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The emission spectrum of intact purple membranes of ifdohacrc~rium Judohirrnt has a wry short wavelength position (the 
main maximum at 314 nm) and can be fitted by two spectral components. one of which (component A) corresponds tc the 

fluorescence of buried tryptophan residues located in a highly hydrophobic rigid cnvironmrnt (like the single trypcophan 

residue in azurin), !he other (component I) being due to the emission of buried tryptophnn residues Iocnwd in 3 rather polar 
environment. Treatment of bacteriorhodopsin by NaBH,. fragmentation of the membranes and thermal formation of vesicles 

result in a decrease in the contribution of component A. an increase in that of component I and the appenrtlncc of spectral 

components corresponding to the emission oi surface tryptophan residues. Temperature inducts at least two distinct changes c: 
the fluorescence parameters of the protein: one change occurs from 45 to 65OC. the other irom 65 to 9OOC. The spectral 
changes correlate with the peaks of heat sorption caused by thermal transitions in the purple membrane structure and 

conformational changes in the protein structure. Alkaline drnaturation of bacteriorhodopsin registered by tryptophnr. 

fluorescence begins at pH > 11.0. 

1. Introduction 

Bacteriorhodopsin is a retinal-protein complex 
of the purple membrane of HuIohucteriurn halobiwn 

which is responsible for a light-driven proton pump 
of the membrane (for a review, see ref. 1). The 
apoprotein is a single polypeptide chain (M, 
26 000) organized into seven cr-helical segments [2]. 
The retinal moiety is attached to one of these 
n-helical segments via a protonated Schiff-base 
linkage with a lysine c-amino group [3.4]. Most of 
the studies on bacteriorhodopsin have been de- 
voted to light-induced events in the protein. The 
illumination of bacteriorhodopsin results in a rapid 
cyclic photochemical reaction of the pigment and 
in a series of conformational changes in the pro- 
tein structure [ 1,5]. 

Bacteriorhodopsin contains seven tryptophan 
residues per molecule [6]. This allows the study of 
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its properties by the intrinsic fluorescence method. 
However, the data obtained by various investiga- 
tors on tryptophan emission of bacter;orhodapsin 
are in some contradiction with each othe. [7-91. 
Even the shapes and positions of tile bactcriorho- 
dopsin fluorescence spectra determiner’, by various 
authors are different. 

in the study reported here we have attempted to 
measure and analyse the tryptophan fluoresc-r:ce 
of bacteriorhodopsin in more detail and to revea! 
changes in the tryptophan residue environments 
induced by temperature and pH. The results show 
that the emission spectrum of intact purple mem- 
branes has a very short-wavelength position and 
can by fitted by two spectral components, one of 
which (component A) corresponds to the emission 
of buried tryptophan residues located in a highly 
hydrophobic rigid environment (like the single 
tryptophan residue in azurin). the other one (com- 
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portent I) to the emission of buried tryptophan 
residues located in a rather polar environment. 
Fragmentation of the membranes and formation 
of vesicles result in a decrease in the contribution 
of component A to the total fluorescence spec- 
trum. Treatment of bacteriorhodopsin with NaBH, 
which leaves retinal covalently bound also causes a 
decrease in the contribution of component A and 
the appearance of a component corresponding to 
the emission of surface tryptophan chromophores. 
Temperature and pH affect the environment of 
tryptophan residues in bacteriorhodopsin. Tem- 
perature-induced changes of bacteriorhodopsin 
fluorescence have a two-stepped character and take 
place within the regions from 45 to 65OC and from 
65 to 90°C. 

2. Materials and methods 

The Pushchino 353 strain of H. halobium was 
used in our work. Purple membranes were isoiated 
and purified according to Oesterhelt and Stoec- 
kenius [4]. The spectroscopic measurements were 
carried out in 0.1 M borate. pH 9.55_ Concentra- 
tions of bacteriorhodopsin were evaluated spectro- 
photometrically using l s70 = 63 000 M- ’ cm- ’ [lb] 
and were 2-6 X 10--h M in all experiments. All 
chemicals used were of analytical grade. 

Fluorescence spectra were recorded from the 
front cell surface of a laboratory-made spectroflu- 
orimeter described earlier [ 1 I]. All fluorescence 
spectra were corrected for the instrumental spec- 
tral sensitivity. In order to correct the protein 
fluorescence spectra for screening and reabsorbing 
inner filter effects of retinal. the derived correction 
factor was used for each fluorescence wavelength. 

x [ 121: 

I-T 
w(X)=----=. 

I& + n, + r), 

1 - T,T,T, DP 

\vhere 7 and D are transparency and absorbance 
(T = lo-“). respectively. Subscripts p and e refer 
to the protein and screening agent at the excitation 
wavelength (280.4 nm). respectively. and r to the 
reabsorbing agent (retinal) at the fluorescence 
wavelength X. To minimize effects of light scatter- 
ing. rather low concentrations of the protein were 

used and the sample and reference cells in spectro- 
photometric measurements were placed near the 
photomultipliers. In all experiments the light 
scattering was low and no special corrections were 
needed. Intensities in the corrected spectra are 
proportional to the number of photons emitted per 
unit wavelength interval. Spectral resolution was 
0.7-1.1 nm. 

Protein fluorescence quantum yield was 
evaluated by comparing areas under fluorescence 
spectra of a protein sample with that of an aque- 
ous tryptophan solution (quantum yield 0.23 at 
20°C [ 131) with the same absorbance at the excita- 
tion wavelength. The position of the middle of a 
chord drawn at the 80% level of the maximal 
intensity (x) was taken as the position of the 
spectrum. 

The temperature dependence of the fluores- 
cence spectrum characteristics was investigated 
using thermostatically controlled water circulating 
in a hollow brass cell holder. The temperature in 
the sample cell was monitored by means of a 
copper-constantan thermocouple. 

Ultraviolet absorption spectra were measured 
with a Specord UV-VIS spectrophotometer (Carl 
Zeiss. Jena. G.D.R.). 

Calorimetric measurements were carried out by 
means of a DASM-IM scanning adiabatic micro- 
calorimeter (U.S.S.R.) with a 1 ml cell volume 
(heating rate 1 K min- ‘). 

Circular dichroism measurements were per- 
formed with a J-20 spectropolarimeter (Jasco. 
Japan). 

pH values of solutions were measured to an 
accuracy of +0.05 pH units. 

The fitting of the experimental spectra with 
theoretical spectral components was carried out 
with an M-4030 computer using a standard opti- 
mization program j14]. The quality of the fit was 
judged from the weighted root mean square resid- 
ual and by visual inspection of the randomness of 
the weighted residual plots. Adequacy of the curve 
fitting to the experimental points was checked by 
the fitting of model spectra composed from known 
contributions of the spectral components. When 
the contributions of the components are within the 
range from 0.1 to 0.9 the optimization program 
determines the contributions quite well. 
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3. Results 

Fig. 1 shows the spectrum of intact 
bacteriorhodopsin fluorescence excited at 280.4 
nm. The spectrum has a very short wavelength 
position (the main maximum at approx. 314 nm 
and a shoulder at approx. 303 nm). Excitation at 
289.7 nm gives practically the same spectrum. It 
must be borne in mind that the fluorescence spec- 
tra of most tryptophan-containing proteins have 
maxima within the region from approx. 330 to 
approx. 353 nm [15]. Only a few proteins demon- 
strate positions at shorter wavelengths of their 
tryptophan fluorescence spectra. The maxima of 
the emission spectra for some proteins are located 
within the region from approx. 316 to 320 nm 
(L-asparaginase of Esclrericlzia cob, ribocuclease T, 
and C,. parvalbumin of whiting [15-171). The 
fluorescence spectrum of azurin has the shortest 
wavelength position (the main maximum at ap- 
prox. 307 nm) and a well resolved vibrational fine 
structure [ 181. 

According to the model of discrete states of 
tryptophan residues in proteins [15,16,19], there 
are several most probable physical states of tryp- 
tophan residues. Each of the states is characterized 
by its fluorescence spectrum. According to Bur- 
stein’s classification [16]. there are, at least, five 
most probable states of tryptophan residues in 
proteins_ The fluorescence spectrum of class A 
(fig. 2, curve A) corresponds to the buried location 
of tryptophan residues unperturbed by any inter- 
actions with an extremely rigid and hydrophobic 

_‘\. 
300 350 400 nm 

Fig. I. Fluorescence spectrum of in:act purple membranes. 0.05 

M borate. pH 9.55: 20°C: excitation wavelength 280.4 nm. 
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Fig. 2. Normalized spectra of classes A. S. 1, II and III [14] 
corresponding to the model of discrete states of tryptophan 
residues in proteins. 

environment (like the single tryptophan residue in 
azurin [18]). The fluore,cence spectra of class S 
and I (fig. 2, curves S and I) also belong to the 
buried trypraphan residues in a rather rigid en- 
vironment which contains some polar groups with 
different mobilities. The spectra of classes II and 
III (fig. 2, curves 11 and III) correspond to the 
location of tryptophan residues at the protein 
molecule surface in contact with bound (class II) 
or free (class III) water molecules. 

We have attempted to analyse the emission 
spectrum of the intact purple membranes on the 
basis of the model of discrete states of tryptophan 
residues in proteins. The spectrum was fitted by 
the spectral components A. I, !I and III and the 
tyrosine fluorescence spectrum T [20.21]. Compo- 
nent S was not used in the fit because the presence 
of both components A and S in the protein spec- 
trum seems to be unlikely. since there are few 
proteins containing even one component A (or S) 
in their fluorescence spectra. The best fit is 
achieved by components T, A and I (fig. 3) which 
suggests that in intact bacteriorhodopsin all tryp- 
tophan residues are located in the interior of the 
molecule and that some of them have a rather 
unusual extremely rigid and hydrophobic environ- 
ment which is similar to that of the tryptophan 
residue in azurin. The relative contributions of the 
components which give the best fit of t1.e experi- 
mental spectrum and parameters of the spectrum 
are presented in table 1. 



Fig. 3. Fitting of the experimental fluorescence spectrum of 
intact hactcriorhodopsin (points) by throraticnl one (cunr) 
which is 11~ sum of the spectral components T. A. I. II and III. 

Treatment of the intact purple membranes with 
NaBH, results in a decrease in the contribution of 
component A and in an increase in those of com- 
ponents I and III (table 1). This suggests the 
appearance of some tryptophan residues at the 
protein surface in contact with water molecules. 

Formation of vesicles caused by heat treatment 
of intact or NaBH,-treated purple membranes [22] 
also leads to a decrease in the contribution of 

component A and an increase in those compo- 
nents I and II. The complete heat denaturation of 
the purple membranes results in a very pro- 
nounced decrease in the contribution of compo- 
nent A. In :his case component I gives the main 
contribution to the total emission spectrum. The 
fluorescence quantum yield value of the heat-dena- 
tured purple membranes is higher than that of the 
native preparation, though it is much Iower than 
that of free aqueous tryptophan. 

3. I. Ilrernrui dettaturation 

Fig. 4 shows the temperature dependence of the 
fluorescence parameters of the intact purple mem- 
branes. Heating of the preparation from 7 up to 
approx. 45OC does not significantly change the 
fluorescence spectrum position (fig. 4A, curve 1). 
A shift of the spectrum towards longer wave- 
lengths begins above 45OC. At least two distinct 
steps can be seen on the curve of x vs. tempera- 
ture. One step occurs from approx. 45 to approx. 
65OC. the other from approx. 65 to approx. 90°C. 
The main shift (by about 15 nm) occurs in the 
region from 65 to 90°C and is accompanied by a 
rise of the fluorescence quantum yield value (fig. 

Tnhlc I 

Paramctsrs of the fluorrscencc spectra of bacteriorhodopsin in different states 

\ po.sition of the spectrum: JX. spectrum width; q. fluorrscrncc quantum yield: T. A. I. II and III. S . relative contributions of the 

emission of tyosinc and tryptophnn residues of spectral cI~.srs A. 1. II and III. respectively. to the rxperimcntal spectrum. 0.05 h4 
h._watc. pH 9.55: 20°C: excitation wavrlengtb 280.4 nm. 

State of x -\x 4 T A I II III 

hacteriorhodowin (nm) (nm) 

Intnct purple 
memhrancs 

\‘esicle\ from 
intact mcmhmnr.\ 

He.lt-Jensturcd 
mcmhranes 

Purplr mrmhmnes 
trcatrd with NaBH, 

Vesicles from 
mc:nhr;lnc~ treated 
\\ith NaBH, 

IIcat-denatured 
mcmbrilnea treated 
with SnEH, 

314.2 55 0.014 0.14 0.39 0.02 0.00 

319.0 56 0.014 0.19 0.26 0.5 1 0.00 0.05 

330.2 56 0.01s 0.09 0.0s 0.73 0.00 0.11 

316.7 60 0.014 0.17 o.jo 0.37 0.00 0.16 

3’2.8 64 0.015 0.16 0.22 0.39 0.08 0.15 

327.3 63 0.016 0.16 0.1 I 0.55 0.00 0.19 
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Fig. 4. Temperature dependence of the fluorescence parameters 
of intact bacteriorhodopsin. (A) Spectrum position x (curve I): 
(B) fluorescence quantum yield. 4; (C) contributions of spectral 
components T. A, 1, II and III to the total protein spectrum. 
Curve 2 in A is a calorimetric record. 0.05 M borate, pH 9.55; 
excitation wavelength 280.4 nm. 

4B). The analysis of the data on the basis of the 
model of discrete states of trjptophan residues in 
proteins shows that the spectral shift corresponds 
to a decrease in the contribution of component A, 
an increase in that of component I and the ap- 
pearance and increase in that of component III 
(fig. 4C). This suggests that temperature induces a 
transition of some buried tryptophan residues from 
a rigid polar environment into a more polar or 
even an aqueous environment_ The two-stepped 

character of the thermal denaturation curve is seen 
well from the phase diagram in fig. 5A [15,17,23]. 
The first part of the phase plot of Z(X3,,) vs. 
Z(XXzo) (lo-4S°C), which can be extrapolated to 
the origin, corresponds to ordinary thermal 
quenching, without any changes in shape or posi- 
tion of the spectrum, due to the therma activation 
of intramolecular collisions between excited indole 
groups and neighbouring quenching groups [IS]. 
The second (4%65°C) and third (65-93OC) linear 
parts seem to correspond to at last two successive 
conformation changes affecting the structure 
around some tryptophan residues. The existence of 
two segments in the phase plot indicates that the 
denaturation process proceeds via an intermediate. 
the maximal population of which is observed at 
about 65OC under our conditions. The fluores- 
cence spectra of the protein at 10, 65 and 93OC are 
presented in fig. 5B. 

Curve 2 in fig. 4A is a calorimetric record for 
the intact purple membranes. One can see three 
pea!<s of the heat sorption at 62, 78 and 87OC. The 
first peak corresponds to the lower temperature 
spectral change, and the other two correlate with 
the higher temperature spectral shift. 

3.2. Acidic and alkaline denaiuration 

Fig. 6 depicts the pH dependence of the fluores- 
cence spectrum characteristics of the intact purple 
membranes measured at 20°C. In the pH range 
6-11 all the parameters remain essentially con- 
stant. The long-wavelength shift of the fluores- 
cence spectrum at pH > 1 I could be due to the 
alkaline denaturation of bacteriorhodopsin caused 
by deprotonation of arginine residues and at least 
partially by titration of the phenolic -OH groups 
of some tyrosine residues with abnormal pK, val- 
ues. The appearance of tyrosine at pH > 11 is seen 
well in the absorption spectrum of the protein (fig. 
6B. curve 2). The drop in quantum yield value at 
pH > 11 seems to be due to long-distance tryp- 
tophan-tyrosine energy transfer [ 151. AnSysis of 
the data on the basis of the model of discrete 
states of tryptophan residues in proteins shows 
that the alkaline pH-induced spectral changes cor- 
respond to the transition of some buried 
tryptophan chromophores to the surface of the 
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Fig. 5. (i\) Fluorescence phase plot corresponding to the temperature dependence of the intact bactcriorhodopsin fluorescence in fig. 
4. (B) Fluorescence specrra of bacteriorhodopsin ar different temperatures. Conditions as in fig. 4. 
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Fig. 6. pH dependence of the fluorescence paramerers of intact 
hacteriorhodopsin. (A) Spccirum position. x: (B) 1. fluorrs- 
cence quantum yield. 4; 2. absorbance aI 250 nm: (C) contribu- 

protein, resulting in contact with water molecules 

(fig. 6C). 

In the acidic parts of the plots a small iong- 

wavelength shift of the fluorescence spectrum takes 
place at pH c 3.5 and a decrease in the fluores- 
cence yield occurs between pH 6.0 and 3.5. The 
changes seem to be caused by titration of some 
carboxyi groups of the protein. 

4. Discussion 

The fluorescence spectrum of intact bacterio- 

rhodopsin measured in this study differs from 

those registered in the works of other investigators. 

The spectrum registered with a spectral resolution 

of approx. 1 nm and corrected for the instrumen- 

tal spectral sensitivity and the screening and reab- 

sorbing inner filter effects has the main maximum 

at approx. 314 nm and a shoulder at approx. 303 

nm. According to Bogomolni et al. [7]. the fluores- 

rions of the spectral components T. A. I. II and III to the coral 
protein spectrum. 0.05 M borate: 20aC; excitation wavelength 
280.4 nm. 



cence spectrum of bacteriorhodopsin is relatively 
featureless and has the maximum at 330 nm and a 
slight shoulder at 350 nm. The 1imita:ions of their 
measurements are poor spectral resolution (13.2 
nm) and the right-angle geometry of their spectro- 
fluorimeter which did not allow correction of the 
spectrum for screening and reabsorbing inner filter 
effects. The fluorescence spectrum of the native 
bacteriorhodopsin registered by Fukumoto et al. 
[9] with a higher spectral resolution (2.5 nm) has 
the main maximum at approx. 319 nm and a 
shoulder at approx. 340 nm. They also did not 
correct the spectrum for screening and reabsorbing 
inner filter effects. The longest wavelength posi- 
tion of the emission maximum for intact 
bacteriorhodopsin was measured by Sherman [24] 
(333 f 2 nm). One of the reasons for the dif- 
ferences between the data of various authors could 
be a difference in nativeness of their membrane 
preparations_ The long-wavelength position of the 
emission maximum, !arg< width of the spectrum 
(64 + 2 nm in the work of Sherman [24]) and the 
existence of the long-wavelength shoulders in the 
protein spectrum seem to suggest the presence of 
some portion of denatured protein in the 
bacteriorhodopsin preparation_ 

There is some uncertainty about a tyrosine con- 
tribution to the bacteriorhodopsin spectrum. 
Fukumoto et al. [9] suggested the existence of the 
tyrosine emission at the excitation at 288 nm but 
Kaliski et al. [8] presented some reasons for assum- 
ing that only light absorbed by tryptophan residues 
is responsible for the observed emission Due to 
the extremely short waveiength position of the 
bacteriorhodopsin spectrum and the rather high 
turbidity of the purple membrane suspension we 
failed to measure t!ie protein fluorescence spec- 
trum at a long-wavelength excitation where only 
tryptophan residues absorb. It does not allow us to 
evaluate the tyrosine emission contribution di- 
rectly_ The analysis of the spectrum measured at 
280.4 nm excitation on the basis of the model of 
discrete states of tryptophan residues in proteins 
shows the existence of some tyrosine contribution 
to the protein emission spectrum. 

The fluorescence quantum yield of bacterio- 
rhodopsin is rather low (0.014 for the intact pre- 
paration)_ According to the data of Kaliski et al. 

[8], five to six tryptophan residues are completely 
quenched by energy transfer to the retinyl chromo- 
phore, while one tryptophan residue is un- 
quenched and one is partially quenched. Thermal 
denaturation of the purple membranes leads to a 
decrease in the energy-transfer efficiency and a 
subsequent rise of the fluorescence yield. 

The results of this work show that the 
tryptophan fluorescence of bacteriorhodopsin 
could be used to test for protein nativeness. Treat- 
ment of the prorein with NaBH, which leads to 
disruption of intramolecular protein-pigment in- 
teractions results in the appearance of long-wave- 
length spectral components corresponding to the 
emission of the surface tryptophan residues. Ther- 
mal treatment of the protein which causes only 
formation of the purple membrane vesicles also 
changes the tryptophan residue environment mak- 
ing it more polar and more mobile. Both modify- 
ing procedures applied practically do not change 
the circular dichroism spectrum of the protein. 

Some words are in order concerning the analy- 
sis of the protein spectra on the basis of the model 
of discrete states of tryptophan residues in pro- 
teins. It must be borne in mind that the model is 
statistical and that the real location of the tryp- 
tophan residues in a protein molecule may be 
somewhat different from that obtained by this 
analysis. Therefore, the analysis of the protein 
spectra in terms of the discrete states of tryptophan 
residues is arbitrary to some extent. However. the 
model is very demonstrative and allows elucida- 
tion of the principal character of changes in chro- 
mophore environment. 

The temperature dependence of fluorescence 
parameters for intact bacteriorhodopsin has a bi- 
phasic character. One shift of the fluorescence 
spectra takes place from approx. 45 to approx. 
65°C and the other from approx. 65 to approx. 
90°C. The first spectral shift corresponds to the 
lower temperature heat sorption peak and the 
second correlates with two other higher tempera- 
ture calorimetric peaks. The heating of the purple 
membranes induces a transition of the D570 form 
of retinal to the DsoO one [22]. The transition 
begins at approx. 40°C and is completely reversi- 
ble up to 80°C. The origin of the lower tempera- 
ture heat sorption peak remains unclear. Electron 



microscopy data show that heating up to 60-6S’C 
converts the plane purple membranes to semi- 
spheres. The heat sorption peak at 7%85°C seems 
to be due to the formation of purple membrane 
vesicles 1221 and that at 80-90°C can be explained 
by a conformational transition in the protein 
molecule which leads to destruction of a part of its 
a-helica! segments and by subsequent destruction 
of the purple membranes [22,25]. Thus, the first 
two heat sorption peaks are due to a thermal 
transition in the purple membrane structure and 
the third is due partially to conformational changes 
in the protein structure_ One can see that the 
tryptophan fluorescence of bacteriorhodopsin is 
sensitive to aI1 these processes_ Even transitions in 
the membrane structure result in changes of the 
environment of some tryptophan residues in the 
protein. Our data are in some contradiction with 
the results of Sherman [24] who registered a non- 
monotonic temperature dependence of the 
bacteriorhodopsin emission yield with a transition 
between 20 and 40°C which was explained by a 
melting process in the interstitial membrane lipids 
Perhaps these differences are due to differences in 
nativeness of the purple membrane preparations 
used in our work and in that of Sherman. 

Alkaline denaturation of bacteriorhodopsin reg- 
istered by tryptophan fluorescence beings at pH 
> I ‘I, Electron microscopy data show that a pH 
> 12 the purple membranes are subjected to frag- 
mentation and form spherical vesicles [22]. 
According to the fluorescence and circular dichro- 
ism data. the states of bacteriorhodopsin in al- 
kaline pH- and temperature-denatured forms are 
somewhat different. Our results on pH denatura- 
tion of bacteriorhodopsin are in a good agreement 
with the data of Sherman [24]. 

Thus, the results of the present work demon- 
strate that the environment of the tryptophan 
residues in bacteriorhodopsin is sensitive to any 
changes of the protein structure and even to any 
changes of the membrane structure. Tryptophan 
fluorescence could be used successfully for a study 

of bacteriorhodopsin states. 
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