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1.1 Topics of this thesis 
Due to continuous methodological and technical improvements, such as 

multidimensional heteronuclear NMR and the advent of high-field magnets, structure 

determination by NMR spectroscopy has become a routine method for water-soluble 

proteins up to a molecular weight of 25 kDa. Another important technical 

development lead to the possibility to use pulsed field gradients in high-resolution 

NMR spectroscopy. However, the optimization of pulsed field gradient sequences in 

heteronuclear NMR experiments is not a trivial problem. Therefor part of this work 

was devoted to the development of methods for the analysis and calculation of pulsed 

field gradients. In chapter 2.3.2 the two programs TRIPLE GRADIENT and Z 

GRADIENT for signal selection by gradients are introduced. Examples for the use of 

the programs are given, with special emphasis put on the suppression of artifacts 

typically occurring in NMR experiments. A practical way to treat rf-inhomogeneities, 

which are the main source of artifacts, is suggested. It is shown that the calculated 

gradient sequences achieve very good water suppression in a heteronuclear single 

quantum coherence (HSQC) experiment. The formalism the programs are based on is 

extended to include stochastic as well as deterministic translational motion (chapter 

2.2). The influence of unrestricted diffusion on the signal amplitudes in any high-

resolution experiment using pulsed field gradients of rectangular or sine shapes is 

solved analytically (chapter 2.4.1). As an example, a heteronuclear quadruple quantum 

coherence (HQQC) rf-pulse sequence with different sequences of pulsed field 

gradients is analyzed (chapter 2.4.2). 

The second part of this thesis (chapter 3) is focused on methods for structure 

determination of large systems, which are applied to the integral membrane protein 

bacteriorhodopsin. To date, only a small number of NMR structures have been 

reported for proteins larger than 25 kDa. This is largely due to a decrease of the 

sensitivity of the experiments caused by faster transverse relaxation. When trying to 

solve membrane protein structures, a number of additional problems occur, common 

to NMR as well as crystallography, namely the low abundance and the instability of 

the native three dimensional structure outside the membrane. The advantage NMR 

methods offer is the fact that they work directly on solubilized proteins. Thus the often 

limiting step of obtaining well-diffracting crystals is absent. However detergent 
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molecules bound to the protein increase the effective molecular weight, and hence 

solution NMR was only applied successfully to reveal the structure of segments of one 

or two α-helices in micelles, so far. 

The 26 kDa seven transmembrane-helix protein bacteriorhodopsin is most likely the 

best understood membrane protein and serves as a model system for membrane 

transporters. The thermoreversible photo-isomerization of retinal, which is connected 

via a Schiff base linkage to a lysine side-chain, leads to the pumping of a single proton 

against an electro-chemical gradient across the membrane, thus producing energy in a 

form usable for the cell. At rest the so-called dark-adapted state builds up, in which 

two forms of the protein, one with retinal in all-trans, 15-anti and the other in 13-cis, 

15-syn conformation, are in equilibrium.  

The native structured form of the protein is stabilized by solubilization in dodecyl-

maltoside micelles. This leads to a protein-detergent complex with more than 60 kDa 

in weight. Standard NMR methods for the assignment of large proteins (see chapter 

1.3) based on 13C, 15N and 2H labelling were found to be too insensitive for a system 

of that size due to signal loss by transverse relaxation in the time-intervals needed for 

polarization transfer from the protons to the heteronuclei. A more effective strategy 

consists of preparing samples of uniformly deuterated protein containing selectively 
1H labelled amino acids and to record two-dimensional 1H nuclear Overhauser 

(NOESY) spectra. Thus intervals for polarization transfer are not needed, and hence 

this technique is comparatively more sensitive. However, these NOESY spectra are 

also more difficult to assign, because the additional resolution otherwise gained by 

recording the chemical shift of the heteronucleus in a third dimension is absent. The 

process of achieving sequence specific assignments under these labelling conditions is 

described in chapter 3.4. The unique spin system of the retinal is used as a start-off for 

subsequent assignments of the surrounding amino acids. Since the assignments are 

obtained from NOESY spectra, distance constraints can be derived immediately. The 

calculation of chemical shifts (chapter 3.5) and NOEs (chapter 3.6) from 

crystallographic and preliminary NMR structures is used to verify the assignments and 

the method for obtaining distance constrains. The experimental distance constraints 

are then used to calculate (chapter 3.7.1) and compare (chapter 3.7.2) structures of 

both forms of dark-adapted bacteriorhodopsin, using a high-resolution x-ray structure 
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of the all-trans form as a starting point. The high accuracy of the approach is 

demonstrated by a comparison of the NMR all-trans, 15-anti structure to different 

crystal structures. The newly obtained 13-cis, 15-syn NMR structure is compared to 

the all-trans form as well as to X-ray structures of two intermediates of the photocycle 

(chapter 3.7.3). 

A more general introduction into the different topics of this thesis will now follow 

(chapters 1.2-1.4). In the appendices auxiliary data are presented, which characterize 

the dodecyl-maltoside detergent micelles and the protein/detergent mixed micelles. 

 

1.2 Nuclear magnetic resonance 
Nuclear magnetic resonance (NMR) is dealing with the interaction experienced by 

nuclear spins exposed to magnetic fields. The energy of nuclear spins in a static 

magnetic field (Zeeman interaction) is the product of the field strength, the spin 

quantum number and the gyromagnetic ratio, which is constant for each type of 

nucleus. Thus for a nucleus with a spin 1/2, as for example 1H, 13C, 15N, 19F or 31P, 

there are two energy levels corresponding to the magnetic spin quantum numbers 1/2 

and -1/2. If now in addition to the static field a radio-frequency field with a frequency 

matching the energy difference of the two-level-system is applied, transitions from the 

lower level to the upper are induced and resonance absorption can be observed. If the 

spin-bearing nucleus is part of a molecule, a number of additional interactions take 

place causing a fine structure of the energy levels. The total Hamiltonian consists of 

operators describing the energy of the complete molecule, including for example 

electronic and vibrational contributions. A density operator obeying the Liouville-von-

Neuman equation describes the time evolution of the whole system. However, the 

interaction between the spin operators and all other degrees of freedom is generally 

very small for diamagnetic non-conducting materials. It is therefore possible to 

introduce a reduced density operator for the spin-system, which is defined as the 

partial trace of the full density operator over all other degrees of freedom, generally 

referred to as the lattice. Moreover, the spin energy contributes only very little to the 

total energy of the system. This leads to a description of the spin system evolving 

irreversibly under the influence of its surrounding, which is always in thermal 
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equilibrium. We thus get a generalized master equation describing the time evolution 

of the spin system and its relaxation to thermal equilibrium (Ernst, 1987)  

( ) ( )[ ] ( ){ }0, ρρρρ −Γ−−= ttit
dt
d

H  ( 1.1 ) 

where ρ(t) is the reduced density operator, ρ0 is its value at thermal equilibrium, H is 

the spin Hamiltonian and Γ is the relaxation superoperator, which amounts to the 

dissipative interactions between the spin system and the lattice. The system is 

completely characterized by the nuclear spin operators and their coupling to the 

external field, the radio-frequency field and internal spin interactions. The lattice 

enters the description only through some global properties like chemical shifts and 

indirect spin-spin couplings or correlation/relaxation times. 

Mathematically, all contributions to the spin Hamiltonian can be described as 

coupling of two vectors by a Cartesian tensor of rank 2. In general, the interactions are 

non-isotropic. However, in the liquid state the anisotropies are usually averaged 

completely by fast random reorientation of the molecules leading to the Hamiltonian 

(Ernst, 1987) 
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with the Zeeman interaction HZ including the chemical shift, the indirect or scalar 

spin-spin coupling HJ and the external terms describing applied radio frequency 

pulses HRF and pulsed field gradients HG. The summation extends over all spins in 

the sample. I is the spin angular momentum operator with the component Iz along the 

quantization axis z, γi is the gyromagnetic ratio of spin i, Jij is the isotropic part of the 

scalar coupling constant between spins i and j. The Larmor frequency ω0
i is equal to 

γi(1-σi)B0, where σi is the isotropic part of the chemical shift and the Rabi frequency 

ωωωω1
i(t) is equal to γiB1(t). B0 is the external static magnetic field in z-direction and B1(t) 

is the radio-frequency field. g=gradB(t) is a time dependent field gradient and ri is the 

position of the nuclear spin i. 

The external terms HRF and HG allow the selective excitation and manipulation of 

coherent superpositions in the spin system. Radio frequency pulse sequences are 
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designed to extract specific information, like chemical shifts, indirect coupling 

constants or relaxation rates.   

Structural and dynamic information about the molecule is extracted from the coupling 

constants and the relaxation rates. The main source of relaxation for spin 1/2 is the 

direct magnetic interaction between the spin dipoles HD, which is the strongest 

interaction. Its functional form is similar to the classical interaction energy of two 

dipoles. 
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HD depends on the distance rij and the relative orientation of the dipoles. It averages 

to zero for molecules in solution and so it does not show up as frequency shift in the 

spectrum. However, it is the source of a time dependent perturbation causing the 

relaxation of the spin system towards thermal equilibrium. Different spins do not relax 

independently. For the populations of the energy levels, the master equation can be 

derived by formulating classical rate equations connecting the different energy levels 

and calculating the transition rates quantum-mechanically (Solomon, 1955). The 

transition rates depend on the type of the interaction and the motional model. In the 

case of intramolecular dipolar relaxation in liquids, a fixed distance between two spins 

is usually assumed, which leaves their relative orientation as a source of fluctuation. 

The simplest model for this reorientation is isotropic rotational diffusion. In that case, 

the cross-relaxation between the spins is proportional to the inverse sixth power of the 

distance between the spins (Neuhaus and Williamson, 1989). This fact is used in 

NOESY spectra (Nuclear Overhauser Enhanced Spectroscopy) to obtain distances 

between spins.  

The chemical shift and the indirect spin-spin coupling cause changes in the energy 

levels of the spin system and can be observed as frequency shifts in the spectra. The 

dispersion of signals caused by chemical shifts and the possibility of magnetization 

transfer through indirect spin-spin interaction are the prerequisite for site specific 

resonance assignments, which are the base for structure determination. A direct 

structural interpretation of these coupling parameters is however much more difficult 

than in the case of the NOE. The physical origin of both terms is an electron-nucleus 
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interaction. In diamagnetic molecules there is no direct magnetic interaction between 

the nucleus and the electrons. 

Chemical shifts arise due to the interaction of the nuclear spin with the electrons, 

which are perturbed by the static magnetic field. The general theory distinguishes 

between two effects (Ramsey, 1950): (1) the static magnetic field induces electric 

currents, which in turn produce an additional magnetic field at the nucleus 

(diamagnetic contribution). (2) The electron cloud is polarized by the magnetic field 

(second-order paramagnetic contribution). The calculation of the second term is 

particularly difficult, since it requires knowledge of all excited electronic states of the 

system. To solve this problem, approximate methods from quantum chemistry have to 

be employed. One problem of the calculation is the choice of a specific gauge. The 

exact solution is gauge-independent, but since the wave functions have to be 

approximated this need not to be true for the result of such a calculation. More details 

of computational aspects of chemical shifts are given in recent reviews (Kutzelnigg, 

1996; Pulay and Hinton, 1996; Sitkoff and Case, 1998). The ab initio methods have 

generally difficulties modeling solvent or other long range environmental effects on 

the chemical shifts in an exact manner. A general approach to get around this problem 

is to use the functional form of a certain type of interaction as it is derived from ab 

initio methods and adjust the parameters of the equations based on a statistical 

analysis of experimental results. In these so-called semi-empirical models for 

chemical shift calculations, the long-range or environmental effects are commonly 

divided into neighbor anisotropy effects (which include effects of ring-currents), 

electric field effects and close-contact or steric effects. The influence of these long 

range effects is very important to understand 1H or 19F chemical shifts, since these 

atoms are bond to only one other atom and local geometry effects are not as 

pronounced. This stands in contrast to 13C shifts, were usually local geometry terms 

dominate the chemical shifts.   

The physical origin of indirect spin-spin couplings are distortions of the electron shell 

by the presence of one spin, which in turn changes the magnetic field experienced by a 

neighbor. The coupling is generally observed between nuclei separated by three bonds 

or less. The precise calculation requires again the knowledge of all electronically 

excited states of the molecule, and so the difficulties are much the same as for 
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chemical shifts. In contrast to chemical shifts, the use of indirect couplings as 

structural restraints has a much longer history. Mainly the relative simple functional 

dependence of three-bond-couplings on the dihedral angle is used extensively 

(Karplus, 1959). The difficulties in deriving quantitative exact coefficients for a 

Karplus relation ab-initio is usually circumvented by the empirical determination of 

the coefficients in the equation based on a large set of experimental data for molecules 

with known geometry. The approximate nature of the relation has already been 

pointed out by Karplus (Karplus, 1963). More recent examinations take the effect of 

different substituents on the coupling pathway into account, leading to equations with 

more adjustable parameters (Altona, 1996). 

1.3 NMR structure determination of proteins in solution 
In general there are three steps in the structure determination of a protein (or any other 

molecule) by NMR: 

1. Sequence specific resonance assignments 
2. Derivation of structural parameters 
3. Structure calculation 
 
The first assignments of protein resonances were obtained from two dimensional 

proton spectra (Wüthrich, 1986). In this approach, the main problems arise from 

overlapping signals, which make the assignment process very tedious for proteins 

above a molecular weight of 10 kDa. Partially, the problem of overlap can be 

overcome by recording homonuclear 3D spectra (Oschkinat, 1994), however the 

development of isotope labelling strategies for proteins in the late 1980s with the 

uniform incorporation of 15N, 13C and more recently 2H nuclei (LeMaster, 1994) has 

triggered the development of a new strategy, which is based on heteronuclear 

multidimensional NMR spectra. In this approach, the large one-bond coupling 

constants of neighboring nuclei is used to transfer magnetization efficiently, and a 

large variety of new multi-pulse, multidimensional experiments for the assignment of 

resonances and the extraction of structural and dynamic information has been 

developed for labelled proteins (Cavanagh, 1996; Kay, 1995; Sattler, 1999). In the 

first step of this approach, all signals of the protein backbone are assigned sequence 

specifically from a set of the so called backbone experiments, which correlate the 

amide proton and nitrogen resonances of amino acid i to the backbone carbons of 
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residue i and i+1. The backbone assignments are then the starting point to identify the 

side chain resonances. Problems occur for larger proteins due to faster transverse 

relaxation, which lowers the efficiency of magnetization transfer and therefore the 

sensitivity of the experiments. The size limit of about 30 kDa for uniformly 15N, 13C 

labelled proteins can be increased by additional incorporation of 2H. The magnetic 

dipole moment of 2H is a factor of 6.5 lower than that of 1H, which reduces the dipolar 

contribution to the relaxation of directly attached carbons by approximately the same 

factor. The optimal 13C linewidhts are achieved in 100% deuterated proteins. 

Assignments of all backbone resonances (amide 15N and 1HN, 13Cα, 13CO and 

eventually 13Cβ) can be made in such samples after replacing the exchangeable amide 

deuterium by protons. 

It is to be expected that in the near future the tractable size limit is going to increase 

further by using transverse relaxation optimized spectroscopy (TROSY) at very high 

magnetic field strengths (Wüthrich, 1998). TROSY experiments (Pervushin, 1997) 

make use of the fact that apart from the dipolar interaction, the anisotropy of the 

chemical shielding tensor is a source of relaxation. The relative orientation of the 

tensors describing chemical shielding and dipolar interactions is fixed in the 

molecular coordinate frame. The fluctuations of the interactions, caused by rapid 

reorientations of the molecule in solution, are therefore correlated. The TROSY 

experiment selects only transitions for which the transverse relaxation rate is given by 

the difference of the dipolar and chemical shielding anisotropy terms. The orientation 

and size of the chemical shift tensor relative to the dipolar interaction tensor is 

particularly favorable for the amide proton/nitrogen two-spin system. In a 100% 13C, 

15N, 2H (non-exchanging hydrogen atoms) labelled sample, the advantage of TROSY 

is made use of most efficiently, since the above mechanisms are dominating the 

relaxation of the 1H-15N moiety. The chemical shielding relaxation increases relative 

to the dipolar contribution with increasing external field strength leading to complete 

cancellation of the two mechanisms at a proton frequency slightly above 1 GHz.  

While the concept of complete deuteration of all non-exchanging hydrogen is 

preferential for backbone resonance assignment, this approach has a significant 

disadvantage. Traditionally the most important structural distance constraints are short 

proton-proton distances (smaller than 5-6 Å), which are derived from NOESY spectra 
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(Clore and Gronenborn, 1989; Wüthrich, 1986). Replacing protons by deuterium 

therefore either reduces the number of distance constraints in site-specifically 

deuterated samples or reduces the volume of proton-proton NOEs in the case of 

random fractional deuteration (LeMaster, 1994). The reduction of the NOE volume is 

partially compensated by the more favorable linewidth of the signals, which leads to a 

higher maximal peak intensity (Imax is proportional to the inverse of the transverse 

relaxation time T2). However, even if complete assignments might be obtained for 

large proteins, it will be more and more difficult to get enough distance constraints for 

the calculation of a high-resolution NMR structure. Additional structural restraints are 

therefore highly desirable. 

A second class of structural restraints widely used in current protocols for structure 

determination are dihedral angle restraint. Traditionally, they are derived from 

measurements of vicinal coupling constants, which are translated to dihedral angles by 

a Karplus relation. In a newer approach, dihedral angle constraints are obtained from 

an analysis of cross-correlated relaxation (Reif, 1997), either between two pairs of 

spins which relax mainly due to their dipolar interaction, or between a dipolar relaxing 

pair of spins and a single spin, the relaxation of which is dominated by chemical shift 

anisotropy. An overview of current experiments used to obtain dihedral angle 

constraints is given in (Griesinger, 1999).  

The direct interpretation of chemical shifts was used widely during the first years of 

protein NMR. In the 1D-proton spectra measured at that time, only a few strongly 

ring-current shifted signals could be resolved and identified. With increasing 

resolution and the advent of multidimensional NMR, the chemical shifts were no 

longer used as structural parameter because of the lack of accurate relations between 

structure and  chemical shift. This situation did change only very recently (Case, 1998; 

Oldfield, 1995; Szilagyi, 1995; Wishart and Sykes, 1994b), for mainly two reasons: 

(1) with a growing number of NMR protein structures, the database of chemical shifts 

is growing, which allows the statistical analysis of correlations between local 

geometry and chemical shifts. (2) The availability of fast computers improves the 

performance of ab initio quantum chemical methods for chemical shift calculations. 

The current size limit for routine calculations is reported to be 15-20 non-hydrogen 

atoms (Case, 1998). While ab initio calculations are very useful to establish a 
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functional dependence of the chemical shifts on local structural parameters (dihedral 

angles etc.), they have generally more problems to model environmental effects on the 

chemical shifts (solvent interaction, steric effects etc.). Nonlocal electrostatic terms 

are an example for a poorly understood contribution. Empirical estimates of the 

expected magnitude have been proposed (Buckingham, 1960), but application to 

proteins are plagued by well-known problems of understanding electrostatic 

interactions at a microscopic level (Sharp and Honig, 1990; Warshel and Russell, 

1984). One of the better-understood contributions to chemical shifts is the ring-current 

effect of conjugated groups (Haigh and Mallion, 1980). For protons bound to side-

chain carbons, these theories are particularly successful in explaining the observed 

large structural shifts. 

An alternative way to approach the correlation between secondary and tertiary 

structure and chemical shift changes in proteins is a pure statistical analysis of 

chemical shifts in proteins of known structure. The approach is based on the analysis 

of so called secondary shifts, which are defined as the difference between chemical 

shift in a protein and the random coil shift of the corresponding nucleus. The random 

coil values are measured in short peptides, which are assumed to be unstructured 

(Wishart, 1995; Wüthrich, 1986). Over the last years, a number of investigations 

explored the dependence of secondary shifts of 1H (Asakura, 1995; Ösapay and A., 

1991; Ösapay and A., 1994; Williamson and Asakura, 1993) 13C (Iwadate, 1999; 

Spera and A., 1991) and 15N (Le and Oldfield, 1994) on local structure. Secondary 

chemical shifts have been applied to determine the secondary structure of proteins 

(Pastore and Saudek, 1990; Wishart, 1992; Wishart and Sykes, 1994a; Wishart and 

Sykes, 1994b), to guide structure refinement (Beger and Bolton, 1997; Celda, 1995; 

Kuszewski, 1995; Luginbühl, 1995; Ösapay and A., 1994; Pearson, 1997, Cornilescu, 

1999) and to judge the quality of structures (Williamson, 1995). 

Another relatively recently developed approach for the determination of protein 

structures uses the orientational constraints from residual dipolar couplings 

(Prestegard, 1998; Tjandra, 1997; Tolman, 1995). The time average of the dipolar 

interaction (Eq. 1.3) is only zero in cases of isotropic tumbling of the molecule. If 

molecules have preferential orientations in the presence of a magnetic field, the 

assumption of isotropic reorientation does not hold any longer, resulting in a non-zero 
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average contribution of the dipolar interaction. The additional term in the spin 

Hamiltonian is like the indirect coupling proportional to Iz
iIz

j and causes a multiplet 

splitting of resonances which depends on the relative orientation Θ of the line 

connecting the two spins and the magnetic field B0. Thus the obtained angular 

constraints are relative to the laboratory frame. Knowing Θ for many bonded pairs of 

spins, such as all backbone amide 15N and 1H in a protein, provides valuable 

information about the 3-dimensional structure. This information can be used to 

increase the precision of a protein structure or more importantly give unique 

information in cases where NOEs are hard to obtain, as for example in bigger proteins 

or protein complexes. 

1.4 Bacteriorhodopsin 
Archeabacteria are evolutionary so different from other prokaryotes, that they are 

classified into a "third kingdom of life" next to the eukaryotes and the "classical" 

prokaryotes or eubacteria. The main difference between this rather heterogeneous 

group of organisms and the eubacteria is the plasma membrane composition. Archae 

lack peptidoglycan also called murein, a baglike molecule which consists of a 

framework of covalently linked polysaccharide and polypeptide chains which 

otherwise build the rigid eubacterial cell wall. The family of haloarchae populates 

habitats with salt concentrations exceeding four molar. Their cell membrane contains 

a special class of retinal proteins with photosensoric (sensory rhodopsins I and II) and 

photosynthetic functions (bacteriorhodopsin and halorhodopsin). These intrinsic 

membrane proteins with a molecular weight of approximately 26 kDa share a 

common "seven transmembrane helix topology" arranged in two arcs. A 

transmembrane pore is formed mainly between the four helices, B, C, F and G. The 

retinal which is bound to a lysine in helix G interrupts the channel and separates an 

extracellular from a cytoplasmic part (Haupts, 1999; Oesterhelt, 1998) 

Bacteriorhodopsin found in Halobacterium salinarum is the most extensively 

characterized member of this protein family. Its function is to pump protons from the 

inside to the outside of the cell. The electrochemical gradient established across the 

membrane is used for ATP-synthesis. The cell wall of Halobacterium salinarum 

consists of small patches, which are highly ordered in a 2D-hexagonal lattice, 
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containing Bacteriorhodopsin as the only protein. The protein forms a trimer in this 

so-called "purple membrane" and is surrounded by 10 lipids (5-6 phospholipids, 2-3 

glucolipids and 0-1 sulpholipid) which are highly immobilized. The structure of 

bacteriorhodopsin has been determined by electron crystallography and more recently 

by x-ray studies on different crystal forms up to a resolution of 1.55 Å (Luecke, 

1999b). The similarity between these structures determined by different approaches is 

very high with the main differences showing up in three of the surface loops 

(Subramaniam, 1999). 

Retinal, the aldehyd of vitamin A, is the functional group of many different light 

absorbing proteins, the most prominent of which is rhodopsin contained in the human 

retina. The response of such proteins is triggered by the absorption of a photon. A 

general concept to classify the catalytic cycles of the retinal in halobacterial proteins is 

the IST model (Haupts, 1997). It postulates the necessity for five key events following 

the mandatory first step of photoisomerization (I*): Two steps of ion transfer (T), 

twice a change in the accessibility of the active site (switch S) and the thermal back-

isomerization (I) of the retinal to its ground state. It can be shown that only four out of 

720 possible combinations of these processes show vectoriality, meaning that only in 

those four cases as a net result ions are being transported across the membrane. The 

ion specificity and the vectoriality of the different retinal proteins can be changed by 

altering the physico-chemical conditions or by point mutations (Haupts 1999). The 

structural explanation for these experimental results remains a big challenge. 

In bacteriorhodopsin, photon absorption changes the conformation of the retinal from 

all-trans, 15-anit to 13-cis, 15-anti. After relaxation, the Schiff-base proton is 

transferred to aspartic acid 85 in the extracellular channel, which in turn, through 

cooperative rearrangements and coupling of pK values, causes a proton to be released 

at the exit of the channel. The key players in this process are arginine 82, glutamic 

acids 194 and 204 and several water molecules. After the deprotonation of the Schiff 

base, two key events occur in the M intermediate: (1) the change in proton 

accessibility from the extracellular to the cytoplasmic side and (2) major structural 

rearrangements of the protein in helix F and G (Luecke, 1999a). The mechanism of 

these changes during the M state are still unknown. The decay of M is accomplished 

by proton transfer from D96, which in turn gets reprotonated by D38 on the entrance 
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of the cytoplasmic channel. Single point mutations D96N and D38R both slow down 

the M decay, indicating cooperativity of the events in the cytoplasmic channel 

probably involving water molecules as well (Haupts, 1999; Lanyi, 1997; Oesterhelt, 

1998). 

The initial (light-adapted) state BR568 (all-trans, 15-anti configuration) equilibrates in 

the dark with a second species (BR548) of 13-cis, 15-syn geometry, which is not taking 

part in the photocycle. In the so-called dark-adapted state of bacteriorhodopsin, which 

is observed in all spectra throughout this thesis, these two forms occur in a mixture 

with ratios between 1:1 and 1:2.  
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