i n i z Z ~ s  
process is not very sensitive to the retinal environrment in bR Furthermore, it is f d  tbat the 
negative charges within the ntinal cavity at seem to WYZC the rate af 
thephatoisamtrizationpmcess - C withoutcbm@ngits 
yield. These results an discussed in terms of the valence bond &$on and bre MCIW 
potential energy surfaces proposed for the dynamics ofthe photoisomerizatron process. 

Materiats md Methods 
Bae~orhodopsin axmining cells were grown from the master slants dHakrbactrrium svrlimrirmt 
ET1-001 stnh kindly provided by Professor Bogornohi at UC Santa Cna. Tbe purple membrane 
was isolated and purified as described previously [22]. potassium phosphate buffer solutions were 
used to adjust the pH. For low pH dut ion the HCl or H2m4 were used. The final potassium 
phosphate cmcentratia~ was about 10-30 mM, and should not affect the (Lcoustic Properties of 
water, In the caseof low pH solution theionic strength of the rcfennce canpound was adjusttd b 
addingpmper amount of NaCI. The W u t  (deionized) bR was prepand byfdhatim of wild type b i 
through the cation exchange (hydrogen form) column. All samples were light rdaped. 

The laser system is similar to that dwaibed previously [19]. Briefly, the lasa s stan d s t ~  ad a 
onrmcfcial Coherent Satori dye loser pumped au Antams mode-locked YA d laser. As a result, 

&z at wavelength between 595 605 nm w m  
by a ngareretive araplifia (Qupntel, RGA Y 

w) fs pulses with 1 
generated. The output 
60)inadyeampUcr(Quantel,PTA60)atlO Amplifiedpulseswithurenglyofaboutl mJ 
and 400 fs pulse duration were obtained. 

Transient&- 
The optical densityofthesamples used in the Watt abmrbmx mrsumneats was about 1.0 - 
1.5 at the excitation wavelength. The detailad &-up for trident absorprioa measurement was 
described previously in degils [19]. T 'cal values of the cms-  correlatioll width w m  600 fs at 

method. 
Measurements o f q u m u ~ l y i e l d o f t l r c K ~  
In principle, the transient absoxption experiment should d e  ont to desermine the quantum yield 
of photdsamerizatioatothe K intermediate if its absorption is sepuated from tbe bleached pamt 
&sorption and if om knows the mob extinction of each. Unf-lly, this is not the situation, 

strongly overlap for the bR variants studied here. Several values around the 
h o w m  b quantum yield vdue wen found to deconvdute the spectra nasonaMy well. In case we 
have mon than one isomer, we can only determine an opperent (average) value for the 
isomcxizatim yield by this method if one assumes similar rbsorpcion of their K intermediate. 
Results and Discussion 
1. Rate 
a) Rejdace&tinal cavity 
The transient spectra for the wild type bR obtained in our experiment are similar to those measured 

32 * 

F-76 tfie dye laser was 

500~1, WOfs at600 mn, 550 fs at ?r 00 nm. The kinetics w m  analyzed by the least s q m s  

mewor 
n P r o c e  
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pnviouSly [la, 241. The specml fmnw me a) the excrted state of the wind has an 
a k m r p t i o n ~ a ~ m n d 4 7 O ~ ~ u a n d d e c a y t i m o f ~ f s ,  b) the pmd state bleachiq with 
a maximum a? 570 nm md partisl recovery tim of 300 fs, c) the Arst intermediate J with a 
maximum at650 nm, formtd from tbe dial state with the timecastant of 500 fs, and d) the 
second ground state in6ermedtate ' (K) with a ntaxirmrmat630 nm is formed from J with a time 
coastantof3 ps. 

Thelifecimeofthedtedstirte is found to be vay sensitive to tbe dpugGd gmu located within 
tbe rehal cavity. In the mutants where c h g d  adnoacid residues wtft replac$by etlltral ones 
B S N ,  D212N and R82Q [221, and deionizad blue bR 1133 the l i fk  uf the excited state 
becomes considerably longer . The picosecond temporal behavior d tbe transient absorption 
spectnan ofthe D212N mutant is shown in fig. 1 .  

Figure 1. Transient 
absorption spectra of 
D212N mutant at 
pH=4.5 measured at 
different delays after the 
excitation pulse on the 
picosecond time scale. 

-. .- 
420 520 620 720 

Wwdeagtb, nm 

The transient absorption spectrum obtained at zero time has positive absorbance from the excited 
state with a maximum at 470nm, and negative absorbance originating from the ground state 
bleaching process with maximum at 570 nm (Fig. 1). The decay of the excited state at 470 nm 
could be fitted to a double exponential decays with lifetimes of 1.8 and 6.5 ps probably resulting 
from the two isomers present in the ground state of the D,,, mutant at pH 4.8. The amplitude 
ratio of the two components was found to be equal to 13-cis to all-trans isomeric ratio, measured 
previously [25] by chromotrographic method for D21, ground state. The rise of the positive 
absorbance with a maximum around 660 nm is coincident with the decay of the excited state. This 
process is attributed to the formation of the J-intermediate. At longer times this absorbance shifts 
to the blue with the formation of the positive absorbance having a maximum around 630 nm. The 
last intermediate has spectroscopic properties similar to the K-intermediate of native bR. A 
summary of the dynamics data for bR and its mutants are summarized in Table 1. 

Table I 
The estimated average quantum yield and the measured average lifetime of photoisomerization 
and the rise time of the K intermediate for wild type bR, mutants with charged aminoacid residues 
replaced by neutral ones (D85N R82Q, D212N), deionized blue bR and mutantsASSG, V49A, and 
W182F. 

-~ __ -- .- 

~ S O  for multiexponential processes was calculated as Taver = UjTi ,  where Ai is relative 
amplitude of the component with lifetime Ti 
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The average lifetime of the excited state is very sensitive to the bR perturbation if negatively 
charged residues are replaced by neutral ones (D,,,, D,,,N) or if they are neutralized (blue bR). At 
pH 4.5, replacement of the positively charged Arginine 82 by neutral residue (e.g. in R82Q) is 
known to lead to the neutralization of the negatively charged Asp85. 
b) Changing the geometry of retinal binding cavity. 
The replacement of amino acid residues V49, W 172. and A53 affects the rate of the Schiff base 
deprotonation at the L+M transition and the rate of Schiff base protonation at the M+N step in 
the photocycle [26, 271. This indicates that the geometrical relationship between the protonated 
Schiff base (the proton donor) and D85 (the proton acceptor) is changed [26, 271. The transient 
absorption spectroscopy kinetic data in Table 1 show that the excited state lifetime of retinal 
becomes slightly longer for V49A and W172F, but almost the same in A53G [26]. This suggests 
that the residues that affect the relative distribution of the charged residues (in particular D8,) 
around the retinal by changing its configuration can have indirect effect on the photoisomerization 
lifetim 
From &e above, it seems that -the negative charges on D,, and D,,, are important for the rapid 
retinal photoisomerization. In further support of this conclusion is the fact that the long lifetime 
observed for D851q or for acid blue bR is reduced upon the addition of 1M NaCl solution [28]. It 
is known that the C1- ion resides within the retinal cavity from the observed recovery of the 
proton pump photocycle of bR that was inhibited in DSSN or D,,, bR mutants [29]. The negative 
charge of the C1- ion seems to compensate for that of the carboxylate groups lost in these bR 
variants. 

The closest distance between the negatively char oxygen of Asp 85 or Asp 212 and C,, of the 
retinal is -4.5 A" and -54" respectively [lo]. r the ground state, the aaraction between the 
negative charge on the oxygen of Asp85 or Asp212 and the positive charge on the nitrogen of the 
prdonatsd Schiff base stabilizes the valence bond structum in which the C13 - C14 bond is a 
double bond. The valence bond description of the excitad state of the retinal dccbonic system 
atbched to a ptonated S c W  base is a linear combination of structuns in which each structure 
has the positive charge localized on diffmnt odd numbered carbon rrtom along the polyene retinal 
chain[9]. If the positive charge is on CI3, the C,,-C,, double bond b m e s  single bond in the 
excited state and thus Feduces the banier to rotation (and thus to photoisomerization) 8couDd this 
bond. Having the negatively charged oxygen of Asp85 very near C,, stabilizes this sbuctun and 
make photoisomerization around this bond more rapid than any of the other bonds. This c d d  
explpin the electronic origin of the p r o t e i n  catalysis and specificity of the lletinai photoisomerizatton 
in bR. Oace the Cf3-C1, bond beccrmcs single and the M e r  to ratation mund this bead is 
removed, anisotropc forces an nttdtd to rotate the CI2=C,, and C, =C,, double bonds around the 
C,,=C,, single bond (in paddle type motion) to transform ihe allaans into the 13Cis 
configuration.. These anisotropic forces arise from the noIIsymtlletric charge distribution of the 
residues around the retinal and is hi by the large change in the d n a l  dipole moment 
resulting from the displbcement of positive charge from the nitrogen to C,, within the 
nonsymmetric cavity charge distribution upon photoexcitation. 

ofthe quantum yield results on some ofthe mutants and blue bR is 'vea in the second As-7 column o Table 1. Tk impOaant coaclnsion is that while tbe lifetime of tf e excited s!ate is 
sensitive to the npinal enMinamental changes, the quantum yield is not. The same canclusioa is 
reached i f the l i f e t imandquanaunyie ldanmeas~asa~~of thepH.  Theexcitedstate 
Mdirnc is sensitive to the pH while the average isomerization quantum yield does not change 
greatly. It should be dd that these are average quantum yield values. It is known that the 
isomeric *tion changes with pH around pH = 5.5 [25]. However, the large change in the 
excited state Methw occor% at lower pH. At neither pH does the quantum yield change. In the 
meammmt aftbe quantum yield ofphoeoisornerizatioa in Table 1, it is assumed tbat both all 
tnns and 1 3 4 3 ~  isomers have similar values of quantum yields. But even if one assumes udnme 
values for both isomers, the value of the quantum yidd of the all trans would change between 0.6 
d0.3. ~ i s l l o l s s l ~ a ~ a s t h t c h a n g e m t b e l i f e t i m e s w h i c h c o u l d b e f r o m 0 . 5  psb 
lops. Thustbe d u s i o n  thrt the exci&d state W&m is much nme sensitive to eavironmental 
C h a a g C S t b a n t h e W  

99 
was belieVedt0beuK)fs and was assigwdtothetimittakes the ntinai excited starc to change b 
the 90" dmtion 1121 which is the equilibrium configuration of the excited state. The decay to 
the ground state and photoisomerization was believed to occur from this 90" configuration in 500 
fs. 

qurntum yield is probably correct. . .  
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There are, however, reports that show that the rise tim of the absorption at 460 nm as well as the 
stimulated fluorescence actually is very short [14,16], and is almost instantaneous, Below, we 
shall attempt to describe our results in terms of both of these observation. 

A. 
~n onjer to explain onr resu~ts, we proposed that if this model is cmwt,bthe minimum ~f the 
excited state surface should be shallow at the 90" configuration and symmetric with respect to the 
maximum of the barrier to thermal isomerization. With this surface, the excited state lifetime 
would depend on the energy separsdion between the excited and ground state surfaces at 90". Thus 
as the barrier to thamal isomerization dccmses by envinmmentai changes, the excited state 
lifetime increases. Thus, the nmoval of the negative charges from near the 'tively charged 
ni- of the protonatod ~chiff  we, the easier the positive c-e is able to r~ over the 
retinal structure in the ground state, allowing the c&4 to be partially single bond and thus 
decreasing the barrier to thennal isomerization. This would also allow for less localization of the 
positive charge on C,, in the excited sbte and demase the specificity as well as the rate of 
photoisomerization around C,3€,4. The lower sensitivity of the qmmtum yield to environmental 
changes is attributed to a statistical crossing from the shallow minimum of the excited aate surface 
which is symmetrically disposed with respect to the top of the ground state barrier at 90". This 
makes the branching ratio (quantum yield) to mmin insensitive to en-a changes. 

B. BBsom*on a 460 is f r ~  * 

If indead the 460 tun absorption is h- at its Franck Condon a" configuration 
(aU-trans retinal), one h9s to assume that retinal remains in this state for 500 fs then somehow 
changwto90" andrapidlycan either isomrim to 13 Cis or return to tbe ground state of all trans 
retinal. The 500 fs is thus the time that the rate limiting pocess takes for the overall 
photoiaomerization process. Tbe constancy of the quantum yield might be exphimi as in Case A, 
as long as the rapid photoisomcrization is rapid cornpawl with respect to 500 fs but not so rapid as 
bo be impulsive. 

The lifetime ofthe460 tun absorption might thus be determined by the time it takes the excited stiite 
to twist to 90". Schulten et al [19] in a recent paper assumes the presence of two excited states. 
The lifehim might be detenained by the time S, cfossts to S, which thus rapidly isomerizes. We 
could think of another process that might take 500 fs. The absorption process leads to an excited 
state in the all-tnms mnfigurOtion (the Franck Condon Configuration) in which some of the double 
bonds become single and visa versa, e.g. c,&4 becomes singe as a result of electronic 
excitation. Anisobropic forces need to be applied in order to rotate around C,3€14 in the 
photoisomerization process. This process takes time and should depend on the anisdropic 
e l m  ' forces between the asymmetric charge distribution of the charged residues within the 
retinal cavity and the dipole moment induced by the displacement of the positive charge from 
nitmgcn of the prdonated Schiff base to C13 resulting from the absorption process. Removing the 
negative charges from the cavity is expected to reduce the electrosm 'c coupling between the 
charged Cavity and the W i d  system. This leads to reduced rate of the t o r r i d  motion around 
C13- C,, b o d  and thus to nducui rate of the process that changes the all-trans configuration (a") 
into thc 90" configuration. Since this is rate limiting in this model, this leads to mluction in the 
m o f t h e w d ~  ' 'on process. 

Absomtion at460 tun is from retinal enc ited state at 90" confinwation* 

atO"c0- 
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