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'!he structural and functional roles of carboxyl residues in 

bacteriorhodopsin have been investigated by amino acid chemical 

1 

nodification and electron paramagnetic resonance studies of spin-labeled 

bacteriorhodopsin. carboxyl nodification of bacteriorhodopsin using 

either the water-soluble reagent, l-ethyl-3-(3-dimethylarninopropyl) 

carbexiiirnide, or a hydroIilobic reagent, No- (ethoxycarbonyl) -2-ethoxy-

1, 2-dihydroquinoline, resulted in no chan:.3'es in the absorption spectra 

or visible circular dichroism spectra, and the rocrlified protein retained 

protcn purrping activity. 

A structural role for a carboxyl residue in the bacteriorhodopsin 

photocycle was found by analyzing the kinetics for the decay of the 

~12 intennediate. It was found that both carboxyl activating reagents 

strongly inhibited ~12 decay kinetics. '!he inhibition was prevented if 

rocrlification occurred in the presence of a nucleoIilile, glycine rrethyl 

ester, or if lysine residues were first blocked by reaction with a 

rronofunctional imidoester. It was found that one carboxyl-lysine 



cross-link that was a result of carboxyl modification was prevented if 

lysines were first rcodified. These results shawed that the fonnation 

of zero-length intramolecular cross-link strongly inhibited the repro­

tonation phase of the photocycle. 

2 

Evidence for interactions between a carboxyl group and the retinal­

protein chramophore was obtained by labeling a c~boxyl residue with 

a pH-sensitive chromophoric reporter group, nitrotyrosine methyl ester. 

The spectral and ionization properties of the reporter group were 

substantially different than the model compound .in solution. Similar 

studies of the reporter group-labeled bacterioopsin in white membranes 

demonstrated that the bnmediate protein microenvironment and not retinal 

interactions "per se" were responsible for the elevated pI< value of 

10-11 and unusual spectral properties. Alkaline titration resulted in 

a protein configurational change that transferred the reporter group 

from a hydrophobic environment to the aqueous membrane surface, and 

eliminated interactions with the retinal chromophore. The ionization 

state of the reporter group also influenced photocycling activity by 

inhibiting M412 decay kinetics. 

The topography and mobility of carboxyl residues in different 

membrane protein domains was studied by chemical modification with 

spin-label reporter groups. carboxyl groups were covalently spin-labeled 

with 4-amino,2,2,6,6-tetramethylpiperidine-N-oxyl (Terrpamine) using the 

hydrophobic activating reagent. Spin-labeled bacteriorhodopsin 

(2 spins/mole) retained photocycling and proton pumping functions. 

Accessibility to the paramagnetic broadening agents, Fe(CN)63 and 

Ni+2, demonstrated the existence of two distinct spin populations: a 

highly mobile surface group and a buried immobilized group. A series 
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of stearic acid spin labels bound to purple membranes showed that 

paramagnetic interactions of Fe(CN)63 were limited to surfaces whereas 

Ni+2 and eu+2 effects extended into hydrophobic domains. A double m:xH­

fication procedure, which first blocked surface groups, selectively 

spin-labeled only a buried carboxyl group having a strongly immobilized 

signal. Comparison of the quenching behavior of stearic acid spin 

labels with this double modified sample indicated that one carboxyl 

residue is buried about 20 A from the membrane surface. 

In summary, cherrdcal modification and spin-label studies have 

identified several distinct functional roles for the buried carboxyl 

residues of BR in the mechanism of the light~riven proton pump. In 

addition, these studies obtained structural information which supports 

current models of BR protein structure in the purple membrane • 
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IV. INTRODUCTION 

Biological membranes provide barriers that regulate the exchange 

of materials and information between a cell's internal compartments and 

the external environrrent. These membranes are permeable to nonpolar 

molecules and water, less permeable to polar molecules, and virtually 

impermeable to charged molecules and ions. However, most ment>ranes 

include specific proteins that selectively mediate the transport of 

certain polar solutes and ions. Ion translocation by integral membrane 

proteins ~rves several important physiological processes: 1) energy 

prcx:iuction by the electron transport system of mitochondria, chloro­

plasts, and bacteria; 2) the maintenance of intracellular pH and ionic 

composition within a narrow range: and 3) the generation of ionic gra­

dients and ion fluxes essential for nerve and muscle excitability. Of the 

numerous examples of ion transport proteins, many are large macromolecular 

complexes composed of multiple subunits, such as the acetylcholine­

receptor sodium channel, cytochrome oxidase, and the proton-ATPase/ 

synthase of the electron transport system. Other ion translocators 

such as the red blood cell Band 3 and H+-ATPase of yeast plasma membrane 

are single, large polypeptides with molecular weights near 100,000. 

Only recently, knowledge of the pr~ sequence of a few of these 

integral membrane proteins has become available, but the secondary and 

tertiary structures remain almost completely unknown. At a molecular 

level, the mechanism by which ment>rane proteins trans locate ions 

across the membrane remains an unanswered question. In order to gain 

insight into translocation mechanisms, a simple system where membrane 

protein structure can be related to function is desirable for study. 

The purple membrane of Halobacterium halobium is uniquely suited 
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as a model system to study ion translocation. It contains only a single 

protein, bacteriorhodopsin, which utilizes light energy to trans locate 

protons across the membrane. The light-driven proton pump creates an 

electrochemical gradient across the merciJrane that can be used by the 

cells to drive AXP synthesis, as described by Mitchell's chemiosmotic 

hypothesis. Purified purple natDranes can be readily obtained in 

large quantities from Halobacteria. The protein is a small, single 

polypeptide of 26,000 molecular weight. Furthermore, its compl~te 

primary sequence (Khorana ~ al., 1979) and three-dimensional structure 

to 3. 7 A resolution has been determined (Hayward and Stroud, 1981). 

Thus, bacteriorhodopsin represents the simplest and structurally best 

defined ion-translocating membrane protein known to date. 

This dissertation is a study of the structure-functional relation­

ships of bacteriorhodopsin. Most studies of bacteriorhodopsin have 

focused mainly on the role of the Schiff-base linked retinal chromophore 

in the overall mechanism. Much less is known about the involvement of 

the protein moiety in the photochemical reaction cycle and proton 

translocation process. Since the complete primary sequence of bacterio­

rhodopsin is now known, it should be possible to use chemical modifica­

tion techniques to gain information on the role of specific amino acid 

residues involved in bacteriorhodopsin function. Chemical modification 

techniques and spin-labeling have been used in this study to identify 

the role of the negatively charged amino acid residues of aspartate and 

glutamate in the structure and function of bacteriorhodopsin. 



-' 

v. BACKGROOND 

A. Halobacterial PhysiologY 

The Halobacteria occupy a unique ecological niche that is 

characterized by a highly concentrated or saturated saline condition 

found in locations such as the Dead Sea, the Great Salt Lake in Utah, 

and solar evaporative ponds (Lanyi, 1978). They are classified as 

extreme halophiles since high concentrations of NaCl (3.5-5 M) are 

required for growth and maintenance of structure. The critical nature 

of their salt dependence becomes evident when the NaCl concentration 

is lowered below approximately 2 M: the cells lyse and the cellular 

components dissociate (Kushner, 1964). 

3 

The purple membrane was discovered in 1967 as part of careful 

investigation of the fragmentation products of H. halobium (Stoeckenius 

and Rowen, 1967; Stoeckenius and Kunau, 1968). The isolation of purple 

membranes is based on their stability in the absence of salt, a condi­

tion which results in fragmentation of the Halobacteriurn membranes. 

Differential centrifugation of the cell lysate yields a fraction con­

taining the red merorane and p..irple merorane conp:>nents. The red 

rnerorane functions as a typical bacterial cell plasma membrane containing 

the respiratory chain with b- and c-type cytochrames, and a cytochrome 

oxidase (White and Sinclair, 1971). The red color is due to an abundant 

C50 carotenoid pigment, bacterioruberin (Kushwaha et al., 1975). The 

purple meroranes can be purified by sucrose-density gradient centrifu­

gation. 

The purple membrane forms a discrete, differentiated functional 

site in the plasma membrane of Halobacteria. Freeze-fracture electron 

microscopy of whole cells shows oval areas with distinctly smooth and 
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regular structure that differ fran the surrounding red nenbrane (Blaurcx::k 

and Stoeckenius, 1971). '!he isolated purple rceri:>rane has the same 

norphological features as seen in intact cells. It appears in the 

fonn of planar sheets wi. th a size corresponding to that of the original 

patches on the cell surface. '!here is no evidence for alteration of 

purple membrane structure as a result of the isolation procedure. 

'!he biosynthesis of the purple membrane was found to be regulated 

by the ~ concentration in the culture (Oesterhel t and Stoeckenius, 1973). 

Shifting a culture fran grOot1th at high ~ in the dark to lew ~ in the 

light results in a large increase of purple nenbrane concentration in 

these cells, while cell nunber and protein concentration in the culture 

remain essentially constant (Stoeckenius et ale, 1979). T.DN 02 concen­

trations ¥Jere found to not only trigger synthesis, but ¥Jere necessary 

for continued fonnation of purple nenbrane. '!he yield of purple 

membrane fran cultures gru.rm. in the light was aOOut 6 to 7 times higher 

than in the dark. 

The significance of the ~ regulation is evident fran bioenergetic 

considerations of Halobacteria energy production in its ecolcx3ical 

environment. When the 02 concentration in the environment is oot 

limiting, Halobacteria cells use the respiratory chain present in the 

plasma membrane to generate an electrochemical gradient of protons 

across the membrane to drive ATP synthesis. Ibwever, When ~ levels 

drop to very lew levels, the lack of the terminal electron acceptor 

shuts dONn electron transp:>rt acti vi ty. '!hese comi tions induce syn­

thesis of purple membrane, Which acts as an alternate system to the 

respiratory chain to generate a proton gradient across the cell rrenbrane. 

Fenrentation pathways have not been found in Halobacteria containing 
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purple rcembranes. Thus, under lew oxygen conditions, cells are forced 

to convert from oxidative phosphorylation to light-energy conversion 

by the synthesis of a single protein and incorporation of it into the 

plasma rcembrane. The simplicity and elegance of this system has played 

a large role in demonstrating the validity of the cherniosmotic theory of 

energy coupling advanced by Mitchell (1972). 

The ~ halobium strains frequently used for study are derived from 

a spontaneous rrutant isolated by R. Rowen, designated Rl (Stoeckenius 

~ al., 1979). The Rl strain does not produce gas vacuoles, which 

makes isolation of the purple rcembrane easier. A relatively stable 

rrutant strain RlS9, prepared by nitrosoguanidine rrutagenesis from R1 

(Stoeckenius et al., 1979), yields large am:unts of purple membranes. 

A spontaneous rrutant, RlrrW, isolated from its parent strain R1M1' lacks 

pathways for caretenoid synthesis (Matsuno-Yagi and Mukohata, 1980). 

These cells appear brownish-white since they also lack bacterioruberins 

and retinal, but contain respiratory enzymes. Addition of all-trans 

retinal converts R1mW into purple cells. White membrane patches were 

isolated from these cells by procedures similar to those used for 

purple membrane. A careful ultrastructural and spectroscopic study by 

Mukohata et ale (1981) deIronstrated that white merrbranes are corrposed 

of bacterioopsin crystallized in hexagonal arrays. Addition of retinal 

leads to stoichiorcetric reconstitution of bacteriorhodopsin and forma­

tion of a functional purple membrane. The RlmW white membranes have 

advantages as material for use in spectroscopic studies of BR. 
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B. Purple Manbrane Structure 

1. ~ein and lipid composition 

Early experiments establishing the nature of the ~le membrane 

by Oesterhelt and Stoeckenius (1971) shaAred that purple membranes contained 

only a single polypeptide. '!he nolecular weight of bacteriorhodopsin 

is nDti finnly established to be 26,000 by amino acid analysis and fran 

knC7Nledge of the carplete prirrary sequence. '!he amino acid ccnpositions 

detennined by several laboratories at an earlier date were found to be 

in general agreement (Keefer and Bradshaw, 1977). Anong the interesting 

features of these carposi tions are the absence of cysteine and histidine. 

'!he nunber of negatively charged residues of aspartic and glutamic acid 

were found to carpose awroximately 10% (18/248) of the total. 'These 

negatively Charged residues exceed the 14 positively Charged residues 

of arginine and lysine. 

The cc:rrplete amino acid sequence of bacteriorhodopsin (Fig. 1), 

which contains 248 amino acids, has been determined indeperrlently by 

Khorana et ale (1979) and Ovchinnikov et ale (1979). 'U1e extrene 

hydrophobicity of the protein required the developnent of novel tech­

niques for fragmentation and separation of peptides. A canbination of 

reverse-phase HPLC and gel penneation in formic acid/ethanol mixtures 

was enployed to separate cyanogen-brcmide generated peptides (Khorana, 

1979) • Sequence analysis was carried out with the cart>ined use of 

autanated Edman degradation and gas chranatographic mass spectraretry. 

'!he extrerre hydrophobicity of bacteriorhodopsin is evident from 

its amino acid carposition. Oller 70% of the residues are hydrophobic 

amino acids, as might be expected for an integral membrane protein. 

There is significant clustering of both hydrophobic and hydrophilic 
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• 
Figure 1. 0::rrp1ete amino acid sequence of bacteriorhodopsin according 

to Khorana et al. (1979). 
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residues. The presence of long sequences (20 amino acids) of hydro­

phobic residues may create membrane-inserted segments through favorable 

thermodynamic considerations (Engelman, 1982). This may be a general 

property integral membrane proteins utilize to incorporate and stabilize 

buried membrane sequences. 

Studies of the lipid composition of purple mempranes from 

~ haldbiurn have identified an unusual polar lipid content. Kushwaha 

et ale (1975) found that polar lipids constitute 90% of the total 

lipids, and has shown them to be derivatives of a glycerol diether, 

2,3-di-O~hytanyl-sn-glycerol. The lipid content expressed as the 

respective contribution to the total Ipid is as follows: phosphat idy 1-

glycerophosphate (49%), phosphatidylglycerol (5%), triglycosyl diether 

(15%), and several neutral lipids, largely squalenes (22%). In addi­

tion, two sulfolipid components, phosphatidylglycerosulfate (4%) and 

glycolipid sulfate (10%), are found exclusively in the purple membrane. 

Examples of structures of the major lipid components are shown in 

figure 2. The unusual dihydrophytol chains are saturated branched 

chain hydrocarbons. It has been suggested that the additional methyl 

groups on the straight chain may preverit undesirable close packing of 

the lipids in the membrane. 

Chemical analyses of the purple membrane shows that it contains 

75% protein and 25% lipid on a weight basis - a very high ratio of protein 

to lipid (exclusive of retinal). It has been calculated that there are 

7 lipids per molecule of bacteriorhodopsin, of which 6 are polar lipids 

(Kates et al., 1982). One consequence of the highly polar lipid compo­

sition and its close association with the protein is the resultant 

high density of negative charge at the membrane surface. 
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Figure 2. Major lipid conponents of !!!.. halobium purple rrembrane. 

a} Phosphatidylglycerophosphate composes 49% of the total lipids. 

b} Glycolipid sulfate corrposes 10% of the total lipids: Glc = 

glucose, Man = mannose, Gal = galactose. 
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2. Arrangement of protein in a hexagonal crystal lattice. 

X .... ray diffraction patterns obtained by Blaurock and Stoekenius 

(1971) first dE!tDnstrated the unusual regular arrangerrent of the protein 

and lipid oc::rrponents in a tNell-ordered hexagonal crystal lattice. 

Additional x-ray observations fran oriented rmltilayers sh~ that 

the hexagonal lattice existed in a plane parallel to the membrane, and 

that the thickness of the membrane was 49 A. Fran the lattice para-

meters, the rnE!'Ii:lrane density, the ratio of lipid to protein, and IlDle­

cular tNeight of BR, it was calculated that each unit cell of 63 A 

contained 3 protein IlDlecules. '!he packing arrangement of 3 IlDlecules 

per unit cell is described by the crystallograpuc space group P3 

(Blaurock, 1975, Henderson, 1975). '!his means that BR is in clusters 

of three, oriented al::x:ut a three-fold axis at the center of each of 

the clusters, with the symretry axis perpendicular to the plane of the 

membrane. As seen in figure 3, this has been termed a BR trimer. 

'!he rrain feature of the diffraction pattern suggested a structure 

for BR that is catp:)Sed largely of (l -helices arranged perpendicularly 

to the plane of the membrane and extending across its width. Ultra-

violet circular dichroism measurements give a 73% (l -helix content 

When corrected forlight-scattering distortions (IDng et ale, 1977). 

3. 'Ihree-dimensional (l -helical ncdel 

Henderson and Unwin (1975) directly determined the thre~imensional 

structure of the BR polypeptide by novel electron diffraction tech­

niques. '!hey obtained a 7 A resolution nap and proposed that BR 

• 0 

contains seven, closely packed (l -hel~cal rcrls aOOut 40 A lang, and 

o 
with a center-to-center distance of 10 A that extended across the 

membrane (Fig. 3). '!he three helices (on the interior side of the 
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Figure 3. Projected structure of purple membrane at 7.1 A resolution 

obtained fran an electron diffraction irrage. Center-to-center 

o 
spacing is - 62 A. 'nlree BR manarers are delineated. 

Figure fran Hayward et al. (1978). 
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trimer) were alIrost exactly perpendicular While the outer four were 

tilted at angles fran 10° to 20° fran the perpendicular plane. A 

subsequent study (Agard and Stroud, 1982) applied an iterative Fburier 

refinsnent procedure to the data of Henderson and Unwin (1975). '!he 

refined node! showed helices 45 /... thick that extended to both membrane 

surfaces. In addition, linking regions between helices were revealed: 

three on the extracellular surface and one on the cytoplasmic surface. 

The projected structure of BR detennined to 3.7 A resolution has 

been obtained by lOA' tenperature electron microscopy (Hayward and 

Stroud, 1981). At this resolution, Which approaches the resolution 

limit of the electron microscope, the amino acid side chains of the 

o 
protein are not resolved. fb,.{ever, new features resolved in the 3. 7 A 

ma.p are the possible identification of the retinal chratO};:hore between 

helices 4 and 6 and the location of the lipids on one side of the 

bilayer; three at the trimer center and four per ITOnc:rter in the inter-

sti tial region. 

Although 70-80% of the polypeptide is anbedded in the membrane, 

specific sites of cleavage by proteolytic enzymes have identified 
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helix linking segments and other surface structures. A small region at 

the carboxyl tenninus of 1500 ITOlecular weight is cleaved by trypsin 

and pronase (Gerber et al., 1977 ; Huang et al., 1980). '!he released 

water-soluble 15 amino acid peptide has been termed the "e-terminal 

tail. .. An addi tiona! site becanes available for cleavage by trypsin 

in the apoprotein, wtrich creates t~ fragrrents of 19,700 and 6,300 

molecular weight. '!he orientation of BR in the purple membrane was 

determined by carpa.rison of proteolysis patterns of purple membrane 

sheets, reconstituted vesicles, and whole cells. It was found that 



the carboxyl tenninus faces the cytoplasmic side, and the blocked 

amino tenninus faces the extracellular surface (Gerber et al., 1977). 

4. Identification and position of the retinal chrcm:?phore 

Qle nolecule of retinal bound to an E -amino group of a lysine 

residue by a Schiff base linkage is the BR chratophore (Oesterhel t 

and Stoeckenius, 1971). '!he structure of the retinyl-lysine chraro­

phore is shc:1.m in figure 4. Bridgen ~d Walker (1976) detennined that 

Lys-41 was the attaclment site of retinal. Ib.tIever, this result 
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nON confli~ with the assignment fran later investigations. Recent 

re-examination of the retinal attachment site by several groups (Bayley 

et al., 1981: Lemke, and Oesterhelt, 1981: Katre et al., 1981) found 

that retinal is primarily linked to Lys-216 on helix G. Absorbance 

and circular dichroism spectra indicate that the retinyl residue is in 

its original binding site after reduction in the light. 'ftlese 

findings place the Schiff base linkage in the seventh ~helical trans­

membrane rod that directly connects the carboxyl tenni.nal tail. 

'!he protein boum retinal is responsible for the deep purple color 

of the membrane. 'ftle absorption spectra of BR shONS a large peak at 

570 nm ( E 570 = 63,000 M-lan-l ), a broad band in the 300-500 nm range, 

and a sharp peak at 280 nrn ( E = 75,000 r-rlan-l ). 'ftle 280 nm peak, 

typical of nost proteins, is primarily due to the 11 tyrosine and 

8 tryptofilan residues of BR. 'ftle bands in the visible spectra disappear 

When retinal-protein interactions are destroyed. tenaturation of the 

protein with charged detergents, SDS and CTAB, shifts the 570 run absorp­

tion band to 370 run. Olernical bleaching of BR by reaction with hydroxyl­

amine under strong illumination fonns retinaloxirne (A nax = 360 run) 

and an afClllE!tlbrane lacking a visible absorption band. Addition of 
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Figure 4. Structure of the Bacteriorhodopsin O1rarophore. 

Retinal fontS a Schiff base linkage with the e: -amino group of 

the Lys-216 residue in BR. '!he retinal configuration and protonation 

state of the Schiff base are shc::7Nn for BRs70 and the ~l2 intennediate. 
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stoichianetric artO\mts of all-trans retinal to the apc::membrane 

regenerates the Characteristic purple complex. 

, '!he };OSition of retinal polyene chain in BR has been investigated 

by several approaches. Linear dichroism at 570 nm of oriented purple 

membrane I1lll.tilayers yielded an angle of 23.5 + 2°, inclined fran the 

plane of the membrane (BogoJ..m::xri. et al., 1977). 
i 
! 

'!he transmanbrane 

location of retinal in purple membranes was determined by 10H-angle 

neutron diffraction stt.rli.es (King et al., 1979). r-Embranes ~re 

bleached and regenerated with deuterated and with hydrogen containing 
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retinal. '!he detenninatiori of position is based on the large differen-

tial neutron scattering pc:7Ner of protonated and deuterated retinal 

The difference nap irxlicated the S -ionone ring was located approximately 

o 
17 A fran the membrane surface. 

c. F\mction of the Purple Merri:lrane 

1. A light-dri ven proton pump 

The IXJrPle membrane ftmctions as a unique light-energy converter 

by purtping protons across the membrane. '!he electrochemical gradient 

of protons is then used by the cell to drive ATP synthesis, as postulated 

by Mitchell' schemiosrotic hypothesis (Mitchell, 1972). Exper:iIrental 

SllpFOrt of this idea came fran experiments that shaved a correlation 

bet'Nee!l light~iven ATP synthesis and increases in the pH gradient 

and membrane potential of cells (Michel and Oesterhelt, 1976,1980). 

It was found that light induced a large increase in the total proton 

motive force of the cells. PhotoFhosFhorylation exhibited an action 

spectrun that exactly overlapped the absorption spectrlln of BR (Hartrrann 

and Oesterhelt, 1977). '!hey also fO\md a direct, linear correlation 

between the rate of photophosphorylation and BR content of the cells. 



'!he major corrponent of proton noti ve force was partitioned between 

the nenbrane p::>tential or the pH gradient, depending on the initial 

eXternal pH value. 
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The functional role of purified BR in establishing a proton motive 

force was elegantly dem::>nstrated by Racker and Stoeckenius (1974). 

They showed uncoupler sensitive, light-<iependent ATP synthesis in lipid 

vesicles reconstituted with mitochondrial ATPase and purple membranes. 

An number of elaborate sttrlies have since shown that purple nenbrane 

sheets incorporated into liposanes establish a pH gradient and nenbrane 

p::>tential by punq:>ing protons to the vesicle interior. Proteolytic 

experiments shON alnost all BR (95%) is oriented with the cytoplasmic 

surface facing the liposane exterior (Gerber et al., 1977: Huang et al., 

1981) • '!he functional significance of the t\\O-di.mensional hexagonal 

lattice of structure of PM has been explored by perfonning proton 

purtping rcea.surements in a lipid vesicle system. By changing the tem­

perature fran belON the lipid phase transition to a1::ove, the state of 

BR aggregation can be altered in a reversible rranner fran aggregated 

to nonaneric (Cherry et al., 1978). '!he results obtained by Dencher 

and Heyn (1979) ShON that noncmeric BR itself is able to purtp protons, 

most probably with an efficiency not significantly different fran that 

of BR in the hexagonal array. 

The role of the unusual purple ment>rane lipids in BR function has 

been examined. A detergent solubilization procedure was developed by 

Huang et ale ( 1980) that resulted in a BR preparation 99% free fran 

endogenous lipid. '!he delipidated BR was then reconstituted with dif­

ferent phospholipids by the chelate dialysis methcrl. '!he reconstituted 

vesicles all showed light-<iependent proton translocation. '!he direction 

• 
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of proton translocation in these vesicles was from outside to inside, 

as previously found for vesicles prepared directly from PM sheets. It 

is clear that the native PM lipids are not essential for proton punping 

acti vi ty of the BR protein. 

2. Rlotochemical reaction cycle of BR 

Light initiates a photochemical reaction cycle in BR that involves 

configurational changes in retinal, as well as protein confonnational 

changes. '!he photochemistry of BR has been extensively stooied using 

laser fla~h photOlysis at both lCM (-80 to -170°C) and rCXJll tarperatures. 

It was first proposed that the results fit a linear, unidirectional 

reaction sequence carposed of six intennediates: BRs70 (ground state), 

KS90' LSSO' M412' NS20' and 0640: denoted by their absorption rraxirna 

as shONIl in figure 5 (Lozier et al., 1976). Only the first reaction, 

BRS70 4 KS90 (half-life < 10 ps), requires absorption of a photon, 

while the fonnation and decay of the other thennal intennediates pro­

ceeds in the dark. At rcx:m tenperature, after absorption of a photon, 

BR passes through all reaction cycle intennediates to refonn the BRs70 

species wi thin 10 msec. Branched pathways have also been suggested, 

one of Which proposes that M converts both directly and via the 0640 

intennediate to BRS70 (SheITlim et al., 1976). '!hese alternative 

photoreaction cycle proposals must be regarded critically since the 

resolution of the kinetic data for the reaction pathway requires exten­

sive data collection and mathematical analysis. 

'!he proton purtping function of the purple membrane is linked to 

the photochemical reaction cycle. '!he kinetics of the release and 

uptake of protons fram purple membrane sheets, purple membrane 

reconsti tuted vesicles, and whole bacterial cells has been measured 
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Figure 5. Photochemical Reaction Cycle of BR. '!he light-adapted 

photochemical cycle of ~70 is shoNn illustrating lifetimes 

for the intennediates, the protonation state of the Schiff 

base, the retinal configuration and proton release and uptake 

fran the purple rnercbrane. 
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using a pH-sensitive dye and single turnover light flashes (Lozier 

et al., 1976: Govindjee et al., 1980). '!he release of a proton(s) 

fran the xrent>rane occurs subsequent to M412 formation (tl/2 = 

0.8 - 1.5 ItBec), and rebinding occurs with kinetics alrrost identical 
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to the decay of M412. It was found that at 10lrl ionic strength the 

strength of the H+/M412 ratio is aboUt 1, while at high salt concentra­

tions the ratio is alrrost 2. However, the variablestoichiametry of 

protons released by light may be merely a reflection of the methodology 

employed, since the sensitivity of indicator dyes or buffer can be 

influenced by surface charge. Regardless of the proton pumping stoi­

chiometry, it is clear that proton release occurs from the extracellular 

PM surface and uptake fran the cytoplasrrdc surface. '!he parallel 

kinetics between the M412 photocycle intermedate and observed pH 

changes strongly link the two processes in the mechanism of the proton 

pump. 

The effect of ionic strength on the steady-state light-induced 

release of protons from purple membrane sheets has been investigated by 

Renthal (1981). He found that the steady state value of proton release 

increased by a factor of four between 0.015 and 0.5 M NaCl. Divalent 

cations (Ca+2, Mg+2) had a s~ilar effect at much lower concentrations. 

Both the charge and concentration effects of salt can be explained by 

considering the presence of surface charge on the purple membrane. A 

negative surface charge will result in a surface potential, ~ , that 

attracts cations to the membrane surface in the diffuse double layer. 

The cation concentration near the membrane surface, Gm, is greater 

than the bulk solution concentration, Cbl by an exponential factor 

(McLaughlin, 1977): 

• 
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where F = Faraday's constant, R = the gas constant, and T = absolute 

terrperature. At 10fi ionic strength, the effect will be to diminish the 

concentration of protons released in bulk solution (q,>, since sane 

ions will remain in the diffuse double layer at the membrane surface. 

The results obtained by Renthal (1981> shOfi that the Gouy~apnan Theory 

quantitatively -accounts for the effect of salt on light-induced changes 

in W- binding. 

3. Retinal configuration during the fhotocycle 

It has been suggested that a trans/cis isomerization of retinal is 

a key event in proton punping. Extraction experiments has sho.m that 

the light-adapted form of BR570 contains an all-trans isarer of retinal 

(Oesterhelt, 1973; Pettei et al., 1977). Similar extraction experiments 

of a stabilized M412-intermediate showed almost complete conversion 

to 13-cis-retinal (Pettei et al., 1977). '!he configuration of retinal 

has also been determined by resonance Rarran spectroscopy of the purple 

membrane and its photochemical intennediates. '!he advantage of Farnan 

spectroscopy is that is provides an in situ probe of retinal configura-

tion, Whereas isanerization rray occur during chemical extraction. 

Resonance Rarran spectroscopy produces a frequency spectrun of the 

vibrational rn:x:les of the absorbing chrarophore, with only minor contri-

butions fran the protein to Which it is linked. Spectra of sanp1es 

wi th specific isotopic substitutions have confinned that light-adapted 

BR570 contains the all-trans isomer and that the M412 intennediate 

is 13-cis (Brairran and Mathies, 1980). 

Resonance Raman has also been utilized to determine the protonation 



state of the retinal-lysine Schiff base linkagee lewis et ale (1974) 

analyzed the stretching frequencies of the purple membrane Schiff base 
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in H20 and D20, and concluded that the BRS70 retinylidine-lysine linkage 

is protonated, but unprotonated in the M4l2 intennediate. Subsequently, 

time-resolved resonance Ranan spectroscopy (Terner et ale, 1979) of 

purple membranes detennined that deprotonation of the Schiff base 

occurs between LSSO and M4l2' and that reprotonation occurs during 

the M4l2 to 0640 transition. 

4.' Protein conformational changes associated with 
photocycling activity 

It is likely that conformational changes in the BR protein that are 

intimately linked to intennediates of the ptlotocycle are directly 

involved in the proton r:urPing mechanism. fbwever, the magnitude and 

localization of these postulated structural changes is subject to 

debate. Recently, x-ray diffraction studies of pihotocycle inte~ 

diates have been initiated. Although these studies are prelirninary, 

they indicate that major changes are not associated with the M inter-

mediate (Stamatoff et ale, 1982: Frankel and Fbrsyth, 1982). 'Ihese 

observations are not surprising since: ( 1 ) spectral changes in the 

retinal-protein chratopihore may reflect very snall structural changes 

in the inmediate chrarophore environment, and (2) the purple membrane 

is a rigid crystalline lattice in Which BR possesses no protein rota-

tional rrcbility (Olerry et al., 1978) and the lipids are strongly 

imtObilized (Olignell and Chignell, 1975). 

!..oN tenperature spectroscopy has been used to trap. pihotocycle 

intermediates and to examine their ultraviolet absorption spectra. 

The nost striking changes were observed in the BRs70 - ~12 difference 



spectra (Becher and El:>rey, 1977) Which sh<:::l'.Ned a decreased absorbance 

at 280 mn. '!his can be explained by transient transfer of SO% of the 

arc:rratic residues fran a non-polar protein interior to a polar media 

or by changes in orientation of originally interacting amino acids. 

Time-resol ved changes in protein fluorescence correlated with 

photocycle intennediates have also been nade by several groups 
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(Bogarolni et al., 1978; F\lkmcto et al., 1981). Since the fluorescence 

of proteins is generally thought to be dependent on the imnediate 

environment of the aranatic residues, the changes in fluorescence were 

interpreted as evidence for light-dependent confonnational changes. 

Significant decreases in fluorescence intensity were observed that 

correlated strongly to the Lsso and ~12 intenrediates of the photocycle. 

The remaining intennediates (~10' NS20' and ~) did not significantly 

alter the protein fluorescence intensity fran that of the initial B%70 

level. Bogarolni et al. (1978), also observed that CsC!. specifically 

quenched fluorescence at 3S0 mn and eliminated a large part of the 

light-induced fluorescence change. Significant decreases in bacterio­

rhodopsin fluorescence occur exclusively in the Lsso and ~12 inter­

mediates, and closely follow the kinetics of M4l2 intennediate. 

'!he results nay inply that intinate tryptophan and/or tyrosine charge 

interactions with retinal change during the fornation and decay of the 

M4l2 intennediate. Alternatively, deprotonation of 1-2 tyrosines 

or charge perturbation of 1-2 tryptophans could account for the fluor­

escence changes. Evidence fran chemical modification studies demon­

strates that tryptophan is necessary cc::rcp:x1ent of the BR chrarophore 

structure and required for photocycling activity (Konishi and Packer, 

1977) • 



Chemical cross-linking of BR lysine residues by bifunctional 

imidoesters was carried out to determine the importance of protein 

novement during photocycling. Konishi et ale (1979) found that none-

functional agents, methyl acetimidate (3.0 A) and methyl butyrirnidate 

(6.8 A) which reacted with 80% of the e:-amino groups had no effect 
,I 

d kin /· on M4l2 ecay etics. Ik'Mever, the reaction of the bifunctional 

reagents, dimethyl adipimidate (8.3 A in length) and dimethyl suberi­

midate (11.2 A), resulted in extensive dimer and trimer fonration~ 

as well as higher nolecular weight oliganers due to cross-linking. 

!he bifunctional treated purple IIe'!'branes had slower M4l2 decay 

kinetics, rut still photocyt:led. !he results indicate that protein 
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confonnational changes are small since intenrolecular cross-linking had 

little effect on activity and that cooperative interactions between 

individual nolecules are not significant for photocycling or proton 

pumping activity. 

5. Changes in the protonation state of the BR protein 

Spectroscopic methods for the determination of the protonation 

state of BR during the photocycle have been described for steady-state 

and transient-state conditions. !he method relies on the intrinsic 

absorption changes of tyrosyl and tryptophanyl residues that reflect 

the protonation state and environment of these residues. Steady-state 

light-dark difference spectra shc:1w an absorption increase with a maxi-

mum centered at 296 run and a decrease centered at 275 nm (Hess and 

Kuschmi tz, 1979). !he kinetic measurements show that fonnation of the 

275 nmand 295 run specie(s) slightly precedes M412 fonnation and 

alnost coincide with M4l2 decay. Linear dichroism values are high 

at 275 run and 412 run, but low at 295 run. !hese results have been 
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interpreted as indicating either the deprotonation of 2-tyrosines or 

the deprotonation of one tyrosine and the charge displacanent of 

2 tryptophans. 

The role of the tyrosyl residues in the photocycle of BR was also 

investigated by Chemical modification of these residues b¥ iodination 

/ 
(Scherrer et al., 1981). It was fourrl that modification of a tyrosyl 

residue accelerated M4l2 fonnation, Whereas modification of another 

type of tyrosine residue ( s) inhibi ted ~12 decay. 'lbe pH-rate profile 

for ~12 decay was shifted to a lower pK characteristic of the lower 

pK's of roono- and diioootyrosine. 'lbe effect of iOOination on M4l2 
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kinetics strongly supports the hypothesis that reversible deprotonation 

of tyrosine residues prior to, and after M4l2 fonnation in the photo­

cycle, are steps in the proton translocation pathway of BR. 

Proton transfer steps in the photoreaction cycle have also been 

identified by analyzing deuterium isotope effects on BR photocycle 

kinetics. It was found that rates of fonnation (kH/kD = 5) and 

decay (kH/kD = 2) of M4l2 were strongly affected. 'lbe 0640 intenne­

diate was also fourrl to exhibit a small isotope effect -- kH /kD = 2 

for rise an:J decay (Shennan et al., 1976; Lozier and Niederberger, 

1977) • SUllivan et ale ( 1980) found that groutrspecific chemical 

modification of either lysines, cartoxyls, tyrosines, or arginines did 

not substantially alter the value of the isotope effects, even though 

the decay kinetics of M4l2 had changed by tw:) orders of rragnitude in 

sane cases. '!his indicates that the basic mechanism for the fonnation 

and decay of M4l2 is unaltered by these Chemical modifications. 



D. Chemical Mcxli.ficaticn 

1. Application to the study of structure-function 
relationships 

Proteins are CClIplex organic nolecules to Which an unique linear 
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amino acid sequence :inparts a unique folding pattern for the polypeptide 

in three dimensions. '!he function of a protein is in turn intimately 

related to its precise three-dimensional structure. A large portion 

of existing inforrcation concerning the chemical basis of enzyme function 

has been obtained through chemical m:xlification techniques. Identifi-

cation of groups essential for activity by chemical m:::dification can 

lead to a picture of the protein I s catalytic rrechanism. HoNever, 

there are several problems Which nrust be overcane for unambiguous 

interpretation of protein inactivation data. To directly correlate 

the m:xlification of a group with an effect on enzyme function, it is 

essential to exclude the possibility that the m:xlification has caused 

a structural change in the protein. Harsh or extensive reaction 

conditions are particulary likely to bring about undesired changes. 

When a change in activity accampanies a m:xlification of a single residue, 

confonnational changes are less likely to be responsible. en the 

other hand, if chemical m:::dification has no effect on the properties of 

interest, it is reasonable to assume the modified residues are not 

essential for activity. 

In chemical modification studies, it-is essential to determine 

which amino acids have been m:xlified, and the extent of m:xlification. 

This can be a fonnidable task for a large protein containing nultiple 

residues of the same type. Amino acid analysis ma.y be used to determine 

the stoichicrretry of the reaction for sane m:::difications. Alternatively, 

if the modified residues are labeled (radioactive, fluorescent, etc.), 

• 
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the physical properties may be directly rronitore:l to obtain accurate 

quantitation. Another problem encountered with group-specific modification 

is "randan" modification of sites with fractional occupancy. '!his may 

. occur When several groups have similar reactivity. Fbr example, the 

average degree of modification may be one per lTOlecule: While the 

distribution of modification may be: 30% unm::xlified, 40% one group 

modified, 20% t\t,IQ groups modified, and 10% three or lTOre groups modified. 

The problem of modification heterogeneity can only be resolved by amino 

acid sequencing procedures recently developed by Khorana et ale (1979 ) 

or Lemke and Oesterhelt (1981), although these are not routinely errployed 

procedures at the present time. '!he particular problems described above 

are difficult to resolve, and this first chemical modification study of 

carboxyl residues has oot defined all of these issues. HaNever, these 

problems may be resolved by further \t,IQrk. 

2. Site-specific modificaticn 

The general objectives for using site-specific modification to 

study native bacteriorhodopsin incltrle: (1) the identification of 

amino acid residues at the active site involved in the catalytic 

mechanism and, (2) the introduction of physico-chemical reporter groups 

such as dhramophoric, fluorescent, or spin-labeled probes to sttrly protein 

to~raphy • '!he site-specific modification of a native protein is 

not a routine procedure and its results cannot be guaranteed, even if 

the thre~nsional structure of the protein is already knONn. 

There are t\t,IQ approaches to achieve site-specific modification of a 

protein: modification with group-specific reagents and affinity labeling. 

Affinity labels are designed to be structurally similar to knONn 

substrates I inhibi tors, or ligands. 'Ihis structural similarity directs 
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the label to a specific site and imparts a high probability of a tight-· 

interaction prior to covalent attachment. '!he use of affinity labels 

as opposed to functional group nr::xti.fication may sanetimes be advantageous. 

HoNever, several draW:Ja.cks to this route are: (1) the tim~onsuning 

synthesis of the label, (2) an amino acid labeled by affinity reagent 

lTUlst be in the vicinity of the active site, but it may not necessarily 

be involved in catalysis, (3) the reactive group used for covalent 

attaciment usually does not exhibit protein sid~hain specificity. 

In the case of bacteriorhodopsin, the use of the affinity label 

approach is limited to analogs of retinal. '!he "substrates" of BR, 

light and protons, are oot amenable to the synthesis of photoaffini ty 

derivatives. '!he photoaffinity label, 3-diazoacetoxyl derivative of 
) 

retinal was synthesized an:l was found to reconstitute a 525 nm absorbing 

species when canbined with bacteriorhcx:1opsin (Balogh-Nair et al., 1981). 

'!he properties of the 525 nm chrcrcophore an:l the site of the photolabel 

group interaction with the protein are currently unknONtl. In a recent 

study I Huang et ale (1983) used a photosensitive m-diazirinophenyl analog 

of retinal that bound to Lys-216 and regenerated a chrcrcotilore with a 

A max = 470 nm. Photolysis generated a cross-link between the retinal 

analog and residues Ser-193 and Glu-194. Photoaffinity labeling with 

m::xlified retinals might lead to identification of amino acids involved 

in the binding between the chrcrcophore and apoprotein. 

Group-specific reagents may also achieve site-specific modification 

due to different relative reactive properties of a given side-chain. 

'!he specificity is a consequence of the native protein I s ability to 

impose a unique chemical environment on a given amino acid. Differen-

tial reacti vi ty of amino acid-side chains of a particular kind can be 



due to sane of the side-chains being "buried" and shielded fran the 

aqueous phase. Ibwever, it also depends on the size and polarity of 

the reagent; small hydroFhobic reagents are much nore likely to 
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penetrate into meni:>rane-inserted protein darains and react with groups 

distant fran the surface. Buried residues often have reduced reactivity 

and only becane accessible to m::x1ification wilen the protein is catpletely 

denaturated (~ans and Feeney, 1971). '!his factor emerges as a major 

problan in chemical m::x1ification of catpletely integral rcenbrane proteins 

such as bacteriorhodopsin. 

It is .irnpart.ant to enphasize that site-specific m::x1ification of a 

protein is a kinetic phenanenon that results fran the protein I s ability 

to alter the reaction under one clearly defined condition of fil, ionic 

strength, am tenperature. Many of the reactive side chains can exist 

in roth a protonated or unprotonated fonn having vastly different 

chemical properties. Of specific consideration to membrane protein 

m::x1ification is the effect of the electrostatic surface potential on 

the surface concentration of protons. Variation in fil often can be 

used to control the course of m::x1ification reactions. 

3. Reporter groups 

Infornation about the local envirol'llre!1t of particular groups in 

proteins may be obtained by attaching to the protein small nolecules 

with characteristic spectra wTlich are sensitive to changes in environrrent. 

'!he reporter groups may be chratOphores I fluorophores, or spin labels. 

Ideally, only one reporter group should be introduced into each protein 

molecule for easily interpretable results and the group should not change 

the structure of the protein. With all probe techniques that involve 

the use of an extrinsic reporter group, it is essential to anticipate 



and evaluate the effect of that group en the structure and function of 

the protein under study. 

34 

Chrarofiloric groups whose spectral properties are sensitive to the 

environment were first tenred reporter groups by Burr and Koshland 

(1964) • '!he spectra of a reporter group covalently linked to protein 

will respooo to changes in the pH or the polarity of their envirooment, 

and in this way act as internal ItDnitors of protein "structure. Reporter 

groups are well-suited to nonitor protein conformational changes that 

result fran denaturation, or ligand binding, as well as providing 

dynamic information on changes occurring during protein activity. 

Ni troxyl radicals (spin labels) exhibit a nunber of chemical and 

Iilysical properties that make than extrarely useful nolecules for 

studying biofilysical properties of biological systems. Olemical 

m::xiification techniques have been developed to attach spin labels to 

proteins. '!his allows one to employ electron paramagnetic resonance 

(EPR) spectroscopy to study the environmental properties of proteins 

in the vicinity of the covalently boun:i spin label. A spin label in 

free aqueous solution shows a characteristic sharp three-line spectrum 

(arising fran interaction of the unpaired electron with the nitrogen 

nucleus), Which primarily reflects the relative rotational freedan of 

the ni troxide group. When the ItDtion of the group becanes anisotropic 

due to restricted rotation, the spectrum is broadened and asyrrrnetric 

(Fig. 6). '!his restricted notion may occur in solutions of high 

viscosity, or When the spin-label is bound to a protein. Properties 

other than ItDtional constraints, such as orientation of the spin label 

and polarity of the envirol"ll"n:mt may also contribute to the EPR spectrum. 

In addition, spin label interactions with reducing agents or paramagnetic 



Figure 6. Sirrulated Electron Spin Resonance Spectra of a Ni troxide 

Fadical Illustrating Spectral Changes Associated with the 

Different R:>tational Cbrrelation Times (T c). 

'!he spectra correspond to a range of rrotion fran rapid (T c = 

1 x 10-11 s) to slOVl ( T c = 10-7 s) in Which conventional EPR is 

capable of detecting notion. Figure fran Mehlhorn and Keith (1972). 
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ions can be used to probe protein microenvironments. '!he infonnation 

obtainable fran spin-labeled proteins is extremely vast and MJrrisett 

(1976) and Likhtenshtein (1976) have provided expert sumnaries. 

E. Postulated Roles of carboxyl Residues in Bacteriorhodopsin 

1. Structural: Ion-pair fonnaticn 
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One consideration that must be addressed in the arrangement of the 

BR polypeptide in the purple menibrane is the distribution of charged 

amino acid residues bet~ the hydroI=hobic membrane environment and the 

polar surt:aces. '!he folding pattern was largely determined by structural 

constraints given by the length of the seven ex -helices, proteolytic 

cleavage points, chemical nodification data and. energy calculations. 

Given these constraints, all nodels to date (Engelman et al., 1982 ; 

h:Jard and Stroud, 1982; Huang et ale, 1983) place several aspartic and 

glutamic amino acid residues within the hydrophobic membrane phase, 

al though the majority of such residues have been placed at the cytoplas­

mic and. extracellular membrane surfaces. '!his distribution is also based 

on the generalization that it is energetically not favorable to bury 

single charged residues in the low dielectric envirOl"lIrent of the membrane. 

An earlier nodel of Engelman et ale (1980) placed nine charged residues 

sufficiently far fran the membrane surface to be considered buried. 

Engelman attenpted to remedy the energetic problem this posed by burying 

all charges as "self-neutralizing" ion-pairs. '!he requirement that 

buried charges fonn ion-pairs was subsequently enployed as an inportant 

criterion in selecting among nodels meeting other criteria. 

'!he insertion of a charged ion fran the aqueous mediUm ( E water 

= 80) into the membrane phase ( E hydrocarbon = 2) is extrerrely unfavor­

able due to a large change in electrostatic energy. '!he free energy 
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difference is described by the Ibm charging energy-and has been calcu­

lated by Parsegian (1969) for several rcodels including the case of 

charge-pairing. Calculations shCMed that the energy cost for burying 

an ion-pair is equal to the transfer energy of a single charge, about 

40 kcal/rnole. This value may be less· if the dielectric constahtof 

the polypeptide is higher, as has been. measured for 8 -sheet sttucture 

( £ = 20). 'Ihus, although the energy cost is indeed minimized by 

ion-pairing of buried charges, the nunber of such groups is expected 

to be small due to large energy changes involved. 

Clearly, an ion-pair bUried in the membrane could be an important 

force in stabilization of the BR structure. Consequently, the separation 

of charges due to conformational changes in BR during the photocycle 

may represent a method to store the energy of photon in the protein. 

The transient separation of a car1:x:>xyl-lysine or car1:x:>xyl-arginine ion 

pair could play a role in the photocycle mechanism. 

2. OlrcrroPhoric: Interactions with retinal and the 
Schiff base 

Protein-chrcrrophore interactions are thought to account for the 

red-shift in the absorption nax:i.nrum of the BR chrarophore. Retinal 

itself absorbs light maximally at about 380 run, and thus interactions 

with the bacteriorhodopsin protein 1lUlst shift the absorption to 570 run. 

The factors that detennine the spectroscopic properties of polyenes 

such as retinal are well understood in m:::rlel systems. It appears to be 

a general principle that long-wavelength absorption is correlated with 

increased electron delocalization arrl decreased single-1:x:>nd alteration 

(callender and Honig, 1977). Protonation of the Schiff base of retinal 

in solution results in a red-shift to 450 nm. This is due to the 

• 

• 



posi ti ve charge being delocalized throughout the . iT systan and 

increasing iT electron delocalization. Ibwever, theoretical as well 
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as experimental observations predict that an isolated protonated Schiff 

base should absorb near 600 nm. '!he 450 nm species obtained in solution 

is due primarily to the association with a colmterion. '!hus, the 

above findings, coupled with the energetic problan posed by burying a 

net charge in a low dielectric medium, suggests that the Schiff base 

in the protein is ion paired to a negatively charged amino acid. 

3. Catalytic: Proton translocating groops 

In order to elucidate the mechanism of proton transport in BR, it 

is necessary to obtain infonna.tion about' nolecular changes occurring 

during the photocycle. Resonance Raman spectroscopy has been used to 

provide infonna.tion on the ;retinylidene chratOphore. Recently, infrared 

spectroscopy has been utilized to study specific groups of proteins. 

Fourier transfonn infrared difference spectroscopy of BR57041412 

transition was used by Rothschild et al. (1981) to identify a peak at 

1762 em-l , characteristic of carboxyl groups in aspartic and glutamic 

acid. '!he vibration Was shifted by 10 em-l in deuterated sarrples, also 

a characteristic of a carboxyl group containing an exchangeable hydrogen. 

'!he vibration frequency of 1760 em-l is 10-15 em-l higher than in rrodel 

conpounds which suggests that the carboxyl group is perturbed by a 

nearby ionic charge. 

Subsequently, kinetic infrared spectroscopy was used to obtain 

additional evidence for t....o carboxyl residues urrlergoing protonation and 

deprotonation during the photocycle (Siebert et al., 1982). '!he prcr 

tonation of one group (1765 an-l ) occurs si.rrn.lltaneously with fonna.tion 

of the ~12interrrediate, while the second group is slower and does 



not reflect kinetics observed for chratlJptloric changes ° '!he time 

constant for reprotonation of both groups is similar and coincides 

with the kinetics for the reformation of BR570 from M4120 The 

absorbance changes at 1755 an-I and 1765 an-I were both shifted 10 

an-I by deuteration and exhibited kinetic isotope effects for the 

rise and decay. '!hese studies provide strong experimental evidence 

for the role of carboxyl residues as proton exchangeable groups in BR. 

40 
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VI. OBJEC!IVES OF nus S'lUDY 

Despite the fact that the structure of BR has been well charac­

terized, the overall molecular mechanism of proton translocation remains 

essentially unknown. The role of the Schiff base in the mechanism is 

well established, but the involvem:mt of the protein moiety in chroroc>­

phore structure, the photochemical cycle, and proton translocation 

process is still largely open to speculation. Several models have 

been proposed for the above nechanisms. In particular, the carboxyl 

residues of aspartic and glutarrdc acid have been suggested for the 

following roles: (i) interacting directly with the Schiff base nitrogen 

to form an ion-pair (Fischer and Oesterhelt, 1979; Honig et al., 

1979), (ii) interacting with the -ionone ring or polyene chain of 

retinal (Warshel, 1978), (iii) forrrdng ion-pairs within the membrane 

with the positively charged groups of arginine and/or lysine 

and (Lewis et al., 1978; Packer et al., 1979), and (iv) participating 

in a sequence of proton translocating groups (Packer et al., 1979; 

Engelman et al., 1980). 

Since the complete pr~ sequence of BR has been reported and 

the retinal binding site identified, cherrUcal modification techniques 

can be used to gain information on the role of specific amino acid 

residues. This project seeks to identify both the structural and 

functional roles of carboxyl residues in BR. 

Specific objectives are: 

(1) to deterrrdne if carboxyl residues are essential for 

photocycling activity of BR (see Olapter VIIIA) , 

(2) to determine if carboxyl residues form ion-pairs 

with the positively charged residues of lysine or arginine in 



BR structure (see Chapter VIIIB), 

(3) to determine whether carboxyl residues are involved 

in protein-chramophore interactions (see Chapter VIlIe), 
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( 4 ) to study the topography, m:::>bili ty, and local environrren t 

of carboxyl residues in BR by the introduction of physico-chemical 

reporter groups, such as chromophores and spin-labels (see Chapter 

VIIID), and 

(5) to identify carboxyl residues that may directly be 

involved in proton translocation activity by the protein (see 

General Discussion). 

The detailed findings relating to each of the above objectives 

will be discussed separately in the following chapters while the overall 

findings will be related to a model of BR structure in the General 

Discussion. 



VII. MATERIALS AND ME'IHOC6 

1. Growth of H. halobiurn, strain S9 

H. halobium strain S9 was grONn according to Lanyi and MacDonald -- . 

(1979) in 10-liter batches in a sterilized LF-14 Chemapec Fermenter. 

The grCMth na:iia contained the follCMing per liter: 250 gms NaCl, 20 

llYJs M:JS04·7H20, 2 gms KCl, 200 llYJs CaC12·H20, 1 ml of 3.58 gms/liter 

FeC12·4H40, 1 ml of 190 llYJ/liter MnS04·H20, 10 gms Inolex peptone, and 

10 llYJ NaQH was added to adjust the final pH to 7. O. A small annunt of 

AF-72 Antifoam EmJlsion was added to prevent foaming during mixing. 
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The solution was mixed with a magnetic stirrer until it was clear. The 

media was then autoclaved 20 minutes at 121°C. 

The cooled na:iia was inoculated either with a small amount of 

media containing colonies from either agar slants, or with a test tube 

or 250 ml starter culture. Pqar slants were prepared by adding 1.5% 

agar to the culture media in sealed test tubes, autoclaving 20 minutes 

at 121°C and positioning the test tubes at a slant to gel at room 

terrperature. Petri plates were filled with 1.5% agar in media, auto-

claved and left to gel covered at roan terrperature. 1 ml of late log 

phase liquid cell culture was spread on agar plates or slants. Pqar 

slants were maintained in tightly sealed test tubes and agar plates 

were sealed in plastic bags. Slants and plates were grONn at room 

tenperature in a tightly sealed box illuminated by GE "Cool-white" 

fluorescent lights. Established slants could be stored at 4°C for one 

year. 

Starter test tube cultures were prepared by picking desired cul-

tures fram plates or slants and placing 5-7 ml of liquid culture medium 

in a loosely capped test tube. The test tube culture was either grown 



on a shaker in a stationary test tube rack under illumination. 250 ml 

starter cultures were prepared fran a test tube starter culture or 

fran colonies picked fran plates or slants in cui ture media. '!his 

starter culture was grown an a shaker platfonn (180 rpn) at 25-35°C. 
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'!he cultures were illuminated by a band of 6 GE "O:x:>l-white" fluorescent 

lights. '!he 250 ml culture used to inoculate 10-15 liter batches of 

media when the cell growth had produced a light scattering intensity 

of ~60 = 0.4-0.5. 

It was also p::>Ssible to serial culture the S9 colonies, provided 

that not ItDre than five serial transfers were rrade without starting 

with fresh colonies. To serial transfer a culture, 250 ml of a culture 

that had reached the stationary growth phase was diluted into 10 liters 

of new media. 

Aeration in the Chernapec Fennenter was achieved by flONing can­

pressed air into the fennenter at a flOfi rate of 2 liters/minute and 

mcrri.toring oxygen concentration in the media polarographically with 

the II 530 Industrial Dissolved Oxygen r.t:>ni.toring System. The oxygen 

electrode was initially calibrated in distilled water that had been 

bubbled with catpressed air for 10 minutes and set at 160 ImI 02' or 

21.1% atrcospheric pressure. '!he oxygen was gradually depleted by the 

gI'ONing cells. Just before S9 cultures reached the stationary growth 

fhase (~60 = 0.8-1.0 at about 4 days of grC7Nth), the air was turned 

off and the anaerobic culture stirred about 2 rrore days. 'nle fennenter 

was rraintained at 37°C, stirred at 460 rpn, and surrounded by seven 

18" GE "Cool-White" fluorescent lights ItDunted an a circular \OXlen 

stand 2 em fram the fennenter. 

After the cells had remained at the stationary phase of growth for 



t\toO days, they were harvested by centrifugation at 7,000 x g for 15 

minutes. '!he cell pellet was either used imnediately or frozen at 

-40°C and stored for up to 3-4 nonths. 

2. Isolation of purple membrane 

The cell pellet was resuspended in 400 ml of cold distilled water 

and 5 mg Deoxyri1:x>nuclease I was added. 'Ibis suspension was blended 

in a W:!.ring Blender 5 x 5 seconds, and 600 ml of cold distilled water 

was added. 'Ibis cell lysate was stirred for not nore than one night 

in an aoc roan. 
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A prel.irninary lON speed centrifugation at 7,000 x g for 10 minutes 

pelleted cell debris. '!he supernatant was then centrifuged at 100,000 

x g for 30 minutes. After this spin, the pellet was resuspended with a 

Pasteur pipette into a minimal volume of distilled water and the above 

centrifugations of the cell lysate supernatant were repeated until the 

entire cell lysate was pelleted together. After each spin the reddish 

supernatant was discarded. '!he canbined pellet was resuspended in 30-

40 ml of distilled water and centrifuged at 100,000 x g for 30 minutes. 

This pellet was resuspended to a concentration of 5 mg/ml of 

bacteriorhodopsin (BR) protein, based on the nolar extinction coefficient 

of 63,000 r-rlarrl at 570 run and approximate rcolecular weight of BR of 

26,000 (Khorana et al., 1979). 

The follONing discontinuous sucrose density gradient was carried 

out to rem::>ve any rerra.ining red membrane (175,000 x g for 16-20 hours) 

fran the purple membrane (PM) lysate: 

0.5 ml 60% sucrose (w/v) 

2.0 ml 52% sucrose (w/v) 

2.0 ml 45% sucrose (w/v) 



2.0 ml 40% sucrose (w/v) 

2.0 ml 38% sucrose (w/v) 

2.0 ml 36% sucrose (w/v) 

1.5 ml of the cell lysate combined pellet was loaded onto this 

gradient in six separate centrifUJe tubes. The PM fraction sedircented 

primarily at 45% sucrose. The sucrose was renoved fran the collected 

PM fraction by diluting PM into a large volume of distilled water and 

centrifuging at 100,000 x g for 30 minutes. The combined pellet was 

washed by centrifUJing at 180,000 x g for 20 minutes and re~uspending 
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in 25 ml distilled water, three times. The final pellet was resuspended 

in distilled water to a BR concentration of 10 mg/ml. 

The resulting PM was examined for microheterogeneity by gel 

electrophoresis in slabs using a 5% polyacrylamide stacking gel and 

12.5% polyacrylamide separation gel according to the method of Laemmli 

(1970) and found to be free of contaminating proteins. The overall yield 

was determined by comparing the final BR weight to the initial weight 

of the total protein in the cell lysate analyzed by a rrodified Lowry 

method. The usual overall yield of PM per 10 liter culture batch was 

250 mg of BR protein, representing a 60% yield. This preparation was 

stable for nore than 4 nonths if stored in 4 M NaCl at 5°C. 

3. Isolation of white membranes from H. halobium, strain R,mw 

~ halobium, strain RlmW was obtained from Dr. Yasuo Mukohata, 

Osaka University, Japan. RlmW cells were cultured in 4 M NaCl medium 

as described previously for strain S9, with the following differences 

in media composition: 

M;1S04·7H20 10 g 



Inolex peptone 3.3 g 

No trace rretals and 

:fii adjusted to 7.4. 
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The culture conditions and isolation procedures have been described by 

Mukohata and Sugiyama (1982). 

Cells were harvested by centrifugation at 5000 x g for 30 min and 

suspended in basal salt solution (100 ml) and 2 rrg of deoxyribonuclease I 

(Signa Chemical Co.) added. '!he lysate was dialyzed overnight against 

0.1 M NaCl, 0.01 M Tris-HCl, :fii 7.6. A 100\1 speed spin (7000 rpm, 10 min) 

in the Sorvall GSA. rotor was used to pellet cell debris fran the lysate. 

'!he clear, brown supernatant was then centrifug'ed at high speed 

(100,000 x g, 30 min) to pellet the white rneri:>ranes (WM). '!he pellets 

were resuspended in 0.1 M NaCl and washed 'b.o additional times. Pellets 

fran the wash were collected and resuspended in a small volume of water. 

'!he white membrane was purified by ultracentrifugation on a discontinuous 

sucrose density gradient canposed as follOo\18: 26%, 30%, 38%, 45%, and 

52%. '!he sucrose gradient was run at 37,000 rpn for 16 hr in a Beckman 

SW40 TI rotor. '!he white membrane was collected at a buoyant density 

of 1.18 g/ml. and subsequently washed free of sucrose by resuspension in 

a large volume of 0.10 M NaCl (100,000 x g, 30 min). 

4. Formation of fUIPle membrane fran white manbrane 

The white membrane containing bacterioopsin can be converted 

to bacteriorhodopsin by adell tion of stoichicrnetric arrounts of all-trans 

retinal. '!his generates a 565 nm Chramophore resulting in the formation 

of purple membranes (Mukohata et a1., 1981). White membrane solutions 

in 0.1 M NaCl, 0.01 M Hepes, :fii 7.0 were titrated with small aliquots 

of all-trans retinal in 100% ethanol at 20°C. The concentration of the 



retinal stock solution was detennined spectrophotanetrically using a 

molar extinction coefficient of 43,400 W 1an-1 at 381 nm. '!he extent 

of reconsti tuti'~n was detennined by taking sequential spectra 10 min 

after addition of a retinal aliquot, fran 300-700 nm the Aminco rM2 

spectrophotaneter. When addition of retinal resulted in no additional 
i 

I 
increase in 565 nm absorbance, reconstitution was ccrrplete. A plot of 

A565 vs. retinal concentration revealed a linear relationship t.mtil a 

sharp break point was reached at saturation. '!he absorbance at this 

point and E = 63,000 ~lan-1 were used to calculate the concentration 

of bacterioopsin present in the \rohi. te membranes. 

5. O1emical m::xtifications of carboxyl residues - Reaction with 
water-soluble carb::xli.imides 

The rationale behind the carb::xli..imi.de-nucleophile approach can be 

seen fran figure 7a (Carraway and Koshland, 1972). '!he reaction 

sequence is initiated by addition of the carboxyl across one of the 

double bonds of the diimide system to given an ~cylisourea. '!he 

activated carboxyl group of this adduct can then react by one or ~ 

routes. First an attack. by a nucleophile R-NH2 will yield an acy1-

nucleophile product plus the urea derived fran the carb::xli.imi.de. 

Second, the o-acylisourea can rearrange to an N-acylurea via an intra-

molecular acyl transfer. In the special case where the nuc1eophile is 
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water, the carboxyl will be regenerated with the conversion of molecule 

of carbcxli.imide to its corresponding urea. Kinetic studies of Irode1 

carbcxli.imide-carboxyl-nucleq::hile systems have shaNn that the rearrange-

ment can be nade slCM corrpared to nucleophilic attack if the concentra-

tion of nucleoIirile is sufficiently high. '!here fore the coupling 

reaction of carboxyl and nuc1eophi1e can be driven essentially to 
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Figure 7. Reactions of cartoxyl Group Specific M:x:lification Reagents. 

a) Reaction of cartoxyl groups with a water-soluble carbodiirnide, 

EDC. EDC-praroted amide fornation proceeds by nucleophile reaction . 

with the o-acylisourea intennediate. 

b) Reaction of cartoxyl groups with EEI:XJ, a hydro};i1obic, highly 

specific reagent. Fbrmation of an amide product proceeds by reaction 

of an amine with a mixed carbonic anhydride intenrediate. 
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a) l-ethyl-3-(3-dimethylaminapropyl) carbodiimide; (EOe) 
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conpletion in the presence of excess carbodiimide and nucleoprilic 

reagent. 

The advantage of the t\~)-stage reaction sequence for rocrl.ification 

of protein-<:arboxyls lies in the versatility of the reaction. By 
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varying the reaction conditions and the t\ttO reagents, one can PJt.entially 

use the basic teclmique in many diverse ways, as described below. 

Purple nenbranes were treated with one of the folowing water­

soluble carbodiimides: 

EJX:, l-ethyl-3-( 3-dimethylami.nopropyl) carbodiimide HCl ~ 
'" 

eM:, l-cyclohexyl-3-(2~rpholinoethyl )carbodiimide metho-E"" 

toluene sulfonate ~ am. 

Em:, l-ethyl-3- (3-trimethylpropylarmoniun)carbodiimide 

icdide. 

EOC and eM:: were obtained fran Sigma Olemical Co. While Em: was 

synthesized as described in the following section. 

a) EOC: purple nenbranes were washed and resuspended in 0.10 M 

MES at pi 4.5 at a protein concentration of 1.0 mg/ml. Typically, a 

250 rrM stock solution of EJX: was freshly prpeared before each experiment 

by dissolving solid EDC in 0.10 M MES at pi 4.5. !he carbodiimide 

solution was added rapidly to a vortexing tube of purple membranes. 

!he sanples were placed in a shaking water bath at 25°C. !he reaction 

time was varied for different experiments, and is indicated in each 

case. Final concentrations for the reactions were also varied (1-50 rrM) 

but typically were 50 rrM EJX:. 

b) eM:: and ETC: reaction conditions were similar to those employed 

for EIX:. In sane cases, the reactions were carried out at pH 5.6 with 

50 rrM 01C or ETC for 24 hr at 25°C. 



Figure 8. Structures of water-Soluble Carbodiimides En;>loyed 

in This StOOy. 
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1- ethyl- 3 - (3 -dimethylami nopropyl) carbodi imide (EDC) 
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6. thesis of water-soluble t amine carbodiimide rea ent: 
l-ethyl-3- 3-tr:inethylpropylamronium carbodiimide icxlide 

" 

'!he procedure used is an adaptation of the synthesis of Sheehan 
I 

at alo (1961). 5eO g (.032 nole) of l-ethyl-3-(dimethylaminopropyl) 

carbodiimide hydrochloride was stirred at roc::m temperature into a 

mixture of 50 ml of 80% saturated Na2<X>:3 plus 10 ml of ether. '!he 

anhydrous ether is first dried by adding 4 A nolecular sieves and 

stirring for 1 hr. After stirring for 5 hr, the ether layer which had 

separated was drawn off with a Pasteur pipette. '!he aqueous layer was 

extracted three nore t.imes with 10 m1 of ether. '!he, canbined ether 

extracts were dried with caso4 for 1 hr, and then filtered through 

glass \\001 into a solution of 4.01 ml (.0645 nole) methyl icxlide in 

48 m1 ether. '!he CH 3I/EDC nolar ratio for the reaction is 2: 1. 'The 
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ether solution was sto~ed with a cork, covered with foil, and stirred 

at rocrn tenperature for 18 hr. '!he EI'C-icxlide, a white precipitate, 

was then filtered, washed twice with 20 anhydrous ether, and dried in 

a vaCUI.ltl dessicator over CaCl2' '!he entire sanple was dissolved in 

20 ml dry acetone, filtered, and then recrystallized by the slew addi-

tion of 100 ml anhydrous ether to the stirred solution of ETC in acetone. 

After filtering the product and drying in a vacuum dessicator, the 

overall yield was 56%, the melting point was found to be 95-96°C. 

7. carboxyl group ncdification by reaction with N-ethoxycarbonyl-2-
ethoxy-l, 2-dihydrCX}Uinoline (EEOO) 

An investigation of the chemical behavior of EEOO disclosed that 

it readily induces the fonnation of peptide linkages (Belleau & Malek, 

1968) • As seen in Fig. 7b, experimental evidence was obtained that the 

mechanism of carboxyl group activation by EEDQ involves the transient 

fonnation of a mixed carbonic anhydride intennea.iate. In the absence 



of an amine, the carbonic anhydride intennediate could be isolated and 

characterized, whereas it was rapidly consumed in its presence. '!he 

breakdown products are quinoline, carbon dioxide, an:l etharx:>l. 

Purple membranes were washed and resuspended in 0.10 M MES, 

Pi 6.0 at 1.0 ng protein/ml. EEDQ stock solutions of either 100 rrM or 
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200 rrM were prepared inmediately before use in 100% methanol. Appropriate 

controls were run with methanol alone. '!he EEDQ solution was added to a 

rapidly vortexing tube of purple membranes. '!he reaction was carried 

out in a shaking water bath for 1 hr (tmless indicated otheJ:Wi.se) at 

25°C. '!be final concentraton of E:ErXJ varied for different experiments. 

'!he reaction was tenninated by dilution with ice cold 0.10 M NaCl, 

0.01 M MES, Pi 6.5 and centrifuged inmediately at 100,000 x g for 30 min 

(4°C). ~fied sanples were washed by the above procedure. '!he 

removal of quinoline was followed by taking UV spectra of the wash 

supernatants on an Aminco I:M2 spectrophotaneter. Typically, 4-5 

washes were required for carplete rercoval of the quinoline product. 

8. Car1::oxyl-activating reagent praroted amide fonnaticn 

A variety of amine-nucleopriles can be coupled to carboxyl residues 

via an amide linkage as shown in Fig. 7 using either EDC or EEDQ as 

a car1::oxyl-activating reagent. '!his results in the conversion of 

the car1::oxyl function to the R3 group of the nucleophile. I:epending 

upon the amine enployed, the character of the car1::oxyamidyl product can 

be varied considerably. N::m-reporter group nucleophiles enployed in 

this sttrly are: aminoethane sulfonic acid, glycine methyl ester, 

. glycinamide, and ethylenediamine. Cbncentrated stock solutions of the 

above nucleophiles (1.0-1.25 M) were prepared in 0.10 M MES and adjusted 

to the appropriate Pi with NaOH. Aliquots fran the stock solution were 
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taken to give final concentrations from 1-500 rrM. '!he nucleophile was 

incubated with purple membranes for a m:inirnum of 10 min prior to 

addition of the carboxyl-activating reagent at 25°C. The reaction was 

initiated by the rapid addition and mixing of the carboxyl-activating 

reagent. '!he reactions were tenninated by dilution with ice cold buffer 

and washed by centrifugation (as described above) at least three times. 

9. Chemical Modification of Lysine Residues - Imidoester reaction 

r-t:>nofunctional imidoesters react with protein E-aminO groups of 

lysine to fonn amidine products that retain positive charge, as sho,.m 

in figure 9. '!he m::xlofunctional imidoester used to m::xlify BR was 

ethyl acetimidate (FA from Sigma Olemical Co.). Final concentrations 

of FA during the reaction varied fran 1-200 rrM. Purple membranes were 

suspended in 0.10 M sodium tetraborate, pH 10.0, at 1.0 ng protein/ml. 

The FA reagent was freshly prepared in 1.0 M NaOH/O.IO M Na2B4~ 

imnediately prior to usage. '!his is required since imidoesters are 

unstable and slowly hydrolyze in aqueous solution to the correspond­

ing amide and alcohol (Means and Feeney, 1971). '!he high alkaline pH 

favors a rapid and carplete conversion to the amidine product, . and 

decreases the likelihood of undesirable side reactions. '!he reaction 

was carried out for 30 min at 25°C and then tenninated by dilution 

with ice-cold 0.10 M NaCl, 0.01 M MES at pH 6.5. Sarrples were subse­

quently washed by repeated ultracentrifugation and resuspension in the 

same buffer. 

10. Fluorescamine assay for prinary amino groups 

Fluorescamine (Ibche Diagnostics) reacts with primary amines to 

fonn an intensely fluorescent product (Fig. 10), providing a rapid 
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Figure 9. Imidoester Reaction. 

The figure depicts the imidoester reaction betW'eeIl the unprotonated 

form of a protein amino group and a cationic form of the rronofunctional 

imidoester. Fbnnation of the N-alkyl amidine product fran the tetrahedral 

intennediate is favored at high pH. 
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Figure 10. Fluorescamine Reaction. 

'Ille reaction of fluorescamine with amino groups occurs with a tl/2 

of 100-500 milliseconds producing the fluorophor shC7Nll. Unreacted 

fluorescamine hydrolyzes with a tl/2 of 5-10 seconds to yield non­

fluorescent products. 
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and sensitive assay for the free e: -amino group of . lysine inBR. 

The procedure enployed was a IIDdification of Bohlen et ale (1973) using 

1% sos. 'nle BR sanple, 0.1 ml, was first denatured by additioo of 

0.1 ml of 20% 50s and heating, and then suspended in 2.0 ml of 0.1 M 

sodiun borate, pH 9.2. 'nle reactioo was initiated by addition of 

0.5 ml of a 0.2 mg/ml fluorescamine solution (made in spectral grade 

acetone) to a rapidly vortexing test tube. After 10 min. the fluores­

cence (A ex = 390 nm, A an = 480) was read on a Perkin-Elmer MPF-44A 

fluorescence spectroJ;i1otaneter. Fl uorescence values were catpared 

against a standard curve constructed using fatty acid free bovine sennn 

albunin and 50s. Protein concentrations were detennined by the method 

of IDm:y et al. (1951). 

11. Laser flash photolysis 

The laser flash photolysis apparatus, used to obtain the kinetics 

of photocycle intennediates, is shONl'l schematically in figure 11. Actinic 

illunination was provided by a Phase-R (m:::xlel DL-llOO) punped dye laser 

using Rhodamine 575 (Exciton Olemical Co.) at 1 x 10-4 M in 100% ethanol. 

The IlOnochranatic flash at 575 nm had alSO ns risetime, a 1.0-1.5 ps 

duration, and a naxinun energy of 0.2 J/flash. The measuring beam came 

fran a General Electric QJartzline lamp (200 rITiI/ an2 measured at the surface 

of the light bulb) and initially passed through a Bausch and L<:::rtID rrono­

chraneter (5 nm half-bandwidth) before entering the sample cuvette. 

After passing through the sarrple, the measuring beam passed through an 

identical Bausch and I.orrb rronochraneter. The rronochraneters could be 

set at 412 nm, 650 nm, or 570 nm depending on the intennediate to be 

measured. The light exiting the second rronochrcmeter was detected by 
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Figure 11. Schena.tic of laser Flash Photolysis Apparatus. 
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a RCA 6199 photcrcultip1ier tube operated at about -500 V. The signal 

was then arI'plified by acustan built photcmJ1tip1ier tube current arI'pli­

fier and sent to a Bianation 1010 Wavefonn recorder (Gould, Inc.) for 

rapid digi tization and merrory. Q1e analog output fran the Bianation 

unit 1NeIlt to a Tektronix Type 564 Storage Oscilloscope. A second 

output connected the Bianation unit to a Digital PDP-1l/34 catputer 

(Digital Equipnent Cbrp.). Typically, the signal to noise could be 

greatly inproved by collecting Imlltip1e scans (mi.nirmJm, n = 20) by 

accurtulating them in the cxxrputer buffer • Individual scans were 

referenced to each other during data acctm..llatian by collecting a 

leading baseline prior to the laser flash and assigning. this signal a 

"zero" value. r:a.ta stored on rko5 discs were analyzed by catputer 

programs that carried out data averaging, curve fitting of the data, 

am calculation of rate constants. Kinetic traces were printed on a 

Varian E-80 recorder that was a corcponent of the EPR spectraneter. 

12. M-412 photostationary steady-state: 

Purple membranes at similar protein concentrations (0.2 ng/ml) were 

used for 412 nm photostationary steady-state detennination in an Aminco 

rM-2 spectrophotaneter. Side illumination (120 mW/cm2 ) was provided 

through a Cbrning 3-67 1C1.\T wavelength cutoff filter (50% transmission 

at 500 nm) and the photcm.J1 tip1ier tube was protected by a Baird 

Atonic 412 nm transmission interference filter. Quantitation of the 

steady-state level for rocx:lified SarI'p1es was with reference to both the 

sanp1e's absorbance at 570 nm and to a control sanp1e nm with every 

detennination. The 570 nm absorbance of I1lJdified sarI'p1es was corrected 

for light-scattering (reference = 700 nm) when necessary. 
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13. Polyacrylamide gel e1ect.rc?fhoresis in sc:x1ium dooecy1 sulfate 

SOS gel e1ectrOfiloresis was carried out in a Bio-Rad r-bde1 220 

Dual Vertical Slab Cell using either 1.5 nm spacers and 20 well canbs 

(cross-linking analysis) or 3.0 mm spacers and 10 well CCl'ri::>s (trypsin 

treatment) • Gels were made according to the discontinuous Tris-91ycine 

system of Laemnl.i (1970) using a 5% acry1amide stacking gel and 10% 

separation gel for analysis of EEDQ and EDC cross-linking products. 

For analyzing trypsin treatment of BR, a 5% stacking gel and 16% 

separation gel (acry1amide/bisacrylamide, 30/1.6%) were utilized to 

achieve resolution of bands of similar, small m::>lecular weight. 

Sanp1es for electrophoresis were prepared by mixing purple membrane 

suspensions ( ~ 2 mg/ml BR) with an equal volume of solubilization 

cocktail (8 M urea, 1% soo, 0.01 M phosFhate, pI 6.8, and 1% mercapto­

ethanol). Sample mixtures were heated at 100°C for a rn:i.n:irru..1m of 10 min, 

cooled, and 20-40 ~ (10-20 ~g BR) applied to the gels. Electrophoresis 

was carried out at 25 rnA while the semple was in the stacking gel, and 

40 rnA while in the 10% acry1amide running gel, until the tracking dye 

had migrated to 1.0 em from the end of the gel. 

After completion of electrophoresis, gels were stained for 24 hr 

with a solution of 0.025% Coarassie Brilliant Blue R250, 25% isopropyl 

alcohol, and 10% acetic acid, followed by 6-9 hr in 0.0025% O::x:massie 

Brilliant Blue R250, 10% isopropyl alcohol, and 10% glacial acetic acid 

(Fairbanks et a1., 1971). Gels were destained in 25% methyl alcohol, 

7.5% acetic acid, and stored in 10% acetic acid. Densitranetric 

tracings of stained gels were made on a Helena Laboratories Quick Scan 

densitareter. Gels were calibrated for rro1ecular weight using bovine 



serlin albumin, ovalbumin, chyrcotrypsin A, myoglobin, lysozyme, and 

cyt.ochrare c. 

l4e Ami.rx:> acid analysis 

Amino acid analysis was perfonned according to Spackman et ale 

{19s81 using a Spinco/Beckman l20B amino acid analyzere f.Ddified sam­

ples prepared for amino acid analysis were dialyzed against 4 L of H20 

at 10°C (x 4) e A total of 5 mgBR was lyophilized and placed into 

acid-washed hydrolysis tubes. 'lhen, 0.5 rnl of 12 N constant boiling 

HCl (Pierce Olemical Co.) containing 0.1% phenol was added and the 

sample repeatedly frozen and thawed while unjer vacuum in a dry 

ice/isopropyl alcohol bath. '!he tube was sealed under vacuum and 

placed in an oven for 24 hr at 110°C for acid hydrolysis. Samples 

were loaded on a Beckman A-IS col\.JIU'l - a sulfonated polystyrene ion 

exchange resin. 
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The amino acid compositions of BR and its modified derivatives were 

calculated by assuming the hydrolysate contained the theoretical nunber 

of tyrosine (11) and phenylalanine (12) residues, or alanine (29) and 

phenylalanine (12) residues. 

15. Tryptophan fllDrescence 

Fluorescence emission spectra of tryptoP'lan residues in BR and 

bacterioopsin were obtained using a Perkin-Elmer MPF-44A fluorescence 

spectrophotaneter. 'lhe excitation m:mochraneter was set at 287 nrn and 

the emission wavelength was scanned from 300-450 nrn. A slit width of 

6 run was employed. Fluorescence intensity was a linear function of 

concentration below 0.1 absorbance at 280 nrn. 
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16. Labeling carbo 1 residues with a -sensitive chr',...,..,-'h rter 
group: Nitrotyrosine methyl ester N'IME) 

'!he carboxyl residues of bacteriorhodopsin in purple nenbranes or 

bacterioopsin in White membranes were covalenUy linked to N'IME by 

using EEDQ as coupling agent. NIME was obtained as a gift from Dr. D. 

, Koshland, Dept. of Bicx::hemisty, Univ. of california at Berkeley. Stock 

solutions of 100 rrM NIME were prepared in 100% methanol, since NIME 

solubility in water is very low. Purple merrbranes were suspended in 

0.10 M MFS, Pi 6.0, at 1 ng/ml BR protein. Aliquots of NIME were 

incubated with PM or \+1 for a minimum of 5 min prior to initiating the 

reaction with EEDQ. Final concentrations of NIME nucleophile varied 

fran 0.1-10 rrM. Stock solutions of EEOO (100 rrM) in 100% methanol were 

prepared irrmediately before use. Appropriate BR controls were nm with 

methanol alone. '!he reaction was initiated by addition of EEOO to a 

rapidly vortexing tube, and then placed in a shaking water bath at 

25°e for one hour. '!he reaction was stopped by dilution with ice cold 

buffer (0.1 M NaCl, 0.01 M Hepes, };if 7) and irrmediately centrifuged at 

100,000 x g for 30 min to pellet the membranes. M:xiified samples were 

repeatedly washed by the above procedure and W-visible spectra of 

each supernatant were used to determine cc::rrplete rE!'lOVa.l. of unreacted 

NIME and quinoline products. 

17. Quanti tation of NIME labeling stoichianetry 

'!he stoichianetry of NIME covalently bound per BR or 00 was 

detennined spectrq::i1otanetrically essentially according to Malan and 

Fdelhoch (1970). Olemically roodified membranes were centrifuged at 

100,000 x g for 30 min and the pellet resuspended in 8 M urea, 1% SOS, 

0.01 M Hepes, Pi 10. The urea-SDS menbranes were then heated at 100
0 e 



for 10 min to oonpletely denature the protein •. Absorpticn sPectra 

fran 300-700 run were recorded on an Aminco I:M-2 spectrophotaneter at 

Iii 10 and Iii 3. 'nle absorbance difference between the nitrotyrosyl 

and nitrotyrosylate chratq:hores at 436 run was used to calculate the 

ooncentration of NIME present. '!he extinction coefficient ( e: 436) , 

and pI< for the model c:x:xtp:)und were detennined experimentally for NIME 

in 8 M urea, 1% SOO, and O.OlM Hepes. It was foun:l to have a A max 

= 436 run at Iii 10, e: 436 = 5,100 M-lan~l and ];i< = 7.6 + 0.1-

A value of e: 436 = 4,800 M-lan-l was previously detennined by 

Malan and Edelhoch for ni trotyrosine in 8 M urea, 0.10 M Tris, 

0.10 M KCl (1970). 'nle ooncentation of NIME detennined by the above 

method was then divided by the knc:J..m concentration of BR or BO to 

obtain a nole ratio of NIME/BR. Unm:xlified control sarrples examined 
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by the same technique described above revealed small absorbance changes 

at 436 run due to retinal. 'nle small retinal absorbance difference was 

used to correct N'IME absorbance measurements. 

18. Visible titration spectra 

Absorbance spectra were recorded on an Amino rM-2 spectrophotaneter 

from 300-700 nm (slit width = 3 run). Purple membranes or white membranes 

suspended in 0.1 M NaCl, 0.01 M Hepes, Iii 7, at 1.0 mg/ml were titrated 

fran Iii 7 to Iii 11 in small steps, allCMing several minutes for mixing 

and equilibration at each step. Typically, samples were stored at 4°C 

for 24 hr prior to beginning the backward titration. Olanges in Iii 

were measured with a O:>rning M:xlel 130 Iii meter and a Polymark 1885 

electrcx:1e (Markson Science Inc.). TI1e anount of HCl or NaoH added for 

titration did not exceed 1% of the sample volume. 
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19. Acid-induced difference spectra 

Acid-induced difference spectra were detennined in an Aminco rM-2 

spectrophotaneter. Purple membranes utilized for acid-induced difference 

spectra were at 0.20 mg/ml to minimize membrane buffering effects. 

Cllanges in FH were measured with a CDrning MXlel 130 FH meter and a 

Po1ymark 1885 electrode (Markson Science Inc.). Hydrochloric acid 

(2.0 N and 0.2 N stock solutions) was added gradually with Pipette 

mann to the sample cuvette. Final added volume did not exceed 1 % 

of the sanp1e volune. 

20. Spin-labeling of bacteriorhodopsin 

BR was covalently spin-labeled by reacting 4-amino-2,2,6,6-

tetrarnethyl-piperidine-N-oxyl (Tempamine) with protein carboxylic amino 

acid residues using N-(ethoxycatbanyl)-2-ethoxy-1,2-dihydroxyquinoline 

(EEOO) as the coupling agent. Purple membranes (2.5 mg/ml BR) suspended 

in 0.10 M MES, FH 6.0, were incubated with Tenpam:ine for ten minutes 

prior to addition of EEOO. Tenpam:ine (200 nM) was present in large 

excess relative to the concentrations of the carboxyl activating reagent 

and carboxyl residues on the protein in order to drive the reaction to 

the amide structure. 'nle no1ar ratios of the reagents during the 200 

nM Terrparnine + 10 nM E:EI:XJ reaction were 115 Tenpam:ine: 5 • 8 EEOO: 1 

protein carboxyl. EEDQ (in 100% methanol) was added to a rapidly 

vortexing sample and incubated for 24 h in a shaking water bath at 

37° C. Appropriate controls were nm with methanol alone. 'nle reaction 

was tenninated and samples washed repeatedly by dilution in ice-cold 

0.10 M NaCl, 0.01 M Hepes, FE 7.0, and centrifugation at 100,000 x g 

for 30 min. 'nle ESR signal of the supernatant at very high gain was 

used to nonitor rerroval of unreacted Terrparnine. In final washed 



sa.rcples, the unreacted Tenpamine concentration in the supernatant, did 

not exceed 2% of the protein-bound Tempamine concentration. Tenpamine 

was obtained from Aldrich Chemical Co. i EEOO from Sigma Chemical Co. 
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A sequential double chemical m:x1ification of BR carboxyl groups 

was developed in order to spin label only buried residues. BR was 

first m:x1ified by reaction with 250 nt1 2-aminoethanesulfonic acid (AES) 

and 50 nt1 l-ethyl-3-(3-<:liJrethylaminopropyl) carbodiimide at J;ii 4.5 

according to a previously described procedure (Herz and Packer; 1981). 

After extensive washing, the second spin-label m:::xii.fication by 200 reM 

Tenpamine and 10 nt1 EE:lXl was carried out. as described above. 

21. Stearic acid spin labels 

The stearic acid spin labels 2-(3-carboxypropyl)-4,4-dimethyl-2-

tridecyl-3-oxazolidinyloxyl [SNS], 2-(8-carboxyoctyl)-2-octyl-4,4-

dimethyl-3-oxazolidinyloxyl [lONS] , and 2-(14-carboxytetradecyl)-2-

ethyl-4,4-dimethyl-3-oxazolidinyloxyl [16NS] were obtained from Syva, 

Palo Alto, california (5NS and l6NS) and M:>lecular Probes, Junction 

City, Oregon (lONS). Purple membrane suspensions (10 ng/ml) in 0.10 M 

NaCl, 0.01 M Hepes, fiI 7.0 were labeled by addition of 1% (vol/vol) 

concentrated spin label solution in ethaool. 'nle final concentration 

of stearic acid spin label was equivalent to 1.5 TOC>les/nole BR. 

22. ESR 

ESR spectra were recorded on a Varian E-109E spectraneter inter­

faced to a PDP-ll/34 cxxnputer. Sanples of spin-labeled BR were routinely 

placed in 50 ].11 precalibrated capillaries with an inside diameter of 

0.9 Iml. ESR spectra were recorded at a frequency of 9.14 GHz (X-band) 

and at a poNer setting of 10 rrW. A rocrlulation amplitude of 1.25 gauss 



was used for 2.0 spin-labeled BR and 1.6 gauss for the spin-labeled 

stearic acids. 'nle value of the gain is indicated in each figure. 
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'nle spin content of labeled BR was calculated fran the second 

integral of the first deri vati ve spectra with reference to a standard 

curve constructed fran different concentrations of Tercpmrine in buffer 

solution. 'nle quantitation of the protein spin signal was carried out 

for both native and denatured labeled BR in order to insure that 

potential spin-spin interaction did not lead to underestimation of spin 

content. BR was denatured by addition of 8 M urea, 1% SDS, 10 rrM Hepes, 

pi 7.0 and subsequently boiled for 15 minutes. 

Correlation times, T C in secooos, were calculated from FSR spectral 

data in certain cases using the equation defined by Mehlhorn and Keith 

(1972) : 

T C = 6.5 x 10-10 ~ Ho[ (ho/h_l )1/2 - lJ 

where ~ Eo is the width of the midline in gauss and hO and h-l are the 

heights of the mid- and high-field lines, respectively. This equation 

is valid in the fast tumbling range ( T C < 10-9 s) and applies to a 

harogeneous population of spins. 

The notional freedan of the stearic acid spin labels as defined by 

the approxi.rcate order parameter, Sapp, was calculated fran the experi­

mental data using: 

gapp = (Azrax - ~)/[Aiz - 1/2 (Aix + ~) J 

according to Griffith and Jest (1976) where it is assumed Arce.x = All ' 

Amin ~ A.L' and Aix, ~, and ~z are the single crystal values 

(6.3, 5.8, and 33.6G) obtained by Gaffney (1976). 'nle angle of half 

arrplitude of rrotion, Y , was then obtained fran the calculated value 
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of Sapp (23). An estimate of the position of the nitroxide group 

of spin-labeled stearic acids relative to the carboxylic head group 

was made by dividing the fatty acyl chain into three segments and 

assuning an orientation of each segment given by the angle y. fur a 

given segment, a distance, d, was obtained by measurement of a CPK rrr::xlel 

am the rnef'l'brane-perpendicular projection of that segment of the chain 

was calculated as d (cos y ). fur example, the distance bet\tleen carbons 

10 and 16 (d = 7.5 A) was used with Y = 45°, obtained fran Sapp 

° for l6NS to calculate a perpendicular projection of 5.3 A for that 

segrrent. Since the angle at carbon 16 is greater than that for carbons 

10 to 15, this estimate of the projection is a lower limit. 

23. Trypsin treatment 

Trypsin treatment of spin-labeled BR was carried out essentially 

according to Gerber et ale (1977). Spin-labeled BR (10 mg/rnl) was 

treated with 1: 100 weight ratio trypsin: BR in 80 reM NaCl, 10 reM caC12' 

40 reM Tris, I=fi 8.0 at 37°C and samples were periooically withdrawn. 

In the case of continuous ESR kinetic experiments, sarrples were incu-

bated in the EPR cavity at 37° using the Varian EA540 variable tempera-

ture controller. '!be trypsin used in experiments had been recrystal-

lized twice, dialyzed and lyophilized (Sigma Olemical Co.). 

24. Reconstitution of BR into liposares 

BR liposanes were prepared using partially purified asolectin 

through a m:::xlification of the sonication procedure of Packer (1973). 

Phospholipids (40 mg) \tIere dried under a stream of nitrogen in the 

dark. To this dried preparation, 1.0 rnl of 150 reM KC1, 10 reM phosphate 

buffer, pH 7.0 was added and this suspension was sonicated in a bath 



type sonicator for 10 min. Irmediately after sonication, 2 ITYJ of 

spin-labeled BR was added to the phospholipid suspension, and the 

mixture sonicated for an additional 10 min under nitrogen. 

25. Light-induced proton pumping and volume assays 

The internal volume of the vesicles was calculated on the basis 
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of the unquenched internal signal from 1 roM of the spin label, 2,2,6,6-

tetrarrethylpiperdino-N-oxyl (Tempone), in the presence of 60 reM 

Na3Fe(CN)6 as described in (Quintanilha and Mehlhorn, 1972). The 

activity of the reconstituted TA-BR liposames was tested by measuring 

pH gradients established by light-induced proton pumping in terms of 

spin-labeled amine uptake (Quintanilha and Mehlhorn, 1972). ESR spectra 

of TA-BR liposorres in the presence of 0.5 reM N,N'-~Hrrethylterrpamine 

and 57 reM Na3Fe(CN)6 show the internal unquenched N,N'-dirnethyltempamine 

signal as clearly resolved narrow lines superimposed on a broad spectrum 

consisting of ferricyanide quenched spins in bulk water and the spin 

signal of the labeled protein. The magnitude of the background did 

not interfere with rreasurerrent of changes in height of the h+l (low 

field) resonance line which were used to calculate the transmembrane 

pH gradient. Protein was determined by using an c: 570 = 63,000 

M-lcm-1 in light-adapted samples. 
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VIII. RESULTS AND DISCUSSION 

Ae Chemical Modification of Carboxyl Groups 

A method for the rapid modification of carboxyl groups in proteins 

under mild conditions was developed by Hoare and Koshland (1967) using 

water-soluble carba::Himides. Advantages inherent in this method for 

modification include: (1) the reaction product is stable and identifi­

able, (2) the reaction may be used as a quantitative procedure, 

(3) mild reaction conditions avoid ambiguities caused by denaturation, 

(4) it allONS for the delineation of "buried" and "exposed" residues, 

and (5) variation in structure of the carbodiimide can affect which car­

boxyl groups are activated; and variation in charge, size, and chemical 

and spectral properties of the nucleophile can alter the modification 

at a specific carboxyl group. The water-soluble carbodiimides have been 

used to quantitate the number of carboxylate groups in proteins and 

have been used to locate active-site carboxyls in a variety of enzymes. 

1. Comparative effects of water-soluble carbodiimides 

Three different water-soluble carbodiimides have been used to 

mxlify BR. All three reagents (EOC, ETC, and CMC) react similarly 

although differences in reagent size and charge might be expected to 

alter their reactivity towards certain protein groups. ETC is the 

quartenary ammonium analogue of EDC, and only differs in its structure 

by possessing a permanent positive charge at one end (Fig. 8). In this 

respect, it resembles the quarternary ammonium group of the morpholinyl­

ethyl function of CMC. 

The effects of carbodiimide modification in the presence and 

absence of glycine rrethyl ester (GtE) are shown in Table I. In both 



TABLE I 

COMPARATIVE EFFECTS OF WATER-50WBLE CARBODIIMIDESa 

412 nm intermediate 

Phase of Decay, 
water-soluble Rise tl{2 (msec) Photostationary 
carbodiimide Nucleophile 570 nm absorbance t 1/2 ( llsec ) Initia Second steady-state 

(50rrM) (500 Jtt.1) (% of control) (% of control) 

Control Control 100 52 5.2 100 

EOC None B5.7 56 30 210 527 

EOC GtE 9B.9 52 6.0 12.4 lOB 

ETC None 52 13 1B4 500 

ETC GtE 52 12 36 211 

mc None B3.3 60 20 170 417 

CMC GtE 96.4 52 6.0 13.2 103 

a Reaction at pH 5.6 for 20 hrs; No additions were made to controls. 

..... 
U1 



Figure 12. Kinetics of the decay of the M4l2 intermediate for control 

(upper tine base) and carbodiimide (EOC) treated. purple 

membranes (lower time base) illustrating the strongly 

inhibited biphasic kinetics of the EDC modified sample. 
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cases, the roodified sarcples show al.m::>st no change in UV-visible spectral 

characteristics. The functional aspects of the modified protein were 

examined by dete~ning the rise and decay kinetics of the M412 inter-

mediate. All modified samples retained photocycling activity and 

exhibited kinetics for the formation ofM412 that were similar to a 

control sample. However, after carbodiimide treatment in the absence 

of a nucleophile, a strong inhibition of M412 decay kinetics was 

observed. The decay kinetics were markedly biphasic in character. As 

seen in figure 12, the kinetics for the initial, fast phase were 

dete~ned by curve fitting the second slower phase, and extrapolating 

it to zero time. Then, the contribution of second phase was subtracted 

fram the apparent initial phase to generate the corrected initial 

kinetics. The second phase was maximally inhibited by ETC, approximately 

fifty times slower than control monophasic kinetics. A striking differ-

ence in M412 decay kinetics was apparent for samples modified in the 

presence of a high concentration of GME. The GME + carbodiimide-treated 

samples showed only a slight inhibition of M412decay kinetics (2-5 

fold), and appeared only slightly biphasic. 

2. Effects of nucleophile charge 

Carboxyl groups on BR can be converted into amides by a two-step 
, 

reaction with a water-soluble carbodiimide and an amine. Depending on 

the amine errployed, the character of the product can be varied con-

siderably. Its ionic character can be similar to that of the carboxyl 

group replaced (anionic), or it may be converted to a neutral or cationic 

group as desired (Fig. 13). It was therefore of interest to compare 

the effects of the glycine methyl ester nucleophile (neutral) on M412 



Figure 13. Structures of chemically modified carboxyl groups after 

water-soluble carbodibnide promoted amide formation with 

nucleophiles of different ionic character. 
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TABLE II 

EFFECTS OF NUCLEOPHILE CHARGE ON M412 KINETICSa 

M412 decay kinetics, tlj2 (msec) 

carbcxhimide Nucleophile Initial phase Second phase 

Control Control 8.0b 

None glycinamide 7.0 

EOC glycinarnide 7.4 16 

None aminoethane 6.4 
sulfonic acid 

EOC aminoethane 8.2 20 
sulfonic acid 

None ethylene- 4.6 
diarnine 

EOC ethylene- 3.0 28 
diamine 

a Reaction at pH 5.6 for 20 hrs, no additions were made to control; 
where present, carbodi~ide was 50 roM and nucleophile was 500 roM. 

b Samples in which only an initial phase is recorded had only 
monophasic exponential decay kinetics. 



decay kinetics with other arrdne nucleophiles that altered the ionic 

character of the modified carboxyl group. 
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Equivalent concentrations of arrdnoethanesulfonic acid (anionic), 

glycinamide (positive), and ethylenediamine (positive) were reacted with 

BR by coupling with 50 mM·EDC. The kinetics of formation for the M412 

intermediate were unaffected as a result of modification. However, the 

M4l2 decay kinetics were slightly inhibited for all the nucleophile­

coupled samples, regardless of the ionic character of the carboxyamidyl 

product (Table II). The extent of inhibition and biphasic character were 

similar to that obtained with the EOC + GME modification (Table I). The 

M412 kinetics in the presence of these arrdne nucleophile are only slightly 

inhibited relative to the EOC-modified sample kinetics in the·absence of 

nucleophile. Incubation of BR with the nucleophile alone had no effect 

at all. 

3. Kinetics and concentration dependence of the EOC reaction 

The time course of the EOC reaction was investigated in order to 

follow the rate at which the M4l2 decay kinetics were inhibited. The 

results shown in Table III indicate that after only 30 min of reaction, 

maximal inhibition of M412 decay kinetics is observed. A large increase 

in the photostationary steady-state level of M4l2 accompanies the 

inhibition of decay kinetics. No effect on the BR chramophore occurs 

as a result of modification since the A570/A280 ratio remains constant. 

Under these conditions, the concentration of EDC appears saturating 

with respect to the inhibitory site on BR. 

The concentration dependence of the EOC reaction at pH 4.5 (1 hr 

at 25°C) was examined for its effect on the M412 intermediate (Table IV). 

Laser flash photolysis revealed that concentrations as low as 1 roM 



TABLE III 

MAXIMAL INHIBITlOO OF M4l2 DECAY KINETICS 

BY EOC REACTlOOa 

Reaction 412 nm photostati6nary 
time 

b M4l2 decar steady-state 
(min) As701A280 tl/2 (msec) (% of control) 

0 

30 

120 

1.00 7.4 100 

1.03 130 597 

1.00 136 647 

a 50 roM EDC at pH 4.5, 25°C. 

b Control A57o/A280 ratio normalized to a value of 1.00. 

c Sanples suspended in 10 roM NaCl, 1 rnM MES, pH 6.5. Value of 
the second phase of the biphasic decay is given for modified 
samples. 
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TABLE IV 

CONCENTRATION DEPENDENCE OF 'mE EOC REACTIOOa 

M decayb,c 
412 run photostationaryC 

steady-state 
EOC (rrM) 

412 
tl/2 (msec) (% of control) 

0.0 

1.0 

5.0 

10.0 

25.0 

50.0 

6.0 100 

62 484 

110 1220 

115 1355 

145 1400 

185 1449 

a Reaction at pH 4.5 for 1 hr at 25°C. 

b Value of the second phase of the biphasic decay kinetics is 
given for modified samples. 

c Samples suspended in 100 rrM NaCl, 1 rrM MES, pi 6. 5. 
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inhibited M4l2 decay with characteristic biphasic kinetics. EDC con-

centrations resulted in progressively greater inhibition, but appeared 

to saturate at the highest concentrations. The second phase of M4l2 

decay contributed a larger proportion of the total signal as the decay 

time lengthened. The 412 run photostationary steady-state demonstrated 

large increases that paralleled the slower M412 decay kinetics. 

4. Inhibition of M4l2 decay kinetics by a hydrophobic 
reagent, EEDO 

EEDQ is a hydrophobic, highly specific reagent for the activa­

tion and modification of carboxyl residues (Belleau and Malek, 1968). 

It had been previously characterized as behaving like a carbodibnide 

(Godin and Schrier, 1970: PoU;;;eois et ale ,1978) and its hydrophobic 

character may increase its accessibility to buried carboxyls in the 

purple membrane interior relative to the water-soluble carbodibnides. 

Low concentrations « 10 roM) of EEDQ had no effect on the position of 

absorption maximum or on the extinction coefficient of the 570 run BR 
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band. However, higher concentrations resulted in progressive bleaching 

of the retinal-protein chramophore. 

The effect of EEDQ modification on the M4l2 intermediate was 

investigated. Laser flash photolysis of modified samples showed that 

almost a 10-fold lower concentration of EEDQ (5 roM) relative to EDC 

(50 roM) resulted in a sbnilar strong inhibition of M4l2 decay kinetics 

(Table V). Increasing concentrations of either EEDQ or EDC resulted in 

a progressively slower, biphasic decay of the ~12 intermediate (see 

Figure 12). The effect saturated at 5 mM for EEDQ and ~ 50 mM for 

EDC. As with EDC modification, the second phase of the decay contributed 

a larger proportion of the total signal as the decay time lengthened. 



EE[XJ 

0.00 

0.50 

1.25 

2.50 

5.00 

TABLE V 

EFFECf OF EELXJ COOCENTRATION ON !HE M412 INTERMEDIATEa 

M412 decayh'c 
412 rum photostationaryC 

steady-state 
(nM) t1/2 (msec) (% of control) 

4.0 100 

44 513 

52 695 

88 709 

88 870 

a Reaction in 0.10 M MES, pH 6.0 for 1 hr at 25°C. 

b Value of the second phase of the biphasic decay kinetics is 
given for the modified samples. ' 

c Sanp1es suspended in 100 lIM NaC1, 1 lIM MES, pH 6.5. 
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Large increases in the M412 photostationary steady-state were a 

direct result of the inhibited M412 decay kinetics. 

5. Circular dichroism of modified purple membranes 

Circular dichroism (CD) spectra for carboxyl modified BR were 
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recorded to assess whether there were any localized changes in the 

ptotein structrue that would affect the chramophore. The major features 

in the visible region of the CD spectrum (figure 14) are a positive 

band centered at 535 nm and a negative band centered at 600 run with a 

crossover at 575 nm. These bands have been attributed to exciton 

coupling between the retinyl chramophores in the regular trirneric 

structure of the ment>rane (Becher and Cassim, 1977). The positive 

band is more intense than the negatve band, which indicates that part 

of the contribution is due to induced optical activity in the retinyl 

chramophore by the protein environment. 

The spectrum for unmodified BR closely resembles spectra already 

published for this region. The visible CD spectra of 50 TIM EOC and 

250 roM GME + 50 roM EDC modified samples retain the same bilobed features 

as the control spectrum. There is an apparent shift of about 5 nm to 

the red for the EDC and GME + EDC modified samples with no significant 

differences in the ellipticity values. The very small wavelength shift 

of the positive band is also evident in the 5 roM EEDQ and 250 roM GME + 

5 roM EEDQ treated sample spectra. The different intensities can be 

attributed to slight variations in the protein concentration of the 

samples. 

6. Arrdno acid analysis 

The number of carboxyl residues modified by reaction of EDC with 
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Figure 14. Visible CD Spectra of Carboxyl Modified samples. 
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glycine methyl ester can be. determined by standard amino acid analysis. 

The number of modified residues is the difference in the number of 

glycine residues observed in the reacted and unreacted samples. A 

summary of the amino acid analysis of a control sample incubated with 

an equivalent concentration of GME nucleophile and no coupling agent, 

and 500 rrM GME + 50 rrM EOC is presented in Table VI. The results are 

in close agreement with the published compositions from several different 

laboratories. The number of glycine residues in the unmodified protein 

(24) was found to be identical with the sanple incubated with the 

nucleophile alone (24). This shows that all unreacted GME was effec­

tively removed prior to analysis. The GME + EDC sample contained 

36 glycine residues, 12 residues in excess of the control samples. 

Thus, 12 carboxyl residues were converted to glycine methyl ester 

amide products under these defined reaction conditions. 

Carbodiimides may also react with either sulfhydryl or tyrosine 

residues in addition to carboxyl residues (Carraway and Koshland, 1972). 

The rates of reaction of model sulfhydryl and carboxyl compounds with 

EOC are approximately equal, while tyrosine reacts more slowly (Carraway 

and Koshland, 1972). Bacteriorhodopsin contains no sulfhydryl residues 

and 11 tyrosines. The number of modified tyrosine residue can be 

quantitated by amino acid analysis since the product is stable to acid 

hydrolysis (Carraway and Koshland, 1968). The amino acid analysis 

shows no differences in tyrosine content between control and modified 

samples, and thus this possible side reaction does not occur. 

7. Intermolecular cross-linking of BR by carbodiimides 

Samples modified by EDC or ETC reactions were subjected to 

SDS-polyacrylamide gel electrophoresis. Extensive cross-linking between 
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TABLE VI 

AMINO ACID ca.1POSITIOO OF CARBOXYL MODIFIED BACI'ERIORHOOOPSINa 

GtE 
Amino Acid Control + GtE + EOC Expectedb 

Aspartic acid 13 14 14 12 

Threonine 15 15 16 18 

Serine 9 9 9 13 

Glutamic acid 15 15 15 12 

Glycine 24 24 36 25 

Alanine 29 29 28 29 

Valine 20 20 20 21 

Methionine 7 7 8 9 

Isoleucine 13 13 13 15 

Leucine 35 36 36 36 

Tyrosine 10 10 10 11 

Phenylalanine 12 12 12 13 

Lysine 6 6 6 7 

Arginine 7 7 6 7 

Histidine 0 0 0 0 

Cysteine 0 0 0 0 

a Hydrolysis in 6 N HCl at 110°C for 24 hr. 

b From Khorana et ale (1979). --
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BR rronaners resulted in the loss in intensity of the 26,000 IOOlecular 

weight band and the appearance of new, higher rrolecular weight bands 

that corresponded to diners, triIrers and higher IOOlecular weight 

oligoners. In addition, some cross-linked material was unable to enter 

the separation gel, indicative of extrenely high rrolecular weight 

aggregates. Cross-linking was extensive in samples that had reacted 

for only 30 minutes, and the pattern did not change substantially 

with longer reaction tine periods. 

Addition of an external nucleophile, G1E, during the EOC reaction 

reduced the extent of cross-linking in a concentration dependent manner. 

Low concentrations of GME were relatively ineffective, while higher 

concentrations (100-200 roM) alrrost completely inhibited the formation 

of higher rrolecular weight aggregates. Reaction with GME forms a 

carboxyl-glycine methyl ester amide linkage that prevents cross-linking. 

In marked contrast to results of the EOC reaction, EEDQ showed no 

evidence of intermolecular cross-linking. 

8. Discussion 

a. Corrparative effects of water-souble carbodiirnides 
and nucleophile charge 

Three water-soluble carbodibnides used to rrodify carboxyl groups 

on BR have been found to exert similar, specific inhibitory effects on 

the reprotonation phase of the photocycle. Despite differences in 

reagent size and charge characteristics, they produced nearly identical 

inhibition of the decay kinetics of the M4l2 intermediate. Nucleophile 

praroted amide formation of BR carboxyl groups with carbodiimides 

resulted in a different pattern of inhibition that was also confined to 

the reprotonation phase of the photocycle. Although carboxyamidyl 
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modified BR was substantially less inhibited in M4l2 decay than only 

carbodiimide-treated BR, the arrdde-coupled samples revealed similar 

changes regardless of specific carbodiimide employed. The modification's 

specificity for the inhibitory effect on M4l2 decay kinetics and apparent 

lack of effect on general protein structure suggest a critical carboxyl 

residue(s} involved in the photocycle mechanism is modified by all 

three carbodiimide reagents. The similarities in the pattern of the 

inhibition by EOC , ETC and CMC suggest they act at a connon "inhibitory 

site" by the same biochemical mechanism. 

Conversion of carboxyl groups into amides of different ionic 

character allowed isolation of the role of carboxyl ionic charge in BR. 

Substitution of carboxyl residues with aminoethanesulfonic acid retains 

the gross ionic charge of BR, and the individual anionic loci are merely 

displaced a few angstroms from the protein. Modification with other 

amines of identical molecular size and different only in charge (neutral 

and positive) did not Significantly change ~l2 decay kinetics compared 

to the anionic control modification. The slightly greater inhibition 

obtained with glycinamide and ethylenediamine may be due to potential 

cross-linking between the "second" amino group on the nucleophile and a 

second protein carboxyl group. Thus, the ionic character of the modified 

carboxyl group(s} are not a determining factor in the decay of the M412 

interrrediate. 

b. BR structure after modification 

To directly correlate carboxyl group modification by carbodiimides 

or EEDQ with the inhibitory effect on photocycle kinetics, it is 

necessary to exclude the possibility that modification has caused a non­

specific structural change in BR. The retinal-protein chromophore may 
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be used as an internal reporter group that reflects BR protein structure 

(Muccio and Cassim, 1979). All carbodiimides tested had no effect on the 

position of the absorbance maximum or intensity of the retinal-protein 

absorbance band, indicating no significant perturbations of the protein 

structure have occurred. 

CD spectra provide additional information concerning structural 

interactions between the chrarophore and the protein; as well as general 

rne:rrbrane structure in the case of purple rrembrane sheets. The exciton 

CD couplet is characteristic of the trimer structure since it has been 

shown that the monomeric state is characterized by only a positive CD 

band centered at the absorption maximum (Cherry et al., 1978). It was 

shown that BR incorporated into phosphatidylcholine vesicles exists in 

a crystalline lattice below the phase transition temperature, while 

above the phase transition, the protein molecules are monorreric. Rever­

sible changes in the visible CD accompany changes in the aggregation 

state of the BR molecules. Similar observations have shown that solu­

bilization of BR in Triton X-IOO and octyl- B -D-glucoside leads to 

formation of protein monomers (Dencher and Heyn, 1978) that have altered 

visible absorption and CD spectra. The major conclusions that can be 

derived from the similarity of the control and carboxyl-modified CD 

spectra are: (1) no significant perturbation of the protein-chran::>p};}ore 

environrrent has occurred as a result of carboxyl modification and, (2) 

carboxyl modified purple rrernbrane sheets retain the two-dimensional 

hexagonal lattice of trimers characteristic of purple rrembrane structure. 

The retention of crystallinity by the carboxyl modified purple rrernbranes 

.has also ,been confirrred by analysis of electron diffraction patterns 

(J. Jaffe and R. Glaeser, personal cc:mnunication). 
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c. Possible locations of roodified carboxyl groups 

Amino acid analysis was used to shCM that 12 carboxyl groups are 

converted to glycine methyl ester-arrddes by EDC using high reagent con­

centrations and long reaction times. These extensive reaction conditions 

suggest that the unreacted groups are determined by constraints of the 

native BR structure. Since there are 19 carboxyl residues in the 

protein, 9 aspartate, 9 glutarrdc, and 1 carboxyl terminus of serine 

(Khorana et al., 1979), we may infer that 7 carboxyl residues recalci­

trant to roodification are "buried" residues. Similar chemical IIOdifica­

tion procedures using EDC promoted amide formation with either glycine 

methyl ester, glycinamide, or arrdnoethanesulfonic acid as a nucleophile, 

shCMed that unreactive carboxyl residues in lysozyme or trypsin became 

available to modification under denaturing conditions (Eyl and Inagami, 

1971; Lin and Koshland, 1969). In general, the modification studies 

provided structural information which supported crystallographic findings. 

The studies were complementary since groups that crystallographic 

findings placed on the surface were modified, while those located in 

the enzyme cleft were resistant to modification. The decreased reactiv­

ity of seven carboxyls in BR might be due to either a hydrophobic 

environment or potential steric hindrance of the chemical modification 

reagents to the reactive site. 

The reactive carboxyl group(s) that results in strong inhibition 

of M412 decay kinetics is accessible to both the water-soluble carbodi­

imides and the hydrophobic EEDQ reagent. The relative higher inhibitory 

efficacy of EEDQ compared to EDC may be explained by the preferential 

partitioning of the more hydrophobic reagent into the membrane phase. 

In this way, the effective concentration of EEDQ in the membrane phase 
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may be elevated conpared to EDC given initially identical bulk aqueous 

phase concentrations of the two reagents. A possible explanation for 

the fact that EDC may react in a hydrophobic envirol"l1Dant may be given 

by considering the analogy Qetween EDC and alkyl-trtmethylammonium 

salt (n = 8) rrolecular structures. If the diimide structure of EDC is 

considered similar to alkyl carbons in a hydrocarbon chain, then EDC 

might act as a positively charged ionic amphiphile. It would partition 

into the purple membrane with the tertiary amine group at the surface 

and the diimide "alkyl" chain oriented parallel to the lipid alkyl 

chains. This would place the reactive diimide group about 6 carbon­

carbon bond lengths ( -::::.7.5 .K) fran the surface of the membrane in a 

hydrophobic envirornrent. Thus, the inhibitory site that is EEI:XJ and 

EDC reactive may reside in a relatively hydrophobic envirol"l1Dant. 

The location of carboxyl group(s) involved in forming intermolecular 

BR cross-links can be suggested fran this and other studies. Similar 

observations of BR cross-linking by EDC reaction at pH 4.5 were made by 

Renthal et ale (1979). In addition, it was found that treatment of BR 

with papain prior to reaction with EDC, resulted in alnost no cross-linking. 

The papain treatment cleaves the C-terminal tail fran the membrane, 

which contains five carboxyl groups: two aspartates, two glutamates, 

and the terminal carboxy 1. Thus, the cross-linking reaction rust occur 

between carboxyls on the C-terminal tail and nucleophilic groups located 

on the surface of the PM. This study further showed that addition of 

an external nucleophile strongly inhibited cross-linking. Addition of 

nucleophile such as GME results in competition with endogenous BR 

nucleophilic groups for the activated carboxyl, and hence prevents 

cross-linking reactions from occurring. It is important to note that 



the carbodi~de cross-linking reaction that occurred on the membrane 

surface was not catalyzed by the more hydrophobic EEDQ reagent. 
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B. Structural Role· of Carboxy I Groops in the Photocycle 

As shown in the previous section, chemical modification of carboxyl 

groups by water soluble carbodiimides causes an inhibitory effect on 

the photoreaction cycle of bacteriorhodopsin. The addition of a nucleo-

phile, regardless of its ionic character, substantially reduced the M4l2 

decay .inhibition. The mechanism of inhibition and nucleophile reversal 

was difficult to define since modification resulted in extensive inter-

ItDlecular cross-linking, as well as possible intranolecular cross-links 

and N-acylurea products (Carraway and Koshland, 1968). It was therefore 

of interest to find reaction conditions or other carboxyl modification 

reagents which eliminated this multiplicity of reaction products. 

Since EEDQ treatment does not result in intermolecular cross-linking, 

the role this plays in the inhibition of M412 decay kinetics can be 

ascertained. The concentration dependence of nucleophile promoted amide 

formation utilizing GME and EEDQ was therefore studied and compared to 

similar ItDdifications using GME and EDC. The role of intranolecular 

cross-linking by lysine residues was studied by double modification 

procedures which first blocked lysyl residues. The effects of carboxyl 

ItDdification on the 0640 intermediate and acid-induced blue species were 

also characterized since carboxyl residues have been hypothesized to be 

essential for their function. 

1. Reversal of inhibition of ~l2 decay kinetics by glycine 
methyl ester 

Treatment of purple membranes with EEDQ resulted in an inhibition 

of M412 decay kinetics with no effect on M412 formation, as found pre-

viously with EDC treatment (Packer et al., 1979). Addition of a nucleo-

phile (GME) prior to addition of the carboxyl-activating reagents 
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resulted in partial reversal of the maximal inhibition of M412 

decay observed after treatment with the carboxyl-activating reagents 

alone. The effectiveness of reversal was dependent on GME concentration 

(1-250 roM) during the modification reaction. GME was equally effective 

when used in conjunction with either EDC or EEDQ reagents (Fig. 15). 

The strong biphasic nature of the M412 decay is apparent in all 

mcdified samples. Each decay curve was fitted as the sum of t~ expo-

nential decay processes. Serrdlogarithmic plots of M412 absorbance versus 

time showed a straight-line plot for the second, slower phase of the 

decay when generated by either computer-programmed routines or by 

hand~raphing techniques. It was found that the yield of M412 inter-

mediate was independent of the nucleophile concentration employed. The 

GME concentration primarily determined the kinetics of the second, 

slower phase and its overall contribution to the total M412 signal. 

The intersection of the extrapolated, dotted lines in Fig. 15 shows 

that increasing GME concentrations decreased the contribution of slower 

kinetic phase to the M4l2 decay. 

2. Effect of lysine modification prior to carboxyl-activating 
reagent treatment 

In order to test the idea that e:-arnino groups of lysine acted as 

an endogenous nucleophile in the EOC or EEDQ reaction, a double modifi-

cation procedure which first blocked lysine residues was developed. 

The reaction of lysines with a monofunctional irrddoester results in the 

conversion of the group to an arnidine product (Means and Feeney, 1971) 

which is no longer capable of forming an intramolecular cross-linking 

product. Purple membranes were first treated with a range of ethyl 

acetirrddate (EA) concentrations, 1-200 roM, and analyzed to determine 
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Figure 15. Reversal of Inhibition of M4l2 Decay Kinetics by GME. 

M4l2 decay kinetics of samples rocx:iified by (a) 10 rrM EOC, kif 4.5 

for 1 hr and (b) 5 roM EEDQ, kif 6GO for 1 hr~ in the presence of different 

concentrations (indicated for each curve) of glycine rrethyl ester 

nucleophile. Laser-flash photolysis conducted at 20°C. Kinetic data 

obtained from the summation of 20 individual scans for each sample. 
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the percentage of free amino groups remaining by the fluorescamine 

nethod (Bohlen et al., 1971). The maximal fluorescence obtained 
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in control samples corresponds to six available lysine residues. The 

results presented in Table VII show the number of lysines m::x:Ufied by 

increasing concentrations of EA alone and for the 50 roM EDC reaction 

alone. As shown, 50 mM EDC alone ItDdified 1.2 lysine residues. EDC 

treatnent also modifies a single lysine when the sample has been pre­

reacted with 2-5 mM EA which ItDdified up to 2 lysines. Higher EA 

concentrations (25-200 roM), pre-reacts all available lysines and no 

additional modification by EDC occurs. In the converse experient, pre­

reaction with EDC followed by EA modification, one additional residue 

is nod if ied below the saturation level. Thus, the EA and EOC reactions 

are strictly "additive" if less than 3 lysines are m:::x:Ufied by the 

first modification reagent. However, as seen in Table VII, the same 

level of modification occurred in the 10 mM EA sample (2.7 lysines) as 

in the 10 mM EA sample that had been pre-reacted with 50 mM EOC (3.3. 

lysines). Under these conditions, the number of lysines modified (3) 

was not the sum of the individual reactions (4). When all available 

lysines (5 of 6) are modified at or above 25 mM EA, no additional 

lysine modification is possible by subsequent EOC reaction. 

The functional consequences of the lysine-carboxyl double modifi­

cation on the photocycle were determined by studying the M412 decay 

kinetics. In figure 16, the kinetics of the 50 mM EDC reaction alone, 

200 mM EA alone, 200 mM EA rncxjification prior to 50 mM EOC treatment, 

50 reM EDC treat:rrent prior to EA modification, and the effect of 200 roM 

GME + 50 mM EDC are corrpared. As shown previously, when purple merrbranes 

were treated with 200 mM ethyl acetirrridate, it was found that 5 out 
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TABLE VII 

NUMBER OF LYSINES MODIFIED BY EA/EDC AND EOC/EA DOUBLE MODIFICATIONS 

Lysine or carboxyl 
modification alone 

EA(nM) 

Control 

2.0 

5.0 

10.0 

25.0 

50.0 

200.0 

50 rrM EDC 

Number of Lysines 
Modified 

o 

1.1 + 0.1 

1.8 

2.7 + 0.1 

4.1 + 0.1 

4.8 + 0.1 

4.8 + 0.1 

1.2 + 0.4 

Prior modification 
of lysine residues 

EA(nM)/Eoc-a Number of Lysines 
Modified 

Control o 

2.0 2.3 + 0.1 

5.0 2.9 + 0.3 

10.0 

25.0 4.4 + 0.5 

50.0 4.7 + 0.1 

200.0 4.9 + 0.4 

a EDC concentration in all double-modified samples was 50 nM. 

Prior modification 
of carboxyl residues 

EOC/EA(nM)a 

Control 

2.0 

5.0 

10.0 

25.0 

50.0 

200.0 

Number of Lysines 
Modified 

o 

2.3 + 0.2 

2.9 + 0.1 

3.3 + 0.2 

4.8 + 0.1 

~ 
o 
w 
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Figure 16. M412 Decay Kinetics of Lysine-carboxyl Double Modified·BR. 

The M412 decay kinetics of 200 roM ethyl acetbnidate-treated BR 

(EA), EA modification prior to 50 mM EOC treatment (EA/EOC), and 50 mM 

EOC treatment prior to EA modification (EOC/EA) are shCMn. The decay 

kinetics of 50 roM EOC alone and 200 rrM Q-iE + 50 rrM EOC modified sarrples 

are shCMn for comparison. Laser flash photolysis was conducted on 

samples suspended in 0.10 M NaCl, 0.01 MES, pH 6.5 at 20°C. 
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of 6 available lysines in BR were modifiede This represents maximal 

modification since lysine residues 41 and 216 (which bears the retinyl­

lysine Schiff4Jase linkage) are not reactive (Moore et al., 1980). 

Flash photolysis revealed a rrdnimal effect of lysine modification on 

M4l2 decay kinetics. Subsequent treatnent of 200 nM EA lysine-m::dified 

BR by EDC (50 roM) showed that inhibition of M4l2 decay was greater than 

only EA treated, but was substantially less than EDC treatment alone. 

The kinetics of M4l2 decay in the EA/EDC double modification were vir­

tually identical to those obtained with EDC + 200 roM GiE. When the 

order of modification was reversed (EDC followed by EA), no difference 

was observed corrpared to EDC treatment alone. When EA modified samples 

were subsequently modified by EDC + GiE, instead of EDC alone, the 

kinetics of M4l2 decay also did not show any additional significant 

reversal with respect to EA/EDC treatment (data not shown). Thus, GME 

was no longer effective in reversing inhibition when lysines were first 

converted to amidine products by EA. Similarly, EA modification prior 

to EEDQ treatment also caused partial reversal of M4l2 decay inhibition, 

although the effect with EDC was more pronounced. 

The reversal of inhibition of the M4l2 decay kinetics was corre­

lated with the extent of lysine modification. As seen in Table VIII, 

the slow, biphasic decay of the 50 nM EDC sample is not greatly affected 

in the 2 mM EA/EDC or 5 mM EA/EDC samples. However, a large decrease 

occurs at 10 mM EA/EDC, which does not differ greatly from the value 

obtained at 200 mM EA/EDC concentrations. Thus, only after the third 

lysine residue is converted to an amidine product, is there a dramatic 

decrease (138 msec to 73 msec) in inhibition of M4l2 decay kinetics. 

M4l2 decay kinetics directly correlates with the concentration of EA 



BR sample 

Control 

200 reM EA 

50 reM EOC 

2 rrM EA/EOC t 

5 rrM EA/EOC 

10 rrM EA/EOC 

50 rrM EA/EOC 

200 reM EA/EOC 

TABLE VIII 

EFFECT OF EA/EOC IXXJBLE MODIFICATIOOS 
ON M4l2 DECAY KINETICS 

Fraction of total (6) 
lysines modified 

o 

0.80 

0.20 

0.38 

0.48 

0.78 

0.82 

~12 Decay 
tl/2 (msec) 

Initial 
phase 

4.3 

6.0 

25 

12 

12 

13 

6.0 

9.9 

Second 
phase 

165 

145 

138 

73 

85 

54 

t Final concentration of EOC for all double modified samples is 
50 rrM. 
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that is required to conpete with EOC for reaction with a single lysine 

residue. 

3e Apparent absence of photo intermediate 0640 and kinetics 
of reformation of BR570 
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The effects of carboxyl modification on the 0640 intermediate were 

studied since it has been suggested that a carboxyl group(s) is 

responsible for formation of this transient photocycle chromophore 

(Fisher and Oesterhelt, 1980). At 650 run, control purple membranes (pH 

6.5, 20°C) showed the typical pattern for the 0640 intermediate of an 

initial negative absorbance change which is quickly reversed and yields 

a positive peak followed by a slow decay (Fig. 17). The magnitude of 

the initial negative absorbance is apparently a contribution fran the 

large negative change in absorbance that occurs at 570 run. This was 

visualized by corrputer subtraction of the flash photolysis signal at 

560 run from the signal obtained at 650 run. The magnitude of the sub-

tracted signal is based on the relative absorbance at the two wavelengths. 

The corrected flash photolysis kinetics are true kinetics for the '0' 

intermediate (data not shown). 

Carboxyl-modified samples exhibited an entirely different pattern 

at 650 run from controls. In both EEDQ and EEEQ + G1E modified prepara-

tions analyzed at 20°C, an initial negative transient absorbance response 

appeared, but it was followed by a gradual increase in absorbance 

towards the baseline and no further. Kinetic analysis of these traces 

at longer time periods confirmed that positive absorbance at 650 run 

did not develop. Increasing the temperature to 40°C, which normally 

substantially favors 0640 intermediate formation (Moore et al., 1978), 

revealed a positive absorbance at 650 run in the modified samples. 



Figure 17. Effect of EEDQ Carboxyl Modification on the Photocyc1e 

of M (410 rum), 0 (650 rum), and BR (560 rum) Intermediates. 

The effect of temperature on the kinetics of control and EEDQ­

treated samples are shown illustrating the apparent absence of the '0' 

intermediate in the EEDQ sample at 20°C. 
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Figure 18. Effect of EDC and GME + EDC on the Photocycle Kinetics 

of M (410 rum), 0 (650 rum), and BR (560 rum) Intermediates. 

The apparent absence of the 0650 intermediate is seen in the 

carboxyl modified samples at 20°C. 
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This positive absorbance appeared in the same tine dcmain as the signal 

from control samples at 40°C indicating the kinetics of the 0640 

intermediate are substantially unaltered. 

The apparent kinetics of the increase in absorbance at 650 nm were 

similar to both the kinetics of the second phase of M412 decay and 

reformation of BR570 for all carboxyl modified, samples. The results 

obtained from EDC and EDC + GtE mod if ied samples also revealed the 

absence of positive absorbance at 650 run and similar kinetic pararreters 

for M412 decay and BRs70 reformation (Fig. 18). 

Flash photolysis conducted on samples at pH 3.0 showed that the 

overall shape of the control response was similar to that obtained 

at neutral pH, although the magnitude of the response at 650 nm is 

increased and the decay process is greatly slowed. However, EDC modi-

fied samples photolyzed at pH 3.0 showed no positive absorbance at 

650 nm, but a complex negative absorbance response. 

4. Effects of carboxyl-modification on the formation of the 
acid-induced Species 

In order to examine the possible relationship between the 0640 

intermediate, the acid-induced species, and protein carboxyl groups; the 

formation of the 0640 intermediate was studied in modified membranes. 

Acid titration of purple membranes is known to induce a red shift in 

the absorption spectrum, leading to formation of an acid species absor-

bing maximally at 600-610 ~ This effect is reversible since the 

original spectrum can be regenerated by addition of base (Moore et al., 

1978). Difference spectra of control purple membranes at pH 7.0 (25°C) 

and samples at various acid pH values revealed a substantial decrease 

in absorbance at about 550 nm and a concommitant absorbance increase of 
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Figure 19. Difference Spectra of the Blue, Acid-Induced BR Chromophore. 

a) Acid titration of control purple nerrbranes. '!he inset 

shows that the pI< = 3.5 for the transition. 

b) Acid titration of 50 reM EOC modified purple membranes. 
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a broad band centered at 640 nm (Fig. 19a). A plot of AG40 vs. 6pH 

revealed that the 640 nm peak had a pK = 3.5 (inset), in agreerrent with 

the results of obtained by Tsuji and Rosenheck (1979). Below};i1 3.0, 

sane nembrane aggregation was observed, although reversal of aggregation 

by addition of NaDH was still effective. Acid titration of carboxyl-

modified purple rrembranes showed substantial differences in their 

spectral behavior relative to controls. Sanples rrodified by EOC, EOC + 

G1E, EEDQ, and EELQ + G1E treatment consistently did not show the 

formation of a spectral species absorbing at 600-610 rum at acid };i1 up 

to };i1 3.0 (Fig. 19b). However, the rrodified preparations revealed a 

decrease in 570 rum absorbance with increasing acidity. carboxyl~odified 

samples appeared purple at };i1 3.0 while control purple rrembranes appeared 

blue. Difference spectra of EOC modified BR showed a negative peak 

with an absorbance maximum at 570 run and a very small, broad, positive 

band centered at 650 rum. 

5. Discussion 

A structural role for a carboxyl residue in the BR photocycle has 

been found by analyzing the kinetics for the decay of the M4l2 

internediate. The results indicate that one "zero-length" carboxyl-

lysine cross-link occurs as a result of carboxyl-activating reagent 

modification that strongly inhibits the reprotonation phase of the 

photocycle. This suggests that a carboxyl-lysine pair is in close 

proxirrUty in the native membrane, and is probably interacting ionically. 

a. Role of an endogenous BR nucleophilic group in the 
carboxyl~ification reaction 

This study has shown that increasing concentrations of an exogenous 

nucleophile provide increasing protection against inhibition of M412 
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decay kinetics induced by carboxyl activating reagents alone. The 

strong sDnilarity in the protection conferred by GME to both EDC and 

EEDQ treated samples indicates that the mechanism of protection is the 

same. The GME concentration dependence of the protection further 

suggests that GME competes with an endogenous BR nucleophilic group for 

an activated protein carboxyl group. Potential nucleophilic groups on 

BR that could react with carboxyl groups to fonn intramolecular cross-

links are the e: - amino groups of lysine and the phenolic groups of 

tyrosine. Since amino acid analysis shows that tyrosines are not 

modified, the role of lysine residues as endogenous nucleophiles was 

investigated. 

b. Evidence for lysine-carboxyl interactions from double 
modification studies 

A double chemical modification procedure, which f1rst blocked 

lysine residues prior to carboxyl modification was developed. If the 

e: -amino groups of lysine were reacting with activated carboxyls, prior 

blocking should prevent this reaction. Quantitation of lysine groups 

using the fluroescamine method shONed this to be the case for EA, EDC, 

and EA/EDC modified samples. It was found that one lysine residue per 

BR molecule was involved in a cross-linking reaction after EDC 

modification. However, the data also indicate that EA and EDC compete 

for the modification of a single lysine residue. The critical lysine 

residue that reacts with EDC is modified by EA only when the EA concen-

tration is equal to or greater than 10 roM. The same level of modifica-

t ion occurred in the 10 rrM EA samp Ie ( 2. 7 1 ys ine) as in the 10 rrM EA 

sample that had been pre-reacted with 50 roM EDC (3.3 lysines). If the 

EA and EDC reactions were modifying different lysine residues, the 
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double Irodified semple would be expected to contain 4 modified lysines, 

i.e., the sum of the lysines modified by the individual reactions. 

This indicates that the third lysine residue Irodif ied at 10 rrM EA is 

the lysine residue which reacted with an EDC-activated protein carboxyl 

group. 

The functional consequences of the lysine-carboxyl double modifica­

tion on the BR photacycle were directly correlated with modification of 

the third lysine. If at least three lysines were Irodified, subsequent 

EDC modification produced only mild inhibition of M4l2 decay kinetics. 

The kinetics obtained in such sanples closely coincided with the values 

of M412 decay obtained in carboxyl-nucleophile modified samples when 

the nucleophile was present at high concentration (i.e., 10 mM EDC + 

200 rrM GMF). 

The inhibition of ~12 decay kinetics obtained by reaction with 

either EDC or EEDQ, and the reversal of inhibition obtained by reaction 

in the presence of G1E can be attributed to a COl1TOC>n cause. In the 

absence of added nucleophile, EDC or EEDQ results in an intrarrolecular 

cross-link between a carboxyl group and lysine residue that creates maxi­

mal inhibition of ~12 decay kinetics. In the presence of GME, the added 

nucleophile competes with the lysine residue for the activated carboxyl 

group. Reaction of GME with the carboxyl residue results in glycine 

methyl ester amide formation and prevents the cross-linking reaction, 

yielding minimally inhibited kinetics. Lysine-carboxyl double modifi­

cation experiments further support this idea because lysines that are first 

modified by EA are unavailable for subsequent reaction with carboxyls 

activated by EDC or EEDQ and cannot form intrarrolecular cross-links. 

Thus, it is clear that the cause of maximal inhibition of M4l2 
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decay kinetics can only be attributed to intramolecular cross-linking in 

EDC- or EEDQ-treated samples. An intramolecular cross-link between a 

carboxyl and lysine residue in BR may act to constrain conformational 

changes that take place during the photocycle, which are particularly 

important for the decay of the M intermediate. It has been shown that 

intramolecular cross-linking by bifunctional ~idoesters resulted in 

inhibition of M4l2 decay kinetics although the effect was smaller than 

in the present study (Konishi et al., 1979). Carbodi~ides and EE[X,J 

are "zero-length" cross-linkers (Klein et al., 1980), whereas the 

bifunctional ~idoesters have 8-11 K flexible bridges between their 

functional groops. Thus, a cross-link that forms as a result of 

carboxyl-activating reagent treatment must occur between a lysine 

and carboxyl residue that are in very close proximity to each other 

and probably interacting ionically. 

c. Correlation of photocycle intermediate 0640 
and the acid-induced Species 

Available data has led to the suggestion that the formation of 

both the 0640 intermediate and the acid-induced species chramophores 

may be due to retinal-carboxyl group(s) interactions. The flash 

photolysis data shows the apparent absence of 0640 in both EDC- and 

EEDQ-treated samples (in the absence and presence of a nucleophile). 

One interpretation is that carboxyl group(s) that are required for 0640 

formation are blocked. However, careful consideration of 0640 kinetic 

traces shows that part of the kinetics measured at 650 nm in the modi-

fied samples at 20°C represent changes of the BR570 species whose broad 

absorption band extends out to 700 nrn. Typically, in the BR absorbance 

spectrum, the value at 640 rum represents 10% of the absorbance at 



120 

570 nm peak value. Flash photolysis kinetic traces of modified samples 

at 650 nrn (20° and 40°C) are therefore the composite of the fast 0640 

intermediate changes superimposed upon slow changes of the regeneration 

of BRs70. 

The results obtained are consistent with a scheme where M~~0~2~ 

BR and k2 » kl at 20°C but k2 ~ kl at 40°C as is the casein control 

samples at 20°C. In the series reaction, the slow reaction is the rate 

l~ting step and dominates in the kinetic control of the overall 

process. When k2 » kl' the photocycle has a slow conv~rsion of M412 to 

0640' and is followed by a rapid reaction of 0640 to BR570. In this 

case, the concentration of 0640 remains low throughout the course of 

the reaction, and BRs70·appears essentially as M412 disappears. Thus, 

the apparent absence of 0640 at 20°C and its appearance at 40°C are 

explained solely by the changes in the kinetic parameters of the 

photocycle that result from modification. 

Previous studies have suggested that an acid-induced species may 

represent a stabilization of the '0' intermediate (Moore et al., 1978; 

Fisher and Oesterhelt, 1979). The structure of the acid species studied 

by CD spectra in the Ultraviolet region show that the a-helical content 

of BR is not significantly altered at pH 3.0 (~10%) (Tsuji and Rosenheck, 

1979). Schreckenback et ale (1977, 1978) report the existence of a 

pH-dependent equilibrium between the planar and nonplanar conformations 

of retinyl in the BR binding site. Ring-chain planarization was found 

to require the deprotonated form of a group with pK of 3.8, which 

supports the existence of a carboxyl group in the chromophore environ­

ment. Thus, the red spectral shift for 0640 and the acid species 

probably results from small changes in the structure of the chromophore 
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environment and/or protonation of groups in the vicinity of the chromo­

phore. 

In carboxyl-modified BR, it is clear that the 0640 intermediate is 

capable of forming in samples in which the acid-induced species is not. 

This may indicate that two distinct groups are responsible for the 

observed spectral transitions. The group responsible for the shift to 

longer wavelengths in 0640 formation may undergo transient changes in 

its protonation state during the reprotonation phase of the photocycle. 

The second group responsible for formation of the acid species may not 

initially be in contact with the retinal chromophore, but moves into 

contact during a local rearrangement in the vicinity of the chromophore 

induced by acid titration. Alternatively, a single carboxyl group may 

be responsible for both spectral species and one mechanism for formation 

may be preferentially inhibited. In this case, a carboxyl residue 

which is necessary for 0640 formation would not be IOC.dified in this 

study, and intramolecular cross-linking may be responsible for preventing 

formation of the acid-induced species. 
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C. Carboxyl Group Interaction with the Retinal-Protein Chramophore 
) 

There is considerable support for the suggestion that electrostatic 

interactions between the retinal chromophore and charged or dipolar 

groups on bacterioopsin are responsible for regulation of the absorption 

maximum (Honig et al., 1979; Sheves et al., 1979; Warshel, 1979). 

These external point-charge models for wavelength regulation have postu-

lated the existence of carboxyl residues in the imnediate chromophore 

environment. This study has used chemical modification procedures 

developed for carboxyl groups to attempt to identify such residues. 

A pH-sensitive chramophoric reporter group, nitrotyrosine methyl ester 

(N'IME), has been attached to a carboxyl group in order to rronitor the 

protein environment at the "active site" (Fig. 20). The spectral and 

ionization properties of the reporter group have been studied in bac-

teriorhodopsin and bacterioopsin. The influence of the reporter group 

on the kinetics of the photocycle is also described. 

1. Spectral and ionization properties of the nodel conpound 

The UV-visible titration spectra of NTME in 0.1 M NaCl is shown in 

figure 21. In acidic solution, the fully ionized form has an absorbance 

maximum at 355 run ( E = 2,980 M-lcm-1) and a strong UV peak at 277 run. 

Upon, alkalinization, the 355 run peak is shifted to 428 run ( E = 

4,310 ~1cm-l) and exhibits an isosbestic point at 381 run. The pi< for 

the transition was found to be 6.60. In these respects, the ionization 

and spectral behavior of N'IME is very similar to nitrotyrosine which 

shows an E428 = 4,300 M-lcm-l in 0.10 M Tris, 0.10 KCl (Malan and 

Edelhoch, 1970). 



Figure 20. Summary of the NTME Labeling Reaction for Carboxyl 

Residues. 

Summary of the reaction of nitrotyrosine methyl ester, a 

pH-sensitive reporter group, with carboxyl residues of bacteriorhodop­

sin. EEDQ was employed as a hydrophobic reagent to activate'carboxyl 

residues. 
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Figure 21. Spectral and Ionization Properties. of the NTME Model 

. Conpound. 

Ultraviolet-visible spectra of the titration of ni.trotyrosine 

rrethyl ester IOOdel corrpound in 0.1 M NaCl, 0.010 M Hepes. The inset 

shows the pK detennined from the absorbance changes at 428 run. 
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2. Stoichiometry of NTME labeling of BR in purple membranes 

The stoichiometry of the labeling reaction was controlled by 

varying either the concentration of the carboxyl-activating reagent, 

EEDQ, or the concentration of the nucleophile, NTME (Table IX). Utili-

zing a constant concentration of 1 roM NTME present in small excess over 

the available protein carboxyl residues, increasing concentrations of 

carboxyl-activating reagent produced higher stoichiometries of coupling. 

The converse experiments utilizing 5 roM EEDQ (EEDQ: COOH = 13:1), 

exhibited a bell-shaped curve since higher nucleophile concentrations 

resulted in less coupling. Thus, a combination of short reaction times 

and low reagent concentrations allowed identification of samples with a 

stoichiometry of almost 1 mole NTME/mole BR. NTME has proven to be the 

most efficient nucleophile yet employed in the carboxyl coupling reaction, 

since much higher concentrations of glycine methyl ester,"aminoethane-

sulfonic acid, or a spin-labeled amine were required to obtain a similar 

coupling stoichiometry (Herz et al., 1981; Herz et al., 1983). 

3. Reporter group-protein chramophore interactions in purple 
rrerri:>ranes 

The absorption spectra (300-700 nm) for the alkaline forward titra-

tions of control and NTME~ified BR in purple membranes are shown in 

figures 22 and 23a (upper half), respectively. The spectral region 

examined covers the visible absorption bands of BR that arise from 

retinal-protein interactions, as well as the spectral region of the 

reporter group. The spectrum at pH 7.0 differs from unmodified BR in 

that a large elevation in the broad absorption band from 300-500 nm is 

seen, although no new peaks are evident. The absorption maximum of the 



TABLE IX 

STOICHI<.»1ETRY OF N'IME LABELING OF BR IN PURPLE MEMBRANES 

I. Effect of variable concentration of carboxyl-activating reagent, 
EEDQ, NTME = 1.0 mM: reaction time = 0.5 hr. 

!IDle ratio 
EEDJ (mM) NIME : EEDJ · COOH NIME per BR · 

0.0 2.6 · 0.0 1 0.00 · 0.1 2.6 : 0.26 · 1 0.16 · 005 2.6 · 1.3 · 1 0.31 · · 1.0 2.6 : 2.6 · 1 0.74 · 5.0 2.6 · 13.0 · 1 2.83 e 0 

II. Effect of variable concentration of nucleophile, N'IME, EEDQ = 
5.0 roM; reaction time = 1.0 hr. 

!IDle ratio 
N'IME (roM) NIME EEDJ COOH N'IME per BR 

0.0 0.0 · 13 · 1 0.00 · · 0.5 1.3 · 13 · 1 3.80 · · 1.0 2.6 13 · 1 5.00 · 2.5 6.5 13 1 3.90 
5.0 13.0 · 13 · 1 2.64 · · 10.0 26.0 · 13 · 1 1.44 · · 
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main retinal-protein 570 rum peak is unaffected at pH 7.0. Acid titra­

tion from pH 7.0 to pH 3.0 results in no changes in the 300-500 rum region 

of the spectra. This is unusual since a peak at 360 nm characteristic of 

the nitrotyrosyl chromophore is expected to be evident. Spectra of 

samples incubated with only NTME and no EEDQ (in which no coupling is 

detected), are unchanged from control samples. 

Alkaline titration fram pH 7.0 to pH 11.0 results in dramatic 

changes in the reporter group and retinal-protein regions of the spec­

tra. The formation of a new peak at 428 run characteristic of the 

nitrotyrosinate ion occurs concorrdtantly with a large decrease in the 

extinction coefficient of the 570 rum band, exhibiting an isosbestic 

point at 480 nm. In addition, there is a general decrease in absorbance 

in the 300-380 rum region. Control purple rrernbranes titrated from pH 

7.0 to pH 11.0 show only a small decrease in the absorbance maxbnum 

at 570 run and at pH 11.0, 82% of the original absorbance remains 

(Fig. 22). No changes occur in the 300-450 rum spectral region and no 

isosbestic points are present. As seen in figure 23b, the absorbance 

changes at NTME-PM at 428 rum were used to obtain a pK for the spectral 

transition of the reporter group associated with the forward titration. 

The protein-bound NTME residue is found to have a pK of about 10-11, 

at least 3 pK units higher than the rrrxiel corrpound in solution. 

The backward (acidic) titration of the same sample after 24 hr 

under alkaline conditions reveals a new pattern of spectral changes 

(Fig. 23a, lower half). The decrease in absorbance at 428 rum is no 

longer coupled to absorbance changes at 570 nm. Instead, a new isos­

bestic point between a small peak at ~ 360 rum characteristic of the 

nitrotyrosyl and the 428 rum nitrotyrosinate chromophores appeared. 
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Figure 22. Visible Spectra of the Alkaline Titration of Control Purple 

Membranes. 

Membranes suspended in 0.10 M NaCl, O. 01 M Hepes. 1, I;ii 7. 0 ; 

2, pH 8.0; 3, pH 9.0; 4, I;ii 10.0; 5, pi 11.0. 



U 
a 
Z 

~ 
E 
() 
() 

c 

0 
~ 

c 
0 
u 

() 
() 
W 

() 
() 
LD 

() 
() 
~ 

I I () 
L-----------roL-----------WL---------~~~~------~N----------~()~ 

q b bOO 

a~uoq.JOsq"V 

131 

E 
c: -

L:. -0'1 
c: 
Q) 

Q) 

> 
0 
3: 



Figure 23. Spectral and Ionization Properties of NTME Modified 

Purple Memranes. 

a} Visible spectra of the forward alkaline titration (pH 7.0-

lleO) of NrnE-BR in purple membranes {upper} and backwards, acidic 

titration (pH 11.0-5.0, lower). The increase in absorbance at 428 rum 

during the forward titration occurs concomitantly with a decrease in 

the 570 rum peak and decrease in the 360 rum region of the spectra. 
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The absorbance at 428 rum decreases during the backward titration as 

the 360 rum region increases. Purple membranes suspended in 0.1 M NaCl, 

0.01 M Hepes. 

b} Changes in the pI< of the N'IME reporter group associated with 

the forward and backward titrations of NTME modified purple membranes. 
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The backwards titration also demonstrates a new, substantially lower 

pK = 8.0 (Fig. 23b) for the reporter group. 

Circular dichroism spectra (300-700 nm) of NTME-BR at pH 7.0 (data 

not shown) show an exciton couplet band with a positive peak at 530 run 

and a negative band at 605 run, as well as a sharp negative peak at 

320 run. These CD spectral features are characteristic of control BR 

(Muccio and Cassim, 1979). Alkaline titration of NTME-BR resulted in a 

small gradual decrease in the exciton coupling band until about 75 percent 

of the 530 nrn peak remained at pH 11.0. 

4. Reporter group properties in the apoprotein--Bacterioopsin 
in white membranes 

It was of interest to determine whether the unusual spectral and 

ionization behavior of the NTME residue bound to BR was caused by 

retinal-NTME interactions. A chemical bleaching procedure for BR 

using NH2JH produces a retinaloxirne species (Oesterhelt et al., --
1974) which is not desirable since it remains bound to the membrane 

and absorbs in the same spectral region as NTME. We used white membrane 

(WH) isolated from RprW, a nutant strain of !!.:.. halobiurn deficient in 

retinal synthesis, that has been carefully characterized by Mukohata et 

ale (1981). The major protein component of this membrane is 

bacterioopsin which appears in the form of hexagonally close packed 

trirners. The addition of stoichiometric amounts of retinal generates 

a 565 run chrortOphore, and forms purple membranes. The regenerated WM 

also displays a characteristic bilobed visible CD spectra characteristic 

of PM. Visible spectra of WM are featureless except for a small peak 

at 414 nrn which is due to small amounts of a contaminating respiratory 

pigment. 



Figure 24. Spectral and Ionization Properties of NTME Modified 

White Meroranes. 

a) Difference spectra of the forward alkaline titration (pH 7.0-

11.75) and backwards, acidic titration (pH 11.8-5.5) of NTME-BO in 
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-white membranes (upper half). The increase in absorbance at 438 during 

the forward titration is coupled to a general decrease at about 320 rum. 

The decrease at 440 rum during the backward titration is coupled to the 

formation of the 369 run peak. The 417 run peak is due to a small arrount 

of a contaminating respiratory pigment. 

b) Olanges in the pK of the reporter group associated with the 

forward and backward titrations of NTME modified white membranes. 
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White membranes were chemically modified with NTME using the same 

procedures developed for purple membranes. The spectral and ionization 

behavior of the bound NTME residues were determined from difference 

spectra of alkaline and acidic titrations (Fig. 24a). Formation of the 

nitrotyrosinate ion resulted in formation of a peak at 438 nm with a 

pK = 10.1 (Fig. 24b). A small decrease in absorbance at 320 nm accomr 

panied this change, but the transition did not show a clear isosbestic 

point. However, the backward titration demonstrated a clear isosbestic 

point at 385 nm as a result of conversion of the 438 nm nitrotyrosinate 

ion to a 369 nm absorbance peak characteristic of the nitrotyrosyl 

chramophore. As in the case of NTME-modified PM, the backward titration 

of NTME-wM exhibited a decreased pK = 8.5. Thus, both N'lME-PM and 

NTME~ exhibit essentially identical spectral and ionization behavior 

for the reporter group that accompanies forward and backward titrations. 

5. pH dependent steady-state levels of M412 intermediate 

Since retinal-protein chramophore interactions with N1ME were 

evident from the isosbestic point of the titration spectra, we sought 

to identify effects of the NTME group on activity of BR. The formation 

and decay of the M412 intermediate is closely linked to changes in the 

protonation state of the Schiff base (Lewis et al., 1974) and the 

release and uptake of protons fram the purple membranes (Govindjee et 

al., 1980). The activity of BR as a function of pH in the region of 

the pK of protein bound reporter group should be a sensitive measure 

of NTME effects on the photocycle. 

Alkaline titrations of control and N'IME-BR were carried out to 

quantitate the steady-state level of the M412 intermediate. Previous 



Figure 25. pH Dependence of the M412 Steady-5tate Following NTME· 

Modification of Purple Membranes. Sanples were suspended 
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in 0.1 M NaCl, 0.01 M Hepes at 25°C. 0, control (unmodified) 

purple rcembranes:., 1.0 rrM N'IME + 5.0 rrM EEJ::XJ mod if ied 

purple rcembranes. The inset shows the difference between 

the control and NTME modified samples. 
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studies (Sherrer et al., 1981) have shown a strong pH dependence of 

the decay kinetics of M4l2, and a tyrosine residue has been implicated 

in the mechanism. The pH dependence of M4l2 levels was cortpared 
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by normalizing the NTME values to the control value at pH 7.0 in order 

to correct for initial differences in protein concentration and steady­

state levels. Since the group of interest has a pK = 10-11, this will 

not affect comparison of the NTME pH-dependent effects on activity. 

Figure 25 shows that N'IME rocdified saq>les shCM an elevated level of 

the M4l2 intermediate throughout IlOst of the alkaline pH range. 

The inset in figure 25 shows that the largest difference in activity 

is in the region of pH 10-11. This suggests that NTME attached to BR, 

which has a pK of 10-11, causes the increased levels of M4l2 in the 

steady state. 

Steady state levels of M4l2 measured during the backward titration 

of NTME-BR were different from both the NTME-BR forward and control 

forward titration. A plot (data not shCMn) of the difference in steady 

state values vs. pH as in Fig. 25 showed a bell-shaped curve shifted to 

lower pH values by = 1.5 pH units relative to the forward titration. 

The M4l2 pH dependent shift is slightly smaller than the pi< shift found 

for the NTME residues by reporter group spectra. 

6. Decay kinetics of the M4l2 intermediate 

To further investigate the increased steady-state levels, laser 

flash photolysis was used to determine the kinetics of the rise and 

decay of the M4l2 intermediate. Kinetics for formation of M4l2 in 

control and NTME~ified BR were the same. At pH 7.0, figure 26 

shows that the decay kinetics for NTME-BR were slightly inhibited. The 

control sample exhibits a monophasic decay with a tl/2 = 6 rnsec at 20°C 



• 
Figure 26. M412 Decay Kinetics of NTME-Modified Purple Membranes • 

Serrdlogarithmic plots of data obtained from computer accumulated 

scans show a single exponential decay for control membranes at pH 7, 

and a slightly slower, biphasic M412 decay kinetics for the NTME­

modified sample. At pH 10, both decay times are substantially longer, 

although the NTI1E sample is greatest affected. Laser flash photolysis 

was performed on samples suspended in 0.1 M NaCl, 0.01 M Hepes at 

20°C. 

143 



E 
c 

N 
~ 

tt 

KINETICS OF M412 DECAY 

~ NTME MODIFIED BR J 

j 
I 
J 

i 
I 

I 

j 
I 
I 

CONTROL I 

I 

IGO 
TIM E (ms(?cs) 

--I 
I 
~ 
~ 
I 
I 

1 
I 
1 
i 

! 

i 

~ 
I 

I 
I 
j 
i 

-i 

, 
i 

I 
I I I 

240 

XBL 832-8070 

• 



while the NTME-BR appeared slightly biphasic, with the dominant fast 

phase tl/2 = 9.3 msec, and the second slower phase tl/2 = 20 msec. 
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This indicates that the protonated NTME species introduces only a slight 

perturbation to the overall photocycling mechanism. The decay kinetics 

were also determined at pH 10.0 where the M4l2 steady-state levels 

showed the greatest difference between control and modified samples. 

As expected, the control sample showed slower M4l2 decay kinetics 

(fast phase tl/2 = 7.5 msec and tl/2 = 55 msec for the second slow 

phase) which were strongly biphasic. The difference between the decay 

kinetics for the NTME-BR sample at pH 7.0 and 10.0 was even greater, 

tl/2 = 125 msec for the second, slow phase. The ratio of the half 

time for ~12 decay in the control sample at pH 10 versus pH 7 is 9.17, 

while the same ratio for the NTME~odified BR is 13.4. Comparison of 

the pH dependent effects on M412 kinetics shows that the modified 

sample's decay kinetics are increased a factor of 1.5 relative to the 

increase the control sample shows. Since the M412 steady state level 

is determined by the ratio of the kinetics of M412 decay to M412 rise 

kinetics, these changes should be reflected in the steady state level. 

Comparison of the steady-state values at pH 10 (Fig. 24) shows that the 

increase is very close to a factor of 1.5. Clearly, the protonation 

of the reporter group influences the photochemical cycle by determining 

the decay kinetics of the M412 intermediate. 

7. Discussion 

The NTME chromophore appears to be a sensitive probe to monitor 

changes in BR's microenvironment near the retinal binding site. The 

results suggest that the NTME chromophore bound to a carboxyl group 

resides in a hydrophobic membrane domain in the native state. 



a. Implications of chemical modification for the 
microenvironment of the retinal binding site 
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The unusual absorption spectra of N'IME in native PM that is evident 

at neutral pH is correlated with the unusually high pK of 10-11 for the 

residue. These spectral and ionization properties may be due to either 

an electrostatic interaction with a nearby group or a change in the 

polarity of the environment. A decrease in the polarity of the environ-

ment around any group will result in a smaller extent of ionization, 

regardless of its charge type (Kokesh and WestheiIrer, 1971). The pK of 

2,6-di-tert-butylphenol is increased 2-3 units relative to that of 

phenol presumably because the adjacent, bulky hydrophobic tert-butyl 

groups hinder solvation of the anion (Cohen and Jones, 1963). Examples 

of nitrotyrosine pK changes, as well as theory, demonstrate that a 

change to a more hydrophobic environment will increase the pK of nitro-

tyrosine residues. 

The backwards (acidic) titration demonstrates an irreversible 

hystersis that produces a lower pK = 8.0, closer to that of the model 

compound in solution. In addition, the protonated peak at 360 nm 

characteristic of the model compound in solution appears with an isos-

bestic point between the t~· NlME species. The elevated pK of NlME 

residue at the membrane surface could possibly be explained by the 

large negative surface potential of purple membrane sheets (Canneli et 

al., 1981). In accordance with Guoy-Chapman Theory (McLaughlin, 1977), 

at low ionic strength the surface pH will be more acidic than that of 

the bulk aqueous phase, and the intrinsic ionization of a surface 

group will occur at a lower pH than that measured in the bulk phase. 

However, since the pK of NTME-BR is essentially identical in 0.01 M NaCl 

and 1 M NaCl (data not shown) where the surface charge is completely 



e 

screened, we may exclude surface charge effects on the experimentally 

determined pK values. 
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These results suggest that the NTME chrornophore resides in a 

hydrophobic membrane domain in the native state. Exposure to high 

alkaline pH results in a change in pK which may be explained by a 

localized configurational change that transfers the NTME chramophore 

from a buried hydrophobic membrane domain into a more aqueous environ­

ment. Numerous examples of irreversible configurational changes as 

evidenced by titration curves of water-soluble globular proteins have 

been reported (Tanford, 1962). The decrease in the pK of two ananolously 

high pK carboxyl groups of B -lactoglobulin has been ascribed to a 

similar mechanism. In this case, the transfer of two buried carboxyl 

groups from a hydrophobic region to the surface occurs as the result 

of an alkaline titration-induced conformational change (Basch and 

Timesheff, 1967). Muccio and Cassim (1979) reported that alkaline 

titration of BR results in a small decrease in the 570 nm absorbance 

band that was reversible up to pH 10.0. Between pH 10.0-11.8, the 

spectral changes at 570 nm are increasingly less reversible. However, 

the secondary structure of the membrane protein monitored by far­

ultraviolet circular dichroism was invariant over the pH 7.0-11.8 

regions (Muccio and Cassim, 1979). This indicates that the pH range 

that BR was exposed to is not expected to alter the overall protein 

conformation, and therefore, the extent of the NTME-BR configuration 

change is small. This is supported by the fact that large BR confor­

mational changes (induced by exposure to pH > 12.0 or to charged deter­

gents) result in the release of retinal fram its binding site, forming 

a 364 nm spectral peak with an e:= 50,400 M-l cm-1 (Muccio and Cassim, 



148 

1979). The forward titration spectra clearly show the absence of any 

absorbance increase at 364 rum, demonstrating that retinal remains in 

its binding site. Furthermore, Muccio and Cassim (1979) found only a 

5° increase in the orientation of the transition dipole of the retinal 

chromophore in linear dichroic studies of oriented membrane films at 
I 

p~ 11.5. These facts point to a small, configurational change that 

specifically affects the reporter group distance from retinal, while 

leaving the retinal binding site intact. 

The CD spectra of N'IME~R found in this study retains the bilobed 

visible band previously described for bacteriorhodopsin. Part of the 

origin of this bilObed band has been ascribed to excitonic interactions 

of dissymetrically arrayed retinal chramophores within the membrane 

(Ebrey et al., 1977). Since the excitonic interactions arrong chrano-

phores have been correlated with rigid purple membrane organization 

(Cherry et al., 1978), no significant change has occurred in this 

property of the Irodified membrane. Furthernore, the presence of the 

bilobed band in Irodified membranes indicates that the presence of the 

reporter group(s) results in a minimal perturbation of the protein and 

chramophore structure, since other chemical modification procedures 

which affect the chromophore result in the loss of this feature (Lam 

and Packer, 1983; Herz and Packer, unpublished observations). In 

addition, the alkaline titration CD spectra for modified membranes 

exhibit a small decrease in intensity for the bilobed band that closely 

resembles the changes reported for control membranes (Muccio and Cassim, 

1979). Thus, the stability of the membrane has also not been affected 

by the carboxyl Irodification. 

• 
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To determine if N'IME interactions with retinal "~ se II were 

responsible for either the unusual spectral or ionization behavior, we 

examined these properties in NTME-labeled WM (lacking retinal). The 

alkaline titration of NTME-wM showed spectral and pK properties 

nearly identical to that found in PM. The acidic titration after 

alkaline conditions also demonstrated an irreversible hysteresis 
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that shifted the reporter group to a lower pK and caused a return to 

the rocx:lel corrpound spectral properties. The extreme similarity. between 

reporter group properties in PM and WM allows us to conclude the 

NTME-retinal interactions are not responsible for the unusual ioniza­

tion and spectral properties found in PM and these properties IID..lS t 

only reflect the protein microenvironment in the vicinity of the 

reporter groups. 

The absorption spectra of N'IME-BR during alkaline titration are 

quite similar in appearance to the alkaline titration spectra of nitrated 

BR observed in t'WO studies (Lemke and Oesterhelt, 1981; Katsura et al., 

1982). Both reports found elevated pK's of 9-10 for the modified 

nitrotyrosine residues and unusual spectral properties associated with 

the chramophore in the 300-500 nrn spectral region, as in this study. 

Katsura et al. (1982) observed an isosbestic point at 475-480 nrn that 

was correlated with an absorbance decrease of a 540 nrn peak (a blue­

shifted retinal-protein chromophore). These spectral characteristics 

have been interpreted as identifying a tyrosine residue(s) that inter­

acts with retinal in the chromophore binding site. 

There is considerable support for the suggestion that electro­

static interactions between the retinal chromophore and charged or 

dipolar groups on bacterioopsin are responsible for wavelength 



regulation of the red absorption band of the purple membrane coIII>lex 

(Nakanishi et al., 1979; Warshel, 1978; Yoshihara et al., 1981). The 

models predict a shift in the absorption maxima if a new charge is 

introduced into the chroroophore envirol'lIOOnt. A carboxyl group located 

in the Satre hydrophobic environrrent as the N'IME reporter group would 
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also be expected to have a pK shifted to higher values. '!he B-carboxyl 

of an aspartic acid side chain or the y-carboxyl of glutarrdc acid side 

chain which have a pK in aqueous solution of 4.5 (Tanford, 1962) would 

be shifted to a pK of 7.5-8.5. The replacement of the protonated 

carboxyl group at neutral pH by the protdnated nitrotyrosine residue 

(pK 10-11) would lead to no change in the charge environment of retinal. 

However, alkaline pH would create a negative charge which shifts the 

absorption maxima to the 440 nm region where it overlaps with the 

absorbance of the nitrotyrosinate ion. Although a negatively charged 

carboxylate group is converted to a negatively charged nitrotyrosinate 

group as a result of chemical modification, the pK and the distance of 

the charge from existing protein functional groups and retinal are 

substantially altered. 

b. Location of a carboxyl residue at the retinal 
binding site 

Calculations utilizing chromophore models as well as studies of 

synthetic model COIII>Ounds derronstrate that charge effects on absorption 

maxima are highly dependent on the geometry and distance of the negative 

charge fran the conjugated system (Sheves et ale, 1979). A small blue 

shift was found to occur in model compounds when a negatively charged 

carboxylate group was positioned 3 K fran the Schiff base linkage. 

However, a larger red shift occurred when the charge was placed 3 ~ 

'. 



fran the conjugated polyene system. A leM dielectric medium around 

the NTME and retinal chromophores could increase the distance through 

which they are capable of interacting (Inouye et al., 1979). Given 
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the current lack of kneMledge concerning the three-dimensional structure 

and functional group corcposition of the "active site" of BR, it is not 

possible to accurately specify the distance and geometry of the reporter 

group with respect to retinal in the binding site. 

Nevertheless, the location of the modified carboxyl in the primary 

sequence can be suggested by reference to current models of BR secondary 

and tertiary structure (Huang et al., 1983; Agard and Stroud, 1981; 

Engelman et al., 1982). The pK changes observed by spectral titration 

infer that the modified residue is buried in a hydrophobic domain in 

the native state, but accessible to the aqueous membrane interface 

after a small configurational change. Of seven possible buried carboxyl 

residues, only four residues are situated within approximately 15 X 
of extracellular surface of the membrane. In order to place the modi­

fied carboxyl group within 10 X of the retinal chromophore, it is 

reasonable to assume the residue is either on the same helix or an 

adjacent helix to helix G that bears the retinal-lysine (Lys 216) 

Schiff base linkage (Katre et al., 1981; Bayley et al., 1981). Although 

the complete assignment of helical segments (A-G) to specific rods of 

density (1-7) in the electron density map of BR is not definitive, 

experimental data places helix F adjacent to helix G (Trewhella et al., 

1983), and most patterns assign helix A a position adjacent to 

helix G (Agard and Stroud, 1982). The retinal chromophore has been 

found to be inclined at an angle of about 23° from the plane of the 

membrane using linear dichroism measurements (Bogomolni et al., 1977). 
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In a recent study, Huang et ale (1983) used a retinal photoaffinity 

label to identify Glu-194 on helix F as a residue adjacent to the 

p-ionone ring of retinal. Given these constraints on structure and 

the above assumptions, the modified carboxyl group in the chrornophore 

environment is most likely to be Glu-194 (helix F) since it is the 

closest to the retinal chromophore. TWo other groups, G1u-204 (helix G) 

and Glu-9 (helix A) are also candidates for the modified site. The 

identification of the modified residues in the primary sequence should 

serve to further define the structure of BR in the purple membrane as 

well as elucidate the role of carboxyl residues in the BR chromophore 

structure. 



D. Topography and Mobility of Spin-labeled Carboxyl Residues 

An additional method that would make it possible to draw a more 

detailed and precise picture of the arrangement of the BR polypeptide 
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in the purple membrane is the chemical modification of selected func­

tional groups by the introduction of spin-label reporter groups 

(Morrisett, 1976). Although lack of site specificity can be an inherent 

limitation in functional group modification (Glazer et al., 1976), 

useful structural information can still be obtained if the complex ESR 

spectrum can be deconvoluted by biophysical and biochemical methods 

(Likhtenstein, 1976). This approach allows the study of the local 

topography and mobility of different domains of the membrane protein 

in the vicinity of the covalently bound labels. 

1. Stoichiometry of the spin-labeling reaction 

BR was covalently spin-labeled by reacting 4-arnino-2,2,6,6-

tetramethyl-piperidino-N-oxyl (Temparrdne) with protein carboxylic amino 

acid residues using N-{ethoxycarbonyl)-2-ethoxy-l,2-dihydroxyquinoline 

(EEDQ) as the coupling agent (Fig. 27a). The amount of spin label 

covalently coupled to BR was found to depend on the concentration of 

the carboxyl activating agent, EEDQ, present during the reaction. The 

concentration dependence of EEDQ on the spin-labeling reaction was 

studied using a large excess of Temparrdne nucleophile (200 roM). EEDQ 

concentrations ~ 1.0 roM produced insignificant labeling, while higher 

concentrations (10 - 30 roM) yielded progressively increased levels 

of nucleophile coupling (2.0 - 4.25 TA per BR). Only a few of the 19 

carboxyl residues found in BR were modified by this procedure. ESR 

spectra clearly revealed an increase in the Unmobilized spin content 

of samples that was correlated with higher stoichiometries of 



Figure 27. 

a) Sunmary of Spin-labeling Reaction for Carboxyl Residues 

of Bacteriorhodopsin. 

b) Increase in the Irrm::>bilized Spin Content Correlated with 

Higher Stoichiometries of Labeling. 

ESR spectra of BR labeled by reacting 200 rrM Terrparnine with 

15-30 rrM EErQ. Washed samples, resuspended at 10 ItYJ/ml 

TA-BR and ESR spectra recorded at the sane gain. 
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spin-labeling (Fig. 27b). Higher stoichiometries of labeling resulted 

in a broadening of the central line width (!::. Ho), growth of the low field 

shoulder of the h+ 1 peak, and the appearance of two new extrema wi th 

a maxUnwm splitting of 68.4 G characteristic of a strongly Unmobilized 

signal. In order to quantitate spin content, computer double integra­

tion of the first derivative ESR spectrum was carried out for both 

nnative" and SDS-urea-heat denatured sarrples to preclude underestirration 

due to spin-spin interaction. Although the ESR spectra of denatured 

BR showed rruch greater nobility than the nnativen sarrple, no significant 

differences· in spin content for the 10 lIM EEJ:Q sample W'ere observed. 

Higher stoichiometries of labeling also resulted in bleaching of 

the 570 rum retinal-protein chromophore. The 4.25 TA-BR sample was 

completely bleached, exhibiting a 370 rum spectral peak characteristic 

of free retinal. Tb avoid changes in protein structure that might 

accompany extensive modification, and to work with spin-labeled BR 

that retained its functional properties, all further work was carried 

out with 200 roM TA + 10 roM EEDQ-modified BR which contained an average 

of 2.0 spins per BR molecule (2.0 TA-BR). 

2. Properties of 2.0 TA-BR 

Spin-labeled 2.0 TA-BR was found to have slightly altered visible 

spectral characteristics. A shift in the a -band 570 rum absorbance peak 

to 555 rum occurred as well as a reduction in the apparent rrolar extinc­

tion coefficient, from 63,000 to 43,100 M-lcrn-1• No 360-370 peak, 

characteristic of unbound retinal, was seen as a result of modification. 

Accompanying this change in the a -band was a general increase in absor­

bance in the S-band between 300 and 500 rum. The rrodified membranes 

appeared slightly redder than control purple membranes. Despite these 
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differences, many other spectral responses and functions were retained. 

TA-BR exhibi ted 1ight~ark adaptation. Control purple membranes kept 

in the dark sh<::lWed an absorption maxirrum at 558 nm and illumination 

caused a 10 run red shift in this absorption maximum and a 14% increase 

in absorbance. The 2.0 TA~R dark adapted protein had an absorption 
I 

maximum/ at 548 run which shifted to 555 run upon illumination with an 

absorbance increase of 4%. Acid titration resulted in a red-shifted 

chromophore in TA-BR as in the case of control BR. 

The 2.0 TA~R sample retained photocycling activity and exhibited 

slightly slower kinetics for decay of the M.112 interrrediate. Chemical 

bleaching of TA~R by hydroxylamine and light produced a retinaloxime 

species absorbing at 365 nm, as in the case of control BR, indicating 

no modification of retinal had occurred. The bleached membrane was 

reconstituted by addition of all-trans retinal and yielded a 555 run 

ret ina I-prote in chramophore. These characteristics indicated that the 

structure and function of BR were not substantially affected by the 

2.0 ternparrrine spin-label chemical modification. 

3. Effects of denaturing agents 

To demonstrate the sensitivity of TA~R to large structural changes, 

we tested the effects of denaturation on the ESR spectra. Previous 

studies with other spin-labeled proteins have demonstrated a transition 

from a moderately Unmobilized to a sharp, highly mobile ESR spectrum 

that correlated with loss of a. -helical structure measured by circular 

dichroism (Morrisett and Broomfield, 1971). The latter technique also 

demonstated a large loss in a. -helical structure when BR was solubilized 

in SOS in the absence of urea or heating (Huang et al., 1981). 

In the absence of any chemical denaturing agents, heating resulted 
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Figure 28. TA-BR Conformational Changes Caused by Denaturation. 

a} Changes in ESR spectra of 2.0 TA-BR caused by addition of SDS­

urea at indicated concentrations and heat (lOO°C for 10 minutes). All 

spectra recorded at 5 x 108 gain. 

b) Progressive low field line height increase as a function of 

SDS-urea concentration. 
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in loss of the 555 rum chromophore, and a significant change in mobility 

of protein bound spin labels. The heat-denatured sample showed an 

increase in all resonance line heights, a narrowing of the central 

line width, but the shoulder of the h..rl peak remained (Fig. 28a). 

'nlus, the overall ESR spectrum of the spin labels showed rrore nobility 

than the control, but a large inmobilized conponent remained. The 

change in rrobility of the protein bound spin labels as a function of 

50s-urea concentration is shown in Figure 28b. As the concentration of 

5D5-urea was increased, there were substantial increases in the reso-

nance line heights, a decrease in ~Ho, and loss of the 1'41 shoulder. 

'nle h+l line height increased to a maxim.nn of 175% of the control 

value when the concentration reached 4 M urea and 0.5% 50s. The ESR 

spectrum of TA-BR at high concentrations of SDS-urea appeared as a 

homogeneous population of spins possessing high mobility (Tc= 7.61 x 

lU-l0 s), indicative of the release of previously bnmobilized 

labels. 

4. Accessibility of spin-labeled bacteriorhodopsin to 
paramagnetic broadening agents 

As seen in figure 29, the control (U reM Fe(CN)63 ) spectrum appears 

to be composed of at least two components of different rrobility as 

evidenced by the broad low field shoulder adjoining the sharp 1'41 

peak. In order to distinguish spectral components located at the 

protein surface from other labeled sites, the spin exc~ange broadening 

between protein bound spin labels and paramagnetic ions in solution 

(presumed to require direct contact between colliding paramagnetic 

species; Keith et al., 1977) was used to deconvolute the complex ESR 

spectrum. Sodium ferricyanide (Na3Fe(CN)6) and nickel chloride 



Figure 29. Paramagnetic broadening of 2.0 TA-BR by increasing 

concentrations of Fe(CN)63• Difference spectrum at 

bottom obtained by cort'puter subtraction of 200 rrM Fe(CN)63 

from 0 rrM spectrum. 2.0 TA-BR (10 mJ/ml) was suspended in 

150 nM KCl, 10 nM phosphate, ~ 7.0. All ESR spectra 

recorded at 5 x 103 gain. 
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(NiCl2) were enployed as paramagnetic broadening agents since they 

possess similar relaxation-rate constants for interactions with a 

ni troxide radical in water but differ in charge characteristics 

(Likhtenstein, 1976). '!hese carpounds are extrercely water soluble, 

presumably chemically inert with respect to functional groups of BR, and 

do not contribute an ESR signal of their own. 

Titration of spin-labeled native BR with Na3Fe(CN) 6 resulted in 

the progressive broadening of the spin signal until only a highly 

imrobilized signal remained at high (200-273 rrM) Fe(CN)'63 concentra­

tions (Fig. 29). IDII concentrations of Fe(cN)6'3 selectively quenched 

the ncre ncbile corrponents of the spectrum, while the innobilized 

carponents 'Here not affected. ESR spectra shONed a significant loss 

of the 141 peak that occurred in the 0-200 rrM Fe(CN)6'3 concentra-

tion range while the urrlerlying ~l shoulder was not affected. In 

addition, carcputer subtraction of Fe(CN)6 -3 quenched spectra fran 

control TA-BR spectra revealed high ncbility difference spectra (e.g., 

botton of Fig. 29). '!he arrplitude of these high nobility ESR difference 

spectra was found to increase as the Fe(CN)6'3 concentration increased. 

At 200 rrM Fe(CN)6'3, only strongly innobilized spin signals remained 

and higher Fe(CN)'63 concentrations produced only slight additional 

changes in the quenched ESR spectra. 

The presence of a large immobilized ESR signal that remained at 

high Fe(CN)6'3 concentrations suggested the existence of buried 

spin label residues in the native manbrane-protein structure. Denatu-

ration is expected to open the BR structure and increase the accessi­

bility of Fe(CN)'63 to previously buried protein domains. '!he 

ESR spectra in Figure 30 shaN that Fe(CN)63 was substantially more 
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figure 30. Effects of paramagnetic broadening agent charge, concen-
-

tration and BR protein confonnation on quenching effective-

ness. 2.0 TA-BR was 10 rrg/ml in native samles and 5 rrg/ml 

in denatured sanples. Denatured sanples contained 5 M 

urea, 0.5% SDS, and were heated at 100°C for 10 min prior 

to addition of paramagnetic ion. Gains are indicated in 

figure. 
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effective in quenching the SnS-urea treated signal at equivalent 

concentrations of probe. At 20 rrM Fe (CN) 63 , the decrease in the h+ 1 

line height for the SOS-urea treated sanple was 61% conpared to 25% for 

the native sample. At 200 rrM Fe (CN)63 , the SOO-urea TA-BR signal 

was conpletely broadened while a strongly ircrcobilized spectrun rena.ined 

in the native TA-BR sample. 

P~gnetic broadening by Ni+2 was also found to rerove the rrobile 

carpcnents of the CCltplex TA-BR spectrun. Figure 4 also shavs that a 

large irmobilized signal remained at high concentrations· of Ni +2 

which appeared rrore strongly irmobilized than the corresponding Fe(CN)6'3 

broadened spectrum. This nay be due to the fact that Ni +2 sha.ved a 

rruch greater line broadening efficacy than Fe(CN) 63 at equivalent 

concentrations. Substantial quenching of native TA-BR occurred at 

20 rrM Ni +2 while effects of 20 rrM Fe (CN) 6 -3 were minimal. M'Jreover, 

40 rrM Ni+2 .and 245 rrM Fe(CN)63 produced nearly identical ESR spectra. 

The substantial differences in the concentration dependence between 

positively charged Ni+2 and negatively charged Fe(CN)63 suggested 

the inportant influence of the negatively charged surface potential of 

purple membrane sheets. To corroborate this interpretation, the 

effect of ionic strength on quenching was investigated by increasing 

the concentration of NaCl while keeping Fe ( CN) 63 constant at 40 

rrM. Increased concentrations of NaCl resulted in a decreased 41 

intensity that was 50% of its original intensity at 2.0 M, a 100% 

increase in b. Ha, and saturation of the changes at high NaCl concentra­

tion. '!he 2.0 M NaCl spectrun in the presence of 40 rrM Fe(CN)63 

appeared similar to 120-160 rrM Fe( CN) 63 in the absence of salt. 



5. Paramagnetic broadening of stearic acid spin labels in 
;purple rrembranes 
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'!be paramagnetic broadening of a series of stearic acid spin labels 

(Fig. 31a) bound to purple membranes was studied in order to: 

(i) verify that the accessibility of Fe(CN)63 and Ni+2 quenching 

agents was limited to the purple mart>rane surfaces, and (ii) to en;>loy 

them as an enpirical nolecular ruler to estimate the depth of the 

buried TA-BR spin label. '!be second goal was achieVed by examining 

the paramagnetic broadening of the stearic acid spin labels by eu+2 , 

Which is ~pable of acting at a distance by a through-space dip::>lar 

interaction (Hyde et ale, 1979). 

The effects of Fe(CN)63 , Ni+2 , and cu+2 on the spectra of 5, 10, 

and 16-doxylstearic acid spin labels were CO'lp3..red. As seen in Figure 5, 

the ESR spectra of SNS bound to purple menbranes exhibited a strongly 

iItrrobilized spectrun plus a small contribution fran an aqueous nobile . 

corrp:ment. '!be SNS signal was found to have a rraximum hyper fine splitting 

(2 ~ n) of 63.1G, as previously described by Olignell and Chignell 

(1975). '!be apparent order parameter, saPP, was calculated to be 0.91 

and the half arrplitude of notion, y , was 210. '!be nitroxide noiety 

o 
was calculated to be 5.9A fran the membrane surface. '!be arrplitude 

and shape of the spectra were unaffected by the presence of 10-100 rrM 

Fe(CN)63 except for the loss of the small, aqueous nobile corrp:>nent. 

However, Ni+2 decreased the arrplitude of the 5NS spectra without altering 

the lineshape (data not shOfJIl). Chly 51% of the central line (he) 

height remained in the presence of 20-200 rrM Ni +2. '!be IONS label 

was also found to have a large hyper fine splitting (2 1\ II = 61.0G) 

and its spectrum closely resembled that of the SNS label (data not 

shONn). calculations gave saPP = 0.84, y = 31 0 and a distance of 



170 

;' 

figure 31. 

a) Structures of the spin-labeled stearic acids employed in this 

study. 

b) Paramagnetic broadening of 5NS and l6NS stearic acid spin 

labels bound to purple manbranes. BR (8 rrg/ml) was suspended in 0.1 M 

NaCl, 0.01 M Hepes, !ii 7.0 and contained 1.5 moles of either 5NS or 

l6NS/mole BR. 
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o 
the ni troxide noiety of 11.3 A fran the surface. 

In contrast to the strongly imrobilized 5NS and lONS spectrun, the 

l6NS spectrum is only rocx:1erately i.rmobilized (2 AII= 56.00, Sapp = 0.59, 

Y = 45 0
). '!his orientation gives a calculated distance of 

16.6 A for the 16NS nitroxide fran the surface. 'llie presence of a 

larger aqueous nobile signal superinposed on the membrane signal is 

due to increased partitioning of 16NS into the aqueous phase. As in 

the case of 5NS, high concentrations of Fe{CN)63 had no effect on 

the l6NS ESR spectra other than to broaden the aqueous nobile corrponent. 

In the presence of 100 rrM Ni+2 , the amplitude of the l6NS 110 line 

was essentially unchanged (92% of the control). 

The paramagnetic broadening of 5NS, IONS, and 16NS by CU2+ exlllbi ted 

even greater differences When coopared to the effects of Fe(CN)63 

(Fig. 5).· '!be 5NS signal was alrrost conpletely broadened by 10 l'Tt-1 

cu+2 , with only 16% of the % line height remaining. rb additional 

broadening was observed at higher CU+2 concentrations (~ 200 rrM). 'llie 

!tOre deeply buried IONS and l6NS nitroxides were also broadened, rut 

to a lesser extent. At 10 rrM cu+2 , 55% of the IONS ho line height 

remained and 62% remained for l6NS. Stearic acid spin-label spectra 

that were reduced in amplitude retained the same lineshape as the 

control sarrple and did not shCM an increased central linewidth (~Ho). 

At lCM concentrations of CU+2, the lCM field CU+2 ESR signal did not 

significantly contribute to the ESR signal in the nitroxide region. 

A small sloping baseline was observed in the presence of 100-200 rrM 

CU+2, but did not interfere with quantitation of nitroxide ESR spectral 

parameters. 

'Ib determine if divalent cations without paramagnetic broadening 



properties affected the nobility of the SNS and 16NS labels, ESR 

spectra were recorded in the presence of equivalent concentrations of 

ca.+2• Fbr both th~ SNS anj 16NS stearic acid spin labels, ca.-+:2 had 

no effect on spin m::>bility, but caused a small increase in the parti­

tioning of the label into the merri:>rane. At 10 rrM ca.+2 , the extent 
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of this change was so small that no increase in the irrrrobilized hO line 

height was measurable. 

6 • Selective labeling of buried carboxyls by prior blocking 
of surface groups 

As a biochemical approach to further corroborate the results 

obtained with paramagnetic quenching agents, a sequential double 

nodification procedure was developed to selectively prereact and thereby 

block surface carboxyl residues so that spin-labeling of only buried 

residues occurred. In order to block surface residues, the first 

carooxyl nodification used a pennanently charged non-spin label nucleo-" 

phile, aminoethanesulfonic acid (AES). After extensive washing, the 

second nodification using EEDQ and Tenparnine was carried out under 

identical conditions employed as in the single step m:xlification (200 

TIM TA + 10 rrM EEDQ). ·'!he stoichianetry of the double m:::xJified sanples 

prepared by this procedure contained an average of 0.4 spins per BR 

nolecule. 

ESR spectra of the AES/TA double m:xlified BR shCMed predaninantly 

a strongly imrobilized spin signal with a central line width of 7.6 G 

and a maximum hyper fine splitting of 68.7 G (Figure 32). A very small 

anount of unraroved free terrpamine renains observable in the control 

spectrum which is broadened in the Fe(CN)63 spectrum and can also 

be rerroved by additional washing. '!he strongly irmobilized ESR signal 

.. 



Figure 32. Interactions of parana.gnetic broadening agents and AES/TA 

Ik>uble M:xli.fied BR. AES/TA-BR (8 mg/ml) was suspended in 

0.1 M NaCl, 0.01 M Hepes and Fe(CN)63 or CU+2 was 

added to give the indicated concentrations. All spectra 

recorded at 2 x 104 gain. N:ltice that the CU+2 spectra 

retains the same lineshape as the Fe ( CN) 63 sarcple and is 

only slightly decreased in intensity. 
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was not broadened by high concentrations of Fe(CN)6'3 as expected for 

a buried spin residue. Paramagnetic interactions of the AES/TA-BR 

spin label with eu+2 were also examined in an attenpt to estimate 

its depth fran the membrane surface. '!he interaction of 10 rrM 

eu+2 and AES/TA-BR resulted in cnly a ItOderate decrease in anplituie 

(75% of control remained) with no apparent broadening. Higher eu+2 

concentrations caused no further decreases in the anpli tuie and 

lineshape of the MS/TA spin label spectra. '!he observed reduction 

in anplitude without apparent line broadening is consist~t with a 

dipolar interaction between eu+2 and the .i.rmobilized protein-bound 

nitroxide (leigh, 1970). 

7. Trypsin treatment 

To further resolve which surface groups had been labeled, 2.0 

TA-BR was treated with trypsin. Trypsin treatment of BR has been 

shown to cleave at a single site and release the C-ter.minal tail from 

the membrane (Gerber et al., 1977). '!he tail is corrposed of 20 pre­

daninantly polar amino acid residues and contains 5 carboxyl groups. 

Trypsin treatment of 2.0 TA-BR resulted in the progressive increase in 

the IiObile carp::>nents of the total spectnm. '!he kinetics of this 

change were noni tored by either recording sequential FSR spectra or by 

follONing the increase in magnitude of ~l peak (Fig. 33b). '!he 200% 

increase in line height of the ~ 1 resonance line was alrrost cnmplete 

in 5 hours. SDS-polyacrylamide gel electrophoresis showed only the 

loss of a 1500 M. W. fragment fran the 26,000 M. W. spin labeled protein 

and yielded a single nevi band of the expected rrolecular weight. '!he 

trypsin-treated TA-BR membranes were centrifuged (100,000 x g, 30 min) 

to separate the rrembrane protein fran the soluble peptides. As seen 

177 
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Figure 33. Changes in ESR Spectra I)]e to Cleavage of C-Tenninal Tail 

by Trypsin Treatment. Trypsin treatment was in 40 rrM Tris, 

PI 8.0, 80 rrM NaCl, 10 rrM ca.Cl2 at trypsin:TA-BR weight 

ratio of 1:100. 

a) ESR spectra of TA-BR (5 mg/ml) before trypsin addition and 

after 4 hr incubation at 37°C. '!he soluble tail and trypsinized membrane 

were separated by centrifugation, and ESR spectra of the supernatant 

and pellet (after resuspension) were recorded at identical gain at 37°C. 

b) Kinetics folla.ved by ESR recording of ~ 1 resonance line using 

2.5x higher gain than in (a) at 37°C. 

• 
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in Figure 33a, ESR spectra of the clear supernatant fraction showed 

only a highly nobile spin population Which was calculated to have a 

T c = 1.65 x 10-10 s. '!he ESR signal of this fraction was corrpletely 

quenched by a low concentration of Fe(CN)63 (20 rrM). '!he trypsin­

treated TA-BR membrane pellet was washed arrl' resuspended at the same 

concentration' as before trypsin treatment. ESR spectra showed the 

loss of nost of the nore nobile a:>rnponents cc:>npared to the untreated 

TA-BR s~. However, a significant mObile feature remained after 
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trypsin treatment. A large imrobilized signal renained in the presence 

of high cOncentrations of Fe(CN)63 • 

8. Proton pumping activity of spin-labeled BR studied in 
reconstituted liposanes 

To obtain infonnation on the sidedness of the surface labeled 

sites, 2.0 spin-labeled BR was incorporated into liposares by a proce-

dure shown to produce unilamellar liposanes (Swanson et al., 1980). 

It had been shown previously through proteolytic digestion experirrents 

that essentially all (95%) BR incorporated into unilamellar liposanes 

is oriented with the C-tenninal tail (cytoplasmic face) facing outwards 

(Huang et ale, 1980). SUch "inside-out" orientation results in light­

induced proton pumping to the liposame interior and internal acidifica-

tion. '!he incorporation and functional integrity of TA-BR liposames 

were verified by measuring internal liposane volume and light~ependent 

proton PUlping. An ESR volume rreasurement with Tempcne gave a volume 

of 0.75 ]J ling lipid. Light-induced proton punping, assayed by quanti-

tating the distribution of N,N'~imethyl-terrq;:amine, resulted in internal 

acidification and a pH gradient of 0.6 units. Hence, the gross orien-

tation and function of BR were preserved after spin-labeling. To 



Figure 34. ESR spectra of Fe(CN)63 quenched 2.0 TA-BR in purple 

manbrane sheets and in reconstituted liposanes. Samples 

were suspended in 150 rrM Kel, 10 rrM P04, Ffl 7.0. tibte 

the sharp inflections in the Fe(CN)63 quenched liposane 

spectra that are absent fran the corresponding quenched 

purple membrane sheets.; 
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penni t conparison with digestion of TA-BR in purple membrane sheets, 

liposanes containing TA-BR were also trypsin treated. At rocm terrpera­

ture, a substantial increase in the 1O'N field peak height occurred 

over a period of 8 hours with kinetics similar to those obtained in 

TA-BR purple ItlE!Tbrane sheets. An ESR spectrum of the supernatant 

after centrifugation showed the presence of highly nobile spins, as in 

the case of trypsin treatment of TA-BR purple membrane sheets. 

Quenching of TA-BR in purple membrane sheets and in liposares was 

conpared un::ier conditions of identical ionic strength and buffer 

cacposition. Incorporation of TA-BR into liposares resulted in a 

small increase in the overall nobility of the FSR spectrum. CUench.ing 

in liposanes by Fe(CN)63 resulted in the loss of nost of the nobile 

spectral crnp:::>nents whereas all of the rrobile carponents \\!ere quenched 

in the TA-BR purple membrane sheets. The sharp inflection in the he 

line and small peak in the ~l line that renained in the quenched 

liposare spectra were absent in the 200 rrM Fe(CN)63 purple merrU::>rane 

sheet spectra (Fig. 34). The quenched components can be ascribed to 

spins on the cytoplasmic purple membrane surface facing the liposane 

exterior. The nobile component that remains in the Fe(CN)63-quenChed 

liposares may be due to a small number of spins on the extracellular 

surface of purple membranes, although fractional misorientation cannot 

be excllrled. 

9. Discussion 

A catU:>ination of analytical procedures for spin labeled rneni:>rane 

proteins has been applied to definitively show that at least two classes 

of carboxyl groups exist in bacteriorhodopsin: a strongly imrobilized, 

buried manbrane group and a weakly inm:::>bilized, surface set that includes 

• 

• 

• 
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carboxyls on the C-terrrdnal tail. There is considerable theoretical 

interest in whether or not carboxylic amino acids, which are normally 

charged in aqueous solution, can be acccrcm:xjated within stable hydro­

phobic membrane domains (Honig and Hubbell, 1983). Although models of 

bacteriorhodopsin structure have suggested the presence of buried 

carboxyl residues, this study provides the first evidence for such 

residues deep within hydrophobic domains of the protein. By utilizing 

paramagnetic ion interactions with spin-labeled stearic acids to measure 

nolecular distances, we shCM that one or more of these carboxyls is 

~ 16 X away from the aqueous interface. 

The introduction of bulky nitroxide groups into a protein structure 

raises legitimate concerns about the integrity of the chemically modified 

protein. Tb assure that 2.0 TA-BR was not structurally or functionally 

comprorrdsed, we showed that the spin-labeling process did not signifi­

cantly alter spectral characteristics, photocycling kinetics, bleaching 

properties or proton-pumping activity. It was also shown that the 2.0 

TA-BR was sensitive to structural perturbation by demonstrating that sub­

tantial ESR spectral changes resulted when the protein was denatured with 

chemical agents and heat treatment. The amide linkage resulting fram the 

EEDQ-Tempamine reaction provides excellent sensitivity to the carboxyl's 

microenvironment since it is ~ short in length and possesses limited 

flexibility (Fig. 27). This is an important consideration since experi­

ments with spin-labeled proteins have denonstrated that the sensitivity 

of ESR spectra to the rrdcrostructure of proteins is strongly dependent 

on the structure of the "leg" linking the nitroxide to the protein 

backbone (Cornell and Kaplan, 1978). Hence, the 2.0 TA-BR preparations 

were deemed representative of the native BR protein. 



a. Interpretation of ESR data for localization of 
carboxyl residues 

The principal approach for defining the topography of carboxyl 
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groups in the protein was to examine paramagnetic interactions between 

ions in the aqueous phase and covalently attached nitroxides on the 

carboxyl groups. TWo types of paramagnetic interactions were employed: 

the spin exchange interaction and the dipole interaction. The former 

arises when electrons of two paramagnetic molecules or ions share 

orbitals and requires that there be an appreciable overlap of their 

electronic wavefunctions. This requirement is generally considered 

to be equivalent to the occurrence of direct collisions between the 

paramagnetic species (Keith et al., 1977). Spin exchange results in 

line broadening of affected nitroxides. The occurrence of such 

. broadening implies direct contact of spin-labeled groups with the 

aqueous phase, and these groups are considered to be surface residues. 

On the other hand, dipole interactions occur over much larger distances 

and can be used, in principle, to determine the distance of buried 

spin labels from to the aqueous phase. Some transition metals, such 

as Cu+2, Mn+2, and Gd+3, are capable of a large through-space dipolar 

interaction with spin labels (Hyde et al., 1979). This interaction 

varies as the inverse of the sixth power of the distance and has been 

used to estimate the distance between two spins (Taylor et al., 1969; 

Burley et al., 1972). The theoretical treat:Irent of this problem 

developed by Leigh (1970) demonstrated that the ESR signal of an 

immobilized spin label covalently bound to a protein was not broadened, 

but only decreased in amplitude as a result of a dipolar interaction 

with a paramagnetic ion at a fixed distance. Hyde and Rao (1978) 

extended this type of calculation in order to consider a situation in 



Which a nl..1!rber of rretal ions could interact with each free radical. 

A main conclusion of their analysis was that even though there is a 

wide range of distances, observed magnetic interactions will be deter-

mined primarily by the distance of closest approach. 
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We tested paramagnetic ions enployed in this study to determine if 

they could be utilized as either good surface or good dipole agents in 

the purple marU::>rane preparations. Although it is a fairly straightforward 

matter to estimate the relative magnitudes of exchange interactions 

and dipole interactions between paramagnetic ions and ni troxides in 

aqueous solutions (Salikhov et al., 1971), these properties can be 

markedly altered as a function of chelation or binding of the paramag-

netic ions. 'Therefore, we used a series of spin-labeled stearic acids 

bound to these menbranes as an enpirical J"OC)lecular ruler to assess the 

extent to Which a given paramagnetic ion interacts with intramembrane 

nitroxides as a function of their distance from the menbrane surface. 

The results shCMed that Fe ( CN) 63 could be used to identify surface 

spin labels. We observed the absence of any paramagnetic interactions 

bet~ Fe(CN)63 and spin-labeled stearic acids bound to purple 

membranes. We would not expect Fe(CN)63 to bind significantly to 

marU::>ranes because of charge repulsion. en the other hand, nickel and 

other divalent cations have been shCMn to bind to phospholipid vesicles 

(Wagner et al., 1980). 'The lCM, effective concentration for broadening 

suggests binding also occurs in purple membranes. It has been observed 

that eu+2 and Ni +2 are effective dipole reagents in aqueous solutions 

(Hyde and Sarna, 1978), and they YJere found to interact with ni troxides 

wi thin hydrophobic membrane dcrrains. 

Cu+2 was found to be a strong dipolar agent since its interactions 



wi th the spin-labeled stearic acids extended to the depth of the 16NS 

nitroxide. One Characteristic of the stearic acid spin-label spectra 

in the presence of the eu+2 was a decreased aITi'litlrle without apparent 

line broadening. '!he decrease in aITi'litude followed the pattern, SNS 

> 10NS > lGNS, which is correlated with the depth of the nitroxide 

moiety fran the membrane surface. Ni +2 was found to be a weak dipolar 

agent since its interaction with spin-labeled stearic acids resulted 

in line height reduction of· spins (SNS) located near the membrane 

interface, While deeply buried spins (16NS) were unaffected. '!hese 

observations resemble previous data on Ni+2 interactions with the SNS 

and 16NS spin labels in sarcoplasmic reticulun vesicles (Olarrpeil et 

al., 1980). 

'!he effects of paramagnetic broadening agents showed that tw::> 
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distinct protein domains were spin-labeled, and spectral characteristics 

dem::mstrated that surface groups were considerably rrore rrobile than 

buried groups. Paramagnetic broadening of the 2.0 TA-BR spectra by 

Fe(CN)63 selectively broadened the rrore mobile spectral Characteris­

tics. Since ~ found that Fe(CN)63 acted as a spin-exchange agent 

in the stearic acid roodel system, we conclude that these mobile groups 

reside at the surfaces of the purple menbrane. 'lhe presence of the 

large ircrrobilized canpc.nent in 2.0 TA-BR (60% of the total spin) that 

rerra.ined in the presence of high Fe(OI)63 concentrations is strong 

evidence for the existence of buried label residues. 'lhese residues 

rrust reside in a protein domain, presunably hydrophobic, Which is 

inaccessible to Fe(CN)63• Denaturation of TA-BR caused increased spin 

mobility and increased accessibility to charged quenching agents, 

consistent with the transfer of previously buried immobilized spin 



residues to the aqueous environment. 

Ni+2 also caused paramagnetic broadening of the nobile spectral 

camponents. A smaller, more strongly immobilized signal relative to 

Fe(CN)63 remained at high concentrations. '!his may be due to the tNeak 

Ni+2 dipjlar interactions that exterrled at least to the level of the 

SNS nitroxide. In addition, the different concentration dependent 

effects of cu+2 , Ni+2 and Fe(CN)63 can be ascribed in part to the 

negative surface pjtential of purple nenbrane sheets, which was pre-

viously determined to be alnost -60 mV (carmeli et al., 1980). As 

predicted by the Gouy-chapnan Theory (Barber, 1980), we found that 

high salt concentrations increased line broadening by Fe(CN)63 due to 

increased concentrations of these ions at the membrane surfaces. 
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The conclusion that both surface and buried groups are labeled, is 

supported by double~ification data. Blocking of surface groups with 

the pennanently charged nucleofhile, AES, sho.ved that only immobilized 

spectral features could be observed upjn subsequently spin-labeling 

the pre-treated BR. OJrrparison of the central line height reduction 

due to CU+2 interaction with the SNS, IONS, 16NS and AES/TA-BR shONS 

that l6NS and AES/TA-BR are affected similarly and hence that the 

spin-labeled carboxyl group is deeply 1:::uried within the protein. '!hus, 

to a first approximation, tNe \\Ould estimate the m:ininrum distance of 
o 

the buried carboxyl group(s) fran the membrane surface to be 16.6 A. 

'!here are several pjssible sources of error in estinating accurately 

the effective intramembrane position of the buried carboxyl group(s). 

'!he first is that the presence of the nitroxide moiety may induce a 

local disordering effect on the acyl chain. Hence, in the distance 

calculation for l6NS, the use of 21 0 for the acyl chain segment from 
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carbons 1-5 and of 31° for the segment from carbons 5-10 probably over­

estbnates the tilt of those segments of the chaine This Unplies that 

the distance calculated for the position of the 1GNS nitroxide group 

relative to the membrane surface should be considered to be a minilnum 

value. A second possible error source is uncertainty about the surface 

structure of bacteriorhodopsin since this will determine the closest 

approach of quenching agents to the spin label. However, recent infor­

mation from Zaccai and Gilmore (1979) about the hydration areas.of 

purple membranes suggests that the protein surfaces are coplanar with 

the lipid headgroups to within about 1.5~. A third potential source 

of error is preferential association of copper ions with lipids rather 

than bacteriorhodopsin. This possibility is deemed to be an unimportant 

because the quenching behavior of the buried carboxyl group was essen­

tially the same at concentrations of copper between 10 mM and 100 mM. 

A fourth potential source of error is possible heterogeneity in labeling, 

both with respect to the number of carboxyls modified and their distri­

bution within a given protein molecule. Labeled sites at different 

distances from the membrane surfaces would be differentially broadened 

by Cu+2 interactions. Greater Cu+2-quenching of groups closer to the 

surface would bias the calculated distance of the more deeply buried 

groups such that their actual distance would be further from the surface 

than that which we calculated assuming a homogeneous population. In 

view of these considerations, we suggest that the 16.6 ~ estbnate for 

the minimum depth of the labeled carboxyl group(s) is conservative and 

includes reasonable allowances for errors. 
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b. Mobility of the carboxyl-terminal tail 

Conversion of a weakly bnmobilized spectral component to a free 

conponent as a result of. trypsin treat:rcent/ indicates that the C-terminal 

tail in the native BR structure is linmobilized to some extent. This 

is supported by fluorescence depolarization data fram a dansyl labeled 

carboxyl on the tail (Renthal et al., 1982). Since the carboxyl-terminal 

tail has not yet been resolved in electron density maps (Wallace and 

Henderson, 1982), the position it may occupy on the cytoplasmic face of 

the protein and the nature of its interaction with the membrane is open 

to specuiation. The linmobilization seen with spin-labeling may be due to 

ion-pairing between the carboxyls on the tail and some of the positively 

charged groups of the 5 lysines or 4 arginines thought to be present on 

the cytoplasmic surface. The structure and function of the C-terminal 

tail in BR remains unknown, although it may play a role in the proton 

pumping mechanisn4 Decreased H+ release stoichiometries in purple 

membrane sheets after proteolysis of the tail have been reported, 

although its absence has no effect on photocycling activity (Govindjee 

et al., 1980, 1982). 

c. Identification of buried carboxyl residues in 
bacteriorhodopsin 

One of the more ~rtant ~lications of this study concerns the 

placement of buried charges in models of BR structure. To date, BR 

models place some aspartic and glutamic carboxyl residues within the 

hydrophobic membrane phase, although the majority of such residues 

have been placed at the cytoplasmic and extracellular surfaces (Agard 

and Stroud, 1982; Engelman et al., 1980, 1982; Huang et al., 1982). 

The requirement that buried charges form ion-pairs has been used as an 
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important criterion in selecting among possible models meeting other 

criteria (Engelman et al., 1980), but this was not directly shawn. The 

ESR data suggest locations for the buried spin residue(s) that are 

consistent with three recent models of bacteriorhodopsin structure, 

each of which postulates S or 6 buried carboxyl groups with only a few 

residues located 16 X or roore from the membrane surface. we have 

determined the depths of the residue positions in the models based on 

a membrane thickness of 4S X (~ard and Stroud, 1982). ~ard and 

Stroud place Glu-9, Asp-8S, Asp-96, Asp-llS, Glu-166 ar:td Asp-2l2 below 

the membrane surfaces, but only Asp-8S, Asp-US and Asp-212 are buried 

deeper than about 16 X. Engelman et ale (1982) combined evidence 

from free-energy calculations for the insertion of bacteriorhodopsin 

into a lipid bilayer and chemical modification studies to derive a 

model which places five carboxy1s: Asp-8S, Asp-96 , Asp-US, Glu-204 

and Asp-212, in the hydrophobic membrane domain. Of these, only Asp-212 

and Asp-11S are clearly buried deeper than 16 X, while Asp-8S lies 

on the borderline. Huang et ale (1982) have arranged the polypeptide 

chain based on the cross-linking data of a photoaffinity derivative of 

retinal and a recent proposal of Steitz et ale (1982). The revised 

model includes the S buried residues of Engelman et ale (1982) plus 

one additional residue, Glu-9. The deepest buried residue in this 

model is Asp-2l2, while Asp-8S and Asp-US are located about IS X 

from the surface. All three models assign residues Asp-8S, Asp-US 

and Asp-2l2 as the roost deeply buried carboxyl residues (d > IS X). 

we consider these three residues as the roost likely sites of labeling. 

Thus, our data are consistent with current models of bacteriorhodopsin 

structure. 
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IX. GENERAL DISCUSSIOO 

Carboxyl Residues Essential for Photocycling Activity 

The rrolecular mechanism of proton translocation by BR is intimately 

related to its photocycling function. Photocycling activity of carboxyl 

mx1ified BR demonstrated that carboxyl residues are essential for this 

function. From an operational viewpoint, essential groups are those 

whose mx1ification brings about loss of the photocycling activity due 

to a specific change in the group's chemical character. 

The results indicate that mx1ified carboxyl residues on the membrane 

surface (in which the retinal-protein chromophore is not substantially 

perturbed) are not essential for photocycle activity. Of 19 carboxyl 

groups in the protein, 12 can form carboxyamidyl products of different 

ionic character with minimal effects on photocycle kinetics. Although 

some rrodified samples had strongly inhibited kinetics, the M4l2 yield 

indicated that all samples retained photocycling activity. In addition, 

the pathway of the photocycle remained unchanged in all samples. 

Conditions favoring rrodification of buried groups, however, resulted 

in loss of the retinal-protein chromophore and consequently, loss of 

photocycling activity. This suggests that critical carboxyl groups 

essential for photocycling function may be located in the Dnmediate 

chramophore vicinity in a hydrophobic environment. This suggestion 

will only be valid if possible conformational changes in the rrodified 

protein can be ruled out. 



Carboxyl Residues From Ion-Pairs with Positively Charged Groups 

The formation of ion-pairs between oppositely charged amino acids 

in the membrane environment of BR has been proposed (Engelman et ale, 

1980). It has been used as a distinguishing feature in the selection 
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of models meeting other general criteria. Chemical modification using 

carboxyl activating reagents resulted in a single zero-length intramole­

cular cross-link between a carboxyl and lysine residue. A carboxyl-lysine 

pair Itllst therefore be in close proximity in the native membrane, and 

are probably interacting ionically. This appears to be .the best evidence 

to support the existence of an ion-pair in BR structureo The data 

indicate that this ion-pair may reside in the membrane. In the photo­

cycle, the presence of the cross-linked residues inhibited the decay 

kinetics of the M4l2 intermediate. This suggests that a conformational 

change in BR associated with M412 decay affects the distance between the 

interacting carboxyl-lysine residues. The cross-link acts to constrain 

the normal protein movement occurring during the reprotonation phase of 

the photocycle. 

The role of a carboxyl-lysine ion-pair in the photocycle mechanism 

may be analogous to the function of such ion-pairs in the cooperative 

allosteric interactions of hemoglobin (Perutz, 1970). BR may use such 

ion-pairs to store energy in the protein after the light-absorption 

event. A consequence of retinal isomerization would be to remove the 

positively charged Schiff base from a negatively charged carboxylate 

group. Alternatively, such a charge separation leading to a significant 

increase in free energy could occur in any buried ion-pair. Although 

the dielectric constant is not known, separating charges such as a 

carboxyl-lysine ion-pair, by a few angstroms can easily lead to 



free-energy changes equal to or greater than 20 kcal/mole (Honig et 

al., 1979). 

Carboxyl Residues Involved in Protein-chromophore Interactions 

Several models of retinal-protein interactions for BR have postu­

lated the placement of negatively charged residues in the chromophore 

environment. This study has identified a carboxyl group modified with 

a pH-sensitive reporter group that interacts with the retinal-protein 

chromophore. The nitrotyrosine methyl ester chromophore was used to 

monitor microenvironment of the protein near the retinal binding site. 

The results show that the chromophoric reporter group-retinal interac­

tions occur in a hydrophobic membrane domain in the native state. 
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The exact mechanism of the NTME-retinal interaction cannot be 

ascertained at this point. The loss of NTME-retinal interactions 

subsequent to a configurational change argues for an electrostatic 

mechanism dependent on a particular geometry of the interacting groups. 

It makes a coupling mechanism such as FOrster energy-transfer, which 

occurs over a wide range of distances (albeit with different efficiency), 

a much less likely explanat10n. These results provide additional evi­

dence for the hypothesis (Honig et al., 1979) that electrostatic inter­

actions between the retinal chromophore and charged groups on BR are 

responsible for regulation of the absorption maxima. 

The TOpography and Mobility of Carboxyl Residues 

This study has also explored the local topography and mobility of 

distinct protein domains in the vicinity of carboxyl residues. Chemical 

modification methods were employed to selectively spin-label carboxyl 

groups in BR. A combination of biochemical and biophysical procedures 
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defini tively showed that at least 2 distinct classes of carboxyl groups 

exist in BR: (I) a strongly ~bilized, buried membrane group(s) and 

(2) a weakly inrnobilized, surface set that includes carboxyls on the 

C-terminal tail. In addition, this study provided evidence for one of 

the distinguishing features of current models of BR structure; the 

placement of the charged residues of aspartic and/or glutamic acid in 

hydrophobic, buried membrane domains. 

Carboxyl Residues Involved in Proton Translocation Activity 

A surprising finding of this investigation was that all carboxyl 

modified samples in which the retinal-protein chramophore was substan­

tially unaltered retained proton pumping capabilities. However, under 

no conditions were all carboxyl residues modified, and thus their 

potential function as ion-trans locating groups cannot be excluded. The 

difficulty in resolving this problem lies in obtaining conditions that 

yield extensive modification (particularly of buried residues) while 

retaining native protein and chramophore structure. Conditions that 

modify 3-4 buried groups also bleach the chramophore, and thus the 

proton translocation activity cannot be determined. 

One current model for proton conduction in BR is based upon the 

concept of long-lived chains of hydrogen bonds between hydrogen bonding 

side groups in the protein (Nagle and Morowitz, 1981). This assumption 

appears favorable for BR because: (1) structural \¥Ork has shown that 

the purple membrane is extremely ordered and rigid and (2) neutron dif­

fraction data has determined that BR does not contain a bulk aqueous 

channel (Zaccai and Gilmore, 1979). This study further supports such 

an idea since strongly irmobilized carooxyl group side chains could act 

as stable contributors to chains of hydrogen bonds. A combination of 
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pK changes and/or configurational changes in retinal, or conformational 

changes in the protein, act as a gate or switch for proton conduction. 

Evidence for the participation of tyrosine in deprotonation and repro­

tonation reactions associated with the M412 intermediate is the strongest 

(see background section). However, it is likely that other amino acid 

residues with lowerpK values, such as carboxyl groups, could participate 

as members of the proposed proton wire. A group must act as the acceptor 

for the tyrosine proton since it does not appear llnmediately in solution. 

Calculations indicate that the pK of the groups that release the proton 

to the aql:1eous phase cannot exceed ~ 6 (Kalisky et al., 1981). This 

data taken in conjunction with the Fourier transform and kinetic infrared 

spectroscopy data suggest that carboxyl residues may indeed act as 

proton trans locating groups in the mechanism of the light-driven proton 

pump. 

A Model of BR Structure 

The data obtained in this study is consistent with several current 

models of BR structure (Agard and Stroud, 1982; Engelman et al., 1982; 

Huang et al., 1982). One representative model which incorporates all 

of the available data in the literature will be presented here and 

the results of this study will be related to the model. 

A current model of the secondary structure of BR (Fig. 35) serves 

to illustrate the probable locations of the nineteen carboxyl groups 

of BR (Huang et al., 1982). The model is based on a ccrnbination of 

numerous lines of evidence that include: (1) x-ray diffraction and 

electron diffraction data which limit the length of the a. -helical 

rods to about 45 ~, (2) circular dichroism measurements that indicate 

a 70-80% helix content, (3) proteolytic cleavage points, (4) chemical 

." .f~ 
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Figure 35G Model of the Secondary Structure of Bacteriorhodopsin 

(Huang et al., 1982). The nineteen carboxyl groups of 

BR are identified by the boxed residues. A pOssible 

orientation of retinal is designated by the stippled 

area originating from Lysine-2l6. The a-helical protein 

regions in hydrophobic protein domains are indicated as 

they relate to the lipid bilayer structure and are denoted 

by the rectangular areas. Sites of proteolytic enzyme 

cleavage of the polypeptide are indicated with arrows. 
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modification studies, (5) energy calculations for insertion of the 

polypeptide into the rrembrane, and (6) photoaffinity cross-linking 

studies with a retinal derivative. The surface groups in this model 
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are located on the loops that are outside the hydrophobic lipid region. 

A number of these groups can be definitively placed on the surfaces 

since they reside on polypeptide loops or the C-terminal tail which are 

accessible to proteolytic enzyrces. In this nodel, 12 of the 19 carboxyl 

groups (boxed residues) are defined as surface groups. There isa 

marked assymetric distribution of carboxyl groups betwee~ the two 

membrane surfaces since 11 of the 12 surface groups reside on the inside 

or cytoplasrrdc membrane surface. The C-terrrUnal tail accounts for 5 of 

the 11 groups, and represents a region of high negative charge density 

on the inside surface. In the hydrophobic rrembrane domain, the remaining 

seven buried carboxyl residues are widely dispersed. Several of these 

groups appear in close proximity to the retinal moiety. 

This study showed that a mild chemical modifiation procedure using 

a water-soluble carbodibnide and nucleophile resulted in the amide 

coupling of 12 residues. Previous carboxyl group nodification studies 

of water-soluble globular enzymes and these identical modification 

reagents showed a strong correlation between crystallographic findings 

that placed carboxyls on the surface of the enzyme and modifiable 

groups. It is thus reasonable to assume that the 12 groups modified in 

BR by this procedure are on the surface, and that the remaining 7 are 

buried in a hydrophobic environrrent. Thus, the distribution of carboxyl 

groups determined by chemical modification is in strong agreement with 

that proposed in the model. In general, the surface groups have the 

following properties: (1) they do not interact with the retinal 

• 

• 
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chromophore, since the visible absorption. and CD spectra of such samples 

are unaltered, (2) they are not critical for photocycling activity of 

BR, (3) they are not required for proton pumping! functions, and (4) they 

possess relatively high mobility as revealed by ESR spectra of spin­

labeled residues. However, recent reports by Govindjee et ale (1980) 

suggest the C~terminal tail may influence the stoichiometry of the 

proton pumping process. The proton pumping stoichiometry of carboxyl­

modified BR has not been· determined and may be altered. Thus, the 

surface carboxyl groups do not appear to be essential residues important 

in the structure and function of· BR. 

In marked contrast, the seven buried carboxyl groups residing in 

hydrophobic membrane danains (Fig. 35) appear particularly important to 

both the structure and function of BR. The structural involvement of a 

carboxyl residue in the photocycle was determined in this study. 

Formation of a carboxyl-lysine zero-length intramolecular cross-link in 

a relatively hydrophobic domain strongly limits the involvement of 

possible groups. Buried groups that could form ion-pairs and bridge 

different Ct.-helical rods are Lysine-129 and either Glu-9 or Glu-204. 

The presence of a hydrophobic carboxyl residue in close proxbnity 

( ::: 10 ft.) to the retinal chromophore was determined. This group may 

be capable of modulating BR absorption properties and influences photo­

cycling activity. Several buried groups in the model are sufficiently 

close that one or more could function to modulate BR spectral properties 

and activity through electrostatic interactions. The modified carboxyl 

group in the chromophore environment is most likely to be Glu-194 

(helix F), although Glu-204 (helix G) and Glu-9 (helix A) are also 

candidates for the modified site. 
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A tentative role for a different set of buried carboxyl residues 

in the photocycle and proton translocation processes can be suggested 

from this study. Spin-label data shows that extensive modification of 

buried residues results in loss of the retinal-protein chramophore, and 

hence, loss of activity. 'ftlese essential buried groups are likely 

located near the BR chrorrophore, but are distinct from the carboxyl 

labeled with the pH-sensitive reporter group. Essential buried groups 

in the hydrophobic membrane domain may be one of six residues: Asp-9, 

Asp-9S, Asp-96, Asp-US, Glu-204 and Asp-212. 

One of the more bnportant implications of this study concerns the 

placement of buried carboxyl groups in IOOdels of BR structure. The ESR 

data definitively shows for the first time that at least one group is 

buried deeper than 16 K. These observations confirm predictions that 

such groups reside within hydrophobic membrane environments. The most 

deeply buried carboxyl residues, Asp-8S, Asp-US and Asp-212, are 

considered the most likely sites of labeling (d ~ 15 A). 
In summary, chemical modification and spin-label studies have 

identified several distinct functional roles for the buried carboxyl 

residues of BR in the mechanism of the light-driven proton pump. In 

addition, these studies obtained structural information which supports 

current models of BR prote in structure in the purple rrembrane. The 

essential nature of carboxyl residues in the activity of membrane proton 

pumps has been recently demonstrated for the ATPase/synthase of 

chloroplasts, mitochondria and bacteria, cytochrare oxidase, and the 

plasma membrane ATPases of eukaryotic cells such as Neurospora. Hence, 

this study demonstrating essential carboxyl groups in BR appears 
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consistent with the idea that carboxyl residues in hydrophobic environ­

ments may be a general feature required for activity of membrane proton 

p~s. 
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x. SUMMARY AND COOCWSIONS 

1. Chemical modification of carqoxyl residues in BR located on or 

near the purple membrane surface does not affect the retinal-protein 

chroroophore. When such residues are modified, the photocycle kinetics 

are minimally inhibited, indicating that surface groups are not essen­

tial for photocycle activity. However, modification of buried groups 

resulted in changes or loss of the retinal-protein chrornophbre and 

photocycling activity. 

This indicates that carboxyl groups essential for"photocycling 

function are located in a hydrophobic environment near the chrornophore. 

This finding is of interest since carboxyl residues in hydrophobic 

domains are required for activity in many other membrane proton pump 

proteins. 

2. Chemical modification of carboxyl groups in the absence of 

exogenous added nucleophiles resulted in strong inhibition of photocycle 

kinetics and the formation of a single zero-length intramolecular cross­

link between a carboxyl and lysine residue. A carboxyl-lysine pair 

rrrust, therefore, be in close proximity in the native membrane and 

interact ionically. Since the cross-link acts to constrain protein 

conformational changes, this finding provides additional evidence that 

conformational changes of BR are essential for the reprotonation phase 

of the photocycle and proton pumping activity. 

3. A carboxyl residue involved in retinal-protein interactions 

was identified using a pH-sensitive reporter group, nitrotyrosine methyl 

ester. After modification, spectral and ionization properties indicated 

that the group resides in a hydrophobic environment and chromophore 

interactions depend upon a particular protein configuration. This 



provides evidence for the hypothesis that electrostatic interactions 

between retinal and specific carboxyl groups modulate BR absorption 

properties. 
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4. The topography and mobility of carboxyl residues in the purple 

membrane was characterized using spin-labeled BR. Paramagnetic broadening 

agents showed that two distinct classes of carboxyl groups exist: 

(I) a strongly inrnobilized, buried membrane group and (2) a weakly 

immobilized set on the membrane surface that includes the C-terminal 

tail. These observations support current models of BR structure that 

place ca~boxyl residues deep within the purple membrane. Since removal 

of the C-terminal tail has been reported to affect proton pumping 

stoichiometry, the finding that the tail is moderately llnmobilized may 

be of significance in the proton translocation. 



Xe APPENDIX I 

Electron Spin Resonance Line Shape in a System of Tw:> Interacting 
Spins 
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Leigh (1970) developed a theory to explain experimental observa­

tions that the ESR signal of a free radical covalently bound to a 

protein nolecule was IX1t. appreciably broadened by the binding of a 

paranagnetic ion in the same nolecule. '!he theory describes the rigid-

lattice line shape of an electron spin resonance signal which is 

influenced by dipolar coupling to a second spin. '!he theoretical 

curves generated by the theory cx:rrpare extremely well with experimental 

results for a ni troxide radial interacting with a paramagnetic ion. 

The results of the theory allow the' calculation of the distance between 

the t\t,O interacting spins using the experimentally measured value of 

the decrease in intensity of the spin signal. 

'!he observed line width of the ESR signal will be given by: 

o H = C (1 - 3 cos2 e ~)2 + 0 Ho (1) 

and 

(2) 

where 0 He is, the natural line width in the absence of the metal 

ion, e r is the angle between the radial vector of magnitude r am 

the applied field, and C is the strength of the dipolar interaction. 

'!he value of C is in turn primarily dependent on ~ , the magnetic 

rocment, Tlk is the metal spin-lattice relaxation time, and r6 is 

the sixth p::Mer of the distance between the interacting spins. 

Corrputer-generated lineshapes taken fran leigh I s paper are shown 

in figure 36. '!he main quali tati ve conclusion is that the ESR spectra 
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do not appear to change very nuch in shape but appear to lose intensity. 

This is due to the fact that Eq. 2 is sensitive to orientation changes. 

For a certain fraction of orientations where "r" with respect to He is 

close to the rragic angle of 54.7°, the dipolar interaction is near zero 

and the free radical spectrun is unaltered. Away fran the rragic angle, 

the dipolar broadening snears spectral intensity into a broad continuum 

with very small first derivative intensity. 

As the spin-lattice relaxation ti.rre gets shorter and shorter, the 

dipolar interactions becane increasingly well averaged, c H -+ c He 

in Eq. 2.' Thus, relatively slowly relaxing metal ions such as QJ+2, 

Q:l+3, and Mn+2 are particularly effective dipolar broadening agents. 

Hyde and Rao (1978) extended this type of calculation in order to 

consider a situation in Yhrich a number of metal ions could interact 

with each free radical. The occupation of potential metal-ion binding 

sites was allowed to vary over the full range of statistical probabili-

ties. A large nunber of danains were considered in order to represent 

every canbination of metal-ion cx::cupations. The rrain conclusion of 

the analysis is that in a system of paramagnetic metal ions added to 

spin labels in Yhrich a wide range of radial distances is IX'ssible 

between the interacting spins, the observed rragnetic interactions will 

be prirrarily detennined by the distance of closest approach. The 

precise geometry is of little significance since the sixth power of 

the radius daninates the calculation • 
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Figure 36. O::Itputer nitroxide ESR spectral line-shape for an 

imrobilized spin interacting with a paramagnetic 

metal ion of fixed gearetry. Figure taken from leigh 

(1970). 

" 
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LINE SHAPE OF TWO INTERACTING SPINS 

[after Leigh, J.S. (1970) J. Chern. Phys. 52, 2608-2612.] 

1 

! I I I I I I 
3200 3210 3220 3230 3240 3250 3260 3270 3280 3290 

BIG 

Computed nitroxide ESR spectra for an immobilized spin interacting 
with a paramagnetic metal ion of fixed geometry. The dipolar 
interaction results in an apparent loss of intensity without change 
in lineshape. 
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