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A %culchard plat rur the szrengly bound Evt* to deionized bM\crlarhbdﬁpllﬂ (bR) was made uslng a muthml \mecj o mv.asunnn the cancemiration

ofunbound Ew® from i1y fluarescence intengity, The resulis suggest thay the first male of Eut* added ta ninale of ER is strongly boand by displicing

2% pretans. In order 1o recongile this resalt with the previeus umeé-rexolved Auoreseenve studies on B *regencruted BR. which showed the prexs

ence of 3 sites of comparable binding cansiants, one is l‘nrded te tonctude that the eimission from the strongly bound Eu'* is completely yuenched,

¢.g. by energy transfer to the retinal. For thix (o tuke placs, thie 237 must be within o few A fram he retinal, Le. within the retind) poeket (the

m:uvc site). The possible |mpormncc cut‘ this conclusion w the deprman.uinn mechanism af ﬂw. prmmm!ed Schlﬂ' base, the swneh of the protos
: o pump in BR, s dissussed, :

 Cation binding: thwrinrlmdwpsim Eud" lun'iine:xcncc: $emlbhnrd plal

1. INTRODUCTION

The retinylidene protein bacteriorhodopsin (bR), the
othet photosynthcuc system bes:des chloraphyll, is a
protein  pigment in the purple . membrane of
Halobacterium halobium [1], arranged in clusters of 3
molecules in a two dimensional hexagonal lattice {2].
Light adapted bR contains an all-rrans retinal which is
covalently bound via a protonated Schiff base (PSB)
linkage to the protein [3]. bR undergoes the following

light:

bR i J s Ksog — 1. | '"H" -
i —r—
568 04 Ps 625 5 ps . 5‘)0 2“5 550 50 Ila

Mam T Nsag = 0640 ~— bRieg

Asa tesult of this cycle, protons are translocated from
the insidé to the outside of the cell membrane [5]. The
proton gradient created across the membrane is then
used to transform ADP into ATP in the final step of
the photosynthesis of bR [4,6]. :

- The role of metal cations in the function of bR has
been the subject of several investigations. The removal -

of metal cations (e.g. by addition of H*) is found to

shift the absorption from 568 (purple bR) to 605 nm

(blue or deionized bR (d1bR)) [7-10]. Furthermore, the
formation of Majz, and thus the deprotenation of the
PSB [9,11], as well as the 296 nm transient [12} are

found to be inhibited even though the isomerization
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(K =:2.0 x.10°M
bound 0.6 x 10° M
photochemical cycle [41 upon the absorptmn of visibie

" [13] us-well as the Ksgp and Lsso-type intermediates

[13,14] are found to he formed. This suggusted that

metal cations ave 1mportant for th;. deprutonanon pro
¢ess [13).

Using ESR, tha hinding constants of Mn?* and La'*
to blue membrane have been determined (18] by use of
Scatchard plots, For Mn‘* at pH = 5, ane very strongly
bound (K = 26 x 10° M" "), three strongly bound sites
M~ and one moderately srrongly
=1y [15] are found.

The color change upon deionization was atmbuted
to cation binding and the dissociation state of the
counter ions of PSB was directly linked to the sccupan-
cy of the binding sites of the cations {16~22]. Two pro-

posed locations of the metal cations have been

proposed. Because protons are released in roughly
stoichiometric amounts, metal cations are proposed to
be chelated to carboxylate groups [16,17]. Recently,

~due to observed effect of changing the lipids on the
" metal -cation-proton: equilibrium, ‘metal cations are

proposed to be physically held within the double layer
of the surface membrane [23]. More recent work by
Ebrey et al. [24] on the correlation of color change and
the number of Ca?* ions bound and the H* ions pro-
duced, ﬂtrongly suggested the importance of one
caleium ion in bR. From the recently proposed model
for the structure.of bR [25], Ebrey suggested that this

- Ca*" jon might be located within the retinal pocket
- [24] SRIREEUREEE R
- Using tinee icsolved fluorescence  techniques, Cor-

coran et al. [26] were able to resolve 3 different emiis-

“sion sites for Eu? T-regenerated bR containing 4 Eu®*:

per bR. The intensity of each of the 3 sites; as well as

‘the total intensity, is found to increase linearly. with in-

Published 4y Eisevier Sclence Publishers BV,



v«::m"w«zsiz, number 2

- greasing mc Eu"!bﬂ mks fmm 0w 3 This suggem
that the 1 sites have comparable binding constants.
“This does not agree with the result of having one very

strongly bound and 3 strongly baund metal cation sltes

faund for Mn [15], unless either Bu®* and Mn®* have
. different snes GI‘ clye the emission from the very strong-
ty bound Eu'* in the Eu*"-bR samples is completely

quenched, as would be the case if it is very near the
- retinal [26]. In this latter case the abserved emission:

- would reflect mainly the eqmlxbnum of Involving the 3
‘strongly bound emitting sites in the range of the Eu*”

concentrations studied {26]. In order to distinguish bei»
ween these 2 possibilities, we need to determine the

Scatchard plot for the binding of Eu** to dIbR.

- In the present work, the Seatchard plot for the Bu**
binding to dIBR has been determined, We have deter-
mined the free Bu** concentration (in equilibrium with
the bound ones) from the fluoreseence intensity of its

chelates. The results strongly suggest ‘that ‘as Bu* is
- added 1o dIbR, the first filled site (the one wnth the

largest bmdmg constant) contains only one Eu®* per.
bBR. The binding constant is found to be pH sensitive -

suggesting the displacement of 2-3 protons/bR. Com-

bining this result with that of the previous time resolved -

studies [26] strongly suggests that the emission from the
Eu’* jon that first binds to dIbR is not cbserved in the
time-resolved fluorescence experiments in regenerated

Eu.’,_*-_bR samples [26). The most likely mechanism of -

" its fluorescence quenching is by energy transfer. Since
the emission band- are at §70~630 nm, the only energy
acceptor in bR is the mmal Tt is shown that for the
transfer to accur, the Eu’* has to be extremely near
(within a few A) to the retinal in the Eu’*-regenerated

bR system. The implication of this conclusion ¢on the .
proposed mechanisms of the deprotonation of thc PSE

“in bR is discussed.

The method

We need to determine the number af Eu** {n) in the

‘stron‘gly bound site with a binding constant. K. The
fullowingeqi.xat‘ion {27] is used:

"L" = K(ﬂ—ﬂ)

‘ whcre visthe number of moles of bound Eu ‘per mole E

" of bR, L is the concentration of unbound free Eu®*

- equilibrium with the tound ones. “The. plot of (/L v_s ‘
" is the Scatchard plot [27] which should give a straight -
line with a slope of ~K and an intercept that gives n.

For any added concentration of Eu'* to a sample of

dIbR, if the concentration of the free Eu?* (L) is'deter-

“mined, the moles of Eu* bound » can be calculated.
We have used - chelating agents to ‘enharnice the
fluorescence {28] of the free Eu** to deiermine its con-

_centration after separating it from the bR and its bound
Eu**. A mixture of the 2 chelating agents 2-thenoyliri-
fluoroacetone (TTA) and tri-n-octylphosphine oxide

FEﬂ‘i LET’TERQ
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{TQPQJ with. pelynxyathylem iscim:tylphena! (‘Frimu o
X-100) is used. Thix was found to give a retrakis

* {eightfold) coardination (29], not interact wirh the sol-

vent and havea much higher quantum. effi esency, t\nd ‘
therefarn a higher ﬂuarescenee mtenmy '

a2 EXPER[MENTAL

Hnlubar. wrinm hmbmm was grown frem master siann of |:.“rmm
prisvided by Professor R, Bogemolnt (Universiiy o California, Sama
Cruz), bR wus purifled by wing ¢ combination of: previowly de
scribed methads [36,31]. The purple bR suspenilon was defonized by
passing it throupgh & <ition exchange column QUI=HKG mesh

" hwdrogen form AGIOW.X8; Bio-Rad] [32). B’ *sregencraled bR wis

prepared by nelding EuCl (99%s; Sigma) standard solutlon with &
micropipetie ta the dIbBR. Fu' /bR rutios are expréssed ax moles of
Eu*® added to motes of dbR. The lstter way determined by ustng an
HP 8413A Diode Array nbyorpon spectraphatometsr and an abs
sarptivity of 60000 e’ - M =¥ {32} a1 605 nm, For samples where pH

" adjustment was done, the purple bR solution was passed through an

anfor exchange column {100=200 mesh: hydroxide form: AG1:X4;

. Bio-Rad) before passing them through the cation exchange colusmri . :

thus éounteracting the pH reducing effect of the second eolumn. Thie
Bu*. reuncmud bR was allowed to eqnllibrme avernight, then een- .

trifuged at 19000 rpm for 30 min using an 5534 Sorvalt talorto -
remaove the Bu* /bR complex (bR bound with Eu®*1 as wellasthees-
- cass dIDR. The supernatant solution was: lhen analyzed Ter free une )
_hmmd curopium From the unbound Eu' concentration and the "
“inidal 80*" coneentration, it was possible w detbrmllm the 'lmoum-

of bound Eu* by difference,
The unbound. free Eu'™ in the supernatant scluuon wag chelmed :
with TTA and TOPOQ in aqueaus.0.2% Triton X-100R solwiot ar pH

O 3.6.(29]. The concentration of the Eu'* s determined fram its emis- ‘ o

sion intensity and that of starrdard Ev'™ solutions chélated in the
sanie manner. The standard solutions of curomum were prepared by
dissolving europium chloride (99%;  Sigma) in -doubly deionjied
water al pH 4, using hydrochloric acid. A TTA-TOPO reagent solu-

“tian comtaining 5 % 107 M TTA and 5 x 107 M TOPO was '
“prepared by dissolving the reagenis (99%; Aldrich). A 0.1' M acatate

buffer (pH 3.6) was used. To 0.5 ml of the supernatani sample salu- &
ticn or the eurapium standatd solufion, 0.3 ml of 0.1 M acetate buf

fer, 0.2 mlof the TTA-TQPO reagent solution, and 1.5'ml-of doubly . '
dmnnued water: were added. Addmnnal reagent was added to max-. -

imize the tluoréscence,

A Tluorolog2 Series Fluorometer was used to excite mr.' Eu :
chelate 'n 146 nimvand record the emission at 14 nm, The spectra of
the Eu’* chelate (see Fig, 1) were measured - by using 1.0 cm
polystyrene cuvets (Fischer Scientific).and a 90 degree eollection
angle. A NaMNOa solution tilter was used to reject hghl from the’

© Xenon lamp souree,

3 RESULTS

The lmportant results of the Eu®* bmdmg studlcs can |

- be summatized as follows: (i) The technique of-

enhancenient of Eu** by chelate formation [29] can be

.used for the determination of unbound Eu*. The

calibration curve is shown in Fig. 2 which obéys Beer’s -
law over the concentration range of 107°~1073 M

‘Eu®*, These concentrations match the concentrations

of unbound europium found in the supernatant solu-
tions in equilibrium with the Eu®*-regenerated bR. (i) -
Figuie 3 shows the Scatchard plots of the expenment

performed at'pH 5.3 and 5.6, respectively. The Eu:
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Fig. 2. The dependence of the fluorescence emission intensity of Eo*

chelate on. concentration for the standard solutions., From this plot 3
and the intensity of chelated Eu** in the supernatani soluiions, the

concentrations of the free Eu®* in equilibria with the bound Eu’ in
different regenerated Fu’* bR solutions is calculated.
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‘Fig. L. The fluorescence (right) and excitation (lgrt! specira of Eu™ ‘T'I“A-TO'P‘O chelate.
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bR ratios varied from 0.2 to 1.0, The linear relationship ‘ 3 1
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pH = 5.6 and 5.3, respectively) indicates only one type  pHeBE ]
of site present in this ratio range. The binding constant - : o N
; : , 7 - i 20} "
-given from the slopeis 4-35 x 10" at pH 5.3 and 3 x 10 : ]
at pH 5.6. The x-intercepts, which give the number of-
europium ions bound in the site with this value of bin- 1
ding constant, are found to have a value of 0.75 and ol ]
20, . 1 ;g T | :
1.5 T k S 3| - I N i . ]
.‘ . . - , C 'El » 2 T T T T :
- 1.0‘ e : — m " o .
S . ‘ Tl B 1.
o8k - »® 1 = o ‘
o L] ~ = = ! B
~ 0, L] N . . . 9 Lu_J'
Y 00 02 04 OB 08 10 N
Lﬂo : " : ' L .
< e 1
2 . 8 1k E
el B }
2 . ® [‘
L iy . - )
€ L™ ‘
"3 1 L
i i
] S—— Lt
A RS L
" [Ed] tdy < PR T SO S " ‘
_ : o Y 0.4 06 . 08" 10

e seung ¢ [oR]
Fig. 3. The Scatchard plot for the tinding of Ea' 10 deionized bIt
at pH = 5,6 and 5.3. From this plot, the binding constants as well as
the fumber of Eu” ‘ions in this strongly bound site are determined
from the slopes and x-intercepts, respectively, ‘
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0.87, indic:ming that abcsut ong vzumpium was beund to

eaeh BR in the strongly bound site, Non-Smmhnrd like
behavior was found at higher Eu'*/bR ratios which is
probably due w self aggregation of the bR and/or the

presence of other weaker bound sites, In order 1o pre-

“vent self aggregation, polyacrylamide gels have been
used previnusly, Unfortunately our fluorescence emis.

‘sion studies show that Eu** binds to the gel molecule’
itself, making the use of a gel to prevent aggregation at

‘ high Eu"'be ratio mprmmc.ﬁl far this type ot‘ studies,

D[&CUS‘S[ON

" The slope from the Scatchard plat (Fig. 3) gwe the .

'equlllbnum t:unsmm for the reaction:

‘dle-i-'El.lmﬁEuh“ R K [E‘u —bR] (lj'

[dle][Eu“]

" The value of the constant is found to be 45 % 107 M‘

atpH = 5.3 and 3 x 10 M""at pH = 5.6, Thusit is -

. Tot a constant and suggests that a number of hydrogen

“jons (e.g. ) arc part of the equilibrium. Thus the rcal‘

equilibriurn, K7, should be written as:
‘ dle-i-Eu"mhu“bRHnH* o
_ {Euw**-bR] [H*]"’
 [AIbR][Eu’™] .

;

"One r.an obtain m from the rauo of two K's (K;/Kz) ar
- 2 different hydrogen ion concentrations [H*]; and .-
. [H*]z2 from the following equation that is derwed from ‘

‘ expressmns (1) and. (2) above:

+
' m-log% lc»gg_[I :]lj

-With at least 30% uncertainties in the values of K, m
is calculated to be between 2 and 3. This suggests that
the binding site probably mvolves at least ca’rboxy!ate
groups.

"~ -.The above results suggest that the first strongest bin-~
ding site comalns one Eu®*
time-resolved ~ fluorescence  results  [26]  on
Eu**.regenerated bR containing 4 Eu®" /bR showed the
presence of only 3 or 4 Eu®* ions in sites with different

“decay times but. with not teo dxfferent binding con-
stants, 1f these 3 sites are the strongest bound, a Scat-
chard plot should have given an intercept of 3 'or 4 and

not only one, Since this:is not observed, one is forced.

* to propose that the time-resclved experiments did not
~detect the Eu’* emission from the site with the highest
affinity but only detected: the emission - from the 3 Eu*"

in the sites with the nexi-to- highest affinity. Unfor~

- tunately, due to aggregation and the lower sensitivity of
the present studies, we could not go to higher concen-
“trations to determine their binding constants. :

Even though we do’ not observe the emission from

t_he_EuJ* in the very strongly bound site, the filling of :

Fﬁas LETTERS

K[H-le .. .‘ ‘- (2)

“(3).‘

rather than 3. Previous

M:w wer

thix xsite shouhl affect indirently (tmd thus weakly) the |
amission imensiw of the 3 Ev** in the other type of
sites u% the EU’" /bR ratio changes from <1 ta >1, This

is bcwum all 4 types of sites compete for the added

Eu** iom. There are 2 rensony for not observing this ef- -

- feet inthe Corcoran et al. work [26]. First, even though .
the binding eonstant of the very strongly bound site is
10 times Targer than to the other 3 strongly bound sm:s, -
the urfmuy ratio for bmdmg to these 2 d:Ff‘erem types

of sites is reduced to 10:3, since only one Eu**, binds

to the very qtrongiy bound site and 3 binding 16 th¢ sa--
~cond site. Secondly, the intensity of the bound Eu**

the 0~1 Eu**/bR ratio range is sufficiently weak (and -

thus the errors are Iarge) that any small curvature in the

plot of the intensity vs8 Eu“'be ratio would not be |
detected. :

The quesuon is then raised as to why :hc em:ssaon‘ o

from the Eu™ ion in the highest affinity site was not

observed, i.e. why was its emission quenched? It is ‘

- known that retinal acts as an excitation energy sink far -
most of the tryptophan emission in bR [33-36). Having .. -
" the lowest electronic excitation energy in. the_system.'; -
‘retinal becomes the most viable candidate to accept the

electronic excitation energy of the Eu’* ions if they

- were both placed within coupling range of-one another. -

" How close does Eu®* have to be in order for its emis-
sion to be compietely quenched would,depend on the = -
‘mechanism’ of the coupling between: the 2 electronic

systems. There are 2 mechanisms possible, the dipolar .

(Forster type [37}) and the exchange (Dexter type [38])
" 'mechanisms. For the exchange mechanism, orbital

overlap is required and thus short separation tistance -

" (in the few A range)is a must. Dipolar energy transfer
- can take place over distances as long as 50 A but oniy o
if: (i) both the donor and the acceptor have large elec- .

tronic transition dipole moments (i.e, have strong ab- ‘

sorptions), and (ii) the emission frequency distribution ' - .
~ ofthe denor (Eu®*) overtaps well with that of the ab-

sorption of the acceptor. These 2 conditions lead toa -
reduction of the transfer probability in the: Eu'*-retinal -
system, thus requlrmg relatively short dlstances. First,
while the "Fo,1,2+—%Do emission of Bu** is embedded
within the absorption band of retinal, ifs narrow band

* .width makes the absolute value of the overlap to be: "
small, In addition, while the eléctronic transition of
- retinal has a reasonable dipole moment, that of Eu** -

does not as it is inherently forbidden transition and is

" weakly induced by the crystal field at the binding site.

The . latter f‘am alone could reduce the maximum
transter distance from 50 A 10 20 A, Since the emlssmn ‘

“is completely quenr.hed ‘one would guess that Eu’*

must be within 1015 A from the retinal even if the
long range dipolar mechanism was responsible for the
Eu?* flucrescence quenching. This suggests that, ir-

L respective of the transfer mechanism, Eu®* could very
~well be within the retinal pocket.

_The fact that bothi Ca2+ an* and. Euszr all have one

43'_9-_ |
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very mmngly bound site (ﬂnd 3 strong ﬁiws] smggests n

similar site for all. Using Henderson's madel for the -

structure of bR {25], binding to carboxylate groups of
nspartic ‘acid  residues 85 and 212 s an' attractive
possibllity; The presence of the Ca®* within the active
site ‘might provide the reason for the presénce of 2

aspartate groups within the active site, The presénce of:
water moleculesin the retinal pocket banded 5o the preo- .

tonmccl Schiff base (PSB} ns well as to-the Ca* (or
Mg?*) could shield the repulsion between the positive
charges on the PSB and that of the Ca®* (or Mg**), The

unusual infrared spectroscopic behavior of Tyr-185 as
‘well as the charge perturbation of tryptophan 182,
‘(leading to the 296 nm transient absorption [39]) might
all be a result of the strong charge pcuurbmlcn by this

meml cation,

If the abdve conclusions are indeed correct. the‘
presence of several positive charges (on the PSB, on the.
metal cations-and on Arg-82), 2 negative charges (on
the carboxylate of aspartic acids 85 and 212), a few
water molecules ‘and strong H-bonding with tyrosine
185 could all ‘lead to. highly inhomogeneous and -

‘anisotropic electric fields within the retinal pocket (the

active site). The eleciric field at the PSB could thus be

extremely sensitive to small changes in the coordinates
of these different chavged species and the few water
molecules during the protein conformation changes oc-
curring during the photoeycle. This might make credi-
ble  the: previously proposed [40] mechanism  of
reducing the pXi of the PSB that leads 1o its eventual

deprotonation during the Lsso— M2 transformation .

‘by ‘the electrostatic  repulsion between its. posmve

charge and an exposed positive field during this step in

the photocycle: This positive field might very well be
due to the rearrangement of the water molecules and

the carboxylate groups in such a manner as to unshleld ‘

the charge. of the metal cation w:thm the pocket (Ca?*
or Ma).
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