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Introduction 

Elucidation of the structure-function relationship in 
membrane-proteins on a molecular level challenges 
life-science today. Bacteriorhodopsin and the bacterial 
photosynthetic reaction-center are the structurally and 
functionally best characterized membrane-proteins 
[1,2]. Understanding their mechanism on the molecular 
level might also give insight into the mechanism of 
other vectorial proton- and electron-transfer proteins. 

In this article a short review of our work on bac- 
teriorhodopsin and photosynthetic reaction centers is 
given. For more details see referenced publications. 

By X-ray and NMR, quiescent ground state struc- 
tures of proteins on a molecular level are obtained 
[3,4]. Time-resolved vibrational-spectroscopy provides 
insight in the dynamics of the intramolecular reactions. 
Resonance Raman-spectroscopy detects the chro- 
mophore-vibrations [5]. FTIR-spectroscopy monitors 
also protein-sidegroup and backbone-vibrations [6]. In 
order to select in the IR the small absorbance changes 
of those groups undergoing reactions from the back- 
ground absorbance of water and the peptide backbone, 
difference-spectra between a ground state and an acti- 
vated state have to be performed [7]. Using time-re- 
solved FTIR techniques, absorbance changes in the 
order of 10 -4 beyond a background absorbance of up 
to 1 between 1800 cm - l  and 800 cm -~ (i.e., 250 
spectral-elements) can be monitored with a time-reso- 
lution of up to 25 tzs [8,9]. Bacteriorhodopsin and the 
reaction center are well-suited systems for FTIR-s tud-  
ies. Band assignments derive from use of isotopically 
labelled proteins or from amino-acid exchange via 
site-directed mutagenesis [10-12]. Isotopic labelling 
shifts the frequency of the absorbance band of the 
labelled groups. Site-directed exchange of an amino 

Correspondence to: K. Gerwert, Max-Planck-lnstitut ffir Erniih- 
rungsphysiologie, Rheinlanddamm 201, 4600 Dortmund 1, Germany. 

acid leads to disappearance of the corresponding ab- 
sorbance band. 

Bacteriorhodopsb~ 
After light-excitation of bacteriorhodopsin's light- 

adapted ground-state BR57 o a photocycle starts with 
the intermediates J610, K590, L550, M410, N530 and 0640, 
distinguished by different absorbance maxima given by 
the indices. The detailed photocycle is still in dispute 
(for a recent article, see Ref. 13). Two principal differ- 
ent models are discussed: (i), a linear photocycle with 
significant back-reactions, especially in the M to BR 
reaction or (ii), parallel photocycles of different BR- 
ground-states. During the rise of the M-intermediate a 
proton is released to the extracellular side, and during 
the M-decay a proton is taken up from the cytoplasmic 
side. This creates a proton gradient across the mem- 
brane. 

The BR to K transition 
In Fig. 1, a K-BR difference spectrum is shown. The 

K intermediate is stabilized at 77 K. Negative bands 
belong to BR and positive bands to K. The band 
pattern in the 'fingerprint'  region between 1300 cm-  
and 1100 cm - t  is typical of an all-trans to 13-c/s 
isomerization [5]. The bands at 958 cm -  ~ and 809 cm-  
are caused by retinal Hoop (Hydrogen out of plane) 
vibrations. They are indicative of a strong distortion of 
the retinal [5,11]. Comparison with an FT-Raman K-BR 
difference-spectrum indicates that most of the bands 
are caused by chromophore-vibrations, especially be- 
low 1525 cm-~ (Fig. 1) (Gerwert, Hoffmann, Schrader, 
to be published). This shows that mainly the chro- 
mophore is involved in the primary photoreaction. 
Nevertheless, the difference bands, shifting from 1640 
cm -~ to 1623 cm -1, and 1546 cm -~ to 1533 cm - t ,  are 
not observed in the FT-Raman spectrum and must, 
therefore, be caused by opsin vibrations. Based on 
their frequency, we assigned them to shifts of the 
amide-1 (C = O) and amide-2 (NH) vibrations caused 
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Fig. 1. K-BR difference spectra taken with (a) the FTIR technique and (b) the FT-Raman technique. 

by a protein-backbone motion involving two or three 
residues. The observation of a protein motion already 
in the primary photoreaction seems surprising. The 
K-BR difference spectrum indicates that isomerization 
forces the chromophore and the backbone to drive the 
reactions. 

The  reac t ion  L ~ M ~ N ~ 0 ~ B R  

The absorbance changes accompanying this reaction 
pathway can be monitored by the stroboscopic FTIR 
technique with a time resolution of 20 p,s [9]. A 3-D 
graph of the absorbance changes vs. time is given in Fig 
2. Kinetics of specific absorbance changes from Fig. 2 
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Fig. 2. 3-D graph of the absorbance changes between 1800 c m - t  and 1000 cm - t  during the bacteriorhodopsin photocycle with 20 /zs time 

resolution. The ethylenic bands at 1525 c m -  ~ and 1550 c m -  ~ are cut to enlarge the other  bands. 
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are given in Figs. 3 and 4. At 1186 cm -1 disappearance 
of the C 1 0 - C l l  retinal-stretching-vibration can be ob- 
served (k 2 and k 5, Fig. 3a) indicating the deprotona-  
tion of the Schifffs base in the L to M transition. Its 
reappearance  (k 4) monitors the Schiff base reprotona- 
tion in the M to N / O  transition• Finally, its time 
course describes relaxation to the BR groundstate (k 3 
and k6). The deprotonation of the Schiff's base is 
described by the same apparent  rate constants, kE/ks, 
as the protonation of Asp-85 which can be followed at 
1765 cm - I  (Fig. 3b). From this result we concluded 
that Asp-85 is the acceptor of the Schiff's base proton 
on the proton release pathway [8,12]. We proposed, 
furthermore,  that another  protonable group must be 
involved in the proton release pathway. Arg-82 is a 
likely candidate [29]. Already in 1985 we showed proto- 

nation changes of internal aspartic acids [10]. But using 
site-specific bacteriorhodopsin-mutants  allows clear cut 
assignment of the asp-carbonyl vibrations to specific 
Asp-side-groups [12]. In Fig 4a, the reappearance  of 
the band at 1186 c m - t  is more pronounced,  in compar-  
ision to Fig 3a, because more N accumulates due to 
higher pH (pH 8 instead of pH 7). The reprotonation 
of the Schiff's base is determined by the same apparent  
rate constant, k4, as the deprotonat ion of Asp-96 fol- 
lowed at 1742 cm - I  (Fig. 4b). From this, we conclude 
that Asp-96 is the catalytic proton-binding site on the 
proton uptake pathway [8,12]. In the structural model 
Asp-96 is about 10 A away from the protonated Schiff's 
base [2]. It might be that much faster proton transfer 
reactions are involved between Asp-96 and the Schiff's 
base which are masked• A continuum of absorbance 
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Fig. 3. Absorbance changes at 1186 cm - t, representing de- and reprotonation of the Schiff's base, the central proton-binding site and 1765 cm- l, 
representing transient protonation of Asp-85. The data, the fitted curve and the apparent rates obtained by exponential-Global-fit analysis are 

represented. Numbering of the rate-constants represents their appearance in the fit procedure. 
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decreases above 1760 cm - I  may indicate an ice-like 
proton transfer via an H-bonded network, e.g., via 
bound water molecules [8,10,12] In principle, only the 
rate limiting reaction can be resolved by the experi- 
ment. 

A global fit analysis proves that all reactions in 
different groups of the protein can be described by the 
same apparent  rate constants [8]. This result implies 
that the protein works in a synchronized manner  like a 
machine. Nevertheless, decoupling on much faster time 
scales than 20 ~s  cannot be excluded. 

The assignment of these intramolecular reactions to 
photocycle intermediates is important. Because signifi- 
cant back-reactions or parallel photocycles have to be 
considered, we cannot directly deduce natural rate 
constants describing the photocycle model from appar- 

ent ones• Because the number  of experimentally acces- 
sible apparent  rate constants is smaller than the num- 
ber of natural rate constants, an unequivocal photocy- 
cle model cannot be given. Therefore,  we used a differ- 
ent approach. The absorbance changes can be de- 
scribed by the following expression: 

N 
AA( t  i, v j )  = E C X I ( / i ) ~ X I - B R ( V j  ) 

I = 1  
( I )  

with 
AA(ti, vj) 

li;  i = 1, n 

measured absorbance difference relative to 
the groundstate BR at time t i at wavenum- 
ber u i 
times where difference-spectra were meas-  
ured 
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Fig 4 Absorbance changes at 1186 cm- t representing reprotonation of the Schiff's base and at ]742 cm- = representing transient deprotonation 
of Asp96 Data taken at pH 8 
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vi; j = !, m j-th wavenumber in the spectrum 
cxl(t i) concentration of intermediate X i at time t i 
EXI_BR(Vj) difference of extinction coefficients be- 

tween intermediate X i and the ground- 
state BR at wavenumber vj. 

In the special case of a model containing the three 
intermediates M, N and 0, Eqn. 1 has the form 

A A(  ti, v i) = Clvl( ti)eM_BR(Vj) + CN( ti)¢lq_aR( V i) 

+ Co(t  i)eo_ nR(v j ) (2) 

By factor analysis and decomposition we calculated 
pure intermediate difference spectra Ex_BR out of the 
measured intermediate mixtures (Souvignier, K., 
Heflling, B., Gerwert, K., to be published). Based on 
the absorbance changes observed in the calculated 
pure difference spectra, we can now assign reactions to 
specific intermediates. The results are summarised in 
the protonpump-model given in Fig. 5. From the pure 
difference spectra we conclude that Asp-85 is tran- 
siently protonated in the L to M transition and under- 
goes an environmental change in the M to N transition, 
which continues in O. Asp-96 is deprotonated in the M 
to N transition and is already reprotonated in O. The 
main conformational change of the protein backbone 
takes place in the M to N transition. We conclude that 
this conformational change is involved in the orienta- 
tion of the Schiff's base from the proton release path- 
way to the proton uptake pathway. This step seems to 
determine the vectoriality of the pump. Interestingly, 
blocking the conformational change at low tempera- 
ture stops the photocyle in M [14,15]. 

In conclusion, only the chromophore as a switch 
between the catalytic proton binding sites Asp-85 and 
Asp-96, and a specific small backbone motion, seem to 
determine the essential elements of the proton pump. 
Most of the protein is a quiescent background while 
functioning. 

The bacterial photosynthetic reaction center 

The FTIR-difference-spectroscopy method is natu- 
rally not restricted to bacteriorhodopsin. Recent work 
has focused on the bacterial photosynthetic reaction 
centers of Rhodopseudomonas viridis. By the FTIR- 
technique the absorbance changes of the different elec- 
tron transfer steps beginning at the primary donor P 
(Bchl) 2, going via bacteriopheophytin I (BPh) and the 
quinone Qa to the quinone Qb are monitored [16]. 
Thereby, the role of the protein environment in the 
electrontransfer mechanism can be determined. As ex- 
ample, Fig. 6a shows the P+Qa-PQA difference spec- 
trum of Rps. viridis. In order to prevent cytochrome 
contributions the cytochromes are preoxidized by ferri- 
cyanide. The difference spectrum is dominated by the 
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Fig. 5. Proton-pump model of bacteriorhodopsin: After all-trans- to 
13-cis-isomerization and twist around the C14-C15 single bond, the 
pK of the Schiff's base is reduced and proton transfer from the 
Schiff's base to Asp-85 in the L to M transition takes place, another 
group (AH) must be involved in the proton release pathway. In the 
M to N transition Asp-96 re-protonates the Schiff's base. Thereby, 
fast proton transfer reactions in an ice-like mechanism may be 
involved. Asp-96 is reprotonated already in the fast N to O reaction. 
A conformational backbone change involving two or three residues 
may be involved in the orientation of the Schiff's base from the 
proton-acceptor to the proton-donor group. This determines the 

reset of the pump. 

absorbance changes of the primary donor. Bands shift- 
ing from 1743 cm- l to 1755 cm- i and from 1672 cm- i 
to 1712 cm-t  are characteristic for oxidation of bac- 
teriochlorophyll b in an aprotic environment. They 
correspond to the absorbance changes of the 10-c-es- 
ter- and 9-keto-carbonyl groups of the primary donor 
[17,18]. The bands at 1477 cm -1, 1439 cm -~ and 1392 
cm-~ represent quinol anion carbonyl vibrations in a 
protic environment [16,19]. The aprotic environment 
forces fast re-reduction of the oxidized primary donor 
which prevents back-reactions. The protic environment 
stabilizes the reduced quinon state, which is proto- 
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Fig. 6. P+ Qa-PQ. and Cyt Qa-cyt Qa difference spectra of Rps. viridis are shown. 

nated relatively slowly. The quinone vibrations are 
better visualized in the cytochrome + (cyt + ) QA-dif- 
ference spectrum (Fig. 6b, Ref. 21). Large-scale struc- 
tural changes of the protein backbone can be excluded 
during the electron transfer. Therefore, the charge- 
separated structures seem to be very close to the 
quiescent ground state structure [16]. Protein side- 
group vibrations are not evident. This seems to exclude 
a major role of side-groups in the electron-transfer 
mechanism. 

Conclusions and Perspectives 

In bacteriorhodopsin catalytic proton-binding sites 
provided by the protein environment are key elements 
in the proton-transfer mechanism In contrast, in the 
photosynthetic reaction center, the prosthetic groups 
are optimally arranged to facilitate fast forward elec- 
tron transfer reactions; the protein environment seems 
to serve only as optimized solvent, aprotic at the pri- 
mary donor and protic at the electron acceptor. It 
seems that nature uses a mechanical 'switch' in the 
archaic photosynthetic protein bacteriorhodopsin to 
serve discrete proton-donor and proton-acceptor 
groups. But in the evolutionarily more advanced photo- 
synthetic reaction-center, the prosthetic groups are op- 
timally arranged like a wire. 

By use of photolabile trigger compounds, such as 
caged ATP and caged GTP, the presented applications 
can be extended to non-photobiological systems, such 
as H+-ATPase and the GTP-binding ras protein p21. 
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