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Residual dipolar couplings for a ligand that is in fast exchange between
a free state and a state where it is bound to a macroscopically ordered
membrane protein carry precise information on the structure and orien-
tation of the bound ligand. The couplings originate in the bound state
but can be detected on the free ligand using standard high resolution
NMR. This approach is used to study an analog of the C-terminal undeca-
peptide of the a-subunit of the heterotrimeric G protein transducin when
bound to photo-activated rhodopsin. Rhodopsin is the major constituent
of disk-shaped membrane vesicles from rod outer segments of bovine
retinas, which align spontaneously in the NMR magnet. Photo-activation
of rhodopsin triggers transient binding of the peptide, resulting in
measurable dipolar contributions to '/ and 'Jci splittings. These dipolar
couplings report on the time-averaged orientation of bond vectors in the
bound peptide relative to the magnetic field, i.e. relative to the membrane
normal. Approximate distance restraints of the bound conformation were
derived from transferred NOEs, as measured from the difference of
NOESY spectra recorded prior to and after photo-activation. The N-termi-
nal eight residues of the bound undecapeptide adopt a near-ideal
a-helical conformation. The helix is terminated by an o, type C-cap, with
Gly9 at the C' position in the center of the reverse turn. The angle between
the helix axis and the membrane normal is 40°(*4)°. Peptide protons that
make close contact with the receptor are identified by analysis of the
NOESY cross-relaxation pattern and include the hydrophobic C terminus
of the peptide.
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Introduction

chemokines. More than 50% of all pharmaceutical
drugs target GPCRs. Specific binding of drug

Numerous physiological processes are regulated
by the interaction of G protein-coupled receptors
(GPCRs) with their respective G proteins and
ligands such as neurotransmitters, hormones, and

Abbreviations used: GPCRs, G-protein-coupled
receptors; CSA, chemical shift anisotropy; G,, G protein
transducin; HSQC, hetero nuclear single-quantum
coherence; MII, metarhodopsin II photointermediate of
rhodopsin; NOESY, Nuclear Overhauser enhancement
and exchange spectroscopy; TrDC, transferred dipolar
couplings; S2, peptide with sequence IRENLKDSGLEF;
TrNOE, transferred Nuclear Overhauser effect.

E-mail address of the corresponding authors:
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molecules modifies the activation state of the
receptor and structural aspects of selective
recognition between G proteins and their receptors
play a key role in understanding intercellular
signaling."” However, efforts to determine the
high resolution structure of an intact functionally
active complex between a G protein and its GPCR
so far have remained unsuccessful. Instead, models
of such complexes have been proposed that rely on
structural studies of individual components and
analysis of sites and modes of interaction.”*

In the retina, binding of the GDP-bound form
of the heterotrimeric G protein transducin (Gy)
to the light activated MII intermediate of the
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photoreceptor rhodopsin initiates the visual signal
transduction cascade. X-ray structures are now
available for dark-adapted rhodopsin® and
GDP-bound transducin.” Complementary struc-
tural information on bovine rhodopsin comes
from EPR,* electron diffraction,'"" high resolution
NMR,>"® and solid state NMR.'*'* Several regions
of transducin that are involved in binding to
MII have been identified."*"”* These include
the C terminus of the a-subunit of transducin
(G(340-350)), for which peptide analogs compete
with G, for binding to rhodopsin and stabilize
its active MII conformation.'®'®

The structure of the MlIl-bound Gx(340-350)
peptide previously has been studied by high reso-
lution NMR exploiting transferred NOEs, but
yielded partly contradictory results.””* Here, we
demonstrate that measurement of residual dipolar
couplings in an analog of G,a(340-350), bound to
MII, complements transferred NOE data and
results in a more detailed view of the structure of
the bound ligand peptide. Equally importantly,
dipolar couplings also yield the orientation of
the peptide relative to the membrane normal,
thereby facilitating assembly of the molecular
pieces of the puzzle.

Structures of tight complexes between proteins
and their ligands are amenable to multi-dimen-
sional high resolution NMR, provided the
rotational correlation time of such complexes
remains sufficiently short. In practice this puts
an NMR limit of ca 30-50 kDa on the size of
such complexes.”’ However, in combination with
suitable isotope labeling schemes, systems above
this limit are also accessible.”~**

The size limitations for tight complexes do not
apply to the NMR study of soluble ligands that
transiently bind to macromolecules. Provided the
exchange rate between the free and bound forms
of the ligand is comparable to or faster than the
rate at which cross-relaxation in the bound state
takes place, regular solution NMR experiments on
the excess of free ligand can be used to study
the conformation of the bound ligand. The very
efficient cross-relaxation processes in the slowly
tumbling complex dominate the magnetization
transfer processes observed for the rapid equi-
librium between free and bound ligands; the
cross-relaxation occurring in the free ligand is
often negligibly slow. Therefore, NOESY spectra
on a dynamically exchanging system containing
an excess of free ligand, in rapid exchange with
bound ligand, can be used to detect spatial proxi-
mity of protons in the bound form.** However,
interpretation of the resulting transferred NOE
(TrNOE) data may be challenging due to the possi-
bility of indirect magnetization transfer effects and
intermolecular cross-relaxation between ligand
and partner® When binding to a large, fully
oriented particle, interproton magnetization trans-
fer is governed by the rules of solid state nuclear
spin exchange and not by relaxation theory.” For
example, if a pair of protons in the bound state is

oriented at an angle close to 54.7° with respect to
the magnetic field, their dipolar interaction is very
small and the rate of magnetization exchange is
very low. The case where G,a(340-350) binds to
rhodopsin, anchored in the disk membranes iso-
lated from retinal rod outer segments, is inter-
mediate between the solid state case and the
situation normally encountered in transferred
NOE studies of ligand binding to soluble proteins.
Therefore, it is not clear a priori how reliable the
distance restraints are that can be extracted from a
TrNOE spectrum for the G,a(340-350) analog.

Here, we complement the TrNOE method with
the measurement of residual dipolar couplings.
Residual dipolar couplings report on the time-
averaged orientation of internuclear bond vectors
with respect to the magnetic field, thereby pro-
viding important global restraints for structure
refinement.*® Experimentally measured residual
one-bond dipolar couplings are directly related to
the ensemble average over (3 cos>6 — 1)/2, where
6 is the angle between the bond vector and the
magnetic field, independent of the time scale.
They therefore are not subject to the above men-
tioned problem encountered in interpreting
TrNOE data. Dipolar couplings have proven to be
particularly useful in defining relative alignment
of individual units in multidomain proteins and
macromolecular complexes, even in the absence of
long range NOEs between them.’'~* In addition,
they have been shown to improve the local
geometry of protein structures.** Measurement of
residual dipolar couplings requires partial align-
ment of the solute with respect to the magnetic
field. A small degree of net alignment can be
imparted onto solute molecules by placing them
in an environment that is not spherically sym-
metric. For example, steric interactions with a
dilute liquid crystalline phase of oriented phospho-
lipid bilayers can be used for this purpose,™ or
weak electrostatic interactions in a medium
containing one to two weight percent of charged,
rod-shaped oriented virus particles® ¥ can induce
the required weak alignment. Transient, non-
specific binding to the highly charged surface of
oriented purple membrane fragments can also
be used for inducing a non-zero average over
(Bcos? 0 — 1)/2.38%

For unbound, freely diffusing peptides, there is
no net orientation relative to the magnetic field
and for each bond vector in the peptide the time
average over (3cos’6 — 1)/2 equals zero. Intact
individual rhodopsin-rich rod outer segments of
bovine retinas align spontaneously in high field
NMR magnets, with the membrane normal parallel
with the magnetic field.***' We have recently
shown that individual disk membranes, isolated
from the retinal rod outer segments by the Ficoll
flotation method* also align with their membrane
normal parallel with the magnetic field.* Tran-
sient, specific binding of a peptide analog of
G.a(340-350) to the MII photointermediate of such
oriented rhodopsin molecules results in non-zero
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Figure 1. *'P NMR spectra of disk membrane phospho-
lipids. (a)-(c) Spectra simulated for phosphoplipids
embedded in the surface of an oblate spheroid with its
unique axis parallel with the magnetic field and an
aspect ratio of (a) 2.5:1, (b) 2:1, and (c) 1.5:1. Spectra are
simulated under the assumption of fast axial rotation of
the phospholipid in the bilayer, resulting in an axially
symmetric CSA tensor, but no translational diffusion.
Simulated spectra assume a single axially symmetric
CSA value, vy — v, =49 ppm, for the three major lipid
constituents of the membrane. (d) Experimental
spectrum of rhodopsin-containing disk membranes.

values for (3 cos?6 — 1)/2.*® Here, we extend this
measurement to the uniformly "C/"N-labeled
peptide and demonstrate application of these
transferred residual dipolar couplings (TrDCs) to
structure determination of the bound peptide.
Combined use of TrDCs and TrNOEs yields a high
quality structure of the bound peptide and defines
the orientation of the MII-bound peptide relative
to the membrane normal. Intermolecular relaxation
can also be observed and points to the peptide
contact surface with rhodopsin. Furthermore,
simultaneous structure refinement against funda-
mentally different experimental parameters
reduces the risk that potential artifacts of TrNOE-
derived distance restraints, resulting from spin
diffusion or intermolecular cross-relaxation, or
from errors in TrDCs caused by differential
mobility of bond vectors, get manifested in a
biased structure.

Results

We previously have demonstrated the feasibility
of measuring residual dipolar couplings for a
peptide mimicking the C-terminal fragment of
transducin.*® Here, we resort to uniform *C and
N enrichment of the peptide, in order to measure

as large as possible a set of one-bond heteronuclear
dipolar couplings. TrDC and TrNOE measure-
ments of the type utilized here, when transiently
binding to a very large particle, require high off-
rates, i.e. weak binding constants. The S2 peptide
corresponds to G,a(340-350)-K341R-C347S, and
was chosen here for its lower affinity to MII, result-
ing in an enhanced off-rate. MII stabilization by the
S2 peptide was confirmed by spectrophotometry.*
An additional benefit of the C347S substitution
is the elimination of the need to add a strong
reducing agent to the sample, necessary for the
native peptide to avoid disulfide formation. The
NOE patterns we observe in this region of the
peptide are quite similar to those reported by
Kisselev et al.*° indicating that the C347S substi-
tution does not cause any major structural
rearrangement.

After photo-activation, rhodopsin exists as an
equilibrium of MI and MII states, whereas MII
itself exists in two isochromic substates, MIla and
MIIb.** The MI to MII conversion is highly endo-
thermic (160 k] mol™).** In order to minimize
population of the MI state, measurements were
carried out at higher temperatures (10°C and
20°C) than used in previous NMR studies. Mlla
and MIIb interconvert rapidly and are associated
with distinct steps in deprotonation of the Schiff
base and proton uptake.*

Alignment of rhodopsin-rich disks

Measurement of dipolar couplings in the pep-
tide, which transiently binds to rhodopsin
anchored in the oriented surface of disk mem-
branes prepared from retinal rod outer segments
requires a significant degree of net orientation of
these disks. However, at the high concentration
needed for NMR studies, the alignment of these
rhodopsin-loaded flattened unilamellar vesicles is
a compromise between minimizing their aggrega-
tion, which requires low ionic strength, and mini-
mizing their osmotic swelling, which requires
high ionic strength of the surrounding solvent.
Empirically, a compromise is found that contains
5.8 mg disks per ml (63 uM rhodopsin) in 10 mM
Hepes buffer, and 20 mM KCl. Under these con-
ditions, the *P NMR spectrum of the phospho-
lipids contained in the disk membranes
corresponds to that of a distribution on an oblate
spheroid with an aspect ratio of ca 2 (Figure 1),
and the unique (short) axis parallel with the
magnetic field. This small aspect ratio indicates
that the vesicles are swollen considerably, which
results in a distribution of alighment orientations
of bound peptide relative to the direction of the
magnetic field. The effective alignment of bound
peptide is a weighted average over the surface of
the ellipsoid and is scaled down by a factor of 0.4
relative to the alignment expected for binding to a
perfectly flat disk. Nevertheless, these conditions
permit measurement of significant dipolar coup-
lings in the S2 peptide. It is important to note that
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Figure 2. Section of the 'H-""N HSQC spectrum,
recorded in the 'H-coupled mode, at 10 °C immediately
following photo-activation. The two inserted F; cross-
sections highlight the relaxation interference effect. Due
to faster exchange, the relaxation interference effect is
more pronounced at 20 °C. Correlations for Gly9, Ser8,
and the Asn4 side-chain amide protons (labeled n4)
are folded as a result of the small spectral width in the
indirect dimension.

the precise value of the aspect ratio has no impact
on the use of the dipolar coupling because the
alignment strength used in structure calculations
is a fitted parameter, which is a complex function
of many factors. These include, besides the aspect
ratio of the disks, the binding kinetics, the
rotational diffusion and relaxation rates in the
bound state, and the degree of internal dynamics
in the bound state.

Transient peptide binding to a large particle

Exposure of the dark-adapted rhodopsin to
bright light triggers transient binding of the S2
peptide to rhodopsin. At our experimental con-
ditions (2.6 mM S2 peptide, 63 uM rhodopsin,
20 °C) this causes the transverse relaxation rate of
peptide amide "N spins to increase from 6.6 s~ to
about 28s™'. The resulting line broadening is
considerable and gives rise to a pronounced
doublet asymmetry in the proton-coupled "N-'H
HSQC spectrum, caused by relaxation interference
between the "N chemical shift anisotropy (CSA)
and the one-bond "“N-'H dipolar interaction.*
This effect is particularly strong at 20 °C,* but as
discussed below, it becomes less pronounced at
lower temperature where both the on-and off-rates
are lower and the MI-MII equilibrium is more
shifted towards MI (Figure 2).

The rhodopsin-rich rod outer segment disk has a
diameter of several microns and a mass of about
50 gigadalton. For NMR purposes it can be
considered as a solid, non-tumbling object, but
with relatively fast axial rotational diffusion of
rhodopsin within the membrane, with a rotational
correlation time of ca 20 us.” Importantly, this
rotational diffusion is faster than the inverse of
the static homonuclear and heteronuclear dipolar
interactions. Therefore, upon binding to rhodopsin,

rotational diffusion of the S2 peptide about an
axis that is parallel with the local bilayer normal
reduces all dipolar couplings by a factor
(3 cos>a — 1)/2, where « is the angle between the
local bilayer normal and the magnetic field. The
decay rate, p, of transverse S2 magnetization in
the bound state depends on where on the vesicle
surface the S2 peptide binds. Decay of transverse
magnetization for the S2 peptide bound in a region
where « is small or close to 90° will be very fast,
essentially occurring at the rate that is observed in
the solid state and which is determined by the
inverse of the static '"H-'H dipolar interactions
(i.e. on a time scale of ca 50 ps). For bound times
longer than 50 ps, an increasing fraction of trans-
verse S2 peptide magnetization will decay prior to
release of the peptide into the solvent, thereby
contributing less to the observed dipolar splittings
and to the above mentioned relaxation-inter-
ference-induced asymmetry of the 'H-{"’N}
doublet.

Quantitatively, the TrDCs can be calculated by
considering the system as a two-site exchange
problem, where in one site (free in solution)
its relaxation is negligibly slow and the dipolar
coupling is zero, whereas in the second site
(bound state) the transverse relaxation rate, p, is
fast and the dipolar coupling equals D, (in units
of radian s7"). The average life time of a free ligand
is defined as 1¢ (7¢ = 1/ko[P]; with k., the on-rate
and [P] the concentration of unligated MII) and
the bound time, 1, = k;}. In the applicable limit
where (14mp) ' < (p— 7' +7,1)%, one obtains
for the observed dipolar splitting of the free
component, D g,:*®

Dobs = (1¢1p) "Dy /[(p — 7 ' + 7, )* + D] (1a)

In this limit, the line width, Av,,,, of the free
component is given by:

Avip=m Yo' = (remp) Mo — 7 1, 1)/
(1b)
X[(p—1 ' +m,H%+DEl

In equations (1), D, and p are functions of «, and
the full signal is obtained by integrating equations
(1) over the surface of the vesicle. Equation (la)
highlights that linear scaling between the observed
TrDC coupling (D) and the dipolar coupling in
the bound state (D,) requires that the off-rate, k.,
is much larger than the dipolar coupling in the
bound state.

Observed residual dipolar couplings are pro-
portional to (3 cos® 6 — 1)/2, where 6 is the angle
between an internuclear vector and the local
bilayer normal which determines the value of D,,
but are also a function of p. Under the simplifying
assumptions that p is independent of 6, and D, <
(p—1;'+m,"), the averaging over the surface
of the oblate-shaped rod outer segment vesicle
simply results in a uniform scaling factor of
the dipolar couplings. So, observed residual
dipolar couplings are directly proportional to
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Figure 3. Time dependence of "N-'H and "*C*-'H*
one-bond [+ D splittings of (a) Asp7 C*-H* and
(b) Gly9 N-HN in the S2 peptide, at 10 °C, observed after
photo-activation of rhodopsin at t =0. The time after
photo-activation refers to the mid-point of the NMR
measurement. Experiments were conducted twice, and
data points from the separate series of experiments are
represented by filled squares and circles, respectively.

(8 cos?® — 1)/2. For a unique bound conformation
of the peptide, the net alignment tensor for the
peptide therefore will be axially symmetric.

'H-"H longitudinal spin exchange in the bound
state, which forms the basis of the transferred
NOE effect, also depends on «. In contrast to the
case of transverse magnetization, longitudinal
spin exchange does not lead to the same loss of
signal, but redistributes the magnetization of a
given proton over its neighbors with which it has
a large 'H-'H dipolar interaction. This kind of
magnetization transfer is not the truly stochastic
process which underlies the NOE, but is governed
by deterministic spin exchange, defined by the
static dipolar couplings.” In contrast, for peptides
bound near o = 54.7° (the so-called magic angle)
rotational diffusion of rhodopsin about the
bilayer normal strongly reduces both the dipolar
broadening and the effective dipolar coupling.
In this region, '"H-"H magnetization transfer again
becomes a stochastic NOE-type process, which
generally takes place at a much slower rate than
applies in the static case. In practice, the distri-
bution of peptide orientations in the bound state
gives rise to a complex behavior of the observed
magnetization buildup in the transferred NOE
experiment and therefore requires careful analysis
to exclude the effects of indirect magnetization
transfer processes (spin diffusion).

Time dependence of dipolar couplings

HSQC spectra correlating directly bonded
"H-""N or 'H-"C spin pairs were recorded with-
out 'H decoupling in the F; dimension (Figure 2).
The splitting of the F; doublets for amide and
methine sites corresponds to the sum of the one-
bond '] coupling and the residual dipolar coupling,
'D, of the two interacting spins. For methylene sites
the center line of the regular “C-{H,} triplet is
invisible and the observed splitting corresponds
to the sum of the two individual YJcy + 'Deyn
couplings. A quartet is observed for rapidly rotat-
ing methyl groups and the dipolar contribution to
the splitting of the outer lines can be used directly
to constrain the orientation of the C-CH; bond
axis.*’

At a 2.6 mM concentration of uniformly N/
3C-labeled peptide, acquisition of high sensitivity
2D "H-"N and 'H-"C correlation spectra requires
only two scans per t;-increment, allowing the
recording of a complete HSQC spectrum in less
than ten minutes. Such rapid data accumulation is
necessary for monitoring the change in dipolar
coupling during the relatively fast decay of the
photo-activated MII state of rhodopsin. Spectral
overlap in the 'H-"°C HSQC spectrum prohibits
accurate dipolar coupling measurement for several
of the aliphatic resonances. Recording of multiple
3D spectra, in which such resonance overlap
would be completely absent, proved to be imprac-
tical due to the limited lifetime of the MII state.

Several series of 'H-coupled '"H-""N and 'H-"C
HSQC experiments were recorded prior to and
after light activation, each time using a fresh rho-
dopsin preparation. The experimentally derived
dipolar couplings and TrNOESs represent the differ-
ence relative to the dark-adapted state. Therefore,
effects of interactions with rhodopsin or membrane
sites, which are not affected by the photo-
activation, are subtracted out and the extracted
dipolar couplings therefore reflect the MII-bound
state.

One-bond “"N-'H and "“C-'H splittings each
change by specific amounts after photo-activation,
but return to their dark-adapted value in an expo-
nential fashion in subsequent spectra. The magni-
tude and time course of this change are highly
reproducible (Figure 3). The time course of
splittings observed after light activation, J(t), is
described by:

l]ObS(t) — 1]dark + lD eXp(_t/T) (2)

where '] is the coupling in the dark-adapted
state, 'D is the residual dipolar coupling at t =0,
and the time constant 7 is the exponential decay
constant of the peptide-binding MII state of
rhodopsin. The exponential decay curves of all
couplings measured after bleaching at a given
temperature were fitted simultaneously to opti-
mize the selection of a single 7 value. Decay
constants of 54 minutes at 10 °C and 15 minutes
at 20°C were obtained. On the basis of the



446

Bound Ligand Structure from Dipolar Couplings

Dat10°C [Hz]

-6 -3 0 3 6
Dat20°C [Hz]

Figure 4. Correlation between “N-'H (@),°C*—'H*
(M), and side-chain »C-"H (A) dipolar couplings in the
S2 peptide measured at 10 °C and at 20 °C, immediately
after photo-activation of rhodopsin.

exponential fit, each coupling was extrapolated to
t =0, i.e. to the midpoint of bleaching. The differ-
ence between the extrapolated coupling at t=0
and the coupling measured from the dark-adapted
sample represents the residual dipolar coupling.
Dipolar couplings measured at 10 °C and 20 °C
have different magnitudes resulting from changes
in the binding kinetics (equations (1)) and popu-
lation of the peptide-binding MII state. However,
assuming structure and orientation of the peptide
relative to the normal of the disk are identical at
the two temperatures, and that in both cases the
off-rate is much larger than the dipolar coupling
in the bound state, the ratio of values measured at
10 °C and 20 °C should be the same for all dipolar
couplings. Indeed, a good correlation with a linear
correlation coefficient of R =0.94 and a slope of
2.06 is found for the couplings measured at 10 °C
and 20 °C (Figure 4). Assuming the relative error
is the same at both temperatures, the data recorded
at 20 °C may be scaled down by a factor of 2.06 and
subsequently averaged with the 10°C data. The
pairwise rmsd between the 10 °C and the scaled
20°C data equals 0.56 Hz and 0.76 Hz for the
backbone "N-'H and "*C*-"H® couplings, respec-
tively, and 0.46 Hz for the side-chain “C-'H
interactions. The pairwise rmsd equals two
times the error in the individual couplings, and
averaging the 10 °C and scaled 20 °C data therefore
yields random measurement uncertainties of
028Hz, 038Hz, and 023Hz for “N-'H,
13C*~"H*, and side-chain couplings, respectively.
A total of nine backbone "N-"H residual dipolar
couplings were measured for the 1l-residue S2
peptide. Amide protons of Ilel and Arg2 could
not be observed due to fast exchange with solvent
protons. Although the upfield “N-{'"H} of Leu5
overlaps the downfield “N-{'H} component
of Asp7 at 10°C, both couplings are resolved at
20°C. Overlap of the "“C*-'H* correlations of
Arg2 and Leu5 prohibited measurement of their
'Deana dipolar couplings at both temperatures, but
couplings for the nine remaining “C*—'H® pairs

a)
74
6 -
5
T 44
>
§ 5
2- ‘
14
IHHI‘ ,,,,,, I |IIHHI ||,||‘|||| |
2 -1 0 1 2 3
D [Hz]
=
E
<
e
=2
o
L
©
5
1.'0 ' 2.'0 ' 3.'0
Dy [Hz]

Figure 5. Determination of the magnitude, DY, of the
molecular alignment tensor of the S2 peptide after
photo-activation of rhodopsin at 10°C. (a) Histogram
representation of "N-"H and "*C*-'H* residual dipolar
couplings. Couplings are normalized relative to the
PN-"H values, i.e. *C*-"H* couplings are scaled by
—0.48 to account for the different gyromagnetic ratio of
3C versus N and the difference in bond length.” Five
neighboring bins, centered at the measured coupling
and 0.1 Hz wide each, are incremented for each observed
dipolar coupling in order to account for experimental
uncertainty. (b) Total energy of 20 calculated lowest
energy structures as a function of the D\ value used in
the structure calculation. This latter procedure tends to
underestimate DYY and final calculations were carried
out using the highest DY value still yielding low energy
structures (Dla\I =1.7Hz). The plotted total energy
represents the average over the 20 lowest energy struc-
tures (out of 100 calculated).

and an additional 20 side-chain *C-"H couplings
were measured.

Magnitude of molecular alignment tensor

As mentioned above, for a unique bound confor-
mation the molecular alignment tensor must
be axially symmetric, and the dipolar coupling
between nuclei P and Q is then described by:

Dpq(8) = SDP2(3 cos? 6 — 1) (3a)

where S is the generalized order parameter™ for
internal motion of vector PQ, and D;? is commonly
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referred to as the magnitude of the residual dipolar
coupling tensor, given by:

D = —(po/4m)ypyohAa/4m’rhg  (3b)

with h being Planck’s constant, yx the gyromag-
netic ratio of nucleus X, w, is the magnetic
permeability of vacuum, rpq the PQ internuclear
distance, 6 the angle between the orientation of
PQ and the unique axis of the molecular alignment
tensor A, and A, the axial component of this tensor.
§? values of backbone bond vectors in structured
proteins typically range from 0.8 to 0.9, ie. S is
0.93(%0.03).°! Here we assume S to be the same
for all backbone N-H and C*-H* vectors of the
bound S2 peptide, which introduces an error that
is smaller than the random measurement error in
this coupling. This constant S is then absorbed
into the value of D,, which is determined in the
manner described below.

As indicated by equation (3b), the DY*/DSH«
ratio is a constant determined by yn(r’p)/
ydrEEH), where () brackets refer to averaging
over the ensemble. Experimentally, a DY/
DgeHe = —0.48 ratio has been found.” The magni-
tude of DY depends on the degree of alignment
of the peptide and is not known a priori. For large
proteins with a random orientational distribution
of bond vectors the components of the alignment
tensor can be determined from the histogram
of measured dipolar couplings.”® For an axially
symmetric tensor, as applies in the present case,
the histogram is expected to resemble a CSA
powder pattern spanning the range between
—DY" and +2DY", with high and low intensity
shoulders at — D} and +2DY¥, respectively.
The histogram of the measured backbone N-H
and normalized C*~H* dipolar couplings of the S2
peptide shows a rather poor resemblance to an
axially symmetric powder pattern (Figure 5(a)).
This reflects the small size of the peptide, which
results in non-uniform sampling of orientational
space. However, the observed pattern defines a
lower limit: DY"=16Hz. A final value of
DY® =1.6(x0.2) Hz was determined from con-
ducting a one-dimensional systematic search
(Figure 5(b)) in which the total energy of the pep-
tide structure, derived from both TrNOE and
residual dipolar coupling data, is plotted as a func-
tion of the DY value used.** Simulations carried
out on structures containing small errors in bond
vector orientations™ indicate that a systematic
search as carried out above tends to underestimate
the true magnitude of D, and all final structure
calculations were therefore carried out assuming
DY"' =1.7Hz. The positive sign of DY (taking
into account the negative value of +yy) confirms
that the unique axis is aligned parallel with the
magnetic field, as expected for oblate-shaped
rhodopsin-bearing disk membranes, oriented with
their short axis parallel with the magnetic field.

TrNOESY difference spectra

'H and "N spectra of the S2 peptide were
assigned using regular “N-separated TOCSY and
NOESY spectra® at 10 °C for a free peptide sample.
'H chemical shifts are found to be in very close
agreement with those reported by Kisselev for the
homologous peptide.® "*C shifts were assigned
by correlating them with the assigned proton
chemical shifts. All chemical shifts have been
deposited in the BMRB database (accession
number 5376). The spectra of the free S2 peptide
remain essentially unperturbed upon addition of
dark-adapted rhodopsin, but show considerable
line broadening upon light-induced conversion of
rhodopsin to the MII state. As mentioned above,
no changes in resonance frequencies are observed
upon photo-activation.

The NOESY spectrum of the free peptide at 10 °C
shows significant cross-peaks that are of the same
sign as the diagonal peaks, indicating that the
peptide is in the slow tumbling limit (wyTt. > 1.1).
These free peptide cross-peaks superimpose on
the NOE cross-peaks of the peptide in the MII-
bound state and thereby complicate the analysis of
the NOESY spectrum, particularly when focusing
on intraresidue and sequential NOE interactions.
Medium and long range NOE cross-peaks are not
observable prior to photo-activation at 10 °C.
Therefore, the background NOE data correspond-
ing to the free peptide can be subtracted from the
NOESY spectrum recorded after photo-activation.
Such difference TrNOESY spectra have been used
in the past for structure elucidation of antibody-
bound peptides,”” where spectra on separately
prepared samples were subtracted from one
another. Our present situation is much simpler
because spectra of both the free and the transiently
bound peptide can be recorded on the same
sample prior to and immediately after photo-
bleaching, respectively. NOESY spectra in the
non-binding state, i.e. in the presence of dark-
adapted rhodopsin, and after complete decay of
MII to opsin were found to be identical. For
generating the NOESY difference spectrum, the
dark-adapted reference spectrum was recorded
immediately prior to photo-bleaching, using ten
times the number of scans compared to the
photo-bleached spectrum. All other parameters
were identical, except for the total measuring time
for the photo-bleached spectrum (38 minutes)
being ten times shorter. The total time available
for collection of photo-bleached TrNOE data is
limited by the 54-minute decay time of the MII
state.

In addition to correcting for the different number
of scans, the dark-adapted spectrum was scaled by
an empirical factor of 0.7, which provided optimal
suppression of the free state NOEs. This scaling
factor is smaller than unity because the peptide
resonances are broader and therefore weaker in
the presence of the MII state. Two small regions
of this TrNOE difference spectrum highlight some
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Figure 6. Small regions of the TrNOE difference spectrum of the S2 peptide. The spectrum represents the difference
between spectra recorded after photo-activation of rhodopsin and a reference spectrum, recorded in the dark-adapted
state. A scaling factor of 0.7 was used for the dark-adapted spectrum in order to account for broader line widths and
faster decay of the diagonal resonances in the photo-activated state. (a) Amide region, with sequential connectivities
marked by a continuous line. (b) Amide-to-aliphatic region.
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of the NOEs that were used to calculate the
structure of the S2 peptide in the bound state
(Figure 6).

The chemical shifts observed for the S2 peptide
correspond to that of the unstructured peptide
and considerable chemical shift degeneracy in the
analysis of the NOE spectrum is therefore present,
even though the spectrum was recorded at
750 MHz 'H frequency. Resolution in the f; dimen-
sion of the TrNOESY spectrum is limited by the
modest number of #; increments (200) that could
be recorded prior to decay of the MII state.
Moreover, with increasing duration of ¢, the decay
of the MII state decreases TrNOE contributions
to cross-peaks, resulting in additional cross-peak
line broadening in the F; dimension of the 2D
spectrum. Only 24 out of 121 observed peaks are
uniquely assigned. Ambiguities in the other cross-
peaks result either from resonance overlap or
from the lack of stereospecific assignments.
Even if stereospecific assignments were made
for the diastereotopic methylene protons in the S2
peptide, their strong dipolar interaction causes
essentially complete equilibration between their
nuclear spin magnetization, preventing the possi-
bility to separately quantify NOE interactions to
the individual protons in such pairs. For the two
leucine residues, stereospecific assignments of
the methyl groups is made on the basis of their
BC chemical shifts. Interpretation of fractional
BC labeling patterns® in denatured proteins
indicates that C® resonates 1.5-2 ppm downfield
of ¥C?2.% For both leucine residues, the H*—C?*H,
TrNOE is considerably stronger than the
H*-C*Hj; interaction, indicating x. =~ 180°, which
automatically restricts x; to the —60° rotamer.*
Out of the total set of TrNOE restraints, seven
interactions between Phell side-chain and Leub
protons are the only ones classified as “long-
range” (li — jl > 5). In contrast to the data reported
by Kisselev et al** no unambiguous evidence for
NOE interactions between Phell and Ilel was
present in the TrNOESY spectrum, although the
possibility of an NOE from Phell to Ile-C°H,
cannot be excluded a priori due to its exact overlap
with Leu5-C*H,. Several of the backbone dihedral
angles ¢ and  could be restrained on the basis
of the intensities of intraresidual and sequential
H*-H" NOEs. For six residues (Glu3, Asn4, Asp?,
Ser8, Leul0, and Phell) negative ¢ angles
(—90°(x90°) are indicated by the absence of a
strong intraresidue H*~H" NOE. The Ser8 s angle
is restrained to —60°(*=90°) on the basis of a small
sequential versus intraresidue H*~H" NOE inten-
sity ratio.” Although the TrNOE data show
indications of some spin diffusion, particularly
for interactions to methylene proton pairs, such
indirect effects are not dominating the TrNOE
spectrum. For example, intraresidue H*-HP inter-
actions in Phell are more than four times weaker
than H°-HP cross peaks, indicating that semi-
quantitative analysis of the NOE cross-peaks is
warranted.

Structure of S2 peptide in metarhodopsin IlI-
bound state

No hydrogen bond restraints were used in the
initial rounds of structure calculation. However,
these preliminary structures were of sufficient
quality that a-helical hydrogen bonds (i to i — 4)
from residues Leu5-Ser8 to Ilel-Asn4 were clearly
recognizable, particularly in the structures that
included dipolar coupling restraints. Also, in all
preliminary structures analyzed, the DSSP
program® identifies a hydrogen bond between
Gly9-H" and Leu5-CO, with Gly9 adopting a posi-
tive ¢ angle. This is characteristic of the o;-type
C-capping motif,* identified by Kisselev et al., in
the MII-bound peptide conformation.”* Signature
H-bonds of alternative helix-terminating motifs,
such as the Schellman or L3, motif** (Leul0-HY to
Leu5-CO and Gly9-HN to Lys6-CO), or a type II
B-turn involving residues 7-10 (LeulO-H" to
Asp7-CO) or residues 8—11 (Phell-HN to Ser8-CO)
are absent in the vast majority of analyzed struc-
tures. Introduction of such (incorrect) H-bonds
as additional restraints in preliminary structure
calculations led to large violations of NOE-
distances and dipolar couplings.

In the final round of structure calculations, the
five unambiguous hydrogen bonds from residues
Leu5-Gly9 to Ilel-Leu5 were used as additional
input restraints, both for the NOE-only set of calcu-
lations and for the set that includes both dipolar
and NOE restraints. Analysis of all calculated
structures indicates the absence of systematic
violations of NOE restraints larger than 0.2 A. A
systematic violation of dipolar couplings by more
than twice their experimental uncertainty was
observed in one instance only: the “C*-'H®
coupling of Glu3, which remains violated by
1.2 Hz. The difference in Glu3 "“C*-"H* dipolar
couplings measured at 10°C (0.8 Hz) and 20°C
(3.1 Hz) is larger than for any other coupling, and
a larger-than-average measurement error likely
contributes to its poorer fit to the final structure.
The magnitude of the dipolar coupling violations
is inversely related to the size of the force constant
used in the structure calculations. In order to
account for potential differences in local dynamics,
this force constant was intentionally kept weak,
enforcing the dipolar coupling restraints to a
lesser degree than warranted by the experimental
uncertainties.

In order to evaluate the effect of the dipolar
couplings on the final structures, a control set was
calculated without dipolar coupling restraints. The
20 models with lowest energy from each set show
a high degree of similarity (Figure 7; Table 1).
This high similarity is slightly deceptive for two
reasons. First, hydrogen bonds inferred from pre-
liminary structure calculations without H-bond
restraints were much clearer in the structures that
included dipolar restraints (see above). However,
identical sets of H-bond restraints were used in
the calculations of the final structures with and
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Figure 7. Stereodiagrams of the set of 20 lowest energy
structures of the S2 peptide in the MII bound state,
calculated (a) with and (b) without dipolar couplings.
(c) Superposition of the two average structures from (a)
and (b), shown as backbone ribbon diagrams, showing
that the backbones of the two families of structures are
virtually indistinguishable. For orientation of peptide
relative to membrane normal, see Figure 11.

c)

without dipolar couplings. Second, a number of
NOE restraints were re-evaluated only after they
were found to be incompatible with dipolar
restraints. For example, in the initial rounds of
structure calculations, error margins of the NOE-
derived distance restraints were used that turned
out to be too tight. With such tight restraints,
NOE and dipolar coupling restraints could not
be satisfied simultaneously. Enforcing better agree-
ment by using higher force constants resulted in
unduly restrained conformations, as indicated by
a low backbone rmsd of the set. Moreover, several
residues, most notably Arg?2, clustered in dis-
allowed regions of the Ramachandran plot.
Only after the NOE distance bounds were relaxed
according to the empirical rules given in Materials
and Methods, could both NOE and residual
dipolar coupling restraints be satisfied simul-
taneously, and the Ramachandran score improved
significantly. Naturally, the new structures were
less tightly defined than the initial set, reflected by
a higher backbone rmsd. Two clusters of structures
were observed in the new set, differing in the
conformation of the C-terminal Phell side-chain.
However, a unique conformation was obtained

Table 1. Summary of structural statistics

Without With dipolar
dipolar couplings
couplings(SA)* (SAdipolar)®
RMSDs from experimental distance restraints (A)
All (121)° 0.024 0.042
Intraresidue (44) 0.028 0.039
Interresidue sequential 0.030 0.045
(li —jl=1)(33)
Interresidue medium range 0.011 0.042
1<li—jl=5)(@37)
Interresidue long range 0.005 0.009
(li =l >5) (7)
RMSDs from residual dipolar couplings (Hz)
'Dam (9) 0.48 0.15
'Deana (9) 0.65 0.49
'Diidechain e (20) 1.58 0.07
RMSDs from experimental dihedral restraints (°)
NOE based dihedrals (12) 0 0
Deviations from idealized covalent geometry
Bonds (A) (185) 0.0012 0.0024
Angles (°) (334) 0.15 0.39
Impropers (°) (93) 0.18 0.37
Structure quality (Ramachandran plot)®
Residues in most favored 88 100
region (%)
Residues in additionally 12 0
allowed regions (%)
Coordinate precision (A)*
Backbone atoms (N, C,, C', O) 0.15 0.17
All non-hydrogen atoms 0.86 0.98

? (SA) and (SAgipoiar) are averages of 20 simulated annealing
structures with lowest total energy out of 100 calculated without
and with dipolar coupling restraints, respectively.

> Numbers between brackets are the number of restraints.

¢ Non-glycine residues; excluding end-residues.

4 Defined as the average rms difference (residues 2-11)
between the final 20 simulated annealing structures and the
mean coordinates.

after adding lower limits to the NOE table for
decisive proton—-proton distances for which the
absence of an NOE could be clearly established.

A stereo-diagram of the energy-minimized
average structure of the S2 peptide (Figure 8)

Figure 8. Stereodiagram of the energy-minimized
average structure of the S2 peptide in the MII-bound
state. The N-terminal eight residues are represented by
an o-helical ribbon. The C-terminal reverse open turn
residues are shown as stick representation, with back-
bone NH and CO bonds in blue and red, respectively,
and side-chains in cyan. Close proximity (2.1 A) of the
Ser8-O” and LeulO-H" indicate a stabilizing hydrogen
bond (broken line). The program MOLMOL” was used
for making this Figure.
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shows that the hydrophobic LeulO side-chain
points away from the remainder of the peptide,
which would result in very unfavorable exposure
to solvent if this structure were present in a free
state in solution. The structure also shows the
presence of a short (2.1 A) distance between
Leul0-HY and Ser8-Ov, indicative of a second
H-bond (in addition to the Gly9-HY to Leu5-CO
H-bond) stabilizing the a; C-cap (Figure 8). It is
also interesting to note that the backbone near the
C terminus forms a rather “open” structure, in
which both the amide proton of Phell and the
carbonyl oxygen atoms of Lys6 to Phell are able
to donate and accept hydrogen bonds. From an
energetic perspective, such hydrogen bonding is
essential upon complex formation when shielded
from the aqueous solvent.

At the relatively weak dipolar force constants
used, the precision of the structure with dipolar
couplings included (backbone rmsd = 0.17 A) is
virtually the same as for the NOE-only structure
(backbone rmsd = 0.15 A) (Table 1). However, the
quality of the backbone structures as evaluated
by the program PROCHECK® is better for the
structure that includes the dipolar couplings
(100% of the residues in the most-favored region
of the Ramachandran map) than for the NOE-only
structure (88%).

Peptide orientation and rhodopsin contacts

Refinement against residual dipolar couplings
provides the mean angle, B = 40°(£4)°, between
the helix axis of the MII-bound S2 peptide and the
membrane normal. On the o-helical cylinder, the
face marked by Leu5 and Ser8 C* atoms is closest
to the membrane. However, as discussed later, this
orientation does not imply that this is the surface
making most contacts with MIIL.

The twofold degeneracy of dipolar couplings
with respect to the angle 6 (equations (3)) results
in an ambiguity for the vectorial orientation of the
peptide, i.e. which end of the peptide points
towards rhodopsin. However, this ambiguity is
resolved by considering that the first eight residues
of the S2 peptide form an extension of the
crystallographically identified C-terminal helix of
G, which means that for steric reasons it is the
C-terminal end of the peptide which must be
pointing towards rhodopsin. As discussed below,
this is confirmed by the TrNOESY cross-relaxation
data which contain information on magnetization
transfer between rhodopsin and the S2 peptide.

The NMR spectrum of rhodopsin, anchored in
the lipid bilayer, is extremely broad and is not
effectively excited by the radiofrequency pulses
used in the TrNOE experiment. As a result, mag-
netization can flow from the peptide to rhodopsin
during the NOE mixing time of the experiment,
but the inverse process does not take place.
Magnetization flow from a peptide proton, X, to
rhodopsin will decrease the intensity of magneti-
zation observed during the detection time that is
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Figure 9. Projections onto the F; axis of the NOESY
spectra of S2 peptide recorded (a) prior to and (b) after
photo-generation of the peptide-binding MII state of
rhodopsin. (c) Difference spectrum, scaled up by a factor
2.5. Faster transverse relaxation after photo-bleaching
during a 4 ms WATERGATE delay, needed for water
suppression, was empirically accounted for by a 1.1
scaling factor of the bleached spectrum (b), prior to
calculating the difference spectrum (c). The 6-4.45 ppm
band, which contains t; noise from the residual H,O
signal, is not included in the integral-projection. Assign-
ments of the least attenuated, medium attenuated and
most attenuated resonances are marked in (a), (b), and
(c), respectively.

modulated by oy, the frequency of proton
X. Comparison of the integrated signal intensity,
projected onto the F; axis of the 2D NOESY spec-
trum, in the dark and photo-activated states there-
fore identifies protons which have magnetization
“leaking” to rhodopsin (Figure 9). Although reso-
nance overlap in the one-dimensional projected
spectrum prohibits measurement of the attenu-
ation ratio for many individual resonances, a
number of hydrogen atoms can be identified that
clearly are strongly attenuated. Most attenuated
are the amide protons of Gly9 and LeulO, which
are on the outside of the «; turn and are inserted
deepest into rhodopsin. Considerable attenuation
is also seen for the side-chain protons of Asn4
and Asp7 and for the overlapping Ser8-H® and
Gly9-H® resonances, indicating their proximity
to hydrogen atoms on the rhodopsin surface.
Relatively little (11%) attenuation is observed for
the aromatic protons on the C-terminal residue,
indicating the absence of tight hydrophobic
packing of the aromatic ring against rhodopsin
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residues. The Ilel-H* resonance is visible as the
upfield shoulder of the overlapping Ser8-H" and
Gly9-H* resonances, and shows little attenuation.
As expected, the N-terminal Ile1-C'H; resonance
shows the weakest attenuation (4%) of all, indi-
cating that the N-terminal end of the peptide does
not make any direct contacts with rhodopsin.

Discussion

Transferred dipolar couplings provide very use-
ful restraints for studying the conformation of a
ligand when bound to its target, which has been
aligned with respect to the magnetic field. These
dipolar couplings complement TrNOE data by
providing information on both the relative orien-
tation of internuclear vectors within the ligand,
and on the orientation of the ligand relative to its
aligned target. Similar to the TrNOE experiment,
measurements are easiest when the ligand is in fast
exchange between the free and the bound state,
i.e. only a single set of resonances is observable.

The peptide sequence used here, IRENLKD-
SGLE, differs from G«(340-350) by two substi-
tutions. Replacement K341R was applied for
the sake of compatibility with a previous TrINOE
study of the Ga(340-350)-K341R peptide.”” As
judged by the about sevenfold decrease of ECs, in
dose-response curves, the KB341R substitution
increases the potency of the peptide to interact
with and stabilize MIL."® The second substitution
(C347S) reduces the affinity of the peptide to MII,
and avoids the need for adding reducing agents to
the sample. Screening of a combinatorial library of
G(340-350) peptide analogs for high affinity to
MII yielded exclusively 11-mer peptides with Cys
in position 8 during the final rounds of panning.*
However, acetylated Ga(340-350)-K341R-C3475S is
able to bind and stabilize MII, albeit with lower
affinity and potency.'®

Magnetic alignment of disk membranes

Natural, intact retinal rods are known to align
strongly with the magnetic field.* These rods
consist of highly ordered axial stacks of disk mem-
branes, which are essentially extremely flattened
vesicles. Rhodopsin with its seven transmembrane
helices accounts for about 50 wt% of the disk
membrane and is by far its major protein com-
ponent. A small fraction of rim protein is preferen-
tially located along the edge region.” Lipids
account for most of the remaining ~50 wt% of the
disks. The positive magnetic susceptibility aniso-
tropy of rhodopsin’s transmembrane helices®® and
their near-parallel alignment throughout the entire
retinal rod form a strong driving force for align-
ment of the rods when placed in a magnetic
field.*' Individual rod outer segment disks lack
the cooperativity in alignment that exists for intact
rods, but have a sufficiently large total magnetic
susceptibility anisotropy to align relative to the

magnetic field.* The degree of alignment is essen-
tially the same at NMR field strengths of 14.2T
and 18.8 T, as monitored by a field-independent
*H quadrupole splitting of ca 2 Hz for the lock
solvent signal (20 mg disks/ml at 20 °C). Also, as
shown previously,® the peptide dipolar couplings
at the two field strengths are of very similar magni-
tude. This indicates that the magnetic alignment of
the disks is essentially saturated.

Metarhodopsin Il induces conformation of G«
C terminus

In the resting state, the a-subunit, G, of the
heterotrimeric G protein transducin, G,afv, binds
GDP. Light activation of rhodopsin causes a con-
formational change of the G protein receptor
that triggers binding of G,aBy-GDP. The activated
receptor catalyses a GDP for GTP exchange on
GaaBy, followed by separation of Gu-GTP
from both the receptor and the Gy heterodimer.
X-ray structures of Ga-GIP” Ga-GDP/° and
GaBy-GDP/ all crystallized in the absence of
rhodopsin, indicate a disordered C terminus of
G, independent of the type of nucleotide bound.
Of the 11 C-terminal residues of G, residues
340-342 are part of a-helix 5, but no electron den-
sity is observed for residues 343-350. In contrast,
two NMR studies on the C-terminal undecapeptide
of Gia indicate a distinct conformation for the
peptide in the receptor-bound state.'”?® In the
pioneering work by Dratz et al., the transferred
NOE technique was used to study the bound
peptide prior to and after photo-activation of the
receptor. Reported structural features of the MII-
bound peptide include a relaxed helical turn at
the N terminus, and a hydrophobic cluster close
to the C terminus, that is thought to be critical for
binding. The low signal-to-noise ratio of the
NOESY spectrum recorded after light activation
and the limited number of NOE distance restraints
obtainable at the lower magnetic field strength,
as well as indirect magnetization transfer effects
via receptor protons,”"’> prevented the authors
from deriving a detailed molecular model for the
bound peptide.

A subsequent TrNOE study by Kisselev ef al.
detailed the NMR structure of the MIIl-bound
G(340-350) peptide, and showed that G(340-
350) is largely unstructured in the presence of
dark-adapted rhodopsin.* Kisselev et al. observed
an a-helical geometry for residues 342-346 in the
MIl-bound peptide, followed by an open
reverse turn centered at Gly348, that was classified
as an a;-type helix capping motif on the basis of
an H-bond from Gly348-H" to Leu344-CO and a
left-hand conformation of Gly348.*° The general
features of our Mll-bound S2 peptide presented
here agree well with this G,«(340-350) structure
(Figure 10), despite the two K2R and C8S
substitutions used in our work. However,
the N-terminal helix is longer and more clearly
defined in S2, with a-helical hydrogen bonds from
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Figure 10. Superimposed MII-bound structures of the
S2 (red/gold) and Ga(340-350) (blue/cyan)® peptides.
The N-terminal eight residues are shown as ribbon
representation, the backbone-bonds of the remaining
three residues and bonds connecting non-hydrogen
atoms in selected side-chains are shown as sticks. The
helix extends from residue 2 to 8 in S2, and from 3 to 6
in Ga(340-350). The fit of the two structures is on the
basis of minimizing the rms difference of the backbone
atom positions of residues 3—6 only.

Leu5-Ser8 to Ilel-Asn4. A number of signature
a-helical distance constraints extracted from the
S2 peptide TrNOE data are violated in the pub-
lished Ga(340-350) structures. This results in a
rather large rms difference of 0.7 A between the
backbone atom coordinates of residues 1-5 of the
energy minimized mean structures of the S2 and
Ga(340-350) peptides.

The glycine-based a;-type helix capping motif,
first identified by Kisselev et al, in the
G:a(340-350) peptide, is also clearly visible in the
MIl-bound S2 peptide. An additional H-bond
between Leul0-HN and Ser8-O is observed in the
52 peptide, which presumably serves to stabilize

Table 2. Simulated annealing protocol

this turn. Screening of a combinatorial library of
peptide analogs to G,x(340-350) indicated that
Gly348 is essential for binding to MIL* Statistical
analysis shows that glycine-based motifs are
prevalent at the COOH termini of o-helices”™
where Gly most frequently occurs in the C
position, i.e. adopting a left-hand conformation
and forming an H-bond between the amide
proton of Gly and the backbone CO of residue
i — 4 (a-motif) or i — 3 (L3;,-motif).*

Small  differences between the bound
G.a(340-350) and S2 peptides are seen for many of
the side-chains. TrNOE data for the S2 peptide
lack evidence for close proximity of the Phell
aromatic ring and the side-chains of residues 1
and 2, seen in the TrNOESY of G.x(340-350).°
As a consequence, the Lys341 side-chain in
G,a(340-350) is much closer to the C-terminal Phe
aromatic group than the Arg?2 side-chain in the S2
structure (Figure 10). In the S2 peptide structure,
the Phell-CPH, protons are closer to Lys6-H* and
Leu5-H?/H", as indicated by NOE distances of
3.0(x£0.8) A and 3. 3(x1) A, respectively, which are
systematically shorter than the corresponding
distances in the G.a(340-350) structure. The side-
chains of residues Leu5, Leul0, and Phell, which
are highly conserved among G-proteins, form a
hydrophobic cluster in G,a(340-350), whereas in
the S2 structure, Leul0 makes no direct contacts
with either of the other two side-chains.

The observed differences between the G,a(340-
350) and S2 peptide conformations may result in
part from the two conservative substitutions in S2.
However, experimental factors may also play a
role. The weaker binding affinity of S2 reduces the

NOE based random

Phase search phase® NOE based refinement phase Refinement with dipolar couplings
Stage 1° 2 Search Cool A Cool B Slow cooling
Temperature® (K) 2000 2000 2000 2000 — 1000 1000 — 100 1000 — 100
Masses (a.m.u.) 100 100 100 100 100 100
Force parameters®_
kbond (kcal mol* A 0.05— 10 10 — 100 1000 1000 1000 1000
Kangie (kcal mol™" rad?) 0.025—5 5—150 125 125 — 500 500 200 — 500
kimprop(‘r (kcal mol ' rad~?) 0 0 50 50 — 500 500 50 — 500
Kieper (kcal mol™" A™%) 0.1° 0.002 — 0.01 0.1¢ 0.003 — 4.0 4.0 0.004 — 4.0
Repel* 1.25 0.8 1.25 09—108 0.8 09—1038
ko (keal mol~* A~2) 0.5 5.0 50 50 50 2—20
Asymptote 2.0 2.0 0.1 01—1.0 1.0 1.0
Rswitch . 1.0 1.0 0.5 0.5 0.5 0.5
Kedinea (kcal mol™ A™%) 0 0 10 20 — 200 200 20 — 50
kpe (kcal mol ™' Hz ™2 n.a. n.a. n.a. n.a. n.a. 0.0001 — 6.08
Temperature step (K) n.a. n.a. n.a 50 50 25
Time step (fs) 40 5 5 3 3 3
Number of steps 5000 1500 5000 5000 2000 40,000

2 Thls initial phase is followed by structure regularization using the DGSA protocol.**
b A very weak harmonic potential (kpam = 0.0001 kcal mol™ A®) was applied to prevent atoms from moving too far away from the

origin.

¢ Temperature control is achieved by coupling to a heat bath? with a coupling constant of 10 ps™".

-1

4 Weighing factors for the energy terms (if any) are included in the force constants.
¢ Non-bonded interactions between C* atoms are considered only.

£ Scale factor for van der Waals radius.

& The force constant kpc is scaled by 1.0, 0.5, and 0.3 for NH, C*H®, and CH side-chain dipolar coupling restraints, respectively.




454

Bound Ligand Structure from Dipolar Couplings

risk of indirect magnetization transfer during a
single bound cycle, and the higher magnetic field
strength available in our study facilitated the
recording of well resolved NOESY spectra at
relatively short mixing times. Most importantly,
however, the use of residual dipolar couplings in
the S2 structure calculation further diminishes the
influence of potentially biased distance restraints.
The S2 structure shows all pairs of backbone ¢/
torsion angles in the most-favored region of the
Ramachandran map (Table 1), confirming that the
structure is physically reasonable.”

The absence of electron density for the G
C-terminal residues in the «crystal structure
contrasts with the well defined NMR structure of
the MII-bound G,x(340-350). This result indicates
that extension of helix 5 and its capping with the
oy, helix-terminating motif are stabilized by specific
interactions between peptide and photo-activated
rhodopsin.

Statistical analysis of C-terminal helix capping
motifs with Gly in the C' position indicates that
the polarity of the residue in the C” position of the
capping motif usually determines whether a L3,
or a oy-motif is adopted, with an apolar residue
in C" (Leul0 in S2 peptide) predictive for a
L3,,-motif.®®> The observation of an o;-motif in
rhodopsin-bound S2 is counter to this rule. In
the absence of rhodopsin, exposure to solvent of
the Leul0 side-chain in the oy type C-cap is ener-
getically unfavorable and explains the unstruc-
tured nature of the C terminus in the X-ray
structure. Kisselev et al. proposed that the side-
chain of the leucine in the C” position is part of a
very hydrophobic patch on the peptide surface,
which they suggest to constitute a significant
portion of the rhodopsin-binding surface.” Inter-
estingly, the structure of the last three residues is
relatively “open” (Figure 8) with all backbone
carbonyl groups of Lys6-Phell and the backbone
amide of Phell accessible to form hydrogen bonds
with rhodopsin. Analysis of the intermolecular
magnetization transfer (Figure 9) indicates that, in
addition to Gly9 and LeulO, the side-chains of
Asn4 and Asp7 are also in close proximity to
rhodopsin protons.

A recent cross-linking study indicates spatial
proximity between Ser240 in the third cytoplasmic
loop of light-activated rhodopsin and the amino
acid sequence 342-345 of Gia,”” which corresponds
to Glu3-Lys6 in the S2 peptide, thus confirming the
close contact between the helical region of the S2
peptide and MIL In earlier studies, helix 8 of
rhodopsin (previously referred to as the fourth
cytoplasmic loop) has also been implicated in
binding to G,a(340-350).7

Towards a model for the complex

The bound S2 peptide conformation was
docked to the 2.0 A crystal structure of G,a3y-GDP
(PDB accession code 1GOT) by best fitting the
coordinates of the backbone atoms G,x(341-342)

and S2 residues Arg2 and Glu3 in the overlapping
helical stretch. The dipolar coupling data indicate
that the extended helix 5 of G, makes an angle of
40°(*=4)° with the bilayer normal. The accuracy of
the S2 peptide orientation is quite high, and the
rotation of the peptide relative to the helical axis is
also narrowly defined. However, docking to the
1GOT structure presumes that no sharp kink
occurs in the section of helix 5 that precedes
Glu342. Moreover, it is conceivable that a
considerable rearrangement could occur within
GaBy-GDP upon binding rhodopsin. Assuming
that neither of these two possibilities apply, a
model for the transducin-rhodopsin complex can
be generated in which there remains only one
rotational degree of freedom for G.afvy-GDP,
around the membrane normal (Figure 11). The
orientation of G,ay-GDP relative to the membrane
normal is rather surprising as it indicates that
many of the previously identified contact sites on
G.aBy-GDP are not located at the bottom portion
of the protein. Instead, in the oriented G,aBy-GDP
these contact sites are found on a face which
spans from Gyy(60-71) at the bottom tip to the
G(311-328) strand/loop which is located sub-
stantially higher, and with the Gy C terminus
located roughly halfway in between (Figure 11). In
order to accommodate all these interactions simul-
taneously, the Gyy(60-71) must insert itself into
rhodopsin, and one or more of the previously
identified rhodopsin surface loops must move
away from the membrane bilayer such that contact
to the G,a(311-328) region can be made.

To date, only the structure of dark-adapted rho-
dopsin is known. Clearly, considerable rearrange-
ment of the rhodopsin surface will be necessary
to make the previously identified contacts when
G:aBy-GDP must be kept at the orientation shown
in Figure 11. The nature of this light-induced con-
formational change is not yet known. However,
rigid body movement of transmembrane helices of
rhodopsin was found to be critical for light acti-
vation by EPR spectroscopy.® A preliminary outline
for the surface of photo-activated rhodopsin
recently has been generated on the basis of solution
NMR,”” and current work is aimed at finding a self-
consistent model for the complex. Alternatively, a
two-site sequential fit model was proposed for
the signal transfer from MII to transducin, i.e. the
various interaction sites do not necessarily need to
come in contact simultaneously.*

As demonstrated in our study, transferred
residual dipolar couplings from weakly binding
ligands of membrane proteins do not only provide
useful restraints for structure refinement of the
bound ligand but also define the orientation of
the ligand relative to the bilayer normal. The
combination of dipolar couplings with distance
restraints from transferred NOEs and qualitative
analysis of cross-relaxation behavior defines the
structure of the bound ligand and points to the con-
tact sites on the surface of the ligand. The aim of
the current study was to demonstrate the feasibility
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Figure 11. Schematic represen-
tation of metarhodopsin II trans-
ducin interaction (a). Ribbon
diagrams are on the basis of the
X-ray structures of ground-state
rhodopsin® and GDP bound trans-
ducin.” The C terminus of G is
not ordered in the crystal structure
but G«(340-350) is represented
by the NMR structure of the
MIl-bound S2 peptide that has
been docked to the crystal struc-
ture. The orientation of the bound
peptide relative to the membrane
normal (arrow) is determined by
the measured dipolar couplings,
leaving just one rotational degree

e i//;b(" s
ke .ﬁ:—‘.‘ljﬂ
_;"’~ Sz rﬂ;.,a‘o
A Al e S
/f“«,. = LL | S “'éq
)‘j)‘, /i ,Lf\rlf
"/-4;& 3 N
oA \
/ ff‘: \. ,/Jj))%l .VF

of freedom (rotation around the
membrane normal) for the relative
orientation of MII and G,xBy-GDP.
Color coded in red are potential
binding regions on both proteins.
Three cytoplasmic loops of rho-
dopsin””®” and four distinct
regions of transducin'®'” are likely
binding sites according to muta-
tional assays and peptide studies.
(b) and (c) S2/G,aBy-GDP models
rotated by (b) —90° and (c) 60°
around the membrane normal rela-
tive to the structure shown in (a).

of this approach by analyzing the MII-bound con-
formation of the S2 peptide. Investigation of
additional binding sites is likely to result in a more
detailed picture of the large MII/transducin com-
plex. There are several peptide candidates for such
studies: a second peptide analog from the C-term-
inal region of the a-subunit of transducin, Go(311-
328),'* as well as a farnesylated peptide analog
from the y-subunit, G¢y(50-71 farnesyl)* have been
shown to compete with transducin for binding to
rhodopsin and stabilize MIL. The Ga(8-23) peptide
analog also competes with transducin for binding,
but without stabilizing MIL'® Potential transducin
binding sites on MII include cytoplasmic loops II
and IIT and helix 8 (Figure 11).7%7%7

Materials and Methods

Peptide expression and purification

The S2 peptide, IRENLKDSGLF, was expressed in
Escherichia coli as a C-terminal extension of the immuno-

globulin-binding domain of streptococcal protein G
(GB1 domain). DNA encoding the peptide including a
flanking N-terminal linker region for FXa specificity was
cloned into the GEV2 vector® using 5 BamHI and 3'
Xhol restriction sites. BL21 Gold cells (Novagen) were
transformed with the vector and grown in minimal
medium with *NH,Cl and [**C] glucose as the sole nitro-
gen and carbon source, respectively. Cells were pelleted,
resuspended in PBS, and heat-lysed. Cell debris was
removed by centrifugation. The supernatant was dia-
lyzed against Milli-Q water and concentrated. The fusion
protein was isolated on a Superdex 75 26/60 column
(Amersham Biosciences), equilibrated in 20 mM Tris—
HCl (pH 8), 0.2 M NaCl, 0.01% (w/v) NaN,, concentrated,
and digested with Factor Xa (BioLabs) to obtain the pep-
tide. S2 peptide was separated from the GB1 domain and
subsequently desalted on a Superdex 30 26/60 column
(Amersham Pharmacia Biotech). The yield was 15 mg of
S2 peptide from 1L minimal medium. Peptide integrity
was confirmed by electrospray mass spectrometry.

Sample preparation

Intact disk membranes were isolated from rod outer
segments of bovine retinas using the Ficoll flotation
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method.*” Low ionic strength buffers were used to
prevent disk aggregation. Samples were kept on ice and
all manipulations were performed in the dark or under
dim red light to prevent premature bleaching of rhodop-
sin. Disks were concentrated to 3.0 mg rhodopsin per ml
in 10 mM Hepes-d18 (Cambridge Isotopes), 20 mM KCI,
50 uM DTPA (pH 6.6). Peptide stock solutions at 23 mM
were prepared in the same buffer. Appropriate volumes
of disk membrane and peptide solutions were combined
immediately prior to the NMR experiments. Final
sample composition was 2.6 mM S2 peptide and 63 uM
rhodopsin in 90% H,O, 10% *H,O.

Photo-activation was achieved by subjecting the
sample to the intense white light of a focussed micro-
scope light for 60 seconds. Samples were temperature-
equilibrated in a water bath for 20 seconds prior to
reinsertion into the magnet and data acquisition was
started immediately.

NMR spectroscopy

NMR data were acquired on Bruker spectrometers
equipped with a triple resonance three-axis gradient
probe. The WATERGATE sequence® was applied for
suppression of the water signal. Spectra were processed
using NMRPipe software® and Tcl scripts were used for
further data analysis.

NOESY spectra were recorded at 750 MHz 'H
frequency at 10 °C, using a 48 ms mixing time. A selec-
tive water flip-back pulse was applied during the mixing
period. Data matrices with 200 X 512 complex points
were acquired using acquisition times of 26 ms (F;) and
68 ms (F,). Quadrature detection in F; was accomplished
with the States-TPPI method.®® Sine-bell window
functions, phase-shifted by 83° and 72°, were used for
processing in the F; and F, dimensions, respectively.
Data matrices were zero-filled to 1024 X 2048 points.

A 2D NOESY spectrum with 40 transients per free
induction decay (FID) was recorded in the presence of
dark-adapted rhodopsin, just prior to photo-bleaching.
A four-transient NOESY experiment was started
immediately after photo-bleaching (total measuring
time 38 minutes), using the same sample and identical
acquisition parameters. A TrNOESY difference spectrum
was calculated by subtracting the scaled NOESY spec-
trum of the dark-adapted sample from the one recorded
on the photo-bleached sample. The scaling factor corrects
for the lower diagonal peak intensity in the spectrum
recorded after photo-bleaching, caused by strong cross-
relaxation in the bound peptide and magnetization
transfer from peptide to rhodopsin during the NOE
mixing period. However, the optimal scaling factor is
not uniform for all interproton vectors of the peptide,
and in practice spectra were inspected at multiple
scaling factors.

An r~* distance dependence of the NOE cross-peak
intensity is assumed in order to minimize the effect of
potential spin diffusion on NOE distance restraints.®*
Intraresidue HN-H* distances of ~2.8 A are used as
reference. Weak cross-peaks between protons A and C
are ignored if strong cross-peaks between A and B and
between B and C are present. For structure calculation
distance constraints of r = 0.2r are used for backbone-
backbone and backbone-side-chain interactions, and
r = 0.3r for side-chain-side-chain NOEs, respectively.
For very weak NOEs, for which r is calculated to
be larger than 3.3 A, a more generous tolerance of
+0.06r%/ A is used. NOE distance errors proportional to

r? were previously used by Nilges et al. to minimize the
influence of potential spin diffusion on calculated NMR
structures.®

Proton-coupled "H-""N HSQC spectra were acquired
at 600 MHz 'H frequency. The data matrix size was
65 X 1024 complex points, resulting in acquisition times
of 120ms and 114 ms in F; and F,, respectively. Two
transients per FID were acquired, giving a measuring
time of 9.1 minutes per spectrum. Quadrature in the F;
dimension was achieved in the States-TPPI manner.
Apodization was performed with 72°-shifted sine-bell
(F,) and squared sine-bell (F,) window functions. Data
matrices were zero-filled to 256 X 2048 points.

Proton-coupled 'H-""C CT-HSQC spectra®® were
recorded at 600 MHz 'H frequency, using a 106 x 512
complex points data matrix. Acquisition times of 28 ms
(F,) and 68 ms (F,) were used, with two transients per
FID, resulting in a measuring time of 9.3 minutes per
spectrum. The inversion pulses during "*C constant time
t; evolution were of the adiabatic hyperbolic secant
variety (500 ws at 600 MHz), with the C carrier at
56 ppm. Water suppression and F; quadrature were
obtained by pulsed field gradient coherence pathway
selection.® Data were apodized with 63°-shifted sine-bell
(F,) and squared sine-bell (F,) windows, prior to zero
filling (512 X 2048 points) and Fourier transformation.

Proton-decoupled *'P NMR spectra of disk mem-
branes (20 mg disks/ml in 10 mM Pipes buffer, 50 uM
DTPA) were recorded at 242.9 MHz *'P frequency, at
4°C. 28,000 FIDs were averaged. Proton decoupling
was employed with the decoupler frequency tuned to
the methylene resonance of the choline headgroup of
the lipid.

The *'P NMR resonance frequency of a phospholipid
headgroup in a planar membrane fragment, that is
characterized by an angle o between the membrane
normal and the B, field, is given by v=v +v,
(Bcos?a — 1)/2, with v,=2/3(v; — v,), were v; is the
isotropic resonance frequency of the lipid while v, and
v, are the resonance frequencies observed for parallel
and perpendicular mutual orientation of membrane
normal and B, field.*” Theoretical *'P NMR spectra for
oblate spheroidal disk membranes oriented with the
short axis parallel with B, were calculated for different
aspect ratios of the ellipsoid. Spectra were obtained
numerically by integrating the orientation-dependent
resonances of small planar membrane fragments over
the surface of the ellipsoid. A Gaussian lineshape with a
line width parameter A = (vy — v,)/30 was used. The
agreement between measured and calculated spectra
was best for an aspect ratio of 2 and (v; — v.) = 49 ppm
(Figure 1). The two extrema in the experimental
spectrum are broader than the calculated peaks. For
simplicity, a single CSA value of the *'P signal of the
lipid was used in the calculation. However, there are
three major phospholipid headgroup classes in the disk
membrane, i.e. phosphatidylethanolamine (43(= 1) mol%),
phosphatidylcholine (38(*2) mol%), and phosphatidyl-
serine (19(*2) mol%)» characterized by average *'P
CSA values of 38 ppm, 45 ppm, and 54 ppm, respec-
tively, at 25 °C.*' Slightly larger CSA values are expected
at 4 °C, i.e. at lower temperature.”

Calculation of peptide structures

Structure calculations are on the basis of simulated
annealing protocols implemented with a modified ver-
sion of the program X-PLOR,”> which allows refinement
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against experimental dipolar couplingst.*** Pseudo-
potentials for NOE-derived distances (Exor) and
dihedral angles (Epineq) as well as for residual dipolar
couplings (Epc) are incorporated in the total energy target
function (E.) to enforce the experimental restraints:

Etot = Eemp + ENOE + Ebined + Enc “4)

where the empirical energy term E.,,, describes covalent
geometry (bond lengths, bond angles, improper angles)
and van der Waals repulsion. No empirical, database-
derived energy term was used to increase the quality of
the Ramachandran map,” but a database-derived
X2 = 90°(£15)° restraint was used for Phell. Initial
structures were calculated on the basis of NOE-derived
restraints only (distances and dihedral angles). The
simulated annealing scheme employed closely follows
the protocol by Nilges for use with highly ambiguous
distance restraints.” Sum-averaging is applied to
calculate Enor, which allows incorporation of highly
ambiguous data in early rounds of structure
calculations.” Starting coordinates are chosen randomly
within a 20 A cube to avoid any bias. Approximate
peptide structures are generated in a NOE-based
random search phase. Details on the protocol used are
listed in Table 2. Next the obtained structures are
regularized using the DGSA protocol listed in the
X-PLOR manual.> An NOE-based refinement phase
finalizes simulation of the NOE-based peptide
structures. A set of 400 NOE-based conformers was
generated. The 100 models with the lowest total energy
are selected as starting structures for further refinement
using both NOE and dipolar coupling restraints (right
column in Table 2). Slow cooling is essential at this final
stage to reliably localize the global energy minimum
that defines the bound peptide conformation.

Peptide structures derived in an initial round of calcu-
lations showed several close contacts between protons
that were clearly absent in the TrNOESY spectrum. In
order to prevent such close contacts, which would be in
conflict with the NMR data, eight lower limits of 3.5 A
for these proton—proton distances were used in the final
round of calculations.

Five unambiguous i to i — 4 hydrogen bonds from
Leu5-Gly9 to Ilel-Leu5 were clearly recognizable in
peptide structures obtained in preliminary structure
calculations. In the final round of structure calculations
the NOE distance table was supplemented with
HN'-O"* and N'-O""* distance restraints of 1.9(=0.3) A
and 2.9(+0.4) A, respectively, for these five H-bonds.

In each round of calculations 100 peptide confor-
mations were calculated for a given set of parameters.
Subsequently, the 20 structures with lowest total energy
were selected for analysis. The computer programs
MOLMOL,” PROCHECK-NMR,”® and DSSP® were
used for visualization and analysis of generated peptide
structures. The DSSP program identifies hydrogen
bonds on the basis of spatial proximity of potential
electron donors and acceptors in the backbone of
the simulated structure and uses an energy cut-off of
—0.5 kcal mol ™" to define potential hydrogen bonds.

1 Clore, G. M.; Kuszewski, J.; Schwieters, C. D.;
Tjandra, N. http://nmr.cit.nih.gov/xplor-nih/

Determination of peptide orientation

Incorporation of dipolar coupling restraints into the
X-PLOR-based simulated annealing protocol follows a
previously described procedure.®* During structure
calculation, peptide coordinates are specified in the
laboratory frame. Orientation of the principal axis
system of the peptide alignment tensor relative to the
laboratory frame is described by means of a rigid, tetra-
atomic pseudomolecule OXYZ. Bonds O-X, O-Y, and
O-Z are pairwise orthogonal. The axial component of
the alignment tensor is parallel with O-Z. Given the
tensor components (predefined in the X-PLOR protocol),
the orientation of the tensor principal axis system, and
the peptide coordinates, the dipolar coupling for any
pair of nuclear spins of the generated peptide model
can be predicted from equations (3). The dipolar energy
penalty term, Epc, accounts for the difference between
observed, D°*, and predicted, D=, dipolar couplings.
For backbone amide “N-'H and methine "“C*-'H*
dipolar couplings, Epc is given by a harmonic potential:

Epc = kpc(D®C — D) ®)

Side-chain residual dipolar couplings are treated in a
slightly different way in order to account for potential
conformational averaging. The magnitude of side-chain
couplings may be reduced as a result of a lower order
parameter, S, of side-chain relative to backbone bond
vectors. For computational simplicity all dipolar
couplings of the model are calculated with a uniform S
using equations (3). However, no energy penalty is
assigned if the magnitude of D" is larger than the
magnitude of D°™. This is realized by using a half-open
square-well potential for side-chain couplings:*

Epc = kDC(Dcalc _ DObS)2 for ‘Dcalc| < |Dobs|

(6)
Epc =0  for ID®| = |D°|
The orientation of the pseudomolecule OXYZ is allowed
to float during simulated annealing with the objective to
minimize the target energy function E. The force
constants for the harmonically restrained dipolar
couplings were adjusted to yield root-mean-square
deviations in the final structures that are approximately
equal to the estimated experimental uncertainty in their
measured values.

After completion of the simulated annealing protocol
the unique axis, O-Z, of the axially symmetric alignment
tensor of the S2 peptide is parallel with the membrane
normal and is used to determine the angle B (B = 90°)
between the long axis of the N-terminal helix of the
MII-bound S2 peptide and the membrane normal.

Atomic coordinates

Calculated peptide structures and experimental
restraint tables have been deposited with the PDB. The
PDB accession code is 1LVZ.
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