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Chapter 3

3.1 NMR strategies for structural investigation of
membrane proteins

Membrane proteins comprise approximately one third of the genome of an organism.
They are responsible for most membrane functions, serving as receptors, regulating
transport across the membrane or working as enzymes for example. In spite of their
biological importance less than 25 high-resolution structures of membrane proteins
have been published today by employing both electron and X-ray crystallography
(Kuhlbrandt and Gouaux, 1999). The progress in structure investigations is relatively
slow, especially when compared to the rapidly growing number of structures for
water-soluble proteins. Progress for membrane proteins has been hampered by their
low abundance (Grisshammer and Tate, 1995) and the instability outside the
membrane. However, the major difficulty for diffraction methods is growing well-

ordered two- or three-dimensional crystals (Michel, 1991).

This last step is not needed for NMR structure investigations, which makes NMR an
attractive aternative to the more established diffraction methods. Solubilized proteins
can be investigated with the same high-resolution liquid state NMR methods applied
to the study of water-soluble proteins. The maximum tractable protein size for such
studies is however reached very quickly, since the bound detergent molecules increase
the effective molecular weight. The resulting slow rotational tumbling of the protein-
detergent complex leads to the same difficulties as for large water-soluble proteins
(see chapter . Backbone assignments of membrane proteins have been obtained so
far only for samples with less than 75 amino acids or two a-helical segments (Henry
and Sykes, 1994; Opella, 1994; Opella, 1999; Pervushin , 1994; Williams , 1996).
The size problem can be reduced by the use of organic solvents. Assignments for a
110 residue protein in a mixture of chloroform/methanol/water have been obtained.
The NMR data suggest a structure with four a-helices (Schwaiger , 1998), but as in
the studies in micelles cited above there were not enough experimental data to define
the tertiary structure unambiguously from the liquid state NMR data. This might be
due to slow chemical exchange processes or due to multiple tertiary conformations,

making the observation of long-range NOEs between neighboring helices impossible.
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From a biological point of view, the medium stabilizing the protein structure should
resemble the native membrane environment as close as possible. Detergent micelles
are certainly to be preferred over organic solvents with this respect, but it is to
guestion whether the small diameter of the micelles induce some artificial effects. An
aternative medium is phospholipid bilayers, which have a nearly planar surface. Lipid
bilayers are essentially solid from a NMR point of view and membrane proteins in
lipid bilayers are therefore usually subject of solid state NMR investigations (Griffin,
1998; Opella, 1994; Opella, 1997; Smith , 1996).

The major difficulty of solid state in comparison liquid state NMR investigations is
the increase in linewidth of the signals due to the dipolar (and quadrupolar for spins >
1/2) interaction of the spins. The problem can be overcome partialy by fast
mechanical rotation of the whole sample, leading to an averaging of the interaction
around the axis of rotation. If the rotation axis is chosen to be at the magic angle
0=54.74 with respect to the externa magnetic field, the angular term 3cos?6-1
characteristic for the secular contribution of the dipolar interaction vanishes. This
leads to high resolution solid state spectra in cases where the rotation frequency is
faster than the characteristic linewidth of the signals (Stejskal, 1994). With current
technology, it should be possible to resolve and assign the carbon signas of
completely isotope labelled proteins up to 30 amino acids (Tycko, 1996). Severd
research groups currently work out the development of experimental strategies for
resonance assignment and distance determination in small, uniformly labelled

proteins.

The resonance frequency of a spin in solid state depends on its orientation with
respect to the external magnetic field. This leads to so-called “powder pattern”
lineshapes, if the molecules are oriented at random. In samples with a higher
macroscopic order, microscopic structural parameters can be derived from the
observed NMR signals. Alignment of membrane protein samples can be achieved by
mechanical orientation of lipid bilayers or by using the magnetic susceptibility
anisotropy of phospholipid bilayers (Sanders , 1994; Sanders and Landis, 1995)
containing the protein. A selectively labelled membrane protein fragment prepared in
such phospholipid bilayers has been studied using heteronuclear liquid crystal NMR
techniques (Losonczi and Prestegard, 1998).
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The information obtained from macroscopically oriented samples is complementary to
that obtained from samples in small micelles. As has been mentioned above,
experiments in micelles often lack information about the three dimensiona
arrangement of identified secondary structure elements. This information can be
obtained on oriented samples and an approach which combines solid state and liquid
state experiments has been applied successfully to segments of one and two a-helices.
The secondary structure has been determined on the basis of short internuclear
distance based on proton proton NOEs measured in micelles. The arrangement of the
secondary structure elements with respect to the membrane normal and their relative
orientation has been derived from measurements of angular parameters in oriented
bilayer samples (Opella, 1994; Opella, 1999).

Bacteriorhodopsin is a quite exceptional case of an integral membrane protein. It is of
moderate size and can be overexpressed and purified to yield large amounts of
protein. As for other biophysical methods, it served as a model compound for many

NMR strategies applied to membrane proteins.

Historically the first approach was magic angle spinning solid state NMR on randomly
oriented purple membrane. In the first experiments, the protein was selectively
labelled in the e-[**N] position of all lysine side chains (Harbison , 1983). Due to the
different chemical environment of the retinal Schiff-base >N compared to the rest of
the lysine side chain N and the backbone N nuclei, the Schiff-base signal is
resolved in a one dimensional magic angle spinning spectrum. The chemical shift of
the >N Schiff base resonance has been shown later to obey a direct proportionality to
the absorption maximum of the retinal Schiff base compound, which in turn depends
on the counterion strength (de Groot , 1989; de Groot , 1990; Hu , 1994).
Bacteriorhodopsin with selective single *3C labelsin the retinal have been prepared by
reconstitution of bacterioopsin with synthetically labelled retinal (Harbison , 1984a).
The approach lead to the identification of the two isomeric forms of the retinal in
dark-adapted bacteriorhodopsin (Harbison , 1985; Harbison , 1984b). In this way, the
elements of the chemical shift tensors of all carbon atoms in the retinal have been
determined (Smith , 1989b). The approach was extended to the study of different
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photointermediates, which were enriched by illumination combined with variations of
the pH, salt concentration and temperature of the samples (Farrar , 1993; Hu , 1998;
Hu , 1997; Lakshmi , 1994; McDermott , 1994; Smith , 1989a). The structural
interpretation of the data in all of the above-cited investigations is based on semi-
empirical chemical shift arguments. The chemica shift of the same spin in model
compounds is compared to the corresponding shift in the protein. Direct distance
measurements have been obtained for single pairs of spins by rotational resonance
(Creuzet , 1991; McDermott , 1994; Thompson , 1992) or radio frequency-driven
dipolar recoupling (Griffin, 1998).

Angular constraints for the retinal orientation with respect to the membrane normal in
bacteriorhodopsin have been derived from deuterium NMR on oriented purple
membrane. In this approach single methyl groups in the retinal are deuterated. For a
spin 1 nucleus (deuterium) the quadrupolar interaction (i.e. the interaction between the
magnetic quadruple moment of the nucleus with the electric field gradient at the site
of the nucleus) is of similar or bigger size than the dipolar interaction. Deuterium
spectra of macroscopically aligned samples show a line splitting, which depends on
the angle © between the quadrupolar tensor and the external field. This approach has
been used to determine the orientation of the methyl groups 18, 19, 20 (Ulrich , 1992;
Ulrich , 1994) and one of the methyl groups connected to C1 (Moltke , 1998) in the
all-trans ground state and of the methyl group 19 in the M intermediate (Ulrich , 1995)
by site-specific deuterium labelling of the corresponding methyl groups (see[Fig. 3.2]
for the numbering of the carbon atoms). The accuracy and the sensitivity of the
method can be increased considerably by magic angle spinning of the oriented
samples (Glaubitz , 1999).

Liquid-state NMR experiments have been preformed on bacteriorhodopsin solubilized
in different detergent micelles and in an organic solvent. Arseniev et al. have
performed *H-"N studies in methanol/chloroform (1:1), 0.IM HCO,NH, and SDS
micelles of the complete protein and of different fragments (Barsukov , 1990;
Barsukov , 1992; Efremov , 1999; Grabchuk , 1996; Lomize , 1992; Nolde , 1997,
Orekhov , 1992; Orekhov , 1994; Pashkov , 1996; Pervushin and Arseniev, 1992;
Pervushin , 1994; Sobol , 1992). So far, this approach did not provide any constraints

for the three-dimensional packing of the a-helices in bacteriorhodopsin. Different
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detergents for the solubilization of bacteriorhodopsin have been tested by Seigneuret
et a. (Seigneuret , 1991b). A limited number of assignments have been obtained by
labelling the protein specifically with methyl-*C (Seigneuret , 1991a) or carbonyl-
13C (Seigneuret and Kainosho, 1993) methionine.

3.2 Labelling and assignment strategy used in this thesis
Bacteriorhodopsin solubilized in dodecyl-maltoside micelles forms a particle with a
rotational correlation time of approximately 40 ns at 45°C (see Appendix Q). In
general, there are two different labelling concepts for solution-state NMR on large
proteins: (1) 2*C, *®N and ?H enrichment and (2) uniform deuteration of the protein
with selective protonation of individual units in the system (LeMaster, 1994). For the
present study, the second approach seemed to be more promising for several reasons.
As pointed out in chapter [1.3 a successful backbone assignment is most likely to be
possible with a sample in which al non-exchangeable protons are replace by
deuterium. The relative small dispersion of the signals expected in a ‘H-N
heteronuclear spectrum for proteins of mainly a-helical conformation together with
the large expected linewidths of the signals might lead to major difficulties in the
assignment process. After assignments have been made, the main structura
constraints derived from such a sample would be NH;- NH;+; and NH;-NH;.3 NOESY
cross-peaks expected for a-helices. In view of the fact that a low-resolution structural
model of bacteriorhodopsin obtained by electron-crystallography was available at the
start of the project aready (Henderson , 1990), which was refined subsequently to a
resolution of 3.5 A (Grigorieff , 1996), identification of secondary structure topology
did not seem thefirst goal.

The resolution of the electron diffraction data is not high enough to resolve the two
closely overlapping retina conformations (all-trans, 15-anti and 13-cis, 15-syn). We
therefore concentrated on obtaining direct structural information of the chromophore
by the second labelling approach mentioned above. The structural information
available was used to select the amino acids to be sdlectively protonated in an

otherwise deuterated protein.

The labelling pattern was achieved by growing cells in a fully deuterated medium

complemented with *H-retinal, *H-threonine, *H-tryptophan, *H-methionine, *H-lysine
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or 'H tyrosine (Patzelt , 1997). Spectra from samples with the following combinations
of protonated residues where analyzed in detail:

1. Retina (d-DM)

2. Tyrosine (d-DM)

3. Tryptophan, Tyrosine (h-DM)

4. Tryptophan, Threonine (h-DM)

5. Retinal, Tryptophan (h-DM, d-DM)

6. Retinal, Threonine (d-DM)

7. Retinal, Tryptophan, Tyrosine (d-DM)

8. Retina, Tryptophan, Threonine (d-DM)

9. Retinal, Tryptophan, Methionine (d-DM)

10. Retinal, Lysine, Methionine (d-DM)

11. Retinal, Lysine, Threonine (d-DM)

12. Retinal, Tyrosine (h-DM)

In parentheses is indicated, whether the protein has been solubilized in fully
protonated dodecyl-maltoside (h-DM) or in dodecyl-maltoside with a deuterated

dodecyl moiety (d-DM).

3.3 Practical aspects of NMR measurements and data
processing

All NOESY spectra were recorded in a time range of about 2 years on two different
NMR spectrometers operating at a *H frequency of 750 MHz, except for one spectrum
recorded at 800 MHz. The measurement time for one spectrum at a certain mixing
time was between 1.5 and 2.5 days. Spectra with different mixing times on one
particular sample were typically started automatically one after the other without
interference of the user in between two spectra, leading to a total of about 7 days of
data acquisition. In al spectra, the protein signals, which are the signals of interest,
are smaller by a factor of about 100-500 compared to the sugar signals of the
detergent.

The long measurement times together with the large unwanted signals of the detergent

lead to a number of problems:

1. Artifact free Fourier transformation requires proper digitization of al signals; thus
the strongest signal determines the receiver gain. If very small signals are recorded

at the same time, they are not optimally digitized in the A/D converter. On Bruker
spectrometers the optimal signal-to-noise ratio is normally achieved, if the
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receiver gain is 128 or larger. For the NOESY spectra, the receiver gain was
typically between 16 (for samples with protonated detergent tail) and 64 (for
samples with deuterated detergent tail).

2. Freeinduction decays should be recorded fromt = 0, e.g. the acquisition should
start immediately after the last 90° pulse of the NOESY sequence. Since the
transmitter and receiver channel use the same coil and have to be separated
electronically to avoid damage of the sensitive preamplifier by the high power
output of the transmitter, acquisition necessarily is delayed after the last pulse and
the intensity of the first points isinfluenced by the opening of the receiver gate.
Thisleads to a shift of the signal in the time domain and small intensity errors of
the first points. Intensity errorsin the first points of the FID lead to slowly varying
undul ations of the baseline in the spectrum (Hoch and Stern, 1996).

3. Temperature instabilities and the drift of the static magnetic field lead generally to
adecrease of the quality of the spectrarecorded later in aseries. Thisisusualy
accompanied by atrop of the lock signal. The effect is pronounced in some of the
spectra, making them practically useless for a quantitative analysis of peak
intensities.

4. A general source of systematic artifactsin NOESY spectrais the evolution of zero
guantum coherence of J-coupled spins during the mixing time (Neuhaus and
Williamson, 1989). The corresponding coherence transfer pathway can't be
suppressed by phase cycling or pulsed field gradients, because it involves the same
coherence orders as the pathway of the wanted signal. When thereis no NOE
between the coupled spins, the zero-quantum peak has a dispersive (antiphase)
peak-shape with respect to the in-phase (absorptive) NOEs. The addition of a
NOESY cross-peaks leads to a distorted tilted peak (Bodenhausen , 1984). For the
slow tumbling rates, the antiphase components of the artifacts partially cancel due
to overlap of the positive and negative parts of the cross-peak. This makes the
effect so small that it does not distort the protein NOEs considerably. For the
detergent signalsthisis different. The cross-peaks between e.g. H1 and H2 of the
sugar-head group have pronounced antiphase characteristic. Because of t1 noise
ridges, the spectral region of detergent cross-peaks can not be used for the analysis
of protein signals. Therefore the additional perturbations do not pose a practical
problem for regions, which are far from the diagonal. However, the diagonal peaks
show small phase distortions due to zero-quantum evolution as well and these
distortions cause problems for protein NOES, which are close to diagonal peaks of
detergent resonances.

These problems are present in any NOESY spectra. For the bacteriorhodopsin
samples, they are however much more pronounced than in spectra of water-soluble
proteins, because the artifacts caused by the detergent signals are bigger than the
signals of the protein. The main practical problems are the baseline distortions. In
indirect dimensions, the problem can be circumvented, if the first data point is
recorded with one or the half of the dwell time and back-prediction or first order phase
correction are applied (Schmieder, 1991). This is absolutely mandatory for
bacteriorhodopsin spectra, especialy for the spectral region of the methyl groups.
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Otherwise, the artifacts caused by residual protons in the dodecyl chain of the
deuterated detergent mask many important spectral details. Additionally it was found,
that the amount of artifacts is reduced by oversampling the indirect dimension, e.g.
doubling the number points, while recording half the number of FIDs per point and
taking half of the dwell time. (Thus, the resolution and the signal-to-noise ratio remain
unchanged). Furthermore, anti-diagonals can be placed outside the signal region by
setting the receiver frequency to the edge of the spectrum. However, this leads to

increased base-line problemsin the indirect dimensions.

If the intensities of spectra with different mixing times are to be compared, the long
time stability is of crucia importance. A useful approach to circumvent problems in
this case is interleaved data acquisition. For each t1 increment, FIDs of spectra with
different mixing times are recorded one after another. Further improvements where
achieved by recording a spectrum with zero mixing time and subtracting it from the
gpectra with longer mixing times, leading to a zero diagona. For this type of
processing, it was found that a separate phase correction of each spectrum before
subtraction lead to the best results. Identical processing caused pronounced phase

distortions around the diagonal, caused by the zero quantum terms.

During processing, the most crucial step is a careful phase correction, because small
phase distortions prevent proper baseline corrections. The main problems are the
phase distortions of the diagonal signals of the detergent caused by zero quantum
evolution during the mixing time. The phase of these artifacts depends on the
difference of the resonance frequencies of the involved spins and is therefore different
for different diagona peaks. It is impossible to find an ideal phase correction of the
whole spectrum and the spectra have to be processed with different phase settings to
check protein cross-peaks in regions with baseline problems. After the phase
correction, automated baseline corrections are performed. The correction routine
subtracts a fifth order polynomial from each row or column of the selected region.
Baseline corrections were performed over the whole spectra region in both
dimensions first. Then additional corrections were performed over smaller regions
with the peaks of interest as far as possible from the edge of a region. It was found
that correcting regions above and below the diagonal of the spectrum separately lead
to the better results as including the diagonal as part of the integration region.
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3.4 Proton assignments of bacteriorhodopsin

This paragraph describes assignments of the two forms of dark-adapted
bacteriorhodopsin (see chapter . In what follows the abbreviation 13-cis or cisis
used for the protein form with the retinal in 13-cis, 15-syn configuration and all-trans

or trans for that with theretinal in all-trans, 15-anti.

3.4.1 Retinal

Starting point for the proton assignments of the all-trans and 13-cis retinals was the
H15 resonance of the two isomers[Fig. 3.20 The proton resonances of H15-cis and
H15-trans have been identified by HMQC spectra on a sample having a **C15-carbon
label. The distinction between 13-cis and all-trans retinal, based on chemical shift
analogy to solid state measurements (Smith , 1989b), was confirmed by recording a
spectrum on a light adapted sample, which shows the al-trans peak only. The
reversibility is shown by a second spectrum run afterwards, in which the two peaks of
dark-adapted bacteriorhodopsin reappear (Patzelt , 1997).

NOESY spectra with 5, 10, 20 and 40 ms mixing time have been recorded on a
completely deuterated protein sample with protonated retinal. shows parts of
the 40ms NOESY spectrum. The assignments of the proton resonances are given in
the referencing is relative to the most downfield shifted sugar resonance

(5.372 ppm)

Starting from the H15 resonance of the 13-cis isomer at 8.66 ppm, a line connecting
the cross-peaks between neighboring protons of the retinal is drawn in H15
shows a NOE to H14, which shows a strong cross-peak to H20 as well. The other
olefinic and methyl protons of the upper part of the retinal are easily assigned as well.
The two unresolved methyl groups H16 and H17 are identified via the small cross-
peak from H7 to H16/17 shown in the in top part of They arein turn used to
identify H8. A remarkable feature of the spectrum is the small cross-peak between
H15 and H16/17. The distance between these protons is longer than 7 A.

The al-trans isomer is assigned in a similar way. The unresolved signals of H12 and
H10 are the weakest part of the retinal assignment. The conclusion that H10 and H12

resonances overlap is based on the following arguments:
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1. Thereisonly one cross-peak from H14 to the spectral region between 3 and 5
ppm, to aresonance at 3.60 ppm.

2. Thereisonly one cross-peak from H8 to the region between 3 and 5 ppm to the
same resonance at 3.60 ppm.

3. H15 shows asmall cross-peak to aresonance at 3.58 ppm, which is assigned to
H12.

The spectrum in[Fig. 3.1]shows the general difficulties of the assignments as well. The

region between 3 and 5.5 ppm not shown in the spectrum is dominated by large ridges
of t1-noise caused by the strong sugar signals of the maltoside. Outside that region,
there are a number of NOEs, which are not due to protons of retinal bound to the
protein. Some of these resonances have been surrounded by boxes with labels A, B
and C.

The three cross-peaks in box A correspond to retinal that is not bound to the protein.
The intensity of these signals can be used as indication for sample aging. They
become very large in degraded samples. Free retinal can be assigned starting from the
H15 resonance at 10.1 ppm, which shows a cross-peak to the methyl group H20 at
2.3ppm. This methyl shows another cross-peak to H11 at 7.1 ppm. The H19 resonance
is a 2.0 ppm and shows cross-peaks to H11 and to H7 at 6.3 ppm. Thus the three
cross-peaks in box A are H11-H20, H11-H19 and H7-H19 NOEs of free retinal. The
chemica shift of the protons in micelles are very similar to reported *H chemical
shifts for all-trans retinal in hexamethyldisiloxane at 32°C (Rowan II1, 1972; Rowan
111 and Sykes, 1975) or in CDCLg at 25°C (Pattaroni, 1981) and at 44°C (Patel, 1969).

The resonances in the box B are resulting from spurious amounts of Triton X-100, a
detergent used during sample preparation (Patzelt , 1997). These peaks are in aregion
of the spectrum that contains NOEs between aromatic protons and methyl groups in
samples with different labelling patterns. Therefore the Triton peaks are masking
important information in some of the spectra. The presence of the Triton peaks can be
avoided by solubilizing the purple membrane directly in dodecyl-maltoside, a method

applied in the preparation of some of the samples.

The resonances in box C are in a spectral region, which suffers from artifacts of the
strong sugar signals of the detergent. The row of peaks from 6.0 ppm (F2) to 4.6, 3.7
and 3.4 ppm (F2), might be due to cross-peaks between the [3-anomeric proton and

other sugar resonances of a detergent molecule that is tightly bound to the protein.
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Fig. 3.1 NOESY spectrum of *H retinal, °H bacteriorhodopsin with a mixing time of

40ms. A small t / cin front of an assignment indicatesthat theresonanceisfor theall-
trans/ 13-cisisomer of retinal, e.g. c15-12 indicates a cr oss-peak between H15
(horizontal axis) and H12 (vertical axis). The lines connecting some peaks arethereto
guidethe eyethrough part of the sequential assignments. The inserted boxesindicate
peaks of other molecules present in the sample (seetext).
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13cis-15syn Retinal

Fig. 3.2 Numbering of the carbon atomsin thetwo retinal isomersin dark-adapted
bacteriorhodopsin.

H7 H8 H10 H1l H12 H14 H15
13-cis 6,84 5,62 3,58 5,21 4,45 5,43 8,64
al-trans 6,77 5,87 3,58 4,98 3,60 6,08 7,28
H16 H17 H18 H19 H20
13-cis 1,44 1,44 1,78 154 1,10
al-trans 1,35 1,35 1,75 1,68 0.98

Tab. 3.1Chemical shift of theretinal protonsof theall-transand 13-cisisomersin dark-
adapted bacteriorhodopsin.

3.4.2 Threonine and tryptophan assignments

The specific assignments of selected amino acid proton resonances are much less
straight forward than the retinal assignments. There is only one retinal - in two
different isomeric forms - per protein, but thereare 8 Trp, 18 Thr, 11 Tyr, 9 Met and 7
Lys. The chemical shift dispersion of equivalent protons in these amino acids is not
expected to be very big in general and the large linewidth of the signals (Appendix D)
leads to substantial overlap.

Four of the 8 Trp residues are part of the retinal binding pocket (Trp86, Trpl38,
Trp182 and Trp189). If spectra of *H Trp labelled samples are processed with a very
strong resolution enhancement, the signals may be clustered to eight AMXP spin-
systems. For some of these clusters, it is possible to distinguish between the outer
(H(2, He3) and inner (H(3, Hn2) protons of the indole ring (see based on
observed cross-peak intensities in spectra of short mixing times. However, the
identification of the clustersis far from unique because of large overlap of most of the

aromatic resonances. Two of the aromatic protons (5.97 and 6.15 ppm) resonances are
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shifted about 1 ppm upfield compared to the bulk of resonances, which are between
6.7 and 7.7 ppm. 12 AMX spin systems for Thr can be identified by cross-peaks from
the methyl-group (acquisition dimension) and the a and [ protons (indirect
dimension). Some of the identified clusters might be due to more than one Thr. The
intensities in the spectral region of the cross-peaks are strongly disturbed by t1 noise

and it is therefore not always possible to assign Ha and H uniquely.

For the sequence specific assignments some information from structural models was
used. Theinitial atomic model by Henderson et al. (Henderson, 1990) is sufficient for
the assignments reported in this paragraph. The electron crystallographic resolution of
the data used to generate the model was 3.5 A in the plane of the membrane and
approximately 10 A in the direction perpendicular to it. Data with such a resolution
alow to resolve the side-chains of Trp unambiguously and therefore contain the
additional information needed for NMR assignments at this stage. The higher
resolution structures published later (Essen, 1998; Grigorieff, 1996; Luecke, 1998;
Pebay-Peyroula, 1997) helped mainly to resolve the problem in assigning the
threonine side-chain closest retinal protons H20 and H11. In this case the two
neighboring Thr 89 and 90 were possible candidates. However, swapping assignments
for Thr 90 to Thr 89 could be ruled out by comparing the calculated structures with
aternate assignments. Most assignments have been made before the first x-ray
structure (Pebay-Peyroula, 1997) was published. All assignments in this paragraph
include a network of NOESs with retinal protons, for which specific assignments were

obtained without information from crystal structures.

The sequence specific assignments were started based on Ret to Trp NOEs. In the
aromatic region a NOE from H15 CIS (8.64 ppm) to a resonance at 6.64 ppm is
observed. This peak shows up in spectra of 10 ms mixing time. Based on the crystal
structures, the resonance at 6.64 ppm was identified as a proton of Trp86. In spectra
with longer mixing times no additional NOE between H15 CIS and other aromatic
protons is observed, which suggests the identification of the proton as Hol. If the
proton at 6.63 ppm would belong to an AMXP spin system additional peaks at longer
mixing times would be expected due to spin-diffusion. The assignment is confirmed
by additional NOEs to the retinal protons H12 and H14 and to the methyl protons of
Thr 90.
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In spectra with a mixing time of 80ms, cross-peaks between the Retinal methyl groups
H16/H17 and H20 to several protons, which are part of an AMXP spin systems, are
observed. Based on the crystal structures, it was assumed that H16/H17 are closest to
Trp86 and H20 is closest to Trpl82. The spin-systems close to H16/H17 CIS and
TRANS include the two strongly upfield shifted aromatic proton resonances at 5.96
ppm and at 6.13 ppm. For these two quite well resolved aromatic spin-systems, it is
possible to differentiate between the outer protons (2 and €3 and the inner protons (3
and n2 of the AMXP spin systems based on the patterns and build-up curves of the
intra-residue cross-peaks. This information together with the inter-ressdue NOEs
between these resonances and the retinal allows a complete assignment of all aromatic
protons of Trp86 Cis. For Trp86 Trans, the resonances show more overlap and the
situation is less clear. The all-trans Trp86 H1 proton is assigned by its cross-peak to
H14 and the other protons on the assumption that identical protonsin Cis and Trans
have similar chemical shifts. The specific assignments for all-trans are confirmed by
semi-empirical proton chemical shift calculations and by calculation of NOE build-up
curves from the coordinates (see chapter 3.5 and

There is one cross-peak from H16/17 Cis and Trans to a Trp proton, which does not
belong to the spin-system of Trp86. Based on information from the crystal structures
and chemical shift calculations, this proton is assigned to Trp189 Ho1.

All-trans and 13-cis Trp 182 are identified by NOESs to the retinal methyl H20 of both
isomers. It shows cross-peaks to the two most upfield shifted threonine methyl groups
and probably one Met methyl group. One of the two Thr methyl groups shows in turn
NOEs to Ret CH320, CH319, H11, H15 (all-trans and 13-cis), H14 and H10 (only 13-
cis). The chemical shift of the corresponding all-trans and 13-cis threonine residues
are very similar for al protons. The cross-peak patterns and the chemical shift allow
the unique identification of Thr 90 and Thr 178. The specific assignments of the four
protons of the Trp 182 indole rings are based on the NOE patterns and the distances
observed in the high-resolution X-ray structures. These assignments cannot be made
on the base of the NMR data alone, since the resonances are overlapped. In the
structure calculations, the four protons were treated as not specifically assigned. For
distance constraints, a pseudo-atom located in the geometric center of the four protons

isintroduced.
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One more set of NOEs between the three resonances of a threonine residue and Ret
CH318 is observed in all spectra of samples containing *H Thr and *H Ret. The only
threonine close to Ret CH318 is Thrl42. This assignment is confirmed by the
observation of four NOEs between the methyl of Thrl42 and aromatic tryptophan
protons, which are in turn assigned to be the AMPX spin system of Trp138. Specific
assignments of the four protons of the indole ring are not possible considering the
NOESY spectra. The assignments are based on cross-peaks observed in NOESY

spectra with mixing times equal or longer than 40ms.

All assignments are summarized in

1%4 HE3 5 (o]
2 /C_C |C-|:2\H(J* T O| ch/s\ H J
HC o
N\ 7 \ T HVC/E'\HQ‘ CV/C\EG .
c 51 N s PG > H2 |
Hp N\ —OHL | !
N .-
Her 7
Trp (W) Thr (T) Met (M)

Fig. 3.3 Naming convention used for tryptophan, threonine and methionine protons.

Ha HB Hy
Thr90 Cis 4.24 4.56 0.28
Thr90 Trans 4.26 4.60 0.22
Thr142 3.63 343 0.83
Thr178 Cis 3.87 4.08 -0.05
Thr178 Trans 3.77 4.00 -0.13
Hol He3 HZ3 H{2 Hn2
Trp86 Cis 6.64 6.99 6.64 7.06 5.97
Trp86 Trans 6.88 7.03 6.73 6.91 6.15
Trpl38 6.93* 7.11* 7.00*
Trpl82 Cis 7.43 7.52* 7.07* 7.45* 7.10*
Trpl82 Trans 7.38 7.38* 7.05* 7.27* 7.19*
Trp189 Cis 7.50
Trpl89 Trans 7.41

Tab. 3.2 Chemical shift assignments of the proton resonances of amino-acid residues
used in the structure calculation. The * indicatesthat the corresponding assignments
might have to be interchanged.

3.4.3 Assignments based on published high resolution
structures

The assignments given in the current paragraph rely much more on existing high-

resolution structures. This is because the NOE networks do not contain any retina
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resonances and the number of possibilities is therefore much larger. Additional cross-
peaks identified as Thr-Trp or Met-Trp NOEs are observed in the spectra. The
possible assignments are based on considering all Met and Thr residues, which are
close enough in space to the aromatic protons of a Trp side-chain. The radius around a
proton was chosen generously (e. g. up to 8 A) to include possible distance errors for
pairs of residues in some of the structures considered. For all Thr-Trp NOEs, a
consistent picture is obtained in this way, meaning that all NOEs could be assigned

uniquely (including the information in chemical shift calculations of the next chapter).

Two strong cross-peaks between a Thr CHz at 1.52 ppm and aromatic protons at 7.50
and 6.85 ppm are present in spectra with short mixing times. At longer mixing times,
peaks at 6.99 and 7.27 ppm are observed to the same methyl group. The Ha (4.60
ppm) and HP (3.97 ppm) of the same Thr show NOES to the same aromatic protons.
Distances determined from the volumes of the three peaks at 7.50 ppm in a NOESY
spectrum with 10 ms mixing time are 3.06 A (to Thr Hy), 2.21 A (to Thr HB) and 2.72
A (to Thr Ha). The cross-peak at 6.85/1.52 ppm is overlapping with intra retinal
cross-peaks and the two cross-peaks 6.85/3.97 and 6.85/4.60 are observed in spectra
with longer mixing times only. In the crystal structures, only four threonine residues
are closer than 5 A to more than one aromatic tryptophan proton. Three of these have
been identified as Thr 90, Thr 142 and Thr 178. The NOESs can be assigned with high
confidence to the fourth pair, namely Thr 121 and Trp 137.

Another set of strong NOESs between three Thr protons and one aromatic Trp proton is
observed in spectrawith amixing time of 5 and 10 ms. The derived distances are 2.97
A (Hy, 1.26 ppm), 2.41 A (HPB, 4.19 ppm) and 3.89 A (Ha, 4.81). The a proton at
4.81 ppm is the most downfield shifted threonine resonance observed in the spectra
Its chemical shift falls in a region, where Ha protons of threonines in (3-sheet
secondary structures are expected. The loop between helices E and F forms a short
two stranded [3-sheet structure (Kimura, 1997; Luecke, 1999b). Thr 67 is part of this
B-sheet and the distances to Trp 80 correspond well to the observed cross-peak pattern
(e.g. W80HS1-T67Hy 2.84 A -T67Hy 2.19 A -T67Hy 4.02 A in 1c3w (Luecke,
1999h)).
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Two to three different protons of methionine residues show NOEs to aromatic
tryptophan protons. They probably are originating from the methionine methyl group,
which has more favorable relaxation properties than the methylene groups (Appendix]
ﬂ). Moreover, if a methionine methylene group would show such strong NOEs in
gpectra with short mixing times, more cross-peaks to the neighboring methionine
protons would be expected in spectra with longer mixing times. The chemical shifts of
the Met/Trp NOEs are 1.98 ppm to 7.52, 7.06 and 6.81 ppm and 2.11 ppm to 7.42,
6.76, 7.27 and 7.00 ppm. A third row of resonancesisin amore crowded region of the
spectrum at 1.66 ppm, at the same chemica shift than CH319 Trans and only the
changed intensity of some NOEs compared to a 1H Trp/1H Ret labelled sample
indicates possible additional Trp/Met cross-peaks. In the crystal structures, the only
distances of Met methyl to Trp aromatic protons short enough to expect observation
of NOEs are between the pairs W12/M 209, W80/M56 and W182/M118 and M145.
The only distances shorter than 3 A in the coordinate files is Met209He-Trp12He3
(Belrhali, 1999; Luecke, 1999D).

Additional information about methionine chemical shifts can be obtained from the
literature. Seigneuret et al. (Seigneuret, 1991a) recorded **C detected **C-'H COSY
spectra of bacteriorhodopsin with methyl-**C labelled methionine solubilized in
Triton X-100 at pH 5 and 20° C. They identified 4 resolved *C peaks at 17.2, 15.4,
14.9 and 14.0 ppm with intensity ratios 3:4:1:1. The bound protons resonate at 2.2
ppm (*C shifts 15.4 and 14.9 ppm) and at 1.7 ppm (**C shift a 17.2ppm); (the
method of referencing the proton chemical shift in the spectrum is not mentioned.)
The 3C resonance at 14.0 ppm shows no cross-peak in their *H-*C correlation
spectrum. The authors provide some hints for the assignment of the resonances based
on observing chemical shift changes upon addition of hydrophilic and amphiphilic
paramagnetic reagents and based on papain proteolysis. Their conclusions are: (1) The
cross-peak 15.4 ppm *3C/ 2.2 ppm 'H contains four resonances, one of which is
Met68. (2) The hydrophilic paramagnetic reagent affects the resonances 15.4 ppm *3C/
2.2 ppm *H and 14.9 ppm *C/ 2.2 ppm *H. (3) The amphiphilic paramagnetic reagent
affects the same two resonances and additionally the 17.2 ppm *C / 1.7 ppm H
signal.
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The random coil shift of the Met CH3 is 2.13 ppm (W(thrich, 1986). The calculated
chemical shifts are 1.77 ppm (Met 56 He), 1.88 ppm (Met 118 He), 1.08 ppm (Met
145 He) and 2.39 ppm (Met 209 He) (coordinates 1c3w (Luecke, 1999b), see chapter
B.5|for details concerning chemical shift calculations).

Taking all observations together, the following interpretation of the Trp/Met NOEs is
favored: The four peaks at 2.11 ppm are from CHse Met209 to Trpl2. The row of
NOEs at 1.98 ppm is from Met118 to Trp182 Cis. The corresponding Met118 Trans
resonance is at 1.7 ppm and thus at aimost the same frequency as Ret CH319 Trans.
This interpretation would be confirmed, if the row of peaks at 1.98 ppm disappears in
a spectrum of light adapted bacteriorhodopsin.

3.5 Analysis of the chemical shifts

3.5.1 Introduction of the theoretical model

Computer programs for the calculation of proton chemical shifts from a protein
structure have been developed over the last years (see chapter . In the present
paragraph, we use the program SHIFTS (Version 3.0b2) (Osapay and Case, 1991) to
caculate chemical shifts from the structures of the al-trans ground state of
bacteriorhodopsin deposited in the Brookhaven protein data base (pdb). The program

calculates the chemical shifts of protons as the sum of the following contributions:

1. Ring-current contributions are calculated according to Haigh-Mallion theory
(Haigh and Mallion, 1980).

2. Magnetic anisotropy of the peptide groups are calculated according to the model
of McConnell (McConnell, 1957) under the assumption of axial symmetry. The
origin of the anisotropy is chosen 0.7 A from the carbon along the bisector of the
NCO angle. Since the peptide anisotropy contributes to the random coil shift as
well asto the proton shift two additional constants are added to correct the average
Ca proton and the average side-chain proton shifts.

3. Electrostatic effects are calculated to be proportional to the projection of the local
electric field on the C-H bond vector. The local electric filed is determined by
considering the backbone charges only, which are taken from the charge model of
the CHARMM (version 19) parameters ( -0.35, 0.25, 0.20, 0.55 and -0.55 for N,
H, Ca, C, and O atoms, respectively, and -0.20 for the charge of a proline
nitrogen).

The final model in SHIFTS has 11 parameters:. seven ring-current intensity factors

(two of which are considered in heme proteins only, which were included in the
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analysis in (Osapay and Case, 1991)), one parameter each for the peptide group
anisotropy and for the backbone electrostatic contributions, and two constants, one for
Ca protons and one for side-chain protons. These parameters have been adjusted by
minimizing the difference between calculated and observed chemica shifts of 20
proteins, for which crystal structures and NMR assignments were available. A total
chemical shift rms of 0.220 for al protons in the observed non-heme proteins was
achieved. Shifts of side chain protons (rms=0.203) and the methyl groups (rms=0.136)
show a higher precision, the amides shifts show the largest deviations (rms=0.575 for

al amides and r=0.506 for those involved in internal hydrogen bonds).

The ring-current intensity factors and the factor scaling the electrostatic contributions
have been calibrated later by quantum chemical shielding calculations for methane
molecules placed in a variety of positions near the aromatic rings of the type found in
proteins (Case, 1995). In general, the solutions found by the density functional

calculation lead to larger parameters than the ones obtained from the empirical fits.

For al calculations used in what follows, the older empirical parameters of (Osapay
and Case, 1991) are used. This is in accord with the current release of the program
SHIFTS (V.3.0b2). The larger quantum chemical calibration factors resulted in
differences of up to 1 ppm for the most strongly shifted signals in bacteriorhodopsin.
The experimental results are reproduced much better by using the old calibration

factors.

Out of the eleven optimized parameters of SHIFTS, the following eight are used for
the calculation of bacteriorhodopsin chemical shifts are (the three parameters not

needed are the ring-current intensity factors for heme and histidine):

1. Four ring-current intensity factors: 1.00 for Phe, 0.84 for Tyr, 1.04 for Trp-5 and
for 1.02 Trp-6

2. Peptide groups anisotropy: -7.9 erg/G*mol

3. Proportionality factor for backbone electrostatic contributions: -2.69+0.19 102
esu

4. Constant for Ca protons: -0.754

5. Constant for side-chain protons: -0.041

To compare the calculated secondary shifts to the experimentally determined values,
the following random coil values are added in SHIFTS (V. 3.002):
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1. Thr: Ha 4.39, HB 4.32, CH3y 1.22

2. Trp: HO1 7.22, H(2 7.44, HNn2 7.19, H(3 7.13, He3 7.59

Using the dightly different values for the random coil shifts given by Wishart et a.
(Wishart, 1995) lead to similar results as those presented below.

The Retinal atom coordinates were not considered in the calculation of amino acid
chemical shifts. Thisis consistent with the model used for amino acid side chains, the
charge of which is not used during the calculation. The sequence of the protein
entering the calculation specifies residue 216 as alysine. The program does model the
missing protons to the pdb-input file and ignores any atoms it doesn't recognize from

the sequence.

3.5.2 Comparison of the experimental chemical shifts with shift
calculations based on a X-ray structure at 1.55 A resolution

In the shifts calculated from x-ray coordinates at 1.55 A resolution (1c3w,
(Luecke, 1999b) are compared to the experimental values of al-trans
bacteriorhodopsin. The overall rms between calculated and observed values is 0.191
for all assigned protons and 0.206 for the protons surrounding the retinal. The second
subset (W86, W182, T90 and T142) is chosen for additional comparison, because we
assume that the conformation of the side-chains of these residues is not influenced
significantly by crystal contacts in the x-ray structure and the experimental chemical
shifts are not influenced by protein detergent interactions. In general, the
correspondence between calculated and observed chemical shifts is very high for the
Thr methyl groups and the aromatic Trp residues. Ha and especially the H[3 protons of

Thr show larger deviations.
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amino acid number atom exp. Shift cal. Shift Exp.-cal.
Thr 67 Ha 481 4.74 0.07
Thr 67 HpB 4.19 4.43 -0.24
Thr 67 Hy 1.26 1.23 0.03
Thr 90 Ha 4.26 4.09 0.17
Thr 90 HpB 4.60 3.99 0.61
Thr 90 Hy 0.22 0.36 -0.14
Thr 121 Ha 3.97 4,01 -0.04
Thr 121 HB 4.60 4.69 -0.09
Thr 121 Hy 152 141 0.11
Thr 142 Ha 3.63 3.68 -0.05
Thr 142 HB 3.43 3.81 -0.38
Thr 142 Hy 0.83 0.76 0.07
Thr 178 Ha 3.77 3.93 -0.16
Thr 178 HB 4.00 4.26 -0.26
Thr 178 Hy -0.13 -0.37 0.24
Trp 86 Ho1 6.88 6.82 0.06
Trp 86 H{2 6.91 6.85 0.06
Trp 86 Hn2 6.15 6.26 -0.11
Trp 86 H(3 6.73 6.85 -0.12
Trp 86 He3 7.03 7.18 -0.15
Trp 182 Hol 7.38 7.23 0.15
Trp 182 H{2 7.27 7.21 0.06
Trp 182 Hn2 7.19 7.11 0.08
Trp 182 HZ3 7.05 6.92 0.13
Trp 182 He3 7.38 7.37 0.01
rms (all protons) 0.191 r (al) 0.820
rms (core: T90, 142, W86, 182) 0.206 r (core) 0.767
rms (aromatic/methyl) 0.118 r (arom/met) 0.933

Tab. 3.3 Comparison of calculated and experimental chemical shiftsfor all-trans
bacteriorhodopsin. The calculated shifts arederived from a x-ray structurewith 1.55 A
resolution (accession number 1C3W in the Protein Data Bank) (L uecke, 1999b) using
the program SHIFTSv3.0b (Case, 1995; Osapay and Case, 1991). The rms (root mean
squar e deviation) and thelinear correlation coefficient are defined in Eq.(3.1[|and
Eq.(3.2ﬂ with x; and y; being the deviation of the observed/calculated shiftsfrom their
random coil values.

The overall rms between observed and calculated shiftsis defined as

rms:\/ﬁZ(xi _yi)2 (31)
The relation between calculated and observed secondary shift can be analyzed by

evaluating the experimental linear correlation coefficient r, which is defined as

Nzxiyi _ZXiZYi (32)
N -(Cx HnSy: - Sy )

where N is the number of observation points x; (A5 and y; (A5). Values of r

r

range from O, when there is no correlation, to +1 for complete correlation. More

guantitative statements for the significance of r are obtained under the assumption of a
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Gaussian distribution. The probability distribution of r is compared to a completely
uncorrelated parent distribution. Integration of the so obtained distribution P from |r|
to 1 gives the probability that a random sample of N uncorrelated data points would
yield an experimental linear-correlation coefficient as large as or larger than the

observed value for |r|. This probability is (Bevington and Robinson, 1992)

Pc (r, N) = % r((vr-('-vjj)/Z) J; (1_ rz)(V_Z)/zdr V=N-2 ( 33)

Equation (3.3)] cannot be integrated analytically. Numerical integration was performed
using the program Mathematica (Wolfram, 1996). VValues for P, of 2.9x10” (r=0.820,
N=28), 5.3x10™ (r=0.767, N=16) and 1.34x10"’ (r=0.933, N=16) are obtained. The
probability that the null hypothesis is true is less than 0.1 % in all cases, indicating
that it is extremely improbable that the calculated and measured secondary chemical
shifts are linearly uncorrelated. It should be pointed out that equation (3.Gﬂ| isbased on
the assumption that the distributions for x and y form a two-dimensional Gaussian
distribution around their mean values. If this assumptions doesn't hold, the probability

interpretation of the null hypothesis are meaningless (Press, 1988).

The experimental correlation r=0.820 and rms=0.191 for all assigned protons are
dightly better than values obtained by Osapay and Case (r=0.880, rms=0.233) for a
much larger statistical sample of 5678 protons (Osapay and Case, 1991). The largest
differences found are for the threonine HB shifts. This might be due to the influence of
the hydrogen-bonding contribution of the neighboring side chain oxygen. In simple
molecules and in the absence of other effects, hydrogen bond formation leads to
downfield shifts (higher ppm values) of the resonances of both amide protons and
carbonyl carbons (Jardetzky and Roberts, 1981). The carbon deshielding indicates a
reduced electron density, caused by the polarization of the CO bond. In proteins,
amide shifts are influenced by other factors as well. However, it still seems that strong
internal hydrogen bonds lead to downfield and long weak hydrogen bonds to upfield
shifts compared to the random coil values in water (Wishart and Sykes, 1994). For the
threonine side chain, it would be expected that a strong hydrogen bond of the side-
chain oxygen would repel electrons from the 3 carbon and cause a downfield shift of

both the carbon and [3 proton resonances. A closer look at the deviations of the
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observed chemical shifts of is not in contradiction to this qualitative picture.
With the exception of one (Thr 90) out of five threonines, the calculated shifts are on
average 0.24 ppm larger than the observed ones. Interpreting this shift being caused by
differences of hydrogen bond strength only indicates that the side-chain oxygen of
T67, T121, T142 and T178 are less hydrogen bonded in the protein than in agueous

solution.

It remains to explain the large deviation between calculated and observed chemical
shift of Thr 90 H[3, which is not only large in magnitude but also of opposite sign than
all other observed Hf3 shift deviations. The side-chain of Thr 90 should show a very
strong hydrogen bond, if other effects contributing to the chemical shift could be
neglected. In the 1.55 A X-ray structure (Luecke, 1999b) Thr90 (OG1) is indeed
showing a hydrogen bond to Aspl115 (OD1). However, due to the close proximity of
Thr90 to the conjugated Tt system of the retinal, electric charge and magnetic
susceptibility effects are of importance, athough to small to account for the observed

large difference.

We may conclude, that the effect of hydrogen bonding could explain the observed
large shift deviations for the H[ protons of Thr based on a simple quditative
argumentation. The observation of just 5 shifts is of course by no means significant
and the hydrogen bonding effect should be confirmed, e. g. by a systematic search of a
data base with protein assignments (BioMagResBank) (Peavey, 1991). A confirmation
would make the T90 HB shift to a direct and easy accessible indicator for the
hydrogen bonding sate of its side-chain, which could be very useful for measurements

of intermediate structures in the photo-cycle.

The distribution of all identified AMX spin-systems and calculated secondary
chemical shifts for the threonine CHay are shown in[Fig. 3.4 The figureillustrates that
sequence specific assignments are possible from a comparison of observed and
calculated shifts alone. The two methyl groups showing the largest upfield shifts are
assigned to Thrl178 and Thr90. The third largest observed upfield shift is not as clear,
but if the distribution of the Thr Ha protons is considered as well, Thr142 can be
uniquely identified from the calculated chemical shifts.
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A similar analysis of the tryptophan chemical shifts would allow to identify the
AMXP spin-system of Trp 86. Its HN2 is the most upfield shifted aromatic resonance
in the calculation.

1.00
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:ﬁl:ﬁ:ﬁ ; , , I:I , I:I S —a o I:l . I:l . I:l . H . H . H .
|
- A0

chemical shift difference
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Fig. 3.4 Observed (top) and calculated (bottom) chemical shift differencesfrom the
random coil valuefor all threonineresiduesin bacteriorhodopsin. The calculations use
the coor dinates of a X-ray structureat 1.55 A resolution (pdb-entry 1c3w (L uecke,
1999b), the error barscorrespond to thermsfor all methyl groups of the proteinsin the
calibration data set of the program used for calculating the shifts (Osapay and Case,
1991). The observed chemical shiftsof all AMX spin systemsidentified from the
threonine spectra. Three of the five sequence specific assignments obtained from
analyzing networ ks of NOEs could be abtained directly from thisfigure (see text).

It can be concluded, that it is possible to assign Thrl78, Thr142, Thr90 and the
AMXP spin-system of Trp86 by comparing observed and calculated chemical shifts
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alone. The theoretical model is very precise in caculating these shifts and the
observed shifts are separated from other resonances of the same amino acids, because
the structural shifts of the Hy protons of these residues are the largest of all threonine

residues.

3.5.3 Chemical shifts as a tool to analyze the accuracy of a
structure

Over the last three years, the coordinates of a number of high-resolution structures of
the all-trans ground state have been published and are available in the Brookhaven
protein database. Seven different research groups using two different methods
(electron or X-ray crystallography) contributed data. The first structure with a
resolution of 3.5 A in the plane of the membrane and of 4.3 A in the perpendicular
direction ((Grigorieff, 1996), pdb entry code 2brd) was obtained by electron
crystallographic refinement on an earlier model, which was directly based on the
experimentally observed density (Henderson, 1990). A de novo structure
determination based on image phases ((Kimura, 1997), pdb entry code 1at9) and later
refined using electron crystallographic data ((Mitsuoka, 1999), pdb entry code 2at9)
achieved a resolution of 3.0 A. All X-ray structures published to date are refined by
molecular replacement, with the electron microscopic structures as starting models.
The first X-ray structure (Pebay-Peyroula, 1997) was obtained with a novel approach
for obtaining three-dimensional crystals using lipid cubic phases (Landau and
Rosenbusch, 1996). The same type of crystals were analyzed by Luecke et al.
((Luecke, 1998), pdb entry code 1brx), who realized the presence of substantial
hemihedral twinning. This lead Pebay-Peyroula and coworkers to repeat their
refinement subsequently (pdb entry code 1ap9) (see discussion in (Subramaniam,
1999)). Structures of different resolution were published subsequently, either to
discuss more structural details of the all-trans ground state ((Belrhali, 1999), pdb entry
code 1qghj) ((Luecke, 1999b), pdb entry code 1c3w) or as data for comparison with
intermediates of the photo-cycle ((Luecke, 1999a), pdb entry code 1c8r: all-trans and
1c8s: M intermediate, (Sass, 20-OCT-99), pdb entry code 1cwq molecule A: all-trans,
molecule B: M intermediate, (Edman , 1999), pdb entry code 1gkp: mixture of ground
state and K intermediate and 1gko: refined K intermediate). In addition to these

structure obtained from the same crystal form, two different types of crystals have
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yielded high-resolution structures ((Essen, 1998), pdb entry code 1brr (Sato, 1999),
pdb entry code 1bml). In the monoclinic bacteriorhodopsin crystals of Essen et al.,
there are three molecules per unit cell, leading two three slightly different structures,
which will be referred to as 1brr_A, 1brr_B and 1brr_C. A detailed comparison of the
different structures published until the end of 1998 and a discussion of their
implication on the function of the protein are found in the review of Subramaniam
(Subramaniam, 1999).

In the chemical shifts calculated from the highest resolution structures for
each of the research groups, which published ground state structures, are listed. The
average over the six values and their standard deviations are included as well. It can
be seen that the high similarity of the published structuresis reflected in the cal culated
chemical shifts, which differ by less than 0.2 ppm for most of the protons. Larger
standard deviations of the average shifts are observed as soon as one of the
crystallographic structures deviates significantly from the others. The most striking
example is T178. In the structure of Essen et al., the side-chain of this threonine is
clearly in a conformation, which does not agree with the observed chemical shifts.
The calculated structural shift of the methyl group differs by more than 1ppm from the
observed and the calculated shifts of all other structures. For crystallographic studies
the differences in the electron density of the methyl and hydroxyl groups attached to
the 3 carbon of a threonine side chain is very small. The decision which rotameric
state is chosen for the side-chain dihedral angle x1 is often based on considering
possible electrostatic interactions in al orientations, which fit the electron density
equally well. Choosing a similar x1 in 1brr as observed in other X-ray structures fits

the electron density equally well (L. O. Essen personal communication).
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proton exp. 1c3w | 1ghj lbrr 1lbml | 2at9 2brd av. std.
T67 Ha 0.42 0.35 0.15 0.10 0.44 0.01 0.22 0.21 0.16
T67 HB -0.13 0.11 0.09 | -0.05 0.11 0.16 0.11 0.09 0.07
T67 Hy2 0.04 0.01 005| -012( -0.08 056 | -0.11 0.05 0.26
W86 Hol -0.34| -040| -037| -030| -043| -045( -0.37| -0.39 0.05
W86 H(2 -053| -059| -051| -063| -08| -043( -0.60| -0.60 0.14
W86 Hn2 -1.04| -093| -097| -107| -096| -064( -0.69| -0.88 0.17
W86 H(3 -04| -028( -039| -059| -067| -039| -0.07| -0.40 0.22
W86 He3 -056 | -041| -044| -061| -071| -047| -023| -048 0.17
T90 Ha -013| -030| -026| -031| -048| -040( -052| -0.38 0.11
T90 HPB 028| -033| -031| -031 004 | -0.17 0.07| -0.17 0.18
T90 Hy2 -1| -086| -087| -08| -056| -058| -0.46| -0.70 0.19
T121 Ha -042| -038| -045| -071| -026| -111| -0.71| -0.60 0.31
T121 HpB 0.28 0.37 0.31 0.37 0.46 0.14 0.26 0.32 0.11
T121 Hy2 0.3 0.19 0.16 0.10 0.12 0.15 0.02 0.12 0.06
T142 Ha -0.76 | -0.71| -062| -065| -0.76 | -057( -0.70| -0.67 0.07
T142 HB -089| -051| -039| -037| -029| -0.26 0.03| -0.30 0.18
T142 Hy2 -0.39| -046| -043| -040| -041| -038( -040| -041 0.03
T178 Ha -062| -046| -035| -027| -067| -011| -099| -0.48 0.31
T178 HB -0.32| -006| -005| -110| -0.03| -099( -0.08| -0.39 0.51
T178 Hy2 -1.35| -159| -160| -004| -130| -124| -130| -1.18 0.58
W182 Ho1 0.16 0.01 0.02| -024| -0.25 0.02| -010| -0.09 0.13
W182 H(2 -0.17| -023| -020| -025| -028| -018| -0.23| -0.23 0.04
W182 Hn2 of -008| -012| -021| -021| -0.08| -0.14| -0.14 0.06
W182 H(3 -008| -021| -022| -022| -021| -022| -0.a3| -0.19 0.05
W182 He3 -021| -022| -022| -025| -0.16| -014( -0.10| -0.18 0.06
resolution 155 19 29 35 3.0 35

method X-ray | X-ray | x-ray |x-ray |Em em

rms (all) 0.19 0.21 0.38 0.24 0.34 0.30 0.28 0.08
R (@l) 0.82 0.79 0.32 0.72 0.48 0.56 0.61 0.19
rms(arom/met) 0.12 0.11 0.37 0.22 0.22 0.24 0.21 0.10
r(arom/met) 0.94 0.95 0.33 0.82 0.80 0.75 0.77 0.23
rms(core. no Hp) 0.11 0.10 0.16 0.23 0.19 0.25 0.17 0.06
r(core. no HP) 0.94 0.97 0.89 0.64 0.83 0.49 0.79 0.19
rms(structure selection) 0.24 0.25 0.51 0.27 0.36 0.37 0.24 0.10
r(structure selection) 0.66 0.63 0.00 0.55 0.27 0.37 0.70 0.25

Tab. 3.4Comparison of experimental and calculated structural chemical shift of
different structures of all-trans bacteriorhodopsin. Root mean squar e deviation (rms)
and experimental correlation coefficient (r) were calculated using equations (3.1) fand
(3.2[] Thelast two columns arethe average (av.) and standard deviation (std.) of the six

values calculated from crystallographic structures. Thefollo
included in the different rms/r values: rmg/r(all): all shifts of

rms/r (arom/met): all methyl (Hy) and aromatic (Hd1, H{2, Hn2, H{3, HE3);
rms/r(core, no HB): Ha and Hy of T90 and T 142 and aromatic protons of W86 and

W182; rmg/r (structur e selection): shifts used for the selection of NMR families of

structure (T90, T142, T178 and W86).

wing chemical shiftsare

The ordering of chemical shift rms and resolution of different structures published by

one single group is strictly fulfilled. Thus the chemical shift deviations get less in the

refined electron microscopic structures 2at9 and 2brd compared to 1at9 and lbrd

respectively. The same holds true comparing all-trans structures at lower resolution

published later in time, the refinement of which is based on data of the same group at
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higher resolution (rms 1c3w (resolution 1.55 A) < rms 1c8r (resolution 1.8 A) < rms
1brx (resolution 2.3 A) for the three structures of Luecke et al.).

A closer inspection of the rms values between calculated and observed chemical shifts
of the core residues (Thr 90, 142 Ha and Hy, Trp 86, 182 H&1, H(2, Hn2, H{3, He3)
suggests that the deviations correlate with the resolution of the crystal structure. The
structure with the highest resolution shows the lowest rms of the chemical shifts. To
examine the significance of that correlation we chose the following approach: (1) the
structure with the highest resolution (1c3w) is taken as standard for comparing
different coordinates rms and chemical shift rms values. (2) The chemical shift rms
for all al-trans coordinates found in the Brookhaven protein data base are calculated
and the difference to the chemical shift rmsto 1c3w is calculated. (3) The structures
are superimposed on the backbone atoms of the core region of the seven helices of
1c3w and the rms of the side chain heavy atoms of Thr 90, Thr 142 and Trp 86, 182
are calculated.

A graphical representation of the obtained difference in side-chain heavy atom rms
and chemica shift rms are shown in From these data a linear correlation

between the local accuracy of the structures and the chemical shift rmsis evident.
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1E
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Armsd sidechain coordinates
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Fig. 3.5 Correlation between chemical shift difference and coordinate rmsof the core
residues (Thr 90, 142 without H3, Trp 86, 182) of different crystal structures. The
labels correspond to the pdb entry code of the coor dinates: 1c3w (1.55 A) (L uecke,
1999b), 1c8r (1.8 A) (Luecke, 1999a), 1ghj (1.9 A) (Belrhali, 1999), 1cwq (2.25 A) (Sass,
20-OCT-99), 1brx (2.3 A) (Luecke, 1998), 1at9 (2.5 A) (Pebay-Peyroula, 1997), 1brr (2.9
A) molecule B of (Essen, 1998), 1bm1 (3.5 A) (Sato, 1999), 2at9 (3.0 A) (Mitsuoka, 1999),
1at9 (3.0 A) (Kimura, 1997) 2brd (3.5 A) (Grigorieff , 1996))
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3.6 Derivation of distance constraints

3.6.1 Determination of a distance constraint list from NOE
volumes

NOE cross-peak intensities were trandated into distance constraints by either
integration and comparison to a reference interaction, or estimated and used as a
distance range in the calculations. Non-overlapped cross-peaks appearing in spectra
with mixing times of 10 ms or less were integrated, assuming direct proportionality
between the NOE intensity and the distance between the two contributing proton
types. The average volume of four isolated intra-residue NOEs of Trp86 (Hn2/H(2,
HN2/H(3, H(2/Hn2, H{3/HN2) was used as reference volume with a reference
distance of r,¢=2.485 A.

Distances where calcul ated by

nl
r:rrefGTrEf (34)

where | is the integrated intensity, I« and |, are the reference distance and integral,
respectively, and n is the number of protons involved in the NOE (Fletcher, 1996).
Overlapping peaks in spectra with 5 and 10 ms were assigned to a distance range by
comparing the isolated part of the peak volume to reference peaks.

Cross-peaks in spectra with mixing times of 20, 40, and 80 ms were assumed to
represent a distance contained in 3 distance range classes, taking into account that spin
diffusion might affect the peak intensity considerably. The distance range of class |
was set t0 3.0-4.5 A, of class Il to 4.0-6.5 A, and of class |l to 5.0-8.0 A. Cross-peaks
were assigned to a class after comparison of their intensity with those of intra retinal
NOEs with distances in the range of the boundary between two classes. Peaks used for
comparison were (1) H15-H10, (2) H15-H20 and (3) H15-H16/17 NOEs of 13-cis
(see[Fig. 3.1). Peaks with intensities in between (1) and (2) were put in class |, those
between (2) and (3) in class I and those weaker than (3) in class IlI. Practically, peaks
in spectra with volumes too small to be integrated reliably in spectra with 10ms, but
clearly above the noise level in spectra with 20ms mixing time were put into class I.

Those which appear clearly above the noise in spectra with 40ms mixing time were
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put into class Il and all other into class Ill. This simple treatment is justified because
the signal to noise ratios in the spectra of different samples used for distance
calibration are similar. The specifications of the lower boundaries for the distance
classes are to some extend arbitrary. To be on the save side, the lower boundaries
should be assigned to the van der Waals distance of the two atoms, because the
intensity of a NOE is decreasing in the case of internal motions. From neutron
scattering data it is known that the core of bacteriorhodopsin is very rigid and so we
neglect internal motions as a source of significant error in the NOE volumes. The
specific values for the lower boundaries in the distance calculations were carefully
crosschecked in the evaluation of the refined structures. If NOE violations occurred at

the lower boundary of a class, the boundary was relaxed and the cal cul ation repeated.

A proper error anaysis for peak volume integration in multi-dimensiona NMR
spectrais difficult because of the long measurement time of single spectra. This leads
typically to cases, where only a very small number of spectra are recorded and a
proper statistical analysis from the comparison of several independent measurements
is not possible. In the bacteriorhodopsin spectra, additional systematic errors are
caused by baseline distortion from the protonated detergent. The resulting errors are
not randomly distributed.

To get an estimate for the relative differences between similar peaks, we did some
simple statistical analysis on the four calibration peaks in al spectra with mixing
times of 20 ms and shorter of samples containing *H Trp. A total of 9 spectra were
analyzed, in which the peaks CIS Hn2 H(2, Hn2 H{3 and their diagonal counterparts
were integrated. The peak volumes were normalized to the H{2 Hn2 peak of each
spectrum. The proton-proton distances Hn2-H{2 and Hn2-H{3 for tryptophan side-
chains of 2.50 A and 2.47 A result in a NOE ratio Hn2-HZ2:Hn2-HZ3 of 1.002 using
the linear approximation Eq. (3.4)] Taking the peak volumes of the 9 different spectra
with mixing times between 5 and 20 ms, we get a total of 20 ratios. The average of
these is 1.11 and the estimated mean squared error or standard deviation of a single
measurement (Bronstein, 1997) is 1.50. Thus we get arelative error of approximately
135% in the peak volumes. Since this error gives a physically unrealistic negative
number as lower boundary for the confidence interval, we use the smaller most

probable error of 91% in the peak volume. The real value is with a probability of 0.5
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within the error limits specified by the most probable error (0.68 for the relative
error). For the calibration distance, which is the average of four measured values, the
error is half the error of a single measurement (the error of the mean scales with the
square root of the number of measurements n). Taking the calibration distance
r4=2.485 A without error (the relative error of the distance can be neglected
compared to large error of the volumes), we can calculate the upper and lower bounds
for the distance by plugging the upper and lower bounds into Eq. ( 3.4|ﬂ Theresultis
a confidence interval, where the lower bound is 5% less and the upper bound is 42%
more than the actual result, e.g. for a NOE derived distance of 3 A, we get an
confidence interval [2.87 A, 4.07 A]. These errors have to be taken as arelative rough

estimate, since we have asmall statistical sample and we neglect any systematic error.

During the structure calculation, the boundaries of the zero part in the NOE energy
term were set to £ 10% for the integrated peaks. The reasoning to use rather tight
boundaries is to emphasis the NOE energy terms compared to the other energy terms

in the force field. All distance constraints used for the calculations are summarized in
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13-cis, 15-syn all-trans, 15-anti
intra-retinal
H7-C16H5/C17H; 4.0-6.5 4.0-6.5
H7-C18H; VDW-2.9 VDW-2.9
H7-C19H; VDW-2.9 2.7+10%
H8-C16H5/C17H; VDW-2.9 VDW-2.9
H10-H15 3.0-45 -
H11-H15 4.0-6.5 4.0-6.5
H11-C19H; 2.6110% 2.6+10%
H11-C20H; 2.7+10% 2.8+10%
H14-H15 3.0-45 3.0-45
H14-C20H; VDW-2.9 4.0-6.5
H15-C20H; 4.0-6.5 VDW-2.9
H12-H15 2.1+10% 4.5-8.0
H15-C16H5/C17H; 4.5-8.0 -
retinal / tryptophan
H8-W18951 45-8.0 -
H12-W8651 3.6x10% 4.0-6.5
H14-W8601 4.0-6.5 VDW-3.5
H15-W8651 3.5£10% -
C16H3/C17H3-W86¢e3 3.0-45 4.0-6.5
C16H4/C17H3-W86(3 VDW-2.9 VDW-2.9
C16H4/C17H3-W86n2 3.0-45 4.0-6.5
C16H4/C17H3-W86(2 45-8.0 -
C16Hs/C17H5-W18951 VDW-2.9 VDW-3.5
C19H:-W18261 - 45-8.0
C20H3-W86561 4.0-6.5 -
C20H;-W18261 3.0-45 3.0-45
C20H3-W182¢3/(3/n2/(2 4.0-6.5 3.0-45
retinal / threonine
H10-T90yH; 4.0-6.5 -
H11-T90yH; 3.0-45 3.0-45
H14-T90yH; 4.0-6.5 -
H15-T90yH; 4.5-8.0 4.5-8.0
C19H3-T90yH; 4.0-6.5 45-8.0
C20H3-T90yH; VDW-3.5 3.0-45
C18H3-T142a VDW-2.9 VDW-2.9
C18H3-T142yH; 4.0-6.5 4.0-6.5
threonine/ tryptophan
T90yH3-W8661 4.5-8.0 4.5-8.0
TO0YH3-W18261 4.0-6.5 4.5-8.0
TO0y-W182¢3/(3/n2/72 4.0-6.5 3.0-45
T142y-W138e3/(3/n2/72 4.0-6.5 4.0-6.5
T178y-W18261 3.0-45 3.0-45
T178y-W182e3/(3/n2/72 4.0-6.5 4.5-8.0

Tab. 3.5 Distance constraints used in the structur e calculations.
Additional distances were derived for the pairs Thr67/Trp80 and Thr121/Trpl37. The

confidence intervals for these distances are taken as -5% and +42% of the determined
values. The same confidence interval is specified for the intra threonine cross-peaks.
However these peaks are in a region of the spectrum with additional noise due to

residual protons of the deuterated dodecyl. Therefore additional systematic errors in
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the peak volumes are expected. The distances are compared to different coordinate
sets from the pdb. A comparison to the structures is made in chapter

crystal structures

NMR confidence | 1c3w 1ghj 1brr 1bml 2at9 2brd
T67-W80
Ha-Hol 3.89 3.70-552 | 4.02 4.22 4.49 5.16 4.17 11.3
HB-Ho1 241 229-342 | 219 223 2.32 2.96 341 141
Hy-Ho1 297 282422 | 284 2.70 2.78 5.42 181 13.7
T121-W137

Ha-He30 2.72 2.58-3.86 | 3.24 3.26 3.74 3.20 371 4.59
HpB-He3O 221 210-3.14 | 2.09 231 4.58 4.57 2.05 4.78
Hy-He30O 3.06 291435 | 321 331 2.56 271 3.44 2.33
T67

Ha-Hy 3.38 3.21-480 | 381 3.79 3.78 311 3.56 3.10
T121

Ho-Hy 3.68 3.50-523 | 2.86 2.88 3.18 3.19 291 3.06
HB-Hy 2.80 2.66-3.98 | 2.50 248 245 245 245 2.46

Tab. 3.6 NMR derived distance constraints for two threonine tryptophan pairs outside
the chromophoreregion. The* indicatesthat the specific assignment of this proton is
based on the coordinates of 1c3w. Thelast six columns give the distances from the
highest resolution crystal structures of six different research groups (1c3w (L uecke,
1999b), 1ghj (Bdrhali, 1999), 1brr molecule B of (Essen, 1998), 1bm1 (Sato, 1999), 2at9
(Mitsuoka, 1999), 2brd (Grigorieff, 1996)).

Many of the distance constraints of [Cab. 3.5/ and [Tah. 3.6] are between residues of
different helices. Retinal is connected to Lys 216 in helix G and shows NOEs to
residues of helix C (which isformed by residues 36-64), helix E (133-155) and helix F
(164-192). Additional NOEs are observed between helix D (104-127) and helix E, as
well as between the small beta sheet region of the BC loop (67-71 and 74-78) and the

beginning of helix C. If the methionine assignments of chapter Bazlare confirmed,
additional distance constraint are observed between helices A (9-31) and G
(Trp12/Met209) and between helices D and F (Met118/Trpl82).
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3.6.2 Back-calculation of NOESY spectra

With the usual approximations made in the derivation of the master equation of the
reduced density operator, the NOESY cross-peak volume after a mixing time 1, is
(e.0. (Borgias, 1990))

Y :[exp(_RTm)i,ij,O (35)
where Mo is the equilibrium magnetization of spin j. The relaxation matrix elements

R;; are functions of the transition rates between energy levels. For a system of n spins

R isa(nx n) matrix. For dipolar relaxation, the elements of R are

wy! —wy! if i # j
Ry = Dowyl 2w whl + R, if i = (3.6)

k#j

The diagonal elements are given by the longitudina relaxation rates. They are
determined by the dipolar interaction of spin j with al other spins in the sample plus
an external rate, which takes care about other relaxation mechanisms. The cross-
relaxation rates R j are given by the difference between the rates of simultaneous flips
of spinsi and j in the same sense (both spins make a transition from spin up to spin
down or vice versa) and in an alternate sense (one spin makes a transition up/down,
the other one down/up or vice versa). The transition rates w," (flip-flip term) and wy'!
(flip-flop term) are determined by the dipolar interaction strength of the spins and the
model for the random motion of the spins, which enters through a spectral density

function.

TR
wy! =| 22| 30
° (411) 10r1,° ©

02 3(He ) W'’
wh == 20 L (W 3.7
! 2(411) 10r, ° («) (3.7)

2 4 2
ij—a Mo} Vi N
wh =g 2o | DL 320
2 (411) 10r, ° (2¢)

where vy is the gyromagnetic ratio (, which is assumed to be the same for the two

interacting spins) and r;; is the distance between spins i and j. The spectral density
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J(w) is a function of the rotational correlation time 1. For protein structure

determination an isotropic rotation of arigid body it is often assumed, which leads to

It isimportant to note that the NOE intensity (Eq. (3.55[) of a cross-peak between spini
and j depends on the complete relaxation matrix R and thus on the distances to all
spinsin the sample. To get an analytical solution of the cross-peak intensitiesin terms
of the transition rates and thus of the distances, the matrix R has to be diagonalized
and the Eigenvalue problem has to be solved. An analytical solution can in principle

be obtained for up to five spins (Landy and Rao, 1989).

The matrix exponential can be approximated by a Taylor seriesin tn,. For sufficiently
short mixing times, terms of higher order can be neglected and the NOE intensities are

given by

i, =M |3, - R, 7] (39)
In this expression, the cross-peak intensity of the NOE between spin i and j depends
on the term R;; only, which is proportional to the inverse of the sixth power of the
distance between the two spins. This is the approximation, which was made in the
quantification of the peak intensities in chapter [3.6.1}

After the determination of the structure, numerical solutions of Eq. (3.5) can be used
to calculate build-up rates of NOE cross-peak intensities (Keepers and James, 1984,
Yip and Case, 1989). This approach has been used to refine protein structures. In the
present case, the build-up curves for individual cross-peaks can't be determined
accurately enough to perform such a refinement. However, from the calculated
structures, we can back-calculate NOESY volumes to validate the initia rate
approximation and to look at qualitative features of the build-up curves. All
calculations have been performed on a coordinate file with the retinal in 13-cis, 15-
syn configuration using the routine implemented in XPLOR (Briinger, 1992; Nilges,
1991).

We first address the question whether the linear approximation for the integrated
cross-peaks is valid in the spectra with 10 ms mixing time. We calculate NOE
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volumes from a coordinate file and evaluate the obtained data subsequently in the
same way as the experimental data. Distances are calculated using EQ. (3.4[[ with a
reference distance of r=2.485A and a reference volume given by the average of the
simulated volumes of the intra tryptophan cross-peaks W86 Hn2-H{2 and W86 Hn) 2-
H{3. In the experimental data, the observation of a NOE in the spectra with short
mixing times depends on the signal-to-noise ratio. Weak peaks cannot be integrated,
because they are under the noise floor. This limitation does not apply to the ssimulated

data and we analyze the peak volumes of all assigned NOEs.

An open parameter in the ssmulations is the rotational correlation time of the protein.
In we get an estimate for the rotational correlation time. To allow some
variation, we performed calculations with different values. The resulting distances are
listed below together with the ‘true’ distance of the corresponding protons in the

coordinate file used during the simulation.

Input Distance determined with linear approximation
distance [A] ’H BR'H Ret'H Trp *H Thr 'HBR
1.=40ns T.=50ns 1.=60ns 1.=40ns

intra-retinal

H15-H14 311 3.09 3.08 3.08 3.13
H15-C20H3 4.63 4.26 4.19 4.13 4.09
H15-H12 2.11 2.18 2.19 2.21 2.19
H15-H11 471 4.05 3.97 3.90 3.82
H15-H10 4.02 3.09 3.02 2.97 2.92
H15-C16H, 7.91 6.71 6.44 6.21 5.99
H15-C17H3 7.60 6.72 6.49 6.28 5.87
H14-C20H3 2.80 2.77 2.76 2.76 2.78
H11-C19H; 2.73 2.75 2.76 2.76 2.69
H11-C20H3 2.69 2.72 2.73 2.74 2.65
H7-C19H; 2.62 2.67 2.68 2.70 2.64
H8-C16H; 2.61 2.70 2.72 2.74 2.69
H8-C17H; 2.66 2.76 2.78 2.80 2.72
H7-C18H; 253 2.58 2.59 2.60 2.57
H7-C16H- 4.44 4.29 4.26 4.24 4.14
H7-C17H; 4.46 4.33 4.31 4.29 4.09
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retinal / tryptophan

H15-W8651 2.98 2.96 2.96 2.96 2.89
H14-W8601 4.60 4.40 4.36 4.33 4.13
C20H:-W86561 6.44 5.91 5.80 5.70 5.51
H12-W8601 3.46 3.35 3.33 3.31 321
C16H3-W86¢3 3.07 3.07 3.07 3.07 3.00
C17H3-W86¢3 4.40 3.97 3.90 3.84 3.73
C16H3-W86(2 6.74 6.02 5.88 5.74 5.61
C17H3-W86(2 5.44 4,98 4.89 4.81 4.61
C16H5-W86(3 3.20 3.17 3.17 3.17 3.08
C17H3-W86(3 2.88 2.92 2.93 2.94 2.85
C16H3-W86n2 5.36 4.58 4.47 4.38 4.28
C17H3-W86n2 3.72 3.61 3.58 3.56 3.48
C20H:-W18261 3.63 3.56 3.55 3.54 3.39
C20H:-W182¢3 6.59 6.12 6.01 5.91 5.79
C20H:-W182(2 3.97 3.85 3.82 3.80 3.65
C20H:-W182(3 7.10 6.45 6.31 6.17 6.06
C20H:-W182n2 6.05 5.19 5.06 4.95 4.83
H8-W18951 6.60 5.01 4.87 4,74 4.61
C16H:-W18951 5.47 4.76 4.65 4.56 4.43
C17H3-W18951 3.59 351 3.49 3.48 341
retinal / threonine

H15-T90yH; 6.46 5.73 5.62 5.51 5.39
H14-T90yH; 5.38 4,77 4.67 4,58 4,54
C20H3-T90yH, 3.59 3.30 3.29 3.28 3.21
H11-T90yH; 4.00 3.93 3.91 3.90 3.75
H10-T90yH; 5.16 5.03 5.00 4.97 4,72
C19H3-T90yH; 5.10 4.60 457 453 4.26
C18H:-T142a 2.73 2.74 2.74 2.74 2.73
C18H3-T142yH; 481 411 4,05 3.98 3.80
threonine/ tryptophan

TO0yH;-W18251 6.36 5.76 5.66 5.56 5.17
T90yH3-W86561 6.71 6.26 6.16 6.07 5.62
T90y-W182¢e3 5.98 5.59 5.50 5.42 5.33
T90y-W182(2 2.68 2.68 2.69 2.69 271
T90y-W182(3 4,99 4.49 4.41 4.33 4.32
T90y-W182n2 3.22 3.15 3.13 3.12 3.12
T178y-W18251 3.67 3.56 3.54 3.51 344
T178y-W182¢e3 5.73 5.54 5.49 5.44 5.17
T178y-W182(2 4.63 4.58 4,57 4.56 4.10
T178y-W182(3 6.63 6.30 6.22 6.15 5.86
T178y-W182n2 6.19 5.84 5.77 571 5.25

Tab. 3.7 Comparison of distances determined from simulated NOE intensitiesusing the
linear approximation. The simulations wer e performed for two different labelling
patterns and three different mixing times. Thefirst column of distances correspondsto
the distance of the spinsin theinput structurefilefor the simulation. Note that these
distances aretaken from a preliminary 13-cis, 15-syn structure and do not correspond
exactly to those of a member of the final family of structures.
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Fig. 3.6 Error of the distances determined by the linear approximation relativeto the
true distancesin the structure used for the calculation of the NOE by the relaxation
matrix approach. Therelative error is 100* (I ueTinear )/ true- A pOSitive error thus
correspondsto a distance shorter than the true distance.

The graphical representation of the relative error induced by the linear approximation
shows that the different curves are qualitatively the same. The effect of longer
correlation times is merely to shift the region of applicability of the initia rate
approximation to shorter mixing times (Madrid, 1989). Different 1. values can be
related to each other by an appropriate scaling of t,, (Post, 1990). The relative error
introduced by the linear approximation and the way of calibration is less than £5% for
all distances up to 3.5 A. Peaks between protons further apart than 3.5 A are typically
close to the noise level in the experimental spectra. So we can conclude, that errors by
the linear approximation is less than 5% for the integrated peaks in spectra with

mixing times up to 10 ms.

The second question is, whether the sample labelling causes specific errors in the
NOE volumes, which are not observed in uniformly *H Iabelled samples. To test this,
two simulations were performed with different |abelling patterns, but the same mixing

time and rotational correlation time. [Fig. 3.7| is a graphical representation of the
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relative errors. Again, both data sets have the same general features. However, the

curve cannot be superimposed by simple scaling.

In general, the errors caused by the linear approximation are reduced in the selectively
labelled sample (see [Tab. 3.7). Exceptions are some of the distances, which are
shorter than the calibration distance. It isinteresting to note that selective labelling has

qualitatively the same effect than reducing the rotational correlation time for longer

distances.
v - ‘HEBR
relative error [%] 4 *HBR, 'H Ret 'H Trp 'H Thr

30+ .

aeasl
!‘-

251

20+

15+

104

5 6 7 8
distance [A]

Fig. 3.7 Comparison of therelative errorsintroduced by the linear approximation in
uniformly and selectively protonated bacteriorhodopsin.

The errors introduced by the linear treatment have three different sources:

1. Eveninthe case of anisolated spin pair, the linear treatment is not correct. The
error leads to an overestimation of the very short distances. It shows a zero
crossing at the calibration distance and levels of f to a constant value. The value of
this constant error for long distances scales with the mixing time.

2. The biggest errors due to spin diffusion are observed in alinear arrangement for
the NOE between the outer spins. The volume of the cross-peak in this caseis
mainly determined by the indirect magnetization transfer through the intermediate
spin. The distance between the outer spins is estimated shorter than it isin redlity.

3. The NOE volumeisreduced, if the longitudinal relaxation rate of the spinsis
getting faster. The leakage of magnetization can be caused by other protons
nearby. This process will lead to errorsin the estimation of distances, if the
leakage rate is different for different spins.
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The dependence of the relative error on distance in [Fig. 3.6| and [Fig. 3.7] is fully

described by these three effects. The second and third point depend on the actua
geometry and differ between different cross-peaks. This causes the ‘fine structure’ or
‘peaks on top of a genera trend-line, which is defined by the error for two isolated
spins. This genera trend-line is large and negative for very short distances, shows a
zero crossing at the calibration distance and levels off to a small error of less than 1%
at large distances (the asymptotic value has been determined from calculation for a

two-spin system with the same parameters as above).

The two distances with the largest relative errors (Ret H15-H10 and W18951-RetH8)
can be explained by looking at the structure: Both NOEs are to a large extend
mediated by a third spin, geometrically located in between the two spins forming the
NOE. Thisis retina H12 in the case of the retinal H15-H10 NOE and the two retina
methyls H16 and H17 in the case of the Trpl89 81 - retinal H8 NOE. The NOE
intensity is mainly determined by the shorter distances to the third spin.

The third ‘peak’ annotated in between Thr90 CHsy and Ret CH320
corresponds to a difference in leakage rate. Both spins show strong NOEs to third
spins. Thisleadsto afaster leakage of magnetization and the error is getting bigger.

The leakage of magnetization is most obvious, if NOE intensities of the same cross-
peaks in spectra with different labelling patterns are compared. The H{3 proton of
W86 is very close to the methyl groups 16 and 17 of the retinal. This leads to a much
faster reduction of the W86 n2 (3 NOE at longer mixing times as compared to the
W86 n2 (2 NOE. In spectra with deuterated retinal, the two peaks have amost the
same intensities, as expected from the similar distances between the involved protons.
Simulated buildup curves and two spectra recorded with the same mixing time are
shown in[Fig. 3.8 Theinitial rates for all four curves are approximately the same. The
leakage rates in the absence of protonated retinal are dightly different, because the
H{2 proton is close to both Hn2 and He3, while H{3 is more isolated. The leakage

increases for both protons in the presence of protonated retinal.

The example shows that by comparing intensities of identical peaks present in spectra

with different labelling patterns, additional information about the local environment of
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the spins is obtained. In the present case, the observation confirms the specific

assignment of the Trp 86 AMXP spin system.
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Fig. 3.8 NOESY spectra with mixing times of 40 ms. The sampleon theleft is1H Ret,
1H Trp and 1H Thr labelled, the sampleon theleft is1H Trp and 1H Thr labelled. The
intensity of the cross-peaks between W86 Hn2 and W86 H{3 islowered in the Ret 1H
sample dueto relaxation of the H{3 proton by the close methyl groups CH; 16 and CH;

17.
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3.7 Bacteriorhodopsin structures

3.7.1  Structure calculation

The NMR structures were caculated using the program AMBER (version 4.1)
(Cornell, 1995), and the X-ray structure 1brr (Essen, 1998) as atemplate. A ssimulated
annealing protocol was applied in which only atoms within a distance of 10 A from
the retinal were allowed to move (elevating temperature to 1500 K at 0-5 ps, cooling
down to O K at 5-10 ps with slowly increasing VDW repulsion terms from 0.001 to
1.0 between 0 and 5 ps) (Cornell, 1995). Point charges for a protonated chromophore
have been calculated with GAMESS U.S., and the RESP programs following the
method of Cieplak et al. (Cieplak, 1995; Schmid, 1993). Torsion barriers for the
aternating single and double bonds of protonated retinal were set to 10 kcal/mal,
according to quantum chemical calculations (Zhou, 1993). Asp 96 and Asp 115 were
included as protonated (neutral) amino acids. Four hydrogen-bonded water molecules
observed in the crystal structure of Luecke et a. (Luecke, 1998), 1brx) were included
in the calculation. In the absence of the water molecule between Asp 85 and the Schiff
base proton the structure calculation lead to violations of intra retinad NOEs.
Hydrogen bonds in helices were restrained to their original values at the end of the
calculation. Forces representing distance restraints were applied by way of a square-
well function (r=50.0 kcal.mol™ A?). A distance of 0.4 A was added to a determined
value to alow for methyl pseudo atoms, 1.5 A was added to take account of the
C16/C17 pseudo atom (Fletcher, 1996) and 2.4 A was added for the pseudo atom
representing He3, H{3, HN2 and H{2 of a Trp side-chain.

For both all-trans and 13-cis,15-syn a total of 100 simulated annealing runs were
preformed. The final energy of the AMBER force field was very low for al calculated
structures, with an average of -4944+19 kcal/mol for all-trans structures and —
4956118 kcal/mol for 13-cis, 15-syn structures. The number of NOEs is sufficient to
get the correct conformation of the retinal in al calculated structures. During the slow
cooling phase in the last 5 ps of the smulated annealing protocol, the force field
energy is minimized effectively, leading to a low energy for al structures. In test

caculations without NOE constraints, the retind was found in different
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conformations. The three structures with the lowest force field energy had the retina

in a13-cis, 15-syn conformation.

The spread of the 100 calculated structures with the distance constraints of
defines the retinal position in the all-trans and the 13-cis forms, the position of the
tryptophan side chains 86, 138, 182 and 189, and of threonines 90, 142, and 178. The
largest variations are observed in the position of Trp 138, where two subgroups with
different side-chain conformations are observed, leading to arms of 0.42 + 0.56 A for
the heavy side-chain atoms of this residue. (Tab. 3.8). Out of the family of 100
calculated structures - which we refer to as the parent family in what follows - 12
structures were selected based on minimum chemical shift rms (chemical shift
subfamily) between the chemical shifts calculated from the coordinates and the
observed values for the protons resonances of Thr 90, 142 and 178 (Ha, HB and Hy)
and Trp 86 (He3,H{3,Hn2,H(2 and H31); (14 chemical shifts in total). Trp 182
protons were not included, because their specific assignments are not uniquely
determined from the spectra. The chemical shift of the protons of Trp 182 are very
close to their random coil values and they barely vary. Including the shifts of Trp 182
did not lead to a significant difference in the selected structures. For 13-cis, 15-syn
exactly the same 12 structures were selected if Trp 182 was included or not, for the

all-transfamily 11 out of 12 structures were identical.

The potential of the chemical shift rms of the assigned proton resonances for judging
the quality of different bacteriorhodopsin structures is demonstrated in paragraph
However, since this usually is not applied, we make a more detailed comparison of the
parent family, the chemica shift subfamily and a family of 12 structures with the
lowest AMBER force field energies (energy subfamily). The average AMBER
energies, average chemical shift rms and different coordinate rms values of both
families of 12 selected all-trans structures and of all 100 calculated all-trans structures
are compared in

The first question addressed is: Does the selection of subfamilies lead to an
improvement of the quality of the final model? In standard NMR structure
determination, a selection of low energy structures certainly does improve the model

because many of the calculated structures are trapped in completely erroneous three-
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dimensional folds. In the present calculation, we start from a well-defined structure
and keep the three-dimensional arrangement fixed. All structures converge to a low
fina energy. The subfamilies have of course lower average vaues of the selection
criteria in comparison to the parent family. However, the average energy is larger in
the chemical shift family and the average chemical shift rms is larger in the energy
subfamily compared to the values of the parent family. Thus, the two selection criteria
lead to different subfamilies and the chemical shift rms is not correlated with the
AMBER energy. The backbone rms for the core of the protein (bb (sub)) and of all
backbone atoms allowed to move during structure calculation (bb (heat)) do not
change significantly for the parent family and the two subfamilies. The same is true
for the side-chain of Trp 189. The side-chains of Trp 86 and Trp 182 show smaller
rms values in the subfamilies, the lower values for the energy subfamily being
significant. The most significant improvement is observed for Trp 138, were both
criteria select structures of the same population of side-chain conformations. For the
side-chain of Lys 216 and to alower extend for the retina carbon atoms, both of the

subfamilies show considerably lower average rms values than the parent family.

The manifold of calculated structures defines the precision of the NMR structure.
Both of the selection criteria lead to subfamilies, which are more precise in the
positions of Trp 138 and Lys 216 as well as the retinal. The energy subfamily is more
precise than the chemical shift subfamily. However, the increase in precision does not
imply necessarily that the structures are closer to the true structure. To relate precision
and accuracy statistically, specific assumptions have to be made for the probability
distributions. Since such assumptions are very difficult to verify, the best way to get
an estimate for the accuracy is to have an independent standard (Zhao and Jardetzky,
1994). Therefore, we compare both subfamilies to the crystal structure at highest
crystallographic resolution (1c3w (Luecke, 1999b)), which is assumed to be closest to
the true structure. The hypothesis for the high accuracy of that structure is supported
by its chemical shift rms being smaller than for any of the structures in the parent
family. In what follows the term precision is used as a synonym for the average rms of
a family of structures with respect to its mean structure and the term accuracy as the

average rms of afamily of structures with respect to the crystal structure 1c3w.
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The overlay of the two subfamilies and the crystal structure 1c3w in |[Fig. 3.9
immediately shows that the selected conformation of the Trp 138 side-chain is the
correct one. Both criteria select more accurate structures than the parent family in this
case. The accuracy of the Lys 216 side-chain in the chemical shift subfamily is with
1.02+0.17 A significantly higher than for the energy selected, the rms of which
(1.17+0.21 A) is similar to the parent family (1.15+0.20 A). The lower accuracy in the
Lys216 side-chain results in a significant lower rms of the retinal carbon atoms of the
chemical shift subfamily as well. For the Trp side-chains other than Trp 138, the
parent family and both sub-families show similar accuracy, except for Trp 182, which

is slightly more accurate in the shift selected subfamily.

From these observations, we can conclude that although the energy selection leads to a
higher precision of the structures, the accuracy does only improve significantly for Trp
138 and to a lower extend for Trp 86. For both of these residues, the parent family
includes structures with very high accuracy and the energy selection does identify
those structures successfully. However, for the Lys 216 side-chain and the retinal, the
same is not true. Although, the energy selection does select a considerably more
precise subfamily, the accuracy of this subfamily is even dightly worse than that of
the parent family. The chemical shift criterion on the other hand selects structures

which are both, significantly more precise and accurate.
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Thr142 Thr178
Trp182

w TrpB6

Trp189

Fig. 3.9 Comparison of twelve all-trans structur es selected out of 100 calculated
simulated annealing runswith lowest AMBER energies (red) and with lowest chemical
shift rms (blue). For comparison, the coordinates 1c3w are shown aswell (green). The
structures have been superimposed on to 1c3w (used as areference structure)
minimizing theroot mean squar ed deviation of the backbone atoms (ussing MOLMOL
(Konradi, 1996)) of residues 9-29 (helix A), 43-60 (helix B), 81-94 (helix C), 108-128
(helix D), 134-152 (helix E), 178-191 (helix F) and 205-221 (helix G). Theseresidues
wer e chosen for alignment as they constitute the central core of the helicesin accord
with (Subramaniam, 1999).
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energy selected chem. shifts selected parent family
number of structures 12 12 100
EAMBER -4970+7 -4935+20 -4944+19
rmscs 0.387+0.095 0.294+0.012 0.361+0.073
rms relative to average structure
bb (heat) 0.08+0.01 0.09+0.01 0.09+0.02
bb (sub) 0.07+0.01 0.08+0.01 0.08+0.02
Ret 0.29+0.07 0.28+0.09 0.34+0.16
Lys216 0.57+0.19 0.63+0.18 0.87+£0.34
Trp 86 0.20+0.09 0.23+0.10 0.24+0.12
Trp 138 0.10+0.03 0.13+0.05 0.42+0.56
Trp 182 0.22+0.10 0.25+0.13 0.28+0.10
Trp 189 0.20+0.09 0.20+0.08 0.19+0.10
rmsrelative to 1c3w
bb (heat) 0.32+0.01 0.32+0.01 0.32+0.01
bb (sub) 0.33+0.00 0.33+0.01 0.33+0.01
Ret 0.65+0.10 0.54+0.08 0.63+0.15
Lys216 1.17+0.21 1.02+0.17 1.15+0.20
Trp 86 0.36+0.05 0.39+0.09 0.40+0.09
Trp 138 0.44+0.05 0.44+0.08 0.63+0.61
Trp 182 1.27+0.17 1.16+0.23 1.27+0.23
Trp 189 0.59+0.18 0.62+0.19 0.65+0.16

Tab. 3.8 Comparison of the statistics of twelve structures selected by either minimal
forcefield energy (EAMBER) or minimal deviation of observed and calculated
chemical shifts (rmscs) out of on hundred calculated coordinate files (column all). For
the calculation of the coordinate root mean square deviation (rms), the coordinate files
have been superimposed asin Eig. 3.9lon to either the average structure of the
corresponding family (upper part) or on to 1c3w (Luecke, 1999b). The different

coor dinate root mean squar ed deviationsinclude the following atoms: bb (sub) —
backbone atoms of the core residues of the seven helices (Subramaniam, 1999), bb
(heat) — backbone atoms, which are not fixed during the structure calculation, Ret —all
retinal carbon atoms, Trp, Lys—all heavy side-chain atoms (including Schiff-base
nitrogen for Lys 216).

To check whether this inaccuracy of Trp 182 is caused by an error in the distance
constraints, the calculation was repeated with all constraints involving H31 of Trp 182
removed. The assignment and distance determination of these cross-peaks is
ambiguous since the Hd1 and H{2 resonances of Trp 182 are overlapping. The
resulting parent family has a slightly higher average energy of —4936+24 kcal/mol and
a significantly higher average shift rms of 0.44+0.12 compared to the parent family
based on the full constraint list. The changes are caused mainly by a strong disorder in
the Trpl82 side-chain. The energy and chemical shift sub-families are shown in m
together with the aromatic side-chains of Tyr185 and Phe208. Remarkably, the
side-chains of these two aromatic amino acids show a very high precision, although
there are no distance constraints in the structure calculation. Thisisin opposite to Trp
182, which is much less accurate for both subfamilies. The average rms of the Trp 182
side-chain to the X-ray structure is 1.17+0.59 A for the shift subfamily and 1.93+0.94
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A for the energy subfamily. The rms between the mean structures of the chemical shift
subfamilies of the two different calculations is 0.28 A compared to a rms of 1.15 A
(full constraint average) and 1.02 A (reduced constraint average) relative to the X-ray
structure. It can therefore be concluded, that the reduced accuracy of the Trp 182 side-
chain in the structure calculations is not caused by an error in the distance constraint

file.

In summary we conclude that the chemical shift rmsisamore useful parameter for the
selection of a subfamily of structures than the AMBER force field energy in our
calculations. The chemical shifts are independent experimental parameters, which are
not used during the structure calculation. The selection based on chemical shifts
therefore leads to a considerable improvement of the accuracy of the selected
structures, especially for parts of the structure, which are less well defined. The force
field energy on the other hand is minimized during the structure calculation. If it is
used as a selection criterion as well, it can sort out structures, which are trapped in a
higher energy state during the last part of the structure calculation, as for example the
structures with alternative side-chain conformation of Trp 138. After having sorted
out structures trapped in local minima, the remaining structures are distributed around
the global minimum of the force field. If this minimum is inaccurate for some parts of
the structure, only independent parameters - as chemical shifts for example - can be

used to improve the final model.
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Fig. 3.10 Comparison of the side-chain orientation of three aromatic residuesin
structure calculations with maodified constraintslist (all constraintsfor W182 Hé1
removed). The 12 structur e of the ener gy subfamily (red) show much stronger
variationsin the side-chain orientation than the chemical shift subfamily (blue). The
aver age structur e of the chemical shift subfamily calculated with the full constraint lists

isshown in cyan.
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3.7.2  Comparison of the solution structures of the all-trans, 15-
anti and 13-cis, 15-syn forms of bacteriorhodopsin

Comparing the two families of structures with the lowest chemical shift rms for the
al-trans, 15-anti and 13-cis, 15-syn forms reveals the high similarity of the position of
the retinal and the amino acid side-chains in the active site (Fig. 3.11). High similarity
can be anticipated already from the small difference of the chemical shifts of similar
protons in both conformations. The average rms of the tryptophan side-chains relative
to the mean structure of the other conformer is only insignificantly higher than the
average rms to the mean structure of the same conformer (Tab. 3.9). Essential
difference is observed for the rms of the retinal carbon atoms. The largest deviations
occur in the area around the Schiff-base were the geometry is different. The Schiff-
base moiety is closer to the helix backbone and the methyl group attached to C20
moves dightly closer to Trp 182. The average distance between the protonated Schiff-
base nitrogen and the two aspartic acids 85 and 212, which are part of the complex
counterion, is found to be reduced in the 13-cis, 15-syn structure compared to the all-
trans, 15-anti. The average distances between Lys 216 N{ and Asp 85 02 are
4.53+0.49 A (all-trans) and 4.13+0.51 A (13-cis, 15-syn), respectively, and between
Lys 216 NZ and Asp 212 Od1 are 3.93+0.67 A (all-trans) and 3.44+0.40 A (13-cis,
15-syn), respectively. The significant reduction is caused by the retinal isomerization
and changes in the Lys 216 sidechain conformation. The sidechains of Asp 85 and 212

do not show any significant changes between the two families of structure.

The subtle movement of the Schiff-base moiety is trandated into a small displacement
of the retinal carbon atoms C1-C11. The average rms of these atoms with respect to
the mean structure is 0.25+0.10 A for both families of structure, whereas the average

rms between one family to the average of the other is 0.38+0.17 A (see[Tab. 3.9)
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To give a more accurate quantification of the displacement of the atoms C1-C11 of
the retinal in the al-trans, 15anti and 13-cis 15-syn families of structures, the
following protocol was applied using the computer program XPLOR (Bringer, 1992):

1. All members of the all-trans family of structures were one after another rotated
and translated into a coordinate system corresponding to the principle axis systems
of the atoms C5-C15 of theretinal polyene chain. The x, y and z-axis correspond
to the directions of the principle axis of inertia of the selected atoms with
decreasing size of the principle moment of inertia. Thus, the x-axis points along
the axis of inertia connected to the largest principle moment, which would be
along a vector pointing in the long axis of acompletely planar polyene chain. The
y-axis would be perpendicular to x-axis in the plane of the polyene chain and the
z-axis perpendicular to the plane of the polyene chain. Using internal coordinates,
X corresponds approximately to the vector C15-C5 and y to C11-H11.

2. Each single 13-cis, 15-syn structureis fit to each of the oriented al-trans
structures in order to minimize the backbone rms of the two structures.

3. For the two structures, the retinal atoms C1-C11 of thel3-cis, 15-syn structure are
fit to those of the all-trans structure in order to minimize their rms. The
components of the tranglation vector needed to achieve thisfit are stored.

4. The average and standard deviation of the components for the translation vectors
obtained by a pairwisefit of all 13-cis, 15-syn to all all-trans structuresis
calculated.

The result of the fitting procedure gives the pairwise average displacement of the
retinal polyene chains together with a standard deviation, which can be interpreted as
error in the estimate. The values are x = -0.25+0.25 A, y = 0.09+0.14 A and z =
0.06+0.13 A for the components of displacement of 13-cis, 15-syn to al-trans. The
average pairwise rms for these atoms is 0.45+0.18 A. To get an estimate of the
significance of the above numbers, the same procedure was applied to al members of
the al-trans and 13-cis, 15-syn families separately, resulting in values of x = -
0.06x0.28 A,y = -0.02+0.13 A, z = -0.04+0.10 A and rms=0.37+0.16 A for the 13-cis,
15-syn family and x = -0.02+0.22 A, y = -0.00+0.16 A, z = -0.03+0.17 A and
0.37+0.14 A for the all-trans family.

We can conclude, that the polyene chain starting from C11 towards the [3-ionone ring
and the B-ionone ring of the retinal in the 13-cis, 15-syn structure is displaced by
0.25+0.25 A along the direction of the polyene chain toward the Schiff-base relative
to the same part of the al-trans structure. Perpendicular displacements are smaller
than 0.1 A on average. The precision of the retina structure as judged from the

pairwise rms for the members of each family of structures is lower than the
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determined displacement, which is reflected in an estimated error of the same order as

the determined displacement.

Trp189 TrpB86

Fig. 3.11 Superposition of 12 calculated structures each of the all-trans (blue) and 13-
cis, 15-syn forms (yellow) of deter gent solubilized bacteriorhodopsin. The pseudo atoms
representing the y-methyl protons of the threonine side-chain are shown as spheresto

allow distinguishing Cy and Oy.
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13-cis, 15-syn family

all-trans, 15-anti family

Chemical shift rms 0.282+0.007 0.294+0.012
Amber energy -4963+17 -4935+20
rmsrelative to the average structure

bb (sub) 0.07+0.02 0.08+0.01
Ret (al C) 0.26+0.09 0.28+0.09
Ret (C1-C11) 0.25+0.10 0.25+0.10
Lys 216 0.51+0.24 0.63+0.18
Trp 86 0.24+0.09 0.23+0.10
Trp 138 0.11+0.04 0.13+0.05
Trp 182 0.33+0.10 0.25+0.13
Trp 189 0.18+0.10 0.20+0.08
rms relative to the average of the other family

bb (sub) 0.09+0.02 0.09+0.01
Ret (al C) 0.52+0.10 0.53+0.08
Ret (C1-C11) 0.38+0.17 0.38+0.14
Lys 216 0.80+0.09 0.86+0.16
Trp 86 0.28+0.09 0.26+0.12
Trp 138 0.12+0.07 0.14+0.07
Trp 182 0.35+0.15 0.30+0.14
Trp 189 0.19+0.05 0.21+0.09

Tab. 3.9 Statistics of the 12 selected structures of all transand 13-cis, 15-syn forms. The
rmsvalues aredetermined asin

Proton
W86 Hdl
W86 H(2
W86 Hn2
W86 H(3
W86 He3
T90 Ha
T90 HP
T90 Hy2
T142 Ha
T142 HP
T142 Hy2
T178 Ha
T178 HP
T178 Hy2
W182 Hd1
W182 H(2
W182 Hn2
W182 H(3
W182 He3

exp.
6.64
7.06
5.97
6.64
6.99
4.24
4.56
0.28
3.63
343
0.83
3.87
4.08
-0.05
7.43
7.45
7.10
7.07
7.52

13-cis, 15-syn family

clac.
6.89+0.02
6.87+0.09
5.89+0.26
6.33+0.12
6.85+0.11
4.10+0.09
4.18+0.12
0.64+0.13
3.78+0.02
3.83+0.20
0.71+0.08
4,08+0.04
4.25+0.03
0.35+0.06
7.22+0.03
7.25+0.02
6.98+0.01
6.97+0.03
7.39+0.02

calc.-exp.
0.15
-0.19
-0.08
-0.31
-0.14
-0.14
-0.38
0.36
0.15
0.40
-0.08
0.21
0.17
0.40
-0.21
-0.20
-0.12
-0.10
-0.13

exp.
6.88
6.91
6.15
6.73
7.03
4.26
4.60
0.22
3.63
3.43
0.83
3.77
4.00
-0.13
7.38
7.27
7.19
7.05
7.38

al-trans family
calc.
6.90+0.03
6.83+0.07
6.00+£0.22
6.46+0.07
6.90+0.06
4.061£0.09
4.18+0.11
0.60+0.08
3.78+0.03
3.96+0.06
0.76+0.03
4.05+0.04
4.24+0.03
0.31+0.09
7.19+0.04
7.26+0.01
6.97+0.01
6.95+0.02
7.39+0.02

calc.-exp..
0.02
-0.08
-0.15
-0.27
-0.13
-0.20
-0.42
0.38
0.15
0.53
-0.07
0.28
0.24
0.44
-0.19
-0.01
-0.22
-0.10
0.01

Tab. 3.10 Observed and aver age calculated chemical shifts of the assigned residues,
which wer e allowed to move during the calculation.
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3.7.3 Comparison of NMR and crystal structures

The present chapter will discuss the subtle differences between our NMR structures
and the crystal structures of the all-trans ground state and two intermediates of the
photocycle. A comparison of X-ray, electron microscopy and average NMR structures

of the al-trans, 15-anti ground state are shown in I@ and Tab. 3.11.

Fig. 3.12 Comparison of the average all-trans NMR structure (black) and the

coor dinates 1c3w (magenta), 1ghj (red), 1brr_B (green), 1bm1 (cyan), 2at9 (blue) and
2brd (yellow). The pseudo atomsrepresenting the y-methyl protons of the threonine
side-chain are shown as spheresto allow distinguishing Cy and Oy.
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rms of the all-transfamily | 1c3w 1qghj lbrr 1bml 2at9 2brd
relative to other structures
bb (sub) 0.33 0.27 0.17 0.41 0.59 0.51
Ret 0.54 0.46 0.49 0.75 0.55 0.78
(0.36) (0.29) (0.27) (0.33) (0.33) (0.33)
Lys216 1.02 1.08 0.96 0.99 1.03 1.09
(069) | (©67) |65 |(059 |54 |(0.58)
Trp 86 0.39 0.36 0.35 0.37 0.51 0.83
Trp 138 0.33 0.37 0.27 0.29 0.69 0.38
Trp 182 1.16 1.03 0.80 0.83 1.43 1.27
Trp 189 0.62 0.44 0.29 0.82 0.92 0.84
pairwise rms
wira\® | av.nmr | 1c3w 1ghj 1brr 1bm1 2at9 2brd
av. nmr 0.32 0.26 0.15 0.40 0.58 0.51
1c3w 0.32 0.20 0.32 0.43 0.61 0.52
1ghj 0.24 0.31 0.26 0.37 0.53 051
1brr 0.22 0.37 0.33 0.38 0.55 0.51
1bm1l 0.28 0.34 0.28 0.27 0.58 0.42
2at9 0.28 0.29 0.25 0.28 0.11 0.65
2brd 0.28 0.34 0.28 0.27 0.00 0.11
pairwise rms
k2 | av. nmr | 1c3w 1ghj 1brr 1bm1 2at9 2brd
av. nmr 1.15 1.01 0.77 0.80 141 1.25
1c3w 0.80 0.17 0.47 0.60 0.63 0.59
1ghj 0.88 0.23 0.32 0.46 0.64 0.57
1brr 0.71 0.34 0.39 0.27 0.73 0.62
1bmi 0.88 0.90 0.86 0.77 0.69 0.48
2at9 0.81 0.82 0.80 0.57 0.98 0.48
2brd 0.90 0.99 0.94 0.88 0.20 1.06

Tab. 3.11 Structure comparison of the all-trans family of structuresand crystal
structures. Thefirst part of the table contains the aver age rms of selected coordinates
(theerror isvery similar tothat in and isomitted). The 12 structures of the all-
transfamily have been fit to the coreresidues of each crystal structure. Thevaluesin
parentheses are obtained by after a pairwisefit of the Ret carbon and Lys 216 sidechain
atomsto the corresponding atoms of the crystal structures. Thelower part of thetable
provides pairwisermsvaluesfor selected atoms between all crystal structuresand the
average NMR structure. In themiddle part of thetable, the structuresare overlaid on
the core backbone atoms (rmsin upper right triangle) and retinal C atoms (rmsin
lower |eft triangle). In thelower part, the structures are overlaid on the core backbone
atoms. The upper right triangel isthermsof the Trp 182 heavy sidechain atoms, the
lower left thermsof the Lys 216 sidechain.

The largest deviation between the NMR family of structures and the crystal structures
is found for the side-chain of Trp 182. The orientation of Trp 182 is similar in both
the alltrans and the 13-cis, 15-syn families of NMR structures. Differences of the all-
trans, 15-anti NMR structure to the crystal structures are therefore not caused by a
mixing of the all-trans and 13-cis, 15-syn conformations in the crystals. (The crystal
structures are usually recorded on samples, which have been illuminated and then

frozen before the diffraction data are recorded. It is assumed that most of the proteins
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are in the light adapted ground state (all-trans), but it cannot be excluded that a

substantial amount of 13-cis, 15-syn is present as well.)

The possibility of an error in the NMR distance constraint lists for Trp 182 has been
ruled out (see . The different orientation of the Trp side-chain is not caused by
the NOE constraints, but reflects the minimal energy position of this side-chain as
determined by the AMBER force-field.

The chemical shifts of the methyl group of Thr 178 are strongly influenced by the
orientation of the Trp 182 side-chain. The calculated values for Thr 178 CHgy are -
0.37 ppm (1c3w), -0.38 ppm (1ghj), 1.36 ppm (1brr), -0.08 ppm (1bm1), -0.02 ppm
(2at9) and -0.08 ppm (2brd) for the crystal structures. The calculated average value for
the twelve all-trans structures is 0.31+0.09 with a minimum vaue of 0.09. The
average value of the crystal structures (excluding 1brr, which has the Thr 178 side-
chain in false orientation), -0.19 ppm, is much closer to the experimental value of -
0.13 ppm. Therefore the orientation of Trp 182 in the crystal structure is probably
closer to the true structure in micelles than that of the NMR family of structures. The
observed chemical shift in the 13-cis, 15-syn is —0.05 ppm and thus closer to the
average of the calculated values for the al-trans crystal structures as well. The Trp
182 side-chain of the 13-cis, 15-syn conformer is expected to be in approximately the
same orientation as the Trp 182 side-chain in the crystal structures. The small
observed upfield shift of +0.08 ppm of the methyl of Thr 178 might indicate a small
displacement of the Trp 182 side-chain in the direction of the NMR average positions

for 13-cis, 15-syn as compared to all-trans.

The reason why the minimum energy conformation of the Trp 182 side-chain of the
AMBER force field is dightly different from the true orientation is probably a missing
interaction between the imino proton and a water molecule. Electron density for a
water molecule, which is hydrogen bonded to both W182 Hel and A215 O was found
by Luecke et al. (Luecke, 1999b). This interaction probably stabilizes the orientation
of the Trp 182 side-chain closer to the backbone of helix G. There is no experimental
evidence, that a water molecule is present in the late M-state structure at the same
position, because the Trp 182 side-chain moves further away from the backbone of

helix G. The observed distance in the average NMR structures (5.45 A average all-
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trans and 5.44 A average 13-cis, 15-syn) is about halfway in between those of the all-
trans (4.43 A) and 13-cis, 15-anti (M state 6.99 A).

It is very interesting to note, that the backbone Ca and CO atoms of Trp 182 in the
average NMR structures are closer to the 13-cis, 15- anti structure than to the all-trans
structure. A possible interpretation of this would be that the favorable interaction
between the Trp 182 side-chain and the water molecule causes conformational stress,
which is partially released by a small local backbone distortion of helix F. This
interpretation is favored by the observation, that the local backbone rms between
different crystal structures shows a little increase in the region Trp 182, Ser 182 and
Ala 184 compared to the neighboring residues in helix F. The electron density for the
Trp side-chain is well resolved and so all crystal structures have this side-chain in the
same conformation. However, the dightly distorted backbone conformation is more
difficult to handle and the refined structures of the different groups therefore show

larger backbone rms for that region.

The position of the retina of the 13-cis, 15-syn structure is in between that of the all-
trans ground state and the late M intermediate. The movement of C20 toward the
cytoplasmic side is 1.62 A in 1c3w relative to 1c8s, 0.32 A in 1c3w relative average
al-trans and 0.87 A in 1c3w relative to average 13-cis, 15-syn. The distance of the
methyl group in the 13-cis, 15-syn ground state to both crystal structures is
approximately the same (0.87 A to 1c3w and 0.84 to 1c8s), the distance to the average
al-trans NMR structure is 0.56 A. The movement of the retinal in the M structure is
translated into a movement of the backbone atoms of Lys 216. Thisis not the case for

the average NMR structures of both all-trans and 13-cis, 15-syn.

Very recently a high resolution X-ray structure of an early intermediate of the
photocycle was determined (Edman, 1999). Diffraction data at 2.1 A resolution on a
mixture of the all-trans ground state and the low temperature K-intermediate were
collected. The structure of the K intermediate was determined based on electron
density differences. The retinal backbone and the Schiff base linkage up to Ce of Lys
216 of the all-trans and 13-cis, 15-anti conformers were constraint to be planar. The K
intermediate (13-cis, 15-anti) and the average 13-cis, 15-syn structure show a very
high similarity in the coordinates of the retinal starting from C14. The distance
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between the C14 and C20 atoms is 0.20 A and 0.35 A respectively, if the two
structures are aigned by minimizing the rms of the helical core residue
(Subramaniam, 1999) backbone atoms. The Schiff base Nitrogen atoms are separated
by more than one Angstrom and the water molecule making a hydrogen bond to the
Schiff-base proton (W402 in 1c3w) isremoved in the K intermediate.

Fig. 3.13 Comparison of the average all-trans (blue) and 13-cis, 15-syn (yellow) NMR
structures and the coor dinates of the all-trans (magenta, 1c3w (L uecke, 1999b)), late M-
intermediate (green, 1c8s (Luecke, 1999a)) and K-intermediate (red, 1gko (Edman,
1999))
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3.7.4  Reflection on the BC and DE loops as observed in the
crystal structures on the basis of NMR evidence

Additional assignments for two pairs of Trp and Thr residues have been obtained in
chapter 3.4.3 (see also Tab. 3.6 of chapter 3.6.1), based on the analysis of distances
and theoretical chemical shifts in the different crystal structures. These residues are
located in the extracellular loop regions between helices B and C (Thr 67 and Trp 80)
and helices D and E (Thr 121 and Trp 137) respectively, where the variation of the
different crystal structures is larger than for the backbone atoms of the helices
(Subramaniam, 1999). In the following, the loop structures of the different crystal

structures are compared to NMR derived parameters.

Thr 67 is located in the loop between helices B and C (see Fig. 3.14). It is the first
residue of a short B-strand formed by residues 67-71 and 74-78 (Luecke, 1999b).
After allowing for ring-current shifts, the a protons of residues in helices tend to be
shifted high field by approximately 0.30 ppm, whereas those in (3-sheets tend be 0.36
ppm down field shifted compared to the random coil shift (Osapay and Case, 1994;
Williamson, 1990; Wishart, 1992). This corresponds well to the observation, that the
chemical shift of the a-proton of Thr 67 is shifted further down field than all other
(assigned as well as unassigned) threonine resonances. The closest correspondence
between the calculated Ha shift and its experimental value is observed for 1c3w
(Luecke, 1999b).

The pattern (relative size) of the cross-peaks between Thr 67 and Trp 80 corresponds
well to the distances in 1c3w (Luecke, 1999b), 1ghj (Belrhali, 1999) and 1brr (Essen,
1998) (see [Tab. 3.6). These structures show relatively small deviations in the
orientation of the Trp 80 and Thr 67 side-chain conformation as well as for the

backbone in the BC loop region.

As judged from the few observed distances and chemical shifts, the region of the BC
loop structure in solution is very similar to that observed in the crystal structures 1c3w
(Luecke, 1999b), 1ghj (Belrhali, 1999)and 1brr (Essen, 1998). These structures show
the lowest local backbone rms with respect to each other as compared to the other

crystallographic structures.
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Fig. 3.14 Loop region between helicesB and C in a super position of bacteriorhodopsin
coor dinates 1c3w (magenta), 1ghj (red), 1brr_B (green), 1bm1 (cyan), 2at9 (blue) and
2brd (yellow). The structures have been superimposed on to 1c3w (used asa reference
structure) minimizing the root mean squar ed deviation of the backbone atoms of the
core of the transmembrane helices.

Thr 121 is located at the extracellular end of helix D (see[Fig. 3.15). The backbone of
al crystallographic structures is very similar in that region. However, the side-chain
dihedral x1 of Thr 121 differsin the structures. Two groups with asimilar rotamer are
observed: 1c3w x1=49.9, 1ghj x1= 51.9, 2at9 x1=55.3 and lbrr x1=-77.1, 1bm1 x1=-
78.3, 2brd x1=-55.7. The observed pattern of cross-peaks (see identifies HB
of Thr 121 being closest to the aromatic Trp protons of Trp 137. This holds true only
in the first group of crystallographic structures. The NOE data therefore suggest that
x1 of Thr 121 iscloseto 50.

In summary, the crystal structures of the extracellular loops BC and DE as observed in
the highest resolution X-ray structures correspond very well to NMR distances and
chemical shifts. There are no indications for differences in the three-dimensional
protein structure caused by crystal contacts or protein/detergent interactions for these

parts of the molecule.
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Fig. 3.15 Superposition of bacteriorhodopsin coordinates 1c3w (magenta), 1ghj (red),
1brr_B (green), 1bm1 (cyan), 2at9 (blue) and 2brd (yellow) for the extracellular part of
helix D and E. The structures have been superimposed asin

3.8 Discussion

The present chapter demonstrates that solution NMR can be successfully applied to
perform structural studies on integral membrane proteins. Site specific assignments
are possible and distance constraints can be obtained reliably. For the first time, a
number of structurally important inter-helical distances for a membrane protein have
been derived by solution NMR. The sequence specific assignments used for the
structure calculation have to a large extend been made before the first high resolution
X-ray structure (Pebay-Peyroula, 1997) of the protein has been published. The
independent assignment of the retinal protons, which are subsequently used as a seed
to identify nearby amino acids via a network of NOEs, was one of the keys to the
success of the method. For the subsequent sequence specific assignment of the
identified types of amino acids close to the retinal, a structural model is required. In
the present case a model from electron crystallography, based on the experimentally
observed density without further refinement (Henderson, 1990), was sufficient to
identify Trp 86, 138, 182, 189 and Thr 142. The assignment of Thr 90 and 178 was
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not unambiguous, because a third threonine (Thr 89) close in sequence and space
brought in some bias. The crystal structures with improved resolution and NMR
structure calculations with swapped assignments helped to sort out the correct

assignments.

The labelling approach (selective *H on background H) is used to the biggest
advantage in cases, where unfavorable relaxation properties of the protein make
heteronuclear experiments very difficult. For a de novo structure determination from
NMR data alone, it may be used in addition to other recently developed concept for
large proteins like TROSY and residual dipolar couplings. Thisis because it offersthe
possibility to determine long-range NOEs between amino acid side-chains, which are
particularly important for NMR structure determination. The information is
complementary to secondary structure constraints obtained from amide proton NOEs
and orientational restraints from residual dipolar couplings in fully deuterated
samples. In cases where structures are currently solved with samples fully 15N 13C
labelled together with random fractional deuteration, the approach might be used to
speed up the assignment and add additional distance constraints.

For structural investigations of solubilized membrane proteins, the above example
outlines a general strategy. The labelling concept makes it possible to identify
different amino acid types, which then in turn can be clustered into groups close in
space. If it is possible to get sequence specific information of one member of this
group, the neighbors can be identified from a structural model derived from other
experimental data and/or molecular modeling. The starting model is then refined
locally for the residues in the cluster. The crucial point is the sequence specific
assignment of one residue of the cluster. In the present case the unique spin-system of
the retinal could be used as starting point. It might be possible, that in proteins with
only very few copies of one type of amino acid, the identification of different clusters
makes it possible to assign them, however it should be kept in mind that the amount
of information that can be obtained is very limited due to the disappearing of many
signals under the noise level and the large overlap of the remaining ones caused by
huge linewidth. A particular useful approach could be the combination of electron
microscopy and NMR. The former method can produce three-dimensional maps at 7-9

A resolution relatively quickly, but has more problems in achieving near atom
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resolution, even if highly ordered two-dimensional crystals are available (Kuhlbrandt
and Gouaux, 1999). The method outlined in this chapter on the other hand has the
potential to obtain atomic resolution for selected parts of the molecule, if low-

resolution data are available.

The comparison of experimental chemical shifts and those calculated from high-
resolution structures is shown to be a powerful and independent tool to evaluate the
accuracy of structures. In the present case this approach is particularly fruitful because
many of the residues including the retinal show large structural chemical shift. This
leads to a very high sensitivity of these shifts to small changes in the atomic
coordinates. The correlation of accuracy and chemical shift deviations is shown for
the eleven crystal structures of all-trans bacteriorhodopsin available in the Brookhaven
protein data bank. For the NMR structure determination, the overall chemical shift
deviation was used to select a family of structures out of alarger number of simulated
annealing runs. Since this is the first time that calculated chemical shifts are used in
that way, the selected all-trans structures are compared to a family selected by
minimum force field energy. It is demonstrated that the chemical shift selection results
in both more accurate and more precise structures, while the force field criterion only

increases the apparent precision and does not improve the accuracy.

Whether this approach is generally useful to select NMR structure out of a number of
calculated structures remains to be shown. In an ab initio structure calculation, it
could be applied to a subfamily of structures, from which members with very high
energy representing models trapped in a local conformational minimum have been
removed. The number of constraints is usually much higher and the additional
chemical shift information might be unnecessary (Kuszewski, 1995). However, for
regions with large structura shifts, a higher accuracy of the structures might result
even in those cases and the additional computation time for a chemical shift selection
is negligible compared to an approaches where proton chemical shift are used as
constraints in every step of the simulated annealing protocol (Kuszewski, 1995;
Osapay and Case, 1991).

For the first time, a high-resolution structure of the 13-cis, 15-syn ground state of
dark-adapted bacteriorhodopsin is presented. The structure is calculated under the

assumption, that changes occur only locally in aregion of 10 A around the retinal, but
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the overall arrangement of the seven helices is the same as for the all-trans ground
state. The calculated structures for all-trans and 13-cis, 15-syn show no significant
deviations in the side-chain conformations of the four tryptophan and three threonine
residues, for which distance constraints have been determined. The largest changes
upon cis-trans isomerization are observed for the C12-C15 moiety and the end of the
side-chain of Lys 216. The Schiff-base nitrogen is brought closer in space to the Asp
85 and Asp 212 side-chains, which are part of the complex counterion (de Groot,
1989) formed by an interconnected branched network of six residues, four water
molecules and 11 hydrogen bonds (Luecke, 1999b). The distances between Lys 216
NZ and Asp85 052 and Asp 212 Od1 are reduced from 4.53+0.49 A and 3.93+0.67 A
for the all-trans family of structure to 4.13+0.51 A and 3.44+0.40 A for 13-cis, 15-syn.
In the high-resolution crystal structures, Asp85 032, Asp 212 Od1 and the protonated
Schiff-base are all hydrogen bonded to same water-molecule. The stronger interaction
of the protonated Schiff-base and its complex counterion for the 13-cis, 15-syn
chromophore is in accord with solid state NMR measurement, which deduced the
same from chemical shift differences of the Schiff-base nitrogen in the two dark
adapted forms (de Groot, 1989).

The most significant difference between the NMR determined structures and the high-
resolution crystal structures is a subtle change in the orientation of Trp 182. The
orientation in the crystal structures is more accurate than that of the NMR structures
as judged by chemical shift analysis. The difference is caused by a water molecule
which is hydrogen bonded to both Trp 182 Nel and Ala 215 O, which stabilizes the
unusual side-chain conformation in the crystal structure (Kleywegt and Jones, 1998).
This leads to a small local distortion of the a-helix backbone of residues 182-184 in
the crystal structures, which is not observed in the NMR structures. In both NMR
structures the stabilizing water molecule is not included in the structure calculation.
The position of the Ca atom of Trp 182 is closer to that observed in the X-ray
structure of the late M state of the D96N mutant. In this intermediate of the
photocycle, the Schiff-base has already transferred its proton to Asp 85 on the
extracellular side and the switch of accessibility of the Schiff-base towards the
cytoplasmic side has occurred, but the Schiff-base has not yet taken up a proton from

the cytoplasmic side. Part of the structural changes of the protein in the M-state is the
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movement of the Trp 182 side-chain towards the cytoplasmic side. The distance
between its side-chain and Ala 215 is getting too big to be bridged by a water

molecule.

Comparing the NMR 13-cis, 15-syn structure and the crystal structure of the K
intermediate, in which the retina is in a 13-cis, 15-anti conformation shows a
surprising closeness of their C20 atoms. In the K intermediate, which araises within a
few picoseconds following photoexcitation, the Schiff-base is still protonated and the
structural changes in the protein are very small compared to the all-trans ground state.
The steric interaction between the retinal C20 and Trp 182 was suggested to cause the
structural changes observed at the cytoplasmic end of helix F later in the photocycle.
From the comparison of the K structure and the 13-cis, 15-syn structure, such a
mechanism seems unlikely, since in the later the arrangement of the Trp 182 side-

chain and theretinal are very similar, yet it is a stable ground state structure.

Further improvements of the NMR structures should be achieved, if the chemical
shifts are use directly as constraints during the refinement protocol (Kuszewski, 1995;
Osapay and Case, 1991). It is expected that with the inclusion of chemical shift
restraints in the structure calculation, the number and accuracy of the distance
constraints can be reduced, while structures of the same quality are achieved. Thisis
particularly important for the study of intermediates of the photocycle, since the
solubilized bacteriorhodopsin samples are not as stable under illumination as in the
dark. If assignments are possible, it should also be possible to derive structura
changes very accurately. This is because Trp 86 and 182 are two of the residues with
large structural changes during the photocycle and it is expected that this leads to large
chemical shift changes. The Trp 182 side-chain conformation has a strong influence
on Thr 178 and Thr 90 and very small displacements of Trp 86 cause large changesin

the shifts of its own protons as well as the retinal protons H10, H11 and H12.

The structura interpretation of the retinal chemical shift is going to be another big
step to a better understanding of the protein. The ring-current contribution to the shifts
of H10, H11 and H12 protons are larger than 2 ppm and thus larger than for any of the
assigned proton resonances. A direct interpretation of these shifts has not been
included in the present work, because in addition to the ring-currents, the changes in

the Teelectron system of the polyene chain have an influence on the proton chemical
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shifts. However, the charge-distribution has a much stronger influence on carbon
chemical shifts. Quantum chemical analysis of the chemical shifts of protons and
carbons should therefore allow separating the contributions of local charge density on
the proton shifts. Apart from gaining additiona structural information, this opens as
well the possibility to obtain accurate data on changes in the electron system of the

retinal during the photocycle.
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