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Ihc com, cqucm:c-, ~1 rcpl,lcmg V,p-S5 ",~ilh glutam:llc in l,aclcriorh,*dop~,in. ;,', cxprcs',,.d in thdohactcrium sp. (;RB. ",,,ere 
iI|'.c'.,tiglltcd. -'~lllnialb to Ihc i1~ ,i~ro muta t ed  and in t : ~ ( t u ' t i < h i a  ~ . l i  expressed  prote in ,  the  c h r o m o p h o r c  v.a~, fount+ to exist as a 
mixlure ol Iquc (an,.olplion maximum 1~15 nm) and led 1532 nm) forms, depending on the ptl. ltov,e~,er. ',,',e fi;und t~,~o ~,vid¢ly 
• ..cp;.~ral.~'d p K  ' , ;duo,  (ab,c~Ul ~.4 and  1It.4 ,*i lh,,~ul added  ' ,al l) .  a rgu ing  | o r  I~,~,.9 H u e  and  l~,o red f l~rms in ~¢p;. lralc e q u i l i b r i a ,  

l:~olh bluc .llld red formh of  the  p r o f  J,I a re  in the l~,.~-dimensional ¢~'sl;allinc Stale. A single p / , ' , ,  such as in the  E.  coJ i  expressed  
pmlein, v.:e, ob,,cr~cd only ai,er solubllization v~ah d¢Icrgcnl. The ]')holoc)cl¢ or Ihe blue 10rms was delcrmincd al ptt 4.0 ",~ilh 
t~lll nm pholocxcJlalhm, and ~hat ot Ihc red fl*rm,, .," ~i IlL5 and v, illl 521! nm phot~,excilafion, in lhe lime-range of 10(I rls to i s. 
The I,lue forms ptoducud no M. but a K- and an l.-likc intermediate, wi~ose spectra and k:nclics resembled Ihose of blue 
',sild-I}pc I~acletiorhodcosm bcto~a, n i t  3. TIk  red .orms produced a K-like mlcrmcdiale. ;is ~cl l  as M and N. Only the red forms 
Irannporled proton-., Srccific p¢.'rlmb.flJon ol the nci~zhhorh,~,,d nl the Schiff base I~ lhc leplIlcelllCnl of Asp-X5 w'Jlh glutamate 

x~,a,, suggu, stcd h~ (I} Inc ,,hilt and H~litlng , I lh~ i..'\., hu ~,~hdt i', l)ICsumabl), lit',.' prolonalion ol re:,idue ,.";5, (2) a 36 nm 
blue-shill iq the ab,,orplum ol the aII-/ra~,~ red ~:hroIIlOphorc alld a 25 Sill red-shill ol the 13-<t~ N ~.hromophorc. as compared Io 
~ ihl-l}pc I~,u:leriorhodop,,in and Jl, g in1~.'rnledi,~tc. ;rod (3) significant ao:clcralioh ol lhe dcprohmalkm ol lhc Sehifl base at pll 
". bill llot o] II'~ I Cpl~qonaliOll alld I|IC hfllmsing Mops i l l  i[I~: p[loh~c',,.I'..'. 

I n t rodu~' t ion 

:\ great deal ~l c~,i,,.]cncc ,,11o~,~.~, t h a t  proton lran~,- 

por| in I~aclcrio|hodopsi|| includes at leasl the IoIIo~- 

ing e,,ents: (1) light-induced isonlcrizatkm of II'w rcli- 

hal around lhe 13-14 carbon bond [2.2Y]. (21 tran,,fcr 

ol the Schill baxc prolon Io :\sp-S5 and rob'axe ol lhi,, 

i~I allolhel piC,l[Oll [IOIII a llearb} rcsJdltlc Io lilt c\IcI- 

hal sid~: IY4.33]. (3) prohUl Iran.,,Ier hom ASl'~-96 to lhc 

Schi l f  base 14.13.27.33]. (4) reprotonathm ~1 \sp-q¢~ 
[ r o n l  t h c  c y t o p l ' l s i l l i C  41CTC d l l d  r e i s o l n c l J z ; . l l i o n  i l l  I [h¢ 

pI . ' ] ' I l l , I l lc l ) [  addrc,,,,: BIological Ru'~¢drLh (L't!IL't ~*t lhc h qtL r , n 
.k~,Hum~ ot Ncicnc':~. S/c~cd. llunga~, 

( 'ot lc~p, mdcn,,..v, l). (K-.d~.'thc]l. M,*~, lq,m¢l,,-l,,l'qtl'=~1 lt l l  I] l l ..hcnuL'. 
[ ) -NIl  ;,,;~ "~| d11111~1 led,  ( ~¢.*1111dI1} 

~,_'t,nal [ 15.2/.361. and (5) rc lu rn  to the or ig inal  slate o f  
I~,tctcri,~rh,,'~dof~nhl. 1-hose c~,¢nls correspond, respec- 
l ixcl~, to the spectroscopicali~ delectable t ransi t ions 
I.:nomn a s ( 1 )  BR - h e - ~ . J - . K  - , K L  , L .  (2) L ~ M .  
(3) M ~' N. (4) N -~ O and N --~, BR, and (5) O -~ BR 
(rc,,.k.',Aed in Rcf. 35: Ior a rccct l l  repor l  on the photo- 
c~clc kinetics, el. Rc[. 42). h i  addi t ion,  t i le occurence 
~1 '., l tuclural changes ni lh¢ proIcJn dur ing pro lon  
Iral ln I or l  *.'*its shown [ 17j. 

Studies of  bac lcr iorhodops ins in wh ich cr i t ical  acidic 
residues, such an Asp-85 and Asp-96. were reph|ced 
~i lh  isom,~rph'.c bal  non-pro lonable  or hek ' romorphic  
; . imJno acids ha*,e contr ibuted much to above scheme. 
Wc concentralc  hcrc on lhe Asp85 mutants.  The chm- 
mophore spcclrum in the Asp85 -* Glu protein became 
greall.~ p t l  dependcnl  m ihc physiological pH range: al 
l ' l i  belo~ I~ a bluc lorm. absorbing near ~1(I nm. 
predominaled.  ~bi le  al higher p t l  a red form, absorb- 



ins near 540 nm. was sccn [4,28.32.36]. The cquilihrium 
between ~hcse lorms was affected b~ Ihc nature ol 
detergent also. x+hen present (compare ,lata in Refs. 
24. 32 and 36}. l h c  red-blue transition rescmblcd the 
purple-blue transition hmg knox~n in wild-type hac- 
teriorhodopsin [l(I.l 1.25.38]. except that under similar 
conditions the latter occurred at about pH 3. This 
similarity, and the pH-independent blue color of the 
protein obtained when Asp-,g5 was replaced with a 
non-protonablc residue [28.33.36]. strongly suggested 
that the color change to blue was a consequence of the 
protonation of Asp-85. If this is so, the negative charge 
of the ionized Asp-85 is an important part of the 
counterion tc the Schiff base. From a C=O stretch 
frequency of 1765 era+' in the M state an unusualb 
low pK., (2.5-3) for a carhoxyl group involved in pro- 
ton transport was expected [40]. and could be assigned 
to Asp-85 [3]. The apparent stabilization of the ionized 
Asp-85 may be a consequence of interaction with the 
nearby positively charged Arg-82 residue. It seemed 
reasonable to suppose that Gluo85 was not in a posi- 
tion to imeraet as effectively with Arg-82. and the pK., 
of this residue was thereby raised [28.36]. Consistent 
with this idea was the observation that replacement of 
Arg-82 with a neutral residue also raised the pK, for 
the color .hange [34]. 

Some of the above results with Asp85 --, (;11~ ,alb',ti+ 
tution were obtained with cloned and in vitru m,~tated 
bacteriorhodopsin expressed in Escherichiu c<Jli 
[24,28.36]. others with in vivo mutated hactcrio- 
rhodopsin in Hah;hacterium .sp. GRB selected h;r h+ck 
of phototrophic growth [4,32]. In this stud~ ~._ ma: 
use of the latter kind of samples where the i 'r-tcin is 
located, as wild-type hacteriorhodopsin, in ix+ ~ +men- 
sional crystalline arrays (purple membranes) +mher 
than in detergent micelles or reconstituted liposomcs. 
The chromophore spectra indicate0 ,+-',t this makes an 
important difference in the state ol the ,-~,t-s5 --, Glu 
protein. We have also dissected t. ,,pc~troscopic 
changes after flash excitation in these :+,,,pies. and 
described the photoeydes of the red and blue form,,. 
Although the red form, who:,e absorption maximum is 
blue-shifted, produced a wild-type like M intermediate 
we found that one of the two other intermediate,~ 
detected (the N species) had a red*shiFted maximum 
relative to its wild-type equivalent. Thus. replacement 
of Asp-85 with glutamate appeared to shift the absorp- 
tion band of the all-trans chromophorc to Iov.er x~avc- 
l engths  but thal of the 13-ci, ehromophore to higher 
wavelengths. 

Mater ia l s  and Me thods  

tlalohactcrit+m .v~. ( iRB strain 384 (AspS5-+ Glu) 
was obtained earlier by mutagenesis ol + the v, ild-type 
GRB strain [42]. The cells were gromn v.ith Io~ acra- 
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Ibm and mtcn.e illuminalhm in ~udcr to pl,~ducc large 
'dlll~RllllS OI 1h¢ prolCil l .  T h e  I t l l lc l  "¢~-:ts inl~lL|lc',] tt', 

prc~hm,,l.x dc,,crit~cd [2n]. .golulqliz;ttion. v+hcn tu- 
quired, was 'a, ith (1.5~( l l ihql  X-I(liI ~.tt pit 7, I',v incu- 
bating 24 h at r o o m  t e m p e r a t u r e  [8] after ~hich t im,; 

the samples did not scdinlenI ~illd cxhiNted the Hue- 
shift characteristic o] m o s S ,  clio bacteriorh~Mopsin. 
[:or ',omc measurements at Io~¢r plJ the protein wds 
enca~,ed in ~c~]anlide gels [25] in order Io pre~.enl 
aggregation: other mea,,urements were in suspensions. 
('ell envelope vesicles ~'ere prepared also as belore 
ll~]. 

For X-ray diffracti{m the samples were collected it3 
I mm diameter capillaries hy centrifugation, and ex- 
posed for 68 h to a "fine locus" <).1 × I mm beam froln 
a Cu ant)de (4()kV. 31) nlA}. The pox~der-type diffrac- 
tion pattern was recorded on film placed 11) cm from 
the samples. We arc indebted to Dr. Thomas ttart- 
mann (Martinsried. Germany} for performing the 
diffraction experiments. Diffraction of the Asp-R5-+ 
Glu bacteriorhudopsin sheets showed them to be highl) 
ordered in both hluc and red slates of the chro- 
mophorc. 

Stationary spectra ++ere nleasurcd +~ith a Shimadzu 
UV-250 spectrophotometcr outfitted with a cryostat 
+,+r low temperature measurements as before [44]. less 
otherwise stated, however, all spectra were determined 
at 22°( ". Scattering cu~'es constructed from hydroxyl- 
amine bleached samples w+ere subtracted from the 
measured spectra. Time-resolved difference spectra 
were measured after suhnanosecond laser excitation 
with a gated muitichannel anabz¢r described earlier 
[45]. Non-linear regression anal~,,i,, ~ a~, v.ilh a pro t:ram 
which utilized Marquardt-l,evenbcrg alg(mthm+ In 
some cases ah,,,orption changes at 41(1 11111 '~.crc deter- 
mined in a single "am, clength instrument [4i]. Action 
spectra for the photoproduction ul the l I  intcrmediate 
v+erc obtained v, ith an excimcr/d,,c la,cr. 

"lransp+)rt of protons in cell emclopc ',esiclc~ x~as 
measured as before [2()]. In order to reduce ~ .tribu- 
titms from l~alorhodopsin and interference from the 
s{~dium/proton antiporter present in these mem- 
hranes, the xesic!es v, ere heated at 55:(" lor 5 nlhl 
before the measurements (and allmvcd tt~ reco~cr for 1 
h). and the light-dependent ptt changc,~ v, cre m~,a- 
sured in 4 M KCI. 

Results 

pl l  d~y~endency f(J" lhe chromophore .V~eclrton 
Fig. IA (solid lines} ~hmvs absorption spectra for 

Aspb~5 ~ Glu bactcriorhodopsin in 0.J, M NaCI at dif- 
ferent pH values [3et~'ecn 3 and 11).7. t h e  pH-depen- 
dent shifts were full.'+ rever.~iblc. Although not readily 
discerned in this graph, aho~e pH 7 a ,,ingle isosbestie 
point ~as ohsc~cd ~hieh shifted some~hat at more 
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Fip. I. Mc;l~ured (A) ~md re~,Ived (I]) ~pcelr',i of lhe Nue and red 
~pecie, in Asp85 . ( i lu h;icleri l,hodopsin. (A i  Solid line~: ahsorp- 
l i on  ~peetra o l  d a r k - m h l p l c d  ~anlple~ al p i t  4.1}. 5.(I, 7JL  9,(l, ]O.(L 

and ]P/' (bepillllillg wilh lh¢ ~,lll.'CIHllll ill r hiphesl ;nllpliluf.le}. [)oucd 
liI1~.",: line,it VOil|I~iiIi111Oil,~ ~f the two l.omponenl spcclra in (I~,) ~hich 

be,,l hIIed the Illea*,ilt~.'d ~i~e~.Ira. lID [!~linlalcs ol the: spu'¢ira ul lhL- 

blue (lllii'~ilnnnl Jl 1~1~, 11111) aq~l red (llIii~.m)%llil it| 5.~,2 llnl} species in 
|he mixll,i¢~ shm~n in (A). 

acidic pli. Ncverlllele~.s. as an approximation, we al- 
tempted to decompose the measured spcOr~, into two 
cem~ponenl spectra derived from spectra near the pH 
extremes and shown in Fig. lB. They have the charac- 
Icrislic skewed shape o f  lhodopsin spectra, and their 
maxima are at 532 um ('red" species) and 015 nnl 

(' blue" ,,,pecies) Combining Ihese in proportions to best 
I'll the measured spectra gave the dolled lines at inter- 
mediate pH values in Fig. IA. The discrep,mcics on 
the red side of lhc spectra could bc removed by using 
two slightly difl'ercnt spectra for bluc species, and a 
siny.le spectrum for the red species similar to  that in 
Fig. IB (not shown). 

"['he calculated fraction of the red species in samples 
containing either no salt or 0.4 M NaCI. are shown in 
Fig. 2A and B. respectively, as functions of  pH (,:.). 
Aiso shown are the amplitudes of  the maximal absorp- 
tion changes at 410 nm after flash excilalion, due to 
the M intermediate (o), scaled (with the same factor in 
A and B) to coincide with the other data near pH 7. 
Description of the results required two widely sepa- 

rated p K  values t'ot the blue-red transition. This is 
different from an earlier study [36] with Asp85 -* Glu 
bacleriorhodopsin expressed in E. colt and reincorpo- 
~atcd into liposomcs, where a single apparent  pK,, 
near 6 was reported.  The solid lines were calculated 
from a kinetic scheme in which 32% of the chro- 
mophore  changed from blue to red with a pK,, of  5.4 
and 0,',;% ch.'mged from blue to red with a pK,, of 10.4 
(Fig. 2A). in the presence of 0.4 M NaCI these p K ,  
values were 4.6 and 9.5, respectively (Fig. 2B). 

The apparent  heterogeneity of  the sample with re- 
spect to the pK,, o f  the color transition probably ex- 
plains the small discrep~m% ,n the spectral fits when 
using two rather than three components  (Fig. IA). 
Rapid equilibrium between thc two red species (or 
between the two blue species) would result in only one 
observable p K ,  (as seen indeed with solubilized sam- 
ples. of. below). Thus, the simplest assumption is that 
the two blue species deprotonate  independently to give 
two red species. When a sample was heated to 65~C for 
311 rain. cooled and its spectrum remeasured,  a small 
but unambiguous shift from the red to the blue species 
was observed (not shown). This suggests that intercon- 
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Fig. 3. Action spectrum fl~r the photoproduction of the intermediates, 
in the millisecond lime range in the photocycles. Photoexc~talion 
wavelength was varied by tuning a dye-laser, and maximal absorption 
changes at 410. 500 and 610 nm m)rmalized t,) p~,ls¢ intensity arc 
shown at pl-! 3.7. 0.7 and q.0. The selected wavelengths at the 
different times are indicative lk,r the produced intermediates (posi- 
tive amplitudes) or bleached imtial slates (negative amplitudes). Due 
to absorbancc changes originating from the photocycle of the blue as 
well as the red form at two different times, the absorbance traces at 
50(I and 610 nm are labelled with "e' (early) or "l' ( late) in the ira, el 
lower left. For details of lifetimes of the intermediat,:s sec Figs 5, 7 

and text. 

version between the red species, and the conscquent 
redistribution of the equilibria+ is possible, hut must 
proceed over a high activation barrier. 

The amounts of M produced by flash excitation 
were consistent with the two pK,  values (Fig. 2A and 
B, e), and argued that only the red species generated a 
deprotonated Sehiff base. The increases in M yield. 
which corresponded to the second red species pro- 
duced at high pH, were smaller than expected from the 
spectral transitiov, however. The action spectrum for 
the photoproduction of M (Fig. 3) confirmed that the 
intcrmediate originated from the red species in tl:c 

mixturc~,. The dc,:a,, kinetic,, fol M ~crc biph:J~ic in 
IhL'sc samples at all pt t  ~aluus (not shox~nL [hu~, the 
two kinetic componcnb, did not corrc,,pond in un~ 
obvious way to the t~,~,(} po~,ttflatcd red N+,:cie',. 

The p i t  dependenc~ of the Asp85 ~ G l u  chro- 
mophore changed dramatically after solubilizadon ,~ilh 
Int~,n X-I¢~0. The spectra, in this case ~i thout addcd 
salt. arc shown in t'i~. +L.'L t ' ,~  uoukt bc -b:('omp()scd 
into blue and red species similar to those in Fig. lB. 
but absorbing at 609 nm and 533 nm, respectively. The 
relative concentration of the red species in these sam- 
ples showed monophasic changc with pH (Fig. 4B). 
The chromophorc was gradually and irreversibly lost 
below pH 4.5 and above pH 7.3, but this did not greatly 
change the results in Fig. 4. The line in Fig. 4B 
represents a double blue-red equilibrium, such as in 
Fig. 2A, but with rapid equilibration of the two red 
species. [he apparent pK,  is 7.2; It:, fit the ,';hallow pH 
dependenc~ the dissociation of 0.5 protons was used in 
the equations. The latter was noticable also in the 
higher pK,  transitions in Fig. 2, and is undoubtcdly 
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Fig. 4. Measured spectra of the blue and red species in t r i t on  X-1011 
solubilized dark-adapted Asph,5-~ GIa bacleriorhodopsin, and their 
p l l  dcpcndene),. (A) Solid line~: absorption speclra of  samples at p l l  
4.5. 5.1, 5.7. 6.2. and ft.7 {beginning '~ith the ",pectrum of  highesl 
amplitude). (B) Fr~,ctional concentration ol  the red ',pecies. deler- 
mined from decomposition of ~peelra. such as in iA), at +.ariou~, pit. 
The solid line 1epresenls an apparent pK,, of 7.2 for the tranqtion. 

'~ith n = 1).5 proton,, di~a, ociating. 
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:;:.,lsctl b~, surface elleels. ~hich , re  eltell ',con in the 
ptt  dcpc hd~'qcy (if bacl eriorhod~psi n propcrl its [23]. 

l~hotochromi~m of the cii;:,'mophorc 
As reported before lbr these :~:,mplcs [32] sustained 

(sc~cral rain) illuminatiun of  dark-ad::p.tcd A s p 8 5 - ,  
Glu bactcriorhodopsin with white light did noi i',.r,~duce 
shifts in its spectrum, characteristic of light-adaptation 
i .  [;.,; "a!Id type Sustained ilhlmination with red light 
affected the spectra, however, i;. d,zp,~,;*,?,! 5-111% of 
both blue and red forms of  thc protcin, and accumu- 
httcd new species, with absorptions between 45(1 and 
5IX) nm and between 350 and 400 nm, respectively (not 
shown). A first illumination with blue light had no 
detectable effect, but blue light fully reversed the shifts 
from previous illuminations with red light. Such pho- 
tuchromic behavior was reported for the blue fi~rm of 
wild-type bactcriorhodopsin [6.12.22], lot hah)rhod- 
opsin [43], and for thc Arg82 ~ Gin mutant [34]. Thc 
pho toch romisn l  o f  the s;an]p'cs u 'u  ,qiA affccl  o u r  dc tc r -  

mimtti(ms of tr~msient absorption changes (see below) 
because the measuring light contained enough bluc 
component to prevent significant spectn;scopic shifts. 

Lighl-drit'en pt'ototl ll'dlt,s7~orl 
Measurements of proton transport rates in cell enve- 

lope vesicles pieparcd from IL hah)bium sp. G R B  
strains 384 and wild-type (not shown) confirmed that 
(1) the actkm spectrum lbr transpurt placed the ab- 
sorption maximum of the active Asp85 ---, Glu protein 
at about 530 ,In]. as determined eltrlicr from photusta- 
tionaD' currcr~ts [4] and proton uptake in rcconstitutcd 
protcoliposow,", [36], and (2) the !.ran'~port activity of 
the Aspb;5--* (ilu protein fell off more rapidly at tow 
ptt  than that of  the wild-type protein [36]. However. 
eunsistcqt with the behavior of the purified protein 
(Fig. 2). in t)~tr case decrease in the transport rate was 
sccn only bch)w pH 5,5, suggesting a pK ,  w'ell below' 
lifts ptt ,  ~hilc in the earlier stud:, a much higher 
, ipparei ] !  pK., was repor ted .  

Pt,m,cvch,s ~)! the hit," met  red V~('cies 
The pholoreactioll i)l the blue forms ut the Asp85 

+ (;lu protein w:,s determined at pH 4.11, in the pros- 
¢n¢¢ el 1t.4 M N,K'I. using 611) Inn excitation. Rcpre- 
Setltati~,c difference spectra at varit)us delay limes after 
the flash are sho~n in Fig. 5, Two interconversions 
wcrc evident: (1) The initial intermediate, which ab- 
sorbed on the red side of the speclrum {)1' the parent 
protein ~as con~,:rted, in the p.s lime-range, It) ;.i 
blue-shifted ~pccies (Fig. 5A). (2) l)ccay uf the latter. 
it] the ms time-range, resulted in direct recovery of the 
parent chrtmitlphorc (Fig. 5B). l'~stimutcs of  the ilt}- 
sorptitm spectra of these intermediztte, were obtained 
by rcs~4~ing selected diflcrencc spectr:l into two com- 
ponents, :is described clscv, hcrc 139]. As shown in Fig. 
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Fig. 5. Reprc~,entalive difference spectra of the blue specters) at 
different delay times after 61() nm flash excitation, measured at p|t 
4.IL in the presence of 0.4 M N:t('l. Absorption of the sample at 6111 
nm ~as about ().~ (4 mm palhlength). (A) 100 ns to 15{) ,us time 

interval: (B) 251) #s io 25 ms time' inte~'al. 

6A, the result of  these calculations were spectra con- 
taining single peaks, with absorption maxima of  626 
and 56{I nm. Bccause of their resemblance to the K 
and L intermediates of the acid form of  wild-type 
bacteriorh~dopsin [14,38], they are labeled K and L. 
The measured difference spectra were then decom- 
posed into algebraic sums of  the component  difference 
spectra calculated from the absolute spectra in Fig. 6A. 
The residuals of  these fittings were within + 5 %  of the 
dilTercnce amplitudes. Thus, the component  difference 
spectra accounted satisfactorily for tile measured dif- 
ference spectra. The weighting factors, which were the 
fractional concentrat ions of the intermediates [39] a r c  

shown versus the times after the flash in Fig. 6B. Up to 
0.4 ms they added up to I at each time-point, indicat- 
ing that no recovery of  the parent chromophore  had 
taken phtce. After this time, the disappearance of L 
was fully explained with the recovery of the blue species 
(cf. the isosbcstic point in Fig. 5B). 

In a similar way, the photoreact ion of  the red forms 
wits de!ermined at pH 10.5 in the prescnce of  0.4 M 
Na('l, with 520 nm excitation. Fig. 7 shows representa- 
tive diffcrcncc spectra at different delay times, which 
revealed three transilitms: (1) production of  M (peak 
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near 410 nm) from the initial red-shifted intermediate 
on the ,as time-scale (Fig. 7A), (2) decay of M, which 
generated a second red-shifted species on the ms 
time-scale (Fig. 7B), and (3) regeneration of the parent 
spectrum from the latter species without other de- 
tectable intermediates (not shown). Estimatcs for the 
absorption spectra of the three detected intermediates 
are given in Fig. 8A. The spectrum of the bluc-.~hiftcd 
species identified it unamb:guously as M. The other 
species are labeled as K and N, for reasons which will 
be given in the Discussion. The M of the Asp85 ---, Glu 
protein absorbed at 413 nm, the other two species at 
570 nm and 585 nm, respectively. The kinetics of their 
rise and decay are shown in Fig. 8B. As with the blue 
species, the decomposition of the measured difference 
spectra into the three component  difference spectra 
accounted for virtually all of the absorption changes. 

We had at tempted to describe the two photo~'cles 
from flash-induced difference spectra also at pH 7, 
where both blue and red species would contribute to 
the changes, Using 610 nm and 520 nm excitation 
wavelengths biased the results in favor of the photoint- 
ermcdiatcs of the blue and red species, respectively, 

but e~cn ~o. mi: lurch, ~fl ',pccics frtml both pll{~n~cycJcs 
~ c r e  obtained in all cases. Restfluti~m of thc~c, t)n the 
basis of the complmcnt spectru determined ut higher 
and luwcr pit,  proved to bc not feasible because fit) 
the difference in the spectra of the two bluc forms 
(with high and low pK.., cf. Figs. 1 and 2) shifted the 
blue depletion peak somewhat at pit  7 from ~hat war, 
obscrx'cd at pH 4. and (b) in the photocyclc of the rcd 
forms at pH 7 tw~ additional, greatly red-shifted inter- 
mediates appeared, one at the earliest delay times, and 
the other at the latest delay times (probably an ()-like 
species). ] 'he kinetics of M could bc cvaluatcd unam- 
biguously in spite of these complications because its 
absorption band near 411} nm is well separated from 
the others. Fig. 9A shows the amplitude of M as a 
iuh,,;iof of delay time at ptt 7.0 ( ), and the fit of two 
cxponentials tor the rtsc and i , ; ' ;z  f:,r ~be decay (line). 
The M amplitudes at pH 1(I.5, similarly fittcd to four 
exponentials (from Fig. 8B) are also included (~). For 
comparison, M kinetics and exponential fits for wild- 
type bacteriorhodopsin at pH 7.11 and I(I.5 arc given in 
Fig. 9B (data from Fig. 4 in Ref. 42}. The M kinetics 
for the Asp85 ~ Glu mutant (in Fig. 9A) could bc 
thereby compared with those of wild-type bacterio- 
rhodopsin (Fig. 9B): (a) At pi t  7.(I. but not at pH 111.5, 
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both components  of the rb, c ()f M wcuc uranmtically 
f:tsler in the A~,pN5--, Glu mutant  than in wild-type. 
Thus. at pi t  7 the t;~,o time ct)n~-tants m v, ild+typc 
bactcriorhodop.,,in wcrc 12 am and i1~ ,a~. with ~cight.~ 
of Ihq: and 84c/. ~laitc in the nnttant these parameters 
v,crc I ,us (72<;) and 15 ,u.,, t2Sci). The ( 'retail ri~,c 
time was tim,+ nearly tu, t) order,, (q magnitude greater  
in the mutant.  ( b ) T h e  dcca ~, t ) f M  ill ~ild-typc bac- 
tcriorhodopsin at DH 5' v,a,,, dc~,cribed by a ~,ingle 
cxpc)nential with a time con,~lanl of 3.5 m~,. but al 
higher ptt  it a~,xumcd, incrca.,,ingb, b iphaqe character.  
At ptt  10.5 the two lime constants in Fig. t,)B v, crc 1.1 
m~ and 76 m~,. +~!th +~cights of ~S()+i and 2IF;.  [n;pt)r- 
tantly, the Asp85 ---, Glu protein showed similar behav- 
ior. although with a somewhat sift[ted pH dependency.  
Thus, in Fi#. 9A at pH 7 the two decay components  
had time constants of 1.2 ms (44~/)  and 1,'4 ms 156'/) .  
while at pi t  IO.5 they wcrc 2.6 m~, (81r~) and '41) ms (19C/). 
Discussion 

We found that replacement c !  AM'++85 with glut:t- 
male rc.,sultcd not r, impls in the rise of a ,,,ingle DK., lOl 

the purplc-Muc tran,,ilion, x, rcpt)rtcd before [36]. 
in:,tcad, iv,() upp;~rentl~ separate not readily inte)con- 
,,crliblc conformati(m,, ~.~,ilh ~idcly differenl p K ,  val- 
uc~, v, crc detected,  and the , ,pcctmm of the Iwo dcpro-  
tonatcd form:, cxhiMtcd a significant (36 nm) blue-shift 
relative tt)v+iid-lype (Fig. 1 and 2). Since illumimttion 
t)l' both depr()tonated species produced M (Fig. 2), they 
mu,,4 have both c()ntaincd all-tram chrt)raophorcs. An  
h;+pt)rtant difference bet+wen purple membrane  sheets 
and F. coil expressed baetcr iorhodopsin i~ thc lack of  
c,'3stallinc structure in Ihe latter, a.s shoran by recently 
publiP, hcd .,,r)cctra of  induced CD [q]. The  rca~<ons for 
thi~, arc not clear. ( 'onvcr t ing  the AspS5 .--, (ilu protein 
tl+tnll a two-dimcn,+ional crystalline array to monomcrs  
in detergent  mieellc~ resulted in the merging of  the two 
pK ,  xalucs into one (Fig. 4). The reports  on E. coil 
exptc',-,.~,cd baclcr iorhodopsin are diffict:lt to evaluate 
because the ,~peelral titralions were ,hown a~, wave- 
length maxima o t  ~,pcctral mixtur(L,, ',,.~. pH [30]. AI- 
th()ugh u,c f()und that this methods  representat ion 
~,~,()uld have mi~--,cd many of  the dctaits in our data, it 
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(B) arc  horn  Fig. 4 in Rcl.  40. The rclati+.c ampli ludc, ,  of the 

at.,,orptit+`n change,,  at 410 nm arc  ,+hov,'n ,.,, the delay t ime a l l c r  

ph()tocxcitati()n (520 nm I,v, cr I)U]',c for Ih¢ mutant .  5811 nm h)r 
,,~ild-lM')c). The  line,, rcprcr, cnt  non- l inear  rcgrc,.sion fits. with l',~'t) 

ri,,c ;llltl ,tlllC t)r Ix.,,+.;. dcca_'+ c.<:)rllpont:nt~, ;l~. di',cu',~,cd in the lcxl. 
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does appear  lhal there ar~." differences between the 
results, and thc$ arc inainly due to the plC~,t'ncc I l l  
absence of Cl-ystalline qieets. It secm~ likely that the 
lwo Aspg.~ .-+ ( f lu c i inf( i rmal ions ident i f ied b~ the I+~l 
pit~', values exist +llso in the detergent miccllcs a0.d 
prolcoliposome.~, bi l l  lnpid equi l ibr ium between lhcnl 
prevented the observal ion (if separated p/~., ~alt~,os. 

l 'he photocyclc of the Asp(iS- ,  Olu blue ftlrm(sl 
was quite similar to that of the blue form of wild-type 
bacteriorhodopsin [16.38]. confirming earlier sugge,,- 
lions that the two kinds of blue chromophores are 
analogous. ()n phoioexcitation the Aspli5--, Glu blue 
forms produced the K- and l.-like intermediates found 
in the photocyelc of the wild-type bluc protein, and no 
M (Fig. 6). Since the photorcaeti~m sequence did not 
proceed as far as M. the internlediatcs could be identi- 
fied unambiguously as K and L. Besides their pK, 
values (Fig. 2L the two A s p 8 5 - ,  Glu blue fi~rm,, dif- 
fered only in a minor way in the chromophore spectra 
(not resolved in Fig. IB): presumably the spectra of 
their photoproducts were also similar. The kinetics of 
the K --, L transition (Fig. 6B) were not described by a 
single exponential; some or all of this complexity ma$ 
have originated from differences in the K to L inter- 
conversions for the two blue forms. In wild-type bac- 
teriorhodopsin, however, such deviations from expo- 
nential kinetics could be accounted for with back-reac- 
tions [39,4(L42] and these are very likely present here 
also. 

Since the absorption spectrum of the red fl~rms was 
about 36 nm blue-shifted from that of wild-type bac- 
ieriorhodopsin, identification of the photoproducts 
could n~t be based simply on their absorption maxima. 
The species which followed M absorbed, fl~r example. 
at 585 nm (Fig. 8A). This is 53 nm red-shifted from the 
band of the red species, and might be considered. 
superficially, the equivalent of O, a similarly red-shifted 
intermediate which appears after M in the wild-type 
protein, l 'he kinetics algue for a different conclusion, 
however. At pH 10.5 the faster phase of the M decay 
corresponded to the rise of this intermediate, and the 
slower phase to its decay (Fig. 8B). It is N which has 
this kind of relationship to M in wild-type bacterio- 
rhodopsin [27,40]. interpreted as arising from the pro- 
ton transfer and isomerization reactions. M ~-~ N -~ O. 
The large accumulation of the intermediate at high pH 
also suggested that it must be the equivalent of N, 
since O is not observable at pH much above 7 in 
wild-type bacteriorhodopsin [21,41]. As expected from 
this, there was an indication of another, possibly O like 
intermediate in the Asp85-~ Glu photoeycle at pH 7 
(of. Results). 

The precursor of M absorbed at 570 nm. i.e., 3g nm 
red-shifted from the absorption band of its parent. 
which is assigned as a K-like intermediate. In this case. 
the reason that f. was not observed (Fig. gB) would be 

lh , t l  al l  I l l l l lk l id l I ) .  r,lpid I~ • %1 lu~io!i~,n h;id Io~, 'rcd i,< 
lr~ln,~iClll ;tCCllmillHti~ln. I lhimimili l~n at h#l K ;tl p I I  lit..', 
and ~.~tr~ll]ll.~ I l l  ~;Iri~ql,~ [¢nll~cr<llurc~, lip [o _~tlll k (11~I 
~ l i ~ n )  r¢~c'~lmd als~l ~ml~ ,~nc t r~d-q l i f ted i  hllcrn3c'di- 
ate hell,re ;kt. 

The l}l~c'r, cl~ ,,.ccc'lclalt ' tt I1,,~.' e l  ~1 II1 lh¢ ,.\~l~XJ 
( l l t l  pr~qCill al p i t  7 t l iQ ~J.\t. !t'l:ili'~c: Ill ~ i ld- iypc 
qi:ig, l!Bl. c iHIlirnl~ ctlrtic'r lepl lr l~ 14,2xl. lnler~'hlhlgl), 
at higher p i t  the ri,,c el  ~,! b,.'i_'imles much rrlorc rapid 
in wi ld-type hactcr iorhod~psin (Fig. liB; R~i'. 4 l l ) and  
appro',lche,, that h, the mutant. The origin of the biph,t- 
sic rise ~xas aitribut~_,l to the." I. ,+, M equi l ibrat ion rcac- 
l ion [39.41il in the v,'hd-t~fic protein, and this interpre- 
tation ~,h~uld :ipply f i ir the mutant al~ti. The th.'eas ~t" 
M contained twu ti ine-constanls at both p t t  7 and ltl.5 
tFigs, liB and ~;A): these were better ~epara tcd  at the 
higher pH.  Biphasic M rise ~nd decay in ~sild-t.,,pe 
bacter iorhodopsin. ~bselxcd mo~,tb, at pt I > 7. has been 
long at t r ibuted to two M species in parallel photoeycles 
[5.7.14.18]. but recent models account for it satisfacto- 
rily with ,i single photocycle containing a significant 
N -~ M back-reaction and the slowing el the N decay 
at higher pH [!.27.39.4(i]. ~hich produce a pH depen- 
dent second, slower decay component. The similarity 
of the pH dependencies of the decay kinetics of M in 
the A s p 8 5 - , G l u  and wild-Lvpe bacteriorhodopsin 
(Figs. 7B and 8) indicates good analogy between the 
two systems. Differences between the mutant and 
wild-type proteins were mainly in the decay of the 
intermediate labeled as K and in the rise of N, which 
contained additional time-constants, with small ampli- 
tudes, in the mutant (Fig. liB) The origin of these may 
lie tile hctcrugencity e!  !he red ',peele', at high pH (Fig. 
2i 

A molecular explanation for the observed splitting 
of a single pK, for the purple-blue transition in wild- 
type bacteriorhodopsin into t,.~o widely separated pK,  
values in the AspS5 --, Glu mutant is more problemati- 
cal. These pK,  values are presumed to relk'r to the 
protonation of the residue at position 85. and will be 
influenced by neighboring groups, it seems likely that 
the cause of the two PK, values is ttlund in th" 
dispositions of neighboring residues, either because 
disruptions of specific interactions or forming others 
le.g., with Arg-li2). or because of altered packing in 
this region of the protein residues. The lower of the 
pK., values observed {4.6-5.4. depending on ionic 
strcngth~ is normal fi)r a carboxyl group exposed to the 
medium. Th': higher pK, (9.7-111.4, depending on the 
ionic strength) indicates a higilly unusual em, ironment 
which stabilizes the protonated carboxyl group by as 
much as 6.7 kcal/mol.  Thus. v, hen the length of residue 
g5 was increased by a meth~lenic group, the Schiff base 
seemed to sample diflerent charge environments be- 
fore and during the photocycle than it does in wild-type 
bacl¢ riorhodopsin. 
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