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1. Introduction 

The amino acid sequence of bacteriorhodopsin 
(BR) [ 1,2], its three-dimensional structure at low res- 
olution [3] and projected structure at 3.7 A resolu- 
tion [4] have been determined. Attempts have been 

made to fit the amino acid sequence into the three- 
dimensional structure [5,6] and the retinal binding 

site has been established [7-91. To understand the 
proton pumping mechanism, molecular events in the 
chromophore and protein should be known as well as 
the structural information. Resonance Raman spec- 

troscopy provides information on the chromophore 
(review [lo]), whereas kinetic infrared spectroscopy 

[ 11 ,121 detects molecular changes in the chromo- 
phore as well as the protein. It has been applied suc- 

cessfully in investigations of rhodopsin [ 131 and bac- 
teriorhodopsin. For the latter, the BR570-M412 
difference spectrum has been measured over 1700- 
1500 cm-’ and 1300-l 100 cm-’ [ 121; a preliminary 

study on the BR570-L550 difference spectrum in 
the same spectral range has been published [ 141. Hav- 

ing extended the spectral range beyond 1700 cm-‘, 
we now report evidence for the presence of two car- 
boxylic acid residues being protonated and re-depro- 
tonated during the photocycle. While the protonation 
of one group occurs simultaneously with the formation 
of M412, the time course for the second group is slower 
and does not reflect kinetics observed for chromo- 
phoric changes. In addition, the two groups can be 
identified by their different absorption maxima. The 
time constant for re-deprotonation is similar for both 
groups coinciding with that for the reformation of 
BR570 from M412. 

These results will be discussed with respect to a 

possible involvement of carboxylic groups in the pro- 

ton pumping mechanism [ 15,171 and with respect to 
their role regarding the spectroscopic properties of 
BR [15,16,18-211. 

2. Materials and methods 

The apparatus used for the kinetic infrared investi- 
gations has been described [ 11,121. Purple membrane 

from Halobacterium halobium (mutant RiMi) was 
isolated as in [22]. A detailed description for the 

preparation of purple membrane samples for infrared 
spectroscopy is given in [23]. For measurements at 
high and low pH, dried film samples were overlaid 

with solutions of NaOH and HCl, respectively. These 
samples were then sealed with a second window at a 
spacing of 20 pm. The low pH was estimated from the 

relative yield of 0640 [24], as measured at 1505 cm-’ 
and at 1525 cm-‘, representing the positions of the 

C=C-vibration of the chromophore in 0640 and 
BR570, respectively [ 121. The high pH was assessed 
from the slowing down of the decay of M412 [25]. In 

the other cases, films hydrated or deuterated via the 
vapor phase at 100% relative humidity, were used. 
Purple membranes were treated with pronase as in 
[27]. The digestion was controlled by SDS gel elec- 
trophoresis experiments [27]. 

J. Results and discussion 

Four flash-induced signals at different wavenum- 
bers for a hydrated and a deuterated BR film sample 
are shown in fig.1. 
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Fig.1. Kinetic signals of a purple membrane film in the hydrated and deuterated state: T = 2O”C, the sampte is excited at t = 0 
with a Xenon flash at wavelengths > 530 nm; 100 signals were averaged to improve the signal-to-noise ratio. Note change in time 
base at 5 ms. Insert at 1765 cm-’ shows time-resolved absorbance rise. 
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Fig.2. Difference spectra derived from the maximum absor- 
bance changeof kinetic signals over 1775-1735 cm-‘; (---) 
signals in fig.1. 

The difference spectrum for a hydrated and a deu- 
terated sample, representing the maximum absor- 
bance changes, are shown in fig.2. The absorbance 

changes were normalized to the absorbance changes 
at 1525 cm-‘, representing the amount of BR photo- 

lysed [ 121. The band is asymmetric, exhibiting a 
shoulder at the low wavenumber side. Upon deutera- 

tion the whole structure is shifted by 10 cm-’ to 
lower wavenumbers and the feature becomes more 

symmetric. Thereby the intensity of the band is 
increased. The changes caused by deuteration are a 

strong evidence that the band is due to the C=O 
vibration of carboxylic acids [26]; the shoulder indi- 
cates that 2 different groups are involved. The signals 
in fig.1 therefore represent the protonation respec- 

tively the deuteration and subsequent dissociation of 
carboxylic acids. A closer investigation of the signals 
shows that the rise time at the shoulder is considerably 
longer as compared to the maximum of the band, 
especially in HzO. The kinetic data obtained by a 
computer evaluation of the signals are given in table 1. 
The signals are fitted by a model, in which they repre- 
sent the rise and decay of an intermediate in a con- 
secutive reaction. The table also contains the kinetic 
data for the rise and decay of M412. The rise of the 
signal at 1765 cm-’ is shown in an expanded time 
scale in the insert of fig.1. From these data, especially 
from the same influence of deuteration on the rise of 

Table 1 
Kinetic data of the signals shown in fig.1 and of the M412- 

intermediate measured under the same conditions 

20°C 

Hz0 

D,O 

1755 cm-’ 
1765 cm-’ 
M412 

1745 cm-r 
1755 cm-’ 
M412 

71/Z (rise) 

1.2 ms 
60 ps 
60 /.IS 

1.4 ms 
450 jls 
400 )Js 

71/Z (decay) 

I ms 
5.5 ms 
6 ms 

11 ms 
10 ps 
12 ms 

M412 and the rise of the signal at 1765 cm-‘, it can 

be deduced that the carboxylic group with the band 
at higher wavenumbers is protonated and re-depro- 

tonated simultaneously with the formation and decay 
of M412. The different rise times corroborate the 
spectral finding, that two different kinds of groups 

are protonated. The decay times, however, coincide 

within experimental error. The low intensity of the 
band at lower wavenumbers can be partly explained 

by the slow rise time, which leads to a reduced mea- 
sured maximum amplitude of the signal. (The com- 

puter evaluation gives a difference of 30% between 
the apparent and the calculated amplitudes.) This 

effect also explains the more symmetric feature of 
the spectrum measured in DzO. 

For further characterization the absorbance 
changes were measured at different pH and tempera- 
ture. Over the pH-range investigated (3.5-9.5) no 
influence on the amplitude of the signals was observed. 
At pH < 3.5, the formation of the blue BR inhibited 

the signals but also inhibited the formation of M412. 
Between 5-25’C no amplitude changes were observed, 

if corrected for kinetic effects. To exclude the possi- 
bility of the involvement of the 4 carboxylic residues 
at the C-terminus [ 1,2], purple membranes were 

treated with pronase, which cleaves off the C-termi- 
nus [27]. The amplitudes were not affected; the 
decay kinetic was slowed down by a factor of -2, as 
also observed for the decay of M4 12. 

The above data provide evidence that the spectral 
changes described correspond to the protonation and 
deprotonation of carboxylic groups. To conclusively 
prove this finding it would be desirable to demonstrate 
changes corresponding to the disappearance of the 
ionic form. Ionized carboxylic acids show 2 strong 
bands over 1300-1420 cm-’ and 1500-1610 cm-’ 
[28]. In addition to the variability of the band posi- 
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tion, the presence of other bands makes the assign- 
ment difficult. In the spectral regions under consid- 

eration we observed changes with corresponding 
kinetics [ 121, which may be interpreted as the dis- 
appearance of ionized carboxylic groups. Without 
additional evidence, however, the assignment remains 

uncertain. 
Two conclusions can be drawn from the position 

of the two bands at 1765 cm-’ and 1755 cm-‘: 
1. The pK of the groups must be -2.5 [29]; 

2. The carboxylic groups do not form hydrogen 

bonds which would shift the bands to lower wave- 

numbers. Indeed, the positions almost coincide 
with those of gaseous monomeric acids [28]. 

It cannot be established with certainty that only 2 dif- 

ferent carboxylic groups/BR-molecule are represented 
by the difference spectrum (fig.2). Band intensities 

vary considerably for carboxylic acids, depending on 

compound and environment. It is noteworthy, how- 

ever, that under the experimental conditions applied, 
identical band intensities were observed. This shows 
that a fixed stoichiometric ratio prevails between the 

amount of BR photolysed and the amount of car- 
boxylic groups protonated. A comparison of the band 
intensity of the C=C vibration of protonated retinal- 

Schiff base model compounds [ 131 with that of the 
C=O vibration of carboxylic acids indicates that the 

assumption, that only two carboxylic groups are pro- 
tonated, is reasonable. Therefore, this assumption will 
be maintained. 

Despite of the low pK-value, the groups are pro- 

tonated up to a pH > 9.5. This indicates that both 
groups are protonated from intramolecular donors. 
Since they are not located at the C-terminus and do 
not form hydrogen bonds, the acid residues must be 
located in the inner part of BR. The low rate constant 
for deprotonation supports this view: If the depro- 
tonation were a diffusion-controlled process in a 
homogeneous aqueous solution, a rate constant of 
10” X lo-PK, i.e. ~O’.‘S-~, would have been observed. 
Taking the fit of the amino acid sequence into the 

7 helices according to [ 51 and lysine 216 as the reti- 

nal binding site [7-91, the most plausible candidates 
for the carboxylic acid residues are aspartate 85 and 
96 on helix C and aspartate 2 12 as well as glutamate 
204 on helix G. 

In the further discussion the 2 groups will be 
treated separately. The most straightforward interpre- 
tation of the spectral changes at higher wavenumbers 
and with the M4 12 kinetics is that the corresponding 

BR570 - ML12 M 
112 - BR570 

I 
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-c 
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‘OH A- 
I 
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.g- 
- HA 

Fig.3. Schematic representation of the molecular steps involv- 
ing carboxyl group protonation (BR570 -+ M412) and depro- 
tonation (M412 + BR570). Abbreviations: Ret, retinal; Lys, 
retinal-binding lysine 

carboxylic group represents the direct proton accep- 
tor for the deprotonation of the Schiff base. Assum- 

ing that one of the protons pumped per photolysed 
BR is transferred via the Schiff base, the observation 

that proton ejection occurs on a time scale compar- 
able to that of the rise of M412 requires the presence 

of an intermediate protonable group between the car- 

boxylic group and the external medium. A model for 
the arrangement is shown in fig.3. The intermediate 
group A is protonated in BR570 and deprotonated 
upon protonation of the carboxylic group, i.e., depro- 
tonation of the Schiff base. It is reprotonated by the 
deprotonation of the carboxylic group, which, in this 
model, would be located on the protein ejection side. 
Whereas the location on the proton uptake side, can- 

not be excluded altogether, the observation, that the 
group with pK - 2.5 is protonated at pH 9.5, makes 

it unlikely. The model implies that the pK of the 
Schiff base in M412 is very low, and also that depro- 
tonation of the carboxylic group induces reprotona- 
tion of the Schiff base, which in BR570 has pK - 12 

[38,39]. 
The interpretation of the slow component at lower 

wavenumbers is more difficult. The lower intensity of 

the corresponding band can partly be explained by 
kinetic arguments: the low rise time reduces the appar- 
ent amplitude. Also, intensity variations are frequently 
observed for carboxylic acids. One might assume that 
the slow component is correlated with the 0640 
intermediate, which also has a slow rise time. A closer 
examination of the corresponding time course [30], 
however, shows considerable differences. Further, 
while 0640 increases at low pH and high temperature, 
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there are no amplitude changes for the carboxylic 

group. Even BR recombined with dimyristoyllecithin 
(kindly provided by N. Dencher, Biozentrum, Basel), 

still exhibits the protonation signals, although it does 

not produce an 0640 signal below or above the lipid 

phase transition. The rate constant for the slow pro- 

tonation is not observed in chromophoric transitions. 
This gives rise to the question regarding the trigger for 

the slow protonation. Since, at the time scale of inter- 
est, there is no delay corresponding to the M412 tran- 
sition, M412 cannot be the trigger. Such a delay 

would have certainly been detected in measurements 
in DzO, because the rise time of M412 approximately 
equals that of the slow component. Therefore, the 

protonation must be triggered at an earlier stage of 

the photocycle. A possible molecular event could be 
the postulated deprotonation of a tyrosine [31,32], 

which occurs between the formation of L.550 and 
that of M412. This implies, however, that tyrosine 

cannot be the direct donor for the slow group. It is 

interesting to note that kinetics corresponding to the 
slow protonation have been observed at other wave- 

numbers [ 121. Their interpretation requires further 

experiments. The slow carboxylic group may be 
involved in the mechanism for the pumping of an 
additional proton [ 33,341. In addition to fast pro- 

ton ejection [35,36], also a slower process has been 

observed [33]. 

In the model discussed above, the carboxylic 
group with the higher C=O-frequency could act as 
the counter-ion for the protonated Schiff base. Its 
protonation might induce the blue BR, for which a 

titrationcurve with pK - 2.5 has been measured [21]. 
The question on the mechanism of the pK-reduction 

of the Schiff base still remains open in this discussion. 
By demonstrating the participation of other specific 
amino acid chains, kinetic infrared spectroscopy may 
help to clarify this point. The use of isotopic labelling 
will serve as an important tool to interpret the spectra. 

The protonation of carboxylic acids has also been 
demonstrated in [37] applying Fourier transform 
infrared difference spectroscopy. The decay of M412 
was inhibited by using dry films of BR. In this way 
the BR570 - M412 difference spectrum was measured. 

Although there are many differences in this spectrum 
compared to our kinetic infrared BR570 - M412 dif- 
ference spectrum [ 121, the agreement regarding the 
protonation of carboxylic groups is excellent. It is 
remarkable that protonation can also be observed in a 
dry film, where no protons can be exchanged with the 
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external medium. This supports our assumption, that 
internal donors protonate the carboxylic groups. 
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