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ABBREVIATIONS

EEDQ: N—ethoxyéarbonyl-z-éthéxy-l,2-dihydroquinoline;

Tempamine: 4-adino-2,2,6,6,-tetramethyl-piperindino-N-oxyl;

TA-BR: teﬁpamine-spin labeled bacteriorhqdopsin;

AES: 2-aminoethanesu1fonic acid;
SNS:'2—(3-carboxypropyl)-434~dimethyl-2-;ridecyl;3-oxazo1idinyloxy1;
10NS: 2-(§—catboxyoctyl)—2-0cty1—4,4—diméthyl-3-oxazolidinyloxyl; |

15NS: 2-(14-carboxytetradeéyl)-Z-ethyl-4,4—dimethyl-3-oxazolidinyioxyl.
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The purple ﬁembrane isolated from Halobaéterium halobium contains_ohly
a single.protein, bacteriorhodopsin, which funbtioﬁs as a iight-dfiven
profton puﬁp. _Substantial'étructdralvinformation has been obtained which
has led to specific models of.protein structure in the membrane (Engelman;
et al., 1982; Huang,'sg_él,, {982; Agard and Stroqd, 1982). The retinal
chromophore of bacter10§hodopsin is bound to the €—amino group of lysine-216
by a.Schiff base linkage (Katre et al., 1981, Bayley et al., 1981). Light
abéorption by'thé'chromdphore initiates a photochemical reaction cycle
whiéh involves configurational-changes in rétinalland<conformational changes
éf the prot;in (for a review, see Stoe§kénius-g£.3£., 1979). The role gf
the Schiff base linkage in the readtion.mecﬁanism is well éstablished,'but
thé contribution of thg protein molety to chrbmophore structure, the photo-
chemical reaction cycle, and to the.proton translocation mechanism 1is
largely annown.

The carboxyl‘r?sidues of aspartic and glutami§ acid have been sugéested
ﬁq have_the following roles in’bactériorhbdopsin:

(1) Structural. By f;fming ibn—pairs within the membrane with the
positively chargedvgrqups of 1ysiné and/or arginine (Packer et al., 1979;

Engelman et al., 1980); (ii) Chromophoric. By interacting with retinal.

and the Schiff base nitrogen to moduléte absorption properties (Fisher and
Oesterhelt, 1980); and (i1i1i) Catalytic. ﬁy functioning-as proton.translo—
ca;ing groups during the photoreaction cycle. Chemical modification studies
of carboxyl groups haé indicated‘strﬁctural involvement in the photocycle
(Herz and Packer, 1981). ‘Recently, Fourier transform and kinetic infrared
spectroéCOpy studies (Rothschild gsigl.,kl981; Siebert EE.ELJ: 1982) have -
demonstrated changes in the protonation state of cafboxyl groups correlated
with the photocycle. It VAS suggésted that these gréups regside 1n a h&dro—

phobic membrane environment. In addition, current models of bacteriorhodopsin



structure place severai carboxyl residues within hydrophobic membréne-protein
domains. Thus, knowledge of the topography of carboxyl residues is central

to the'undérstanding of the structure and function of the light-driven proton

pump. .
We have Qsed chémical mogification techniques ;o attach réportér groups

to the carboxyl residues of bacteribrhodopsin. The spin-labei and ;hromophoric

groups employed display characteristic sgpectra which'are sensitive to éhaﬁges

in Eheir microenvironment. fhis approach has allowed the correlation of func-

tional properties of carboxyl groups with their local topography and mobility

in distinct membrane-proteih domains. .

ESR Evidence for Buried Carboxyl Groups

Bacteriorhodopsin was covélent;y spin-labeled by reacting 4&a§ino-2,2,6,6-
tetramethyl;piéérdino—N-oxyl-(Témpaminef) with prétein carboxylic amino acid
residues using N—(ethoxycérboﬁyl);Z—ethoxy—l,Z-dihydroxyquinoline (EEDQ) as a
coupling aéent. EEDQ is a hydrophobic, highly specific reagent for thevacti-,
vation of cérboxyl residues (Beileéu and M;lek, 1968). EEbQ concentratioﬁé
< 1.0 mM prodﬁced insignifican; iabeling, while higher éonééntrations
(10-30 mM) yielded progressivély 1n;reased levelé of nucleOphile.coupling .
(230—4.25 Tempaﬁine per bacteriorhodopsin). Only a few of the 19 carboxyl
residues found in bacteriorhodOpsiﬁ were modified by this procedure. ESR-
spectra clearly-revealed an increase in the immobilized spin content of samples
that was correlated with highef stoichiométries of labeling (Fig. 1, left panel).
Higher stoichiometfies of labeling resulted in a broadening'of the central |
line width ( AHO), growth of the iow fiéld shoulder df the h4] peak, and
the appearance of two new extrema with a maxi&um splitting of 68.4 G charac-
teristic of a strohgly immobilized signal. Spin-labeled 2.1 fA-BR largely
retained unmodified protein spectral characteristics and proton pumping

actiVity. However, higher stoichliometries of labeling inhibited-proton



puhping activity and resulted in bleaching the 570 nm retinal-protein
chromOphbre (Herz,‘1983). The 4.25 TA-BR sample exhibited a 370 nm spectral
peak characteristic of-free retinal and no photocycle activity. This
suggested the presence of specific burled carboxyl residﬁes esséhtial for
proton -pump aétivity. N |
indeed,'ESR 3p§cﬁra appear to be composed of -at least twovcomponents of
"different mobility (Figure 1, left panel). In order to distinguish.spectral
components 1ocatea at the proteiﬁ surface from other labeled sites, the spin
_exchaﬁge broadening between protein bound spin labels'and paramagnetic ions
“in solution (which. requires direct cbntact between colliding paramagnetic
sﬁecies; Keith et al., 1977) was used to deconvolute the complex ESR spectrum.
; Iitra£iQn of spin-labeled native bacteriérhodopsin with NajFe(CN)g resulted '
‘-1q‘the progressive broadening of the spin signal until only a ﬁighly immobi-
 ’lized signal remained at high Fe(CN)63_,concentrations (Fig; 1, right panel).
"-Low concentrations of Fe(CN)63; sélectivel& quehche& the more mobile ccmpo-
nents of the spectrum, thle the immobilized components were not affected;
At 200 mM Fe(CN)63—, only strongly immobilized spin signals remained. 1In
+raddition, computer subtraction of Fe(CN)éB- quenched spectra from control spectra
' revealgd high mobility differenée spectra (bottom of Fig. 1, right panel).
The presende of a large immobilized ESR signal that remained -at high‘
' Fq(CN)63_ concentrationé suggested the existancé of buried spin label'residues
in the native membrane-protein structure. Denaturation is expeéted to open
the bacteriorhodopsin structure and ‘increase the accessibility of Fe(CN)63_ to
previously buried protein domains. The ESR épectrum of TA-BR Iin high concen-
trations of SDS—urea appeared as a homogeneous population of spins possessing
'1.high mobility (t.= 7.61 x 10-10 8), indicative of the release of previously
immobilized labels. In addition, ESR spectra showed that Fe(CN)é3- was |

substantially more effective in quenching the SDS-urea treated signal at



.equivalent concentrations_of prcbe.

The effects of paramagnetic broadening agcnté showed that two distinct
protein domains were spin-labeled, and spcctral characteristics demonstrated
that surface groups were considerably more mobile than buried groups. Tﬁe
precence of the large immobil{ged component in 2.1 TA—BRVthat remained in
the presence of high Fe(CN)63; concencratiqns but disappears upon denaturation

" 1s evidence for the existence of buried labels in protein domains.

Membrane Location of a Buried Carboxyl Group

The paramagnetic broadening of a serics cf stearic acid spin labels
" bound to pu;ﬁlevﬁembranes was-studied'in order to: (i) verify that the
,accéssibility-cf Fe(CN)63- quenching agent was limited to the purple membrane
suffacés, and (ii)rcobemploy steaticvacid as an empicical molecular ruler
to estimate the deéth of buried procein spin labels. The second goal was
achieved by examining thé_para@agnetic broadening of the stearic acid spin
labels by cu?t which is capabieiof acting at a distance by a-throcgh-space
"dipolar intcréction (Hyde et al., 1979). 7 o

The cffects of Fe(CN)63- and Cu?t on the spectra of 5-, 10- and
16-doxylstearic acid spin iaBels Qere'ccmpared. As seen in Figufe 2, the
ESR .spectra of 5NS bound to pufplé'membrénes exhibitedca strongly immobilized
spectrum plus a small contribution from an aqueous mobile componentf The
ESR spectral‘data wece used to calculate thc apﬁarent ordec parameter
- (S3PP = 0.91), and the half amplitude.of motion (Y = 21°). These values were
uscd to determine the nitroxide moiety distance from the membrane surface,
which was found to be 5.9 A (Herz, 1983). The amplitude and shape of the
spectra were unaffected by the cresence of 10-100 mM Fe(CN)63- except for
the loss of the small, aqueous mobile component. |

In contrast to the strongly immobilizedVSNS'and 10NS spectrum, the

L}



~16NS spectrum'is only moderately 1mmo$ilized (2 KII = 56.8 G,
SaPP-= 0.59, vy = 45”)..-This orientatiop gives a calculated distance of
16.6 A for the 16NS nitroxide from the surface; As in the.gase of 5NS,
high concentrations of Fe(CN)63- broadened only the aqueous mobile component
whiie leaving the immobilized\compongnt unaffected. |
The dipolar broadening of 5NS, 1ONS and 16NS by cu2t exhibited even greater

differences when compared to spin-exchange btoédening by Fe(CN)63— (Fig. 2).
Ihe S5NS. gpectra ;as almost completely broadened wh%le the moré deeply
buried 10NS and 16NS nitroxides were substantially less affected. Thus, the
line height reduction by Cut was inversely éorrelaged with the dépth of the
nitroxide from the membrane surface. These results‘indicate that Fe(CN)63—
only broadens spin labels by collisional interactions and that it does not
»penetrate the purple membrane to the‘depth-of the 5NS nitroxide. In contrast,
the dipolar broaéening effecté of Cult extend donSidefably bey6nd the membrane
surface. |

~ As a biochemical approach to corroborate the.:esults obtained with para-
- magnetic quenching agents, a sequential double moéificatioﬁ procedure was
developed to selectively.pre:eact aad thereby block surface carboxyl residueé
so that spin-labeling of oniy buried residues occurred. In order to block
surface residues, the first carboxyl modification used a permanently charged
non-spin label nucleophile, aminoethanesulfonic acid (AES). After exten;ive
washing; the second modification using EEDQ and Tempamine was - carried out as
vin the single step modification. The stoichiometry of the double modification
samples prepéred by this procedure c§ntaided an.average of 0.4 splns per
bacteriorhodopsin molecule. ESR spectra of the AES/TA double modified bacteriorho-
_dopsin-showed only a strongly immobilized spin signal with.a central line width of
7.6 G and a maximum hyperfine splitting of 63.7 G (Fig. 2). The strongly

immobilized ESR signal was not broadened by high concentrations of Fe(CN)g3-



as expected for a‘buriéd spin residué.i Paramagnetic iﬁteractions of the

AES/TA-BR spin label with Cu2t were also examined to estimate its depth

from the membrané sufface. - The interéction of 10 ﬁM Cu?t and AES/TA-BR

resulted in only a small decrease in amplitude (75% of control remained).

with qo_apparent broadening. \Foﬁparison of theAcentral line height reduction

due to Cu2+ interaction Qith the stearic acid sbin labels and AES/TA-BR | e
. showed that 16NS énd AES/TA-BR are affected'similarly; and hence, that the

" spin-labeled carboxyl group 1s deeply buried within the protein. Thus, we

estimate the minimum distance'of'the buried carboxyl group(s) froﬁ the

membrane surface to be 16.6 A.

Repofterggroqgjprotein chromophore interactions in purple membranes.

Carboxyl groups on‘bacteriorhodopéip were labeled with nitrotyrosiné
methyl eété:, a pH-sensitive, éhromophoric reporter group. Thé_spectral and
iqnization properties of the reportér group were used to honitor the prétein
venvironmént in the vicinity'df'the retinal binding site (Herz et al., 1983b).
The absorption spectra (300-700 nm) for the alkaline forwafd titrations:of
modified bacteriorhodopsin in purple membranes (Fig. 3, upper half) cowvers the
visible absorption bands of bacteriorhodopsin that arise from retinal-
protein interactions, as well as the spectral'regiog of the reportef group.
Alkaline titration from pH 7.0 to pH 11.0 reéulted in the formation of a new
peak at 428 nm characteristic of ;he nitrotyrosinatevion and the simultaneous
decrease in the absorbance of the 570 nm band, exhibiting an isobestic point at =
480 nm. The igobestic point between the nitrotyrosine methyl ester chromOpho;e
and the bacterlorhodopsin 570 nm chromophore indicated interactions between the
reporter group and retinal. The absorbance changes at 428 nm (Fig. 3, fight'
panel) were used to obtain a pK for the spectral transition of the reporter

group assoclated with the forward titration. The protein-bound nitrotyrosine
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methyl esterviesidue'gf found to have a pK of about 10-11, at least'3 pK
unitslhigher fhan the model compound in solution. |

The backward (acidic) ti;ration of the same sample after 24 hf_under
alkaline conditidns revealed a new pattern of spectral changeS«(Figf 3,
lower half). The decrease iQ\absorbance ét 428 nm was no longer coupled to
abqorbance‘changes at 570 nm. ’ Instead, a new igosbeetic-point between a
small peak at 360 nm, characferistic-bf the nitrotyrosyl, and the 428 na
nitrotyrosinate chromophore appeafed. Tﬁe backgards titration also
demonstrated a new, substantiglly lower pK = 8.0 for the reporter group
(Fig. 3, right panel). The results suggest that this reporter group is
bound to a carboxyl group which resides in a hydrophobic membréne\domain in
the native state. .

The unusual absorption spectra of the reporter group in modified purple
mémbraneé is cofreiated with the'unusﬁaily high pK of }0-11.':These spectral

and ionization properties may be due to either an electrostatic ianteraction

with a nearby group or a change in the polafity of the environment. Examples '

~ of nitrotyrosine pK changes, as well as theory, demoanstrate that a change

to a more hydréphobic environment will increase the pK of nitrotyrosine
residues. Exposure to alkaliﬁe pﬁ resulted in a localized~configurational
change that transferred the reporter group from a.buried hydrophobic membrane
doﬁain into a more aqueous environment near the membrane surface. As a result

of the configurational change, reporter group-retinal interactions were lost.

Summary
Chemical modification and spin-labeled studies of purple membranes

have provided the first evidence for buried carboxyl residues within the

hydrophobic, membrane-protein domains. These findings are cousistent with



current models of bactefiorhodobsiﬂ structure (Agard and Stroud, 1982;
Engelman et al., 1982; Huang et al., 1982). 1In addition,wour studles have
identified distinct functional roles for the buried carboxyl residues.
Spin label data showed that modification of ﬁuried reéidues_resﬁlted in
loss of prqtein activity. A ;H-sensitive, chrogophoric reportér group
demonstratéd that a.carboxyl residue in.a hydrophoﬁic membrane environment
interacts witﬁ the retinal chromophore of bacteriorhodopsin. The essential
nature Qf cafboxyl residues.in the activity ofvﬁembrane proton pumps has
been deménstrated for cytochrome oxidase and the ATPase/synthetaées of
chloroplasts, mitochondria gnd bacteria. Hence, this study demonstrating
essential carboxyl groups in bacteriorhodopsin appeérs cohsisteﬁt with the
idea that carboxyl residues in hydrophobic eﬁvironmentsvmay be a general

feature required for activity of membrane proton pumps.
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FIGURE LEGENDS

Fig. 1.

Fig. 2'-

Fig. 3.

ESR spectra of darboxyl, spin-labeled bacteriorhodopsin showing

buried, strongly immobilized residues.

(left panel): Increase in immobilized spin content_corrélated'
wiﬁh-'higher scoichiomgtties of labeling (2.1 - 4.-25 spins/
b#ctgriorhodopsin:molécule). | | :‘
(right panel); Paraﬁagnetic broadéniﬁé of 2.1 sp;n—labeled
bacteriorhodopsin by Fe(CN)63-. vFof experimental detalls

gsee Herz et al., 1983a.

vPa:amagetic broadening of 5NS and 16NS stearic acid spin

- labels bound to purple membranes and aminoethanesulfonic

acid-tempamine double modified bacteriorhodopsin.

Reporter group-protein chromophore interactions in purple

membranes.

-

(left panel): Absorption spectra of nitrotyrosine methyl ester --

carboxyl quified_bacteriorhqdopsin during forward alkaline

(pH 7-11), and béckwards acidic (pH llfS) pH titration.

(right panel): Changés in the pK of nitrotyrosine methyl ester

covalently bound to purple membranes. For experimental details

see Herz et al., 1983b.
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