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In this study, the application of 'H-, ?H- and 3C-Nuclear Magnetic Res-
onance Spectroscopy to macroscopically oriented lipid membranes, which are
subject to rotation about the magic angle in the magnetic field, is demon-
strated as a new general method to obtain structural and orientational in-
formation for membrane proteins at high spectral resolution and sensitivity.

MAS on oriented samples (MAOSS) is performed, by placing uniformly
aligned lipid membranes on solid glass disks placed in standard MAS rotors
with the membrane normal parallel to the rotor axis.

In this experimental setup, highly anisotropically mobile membrane com-
ponents, such as lipids, would actually reorient rapidly about the magic an-
gle. This arrangement causes the homonuclear dipolar coupling between the
protons to collapse. Furthermore, slow sample rotation about the magic an-
gle averages remaining residual dipolar coupling, which arises from a certain
macroscopic disorder in the sample. Highly resolved proton spectra of ori-
ented DMPC were obtained in that way and the potential for applications
to peptides and proteins is discussed.

In contrast, the chemical shift anisotropy of nuclei such as *C or ®N or
the anisotropy of the quadrupole coupling of 2H, can be utilized for studying
immobile or motionally restricted membrane components, such as peptides
or proteins. Wideline spectra, which are dominated by these interactions
decay into a set of spinning sidebands under MAS conditions. Each sideband
intensity is a function of the principal elements and the orientation of the
interaction tensor. The orientational information is lost in powder samples
but can be extracted from sidebands in MAOSS experiments.

Here, the first 2H-MAQOSS experiments are shown on oriented bacteri-
orhodopsin (purple membrane) C(*H)s-labelled at position Cg in the retinal.
Data analysis, error estimation and angle determination of the Cig-C(*H);
bond vector with respect to the membrane normal from ?H spinning side-
bands are discussed.

13C-MAS spectroscopy has been applied to M13 coat protein in DMPC
bilayers selectively labelled with two 3C spin pairs in the hydrophobic do-
main in residues Val-29, Val-30 and Val-29, Val-31. Rotational resonance



experiments on unoriented samples did provide distance constraints, which
revealed an a-helical conformation. MAOSS experiments on the same, but
oriented samples allowed the measurement of the tilt of the transmembrane
helix from the carbonyl sideband pattern.

A simple but efficient way to probe the membrane surface and to control,
whether labelled sites in membrane proteins are close to the membrane inter-
face or buried in the hydrophobic core of the lipid bilayer, is demonstrated
by observing the effects Lanthanide ions would have on the 3C spectra of
DMPC and M13 coat protein reconstituted in DMPC.

Algorithms and simulation software for calculating MAOSS spectra and
for analysing rotational resonance magnetisation exchange trajectories are
presented.
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Chapter 1

Introduction

1.1 Biomembranes

The formation of molecular biology in the middle of this century has triggered
a scientific revolution which has completely changed our understanding of living
systems. Establishing DNA as the genetic information storage material by Her-
shey and Chase and proposing a molecular double helix model by Watson and
Crick has focused many research efforts towards studies of information/structure
and structure/function relationships. This last aspect especially applies to cell or
membrane biophysics as a primary research aim. In forming a membrane, nature
has exploited entropy to enable the separation of living entities from the outside
world, while establishing a selective material exchange between both environ-
ments. Biomembranes enable the modular design of cells, which was an essential
evolutionary step.

The membranes of living cells have a highly complex molecular architecture,
and consist of three layers. The glycocalix, which covers the outside, is a 10nm
thick macromolecular layer of oligosaccharides. The intracellular side of a mem-
brane extends into the cytoskeleton, a two-dimensional macromolecular network.
In the middle, a liquid crystalline lipid /protein layer, as shown in Fig.1.1 for an
eukaryotic cell membrane carries a variety of integral or peripheral proteins. In
1972, Singer and Nicolson suggested the ”fluid-mosaic-model” [1], which provides
the basis of our current understanding of biomembrane structures. The disposi-
tion and orientation of proteins in the membrane depends on their hydrophobic
and hydrophilic regions (Fig.1.1). Many of them carry the oligosaccharide groups
of the glycocalix and their N-terminal projects into the aqueous surrounding,
while their C-terminal is usually intracellulary located. The lipids in the mem-
brane form a two-dimensional, amphiphilic liquid crystalline environment which
serves as a matrix for the proteins. Both sides of the bilayer are usually dif-
ferent in lipid composition and protein content, giving an asymmetric structure
membranes [2].
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Figure 1.1: Schematic representation of a typical plasma membrane of a eukary-
otic cell according to Singer’s and Nicolson’s fluid mosaic model (adopted from
van Holde, Biochemistry). The phospholipid bilayer is about 2.5-4 nm thick and
contains cholesterol as well as various proteins. Usually, inner and outer mono-
layers vary in their lipid composition.
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The plasma membrane plays many roles, which can be summarized in four
points:

1. Providing a dynamic matrix for enzyme reactions, receptors and molecular
recognition for immune response.

2. Forming a diffusion barrier, which controls composition of the cell interior
through highly organised transport processes.

3. Forming an electrically isolated layer with arrays of passive and active elec-
trical components.

4. Forming a mechanical structure which influences shape and motion of cells
or organelles.

Cell membranes are built up from only a few classes out of the huge variety
of chemically distinguishable lipids. Lipids are characterized by charge and size
of their headgroups and lengths and number of double bonds in their chains.
Considering the many interaction phenomena which can take place between lipids
and proteins [3], proteins can be also divided into various groups. Most ion
channels and molecular pumps interact predominantly with the hydrophobic core
of the bilayer. The anion exchange protein of red blood cells, band III, for example
penetrates the bilayer with ca.13 helices [4]. However, peptide hormone receptors,
membrane bound antibodies or cell adhesion mediating receptors are anchored by
just one hydrophobic stem within the bilayer (e.g. glycophorin). Other proteins
are attached to membranes by lipid anchors, such as the a-unit of G-proteins.
Finally, soluble proteins may interact strongly with the bilayer surface when
containing charged lipids, as shown for cytochrome c [5], myelin basic protein or
type II myosin [6].

The two-dimensional character of membranes offers many advantages over a
three dimensional assembly [7]. Diffusion controlled processes are much more
efficient in lower dimensional space, because the average time 7 a reactant needs
to reach a target with diameter d in distance r in three dimensions

3

.
73 ~ 2Di (1.1)

reduces dramatically in two dimensions:

2
RGP N (1.2)

where D denotes the diffusion coefficient [8]. Clearly, the probability for
"three-partner-processes”, such as an enzymatic reaction, is much higher in a
two-dimensional rather than three-dimensional space. However, lateral and ro-
tational diffusion of lipids and proteins takes place on various time scales, which
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are usually much longer for proteins but can be modified over many orders of
magnitudes.

Biological membranes have characteristic mechanical properties which explain
a whole range of physiological phenomena, for instance cell movement and mem-
brane fusion. While a fluid membrane allows high mobility of its components, an
expansion of its area by just 2% would cause rupture [9)].

Investigating the role of particular proteins for the functions of an active
membrane is of central importance. In fact, membrane proteins are representing
one-third of the information expressed by a genome [10], which underlines the
need of better understanding even more. They provide an exciting technolog-
ical challenge for structure determination, because they are not well-suited to
study by the principal high-resolution structural methods, X-ray diffraction and
liquid-state NMR.. The lipids required for structure and function of membrane
proteins interfere with crystallisation or rapid reorientation in solution. To date,
only a handful of high-resolution structures have been obtained, for example by
X-ray diffraction for the photosynthetic reaction centre of Rhodopseudomonas
viridis [11] and cytochrome c¢ oxidase [12]. Recently, 0.25 nm X-ray and 0.3 nm
electron cryomicroscopic structures of bacteriorhodopsin were reported [13],[14].
The latter approach was pioneered by Henderson and Unwin and requires two-
dimensional crystals, which have the advantage that the protein can be embed-
ded in a membrane bilayer. An alternative approach is applying solid-state NMR
spectroscopy, which does not require crystals, allows to use a bilayer environ-
ment and does not depend on short motional correlation times. New techniques
for structure determination will be presented here.

1.2 Solid State NMR Spectroscopy

This section outlines briefly the theoretical foundations of solid state NMR with
emphasising especially on those aspects which are needed for the experiments
presented here. The first section 1.2.1 discusses lineshapes of 1=1/2 and I=1
spin systems. Section 1.2.2 describes how sample rotation at the magic angle
effects these spectra and how the spin system can be manipulated even further.
The notation throughout this thesis will be in tensorial form to emphasize the
anisotropy of interactions in solids.

1.2.1 Solid State NMR Lineshapes of I=1 and I=1/2 Spin
Systems

It is necessary to distinguish nuclear spin interaction between external and inter-
nal fields of a general spin system I [15]:

H = Hemt + Hz’nt (13)
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‘Heut describes the response of the spin system to the static magnetic field B
and to radiofrequency pulses Bpp, while H;,; contains all internal interaction,
such as spin-spin coupling, chemical shielding and spin-electron interaction. H;,;
can be written as a sum of all these interactions H:

Hint = »_ Ha. (1.4)
A

In the following, only chemical shift, quadrupole and dipole couplings are
considered. It is rather convenient to express these tensors in irreducible spherical
notation:

2 +k

Ha=Cr Y > (1) A Tiy (1.5)

k=0 qg=—k

which has the advantage that separate elements Ty, describe the spin operator,
and Ay, its orientation with respect to the laboratory frame (=By). The index
A separates parameters belonging to different interactions, but is dropped in the
following in cases of minor importance for the sake of clarity. However, most
interactions are related to the molecular structure, so some coordinate transfor-
mations from the molecular fixed frame to the laboratory frame will be necessary
in later considerations, although important simplifications will be made initially.
Spin interaction become time dependent in strong magnetic fields By. If
the field is so strong that ||[Hez| > ||[Hint||, then only the secular part of Hpn
contributes in first order to the spectrum, i.e. H;,; splits into two parts:

Hine = H;nt + H;’Int (1'6)

The secular, time-independent part commutes with Heyr ([Heat, Hip] = 0)
while the non-secular part does not commute ([Hegs, Hypy] # 0).

Eqn.1.5 can now be simplified, by considering that [I,,T},]=qT%, does not
vanish, except for q=0 [15],[16].

Hy = Cx (AooToo + A1oTro + AzgTao) (1.7)

For simplicity, H, will be used for #, in the following. The angle dependency
of the NMR spectra with respect to the laboratory frame defined by Byg is con-
tained in Ayq in irreducible spherical form. However, many NMR interactions
are defined with respect to the crystal frame, for the example of quadrupole cou-
pling, the principal axis system is defined along the X-*H bond (=z-axis), so it
would make sense to consider using cartesian coordinates.

If A,p(af=x,y,z) is the cartesian representation of a tensor a,, in irreducible
spherical notation, the following relations apply:
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1
Qoo = \/§ (Ax;c + Ayy + Azz)

1

aip = \/5 (Azy — Aya)

4 = ; (s — Ay, 4 (A — A1) (1.8)
asy = L(i (BA,, — (Ape + Ay + A.))

az+1 = :F% (Agz + Azz 0 (Aye + Azy))

Q242 = % (Agz — Ayy £ (Agy + Ayz))

If Ayp(af=x,y,z) is actually an axial symmetric tensor defined in its principal
axis system, i.e. with vanishing off-diagonal elements (A,s=Ag,=0, a # () then
the relations 1.8 simplify and ajg, aj+1,a2+1 vanish.

It is now necessary to rotate the interaction tensor from the native principal
axis system into the laboratory frame in order to satisfy Eqn.1.7. The hierarchy
and notation of reference frames used here is illustrated and defined in Fig.1.2.

k)The rotation itself is performed easily by applying Wigner rotation matrices
Dq,q [17]:

AkO Z D QPL akq (19)

q=—k

The angles Qpr, = (apr, Bpr,vpL) are Euler angles, which are defined by the
following three steps:

(a) rotation about z-axis through ap;, (0 < ap;, < 27),
(b) rotation about new y; axis through Sp;, (0 < Bp, < 7),
(c) rotation about new zy axis through vpr, (0 < vyp, < 2m) [17].

The appropriate explicit expressions for the relevant matrix elements are given
as:

DY =1 (1.10)
P2 — Liges?s. —1 1.11
00 2( cos” Bpr, — 1) (1.11)

1

3
D(fgo = 5\/;Sin2 ﬁPL (COS 20épL + 7 sin 2aPL) (112)
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I,SIS

1,SIS

Qe ={ap., Bo}

Q ={wrt, 6, y}

e

LF
(ldboratory frane)

Q pr={apr, Prr. Vor}

13
MF
Q pw= {apu B, Vord = | (rnolecuar frane)
A
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2 Q v ={awmp . Bup, Yo }
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Figure 1.2: Angles and reference frames used here with the main focus on MAS.

PAS is the principal axis system,
system depending in the sample

MF the molecular fixed frames, DF a director
geometry (e.g. oriented membrane), RF the

rotor frame and LF the laboratory frame defined by By. The rotation from RF

into LF is time-dependent. Here,
by the following three steps: (1.)

rotations by means of Fuler angles are defined
rotation about z-axis through a (0 < a < 27),

(2.) rotation about new y; axis through § (0 < § < 7), (3) rotation about new

7o axis through v (0 < v < 27).
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Using the Eqn.1.8,1.9 and 1.10-1.12, the secular Hamiltonian 1.7 can now be
written as:

aopoToo + % (3cos® Bpr, — 1) axTho
Hy = Cy (1.13)

3 .2
—!—\/; sin” Bpr, cos 2apras+2Th

Table 1.1 gives explicit expressions for the tensor elements appearing in Eqn.1.13
for the three most important interactions:

1. The chemical shielding tensor in its PAS is diagonal, with the isotropic
chemical shift defined as o5, = (Ayz + Ayy + A,.)/3, while the chemical shift
anisotropy is given by 6 = A,, — 0;5. The tensor asymmetry parameter is
n = (Ayy — Auz)/(As — 0iso). Using expressions from Tab.1.1, the Hamiltonian
can be written as:

1
Hes = 1. By (0‘2'30 + 56 (3cos® Bp, — 1 — nsin® Bpy, cos QapL)) (1.14)

2. By analogy, the quadrupole interaction, with the quadrupole coupling
constant eq, is expressed by:

2 12 -9
Ho =~ = (ihz ) (3cos® Bpr, — 1 — nsin’ Bpy, cos 2apy,) (1.15)

3. Considering now two spin-1/2 nuclei I and S which have the same gyro-
magnetic ratio and which interact via dipolar coupling (homonuclear case).
The interaction tensor is symmetrical (A,,=A,, etc.), its trace and the asymme-
try parameter n = 0 vanish. With r;g being the magnitude of the internuclear
vector between both spins, the following is obtained:

h
Hig = 252 (3cos? Bpy, — 1) (3L.S, —1-S) (1.16)
2rig
In the following only Hcs and Hg are considered. With m;==+1/2 in Hcg
and m;=-1,0,1 in H, the transition frequencies for chemical shift and quadrupole
interaction are given by:

1
wes(apr, Bpr) = 7By {aiso + 5(5 (3 cos? Bpr, — 1 — nsin® Bpr, cos 2apL)} (1.17)

3e2qQ

wo(apr, BpL) = :I:g 5 (3 cos? Bpr, — 1 — nsin® Bpy, cos 2apL) (1.18)

The Euler angles apr, Bpr, describe the orientation of the interaction tensor
to the laboratory frame. An average over all orientations needs to be performed
in case of polycrystalline samples. The free induction decay is given by:
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™ 2
SCS(t) = #/SinﬁPLdﬁPL/daPL eXp(—i[WCS(OéPL;ﬂPL)t]) (1'19)
1 07r 027r
SQ(t) = ﬁ SinﬁpLdﬁpL/dOépL (COS[WQ(OépL,ﬁpL)t]) (120)
0 0

Lineshapes for single crystals at various orientations and for polycrystalline
samples are shown Fig.1.3 for chemical shift as well as for quadrupole interaction.
The I=1 quadrupole powder spectrum is a typical Pake pattern, which is the sum
of two I=1/2 spectra, corresponding to both possible transitions.

Chemical Shift | Quadrupole Dipole-Dipole
Too —%IZBO 0 0
T %IZBO % (312 —1I(I+1)) % (31,S,—1-8)
a0 | -V3Tiso 0 0
A949 -%7]5 —%neq 0
Rk BT 2

Table 1.1: Explicit tensor elements for chemical shift, quadrupole and dipole-
dipole interaction.

1.2.2 NMR of Rotating Solids: Magic Angle Sample Spin-
ning

The problem faced in a real experimental situation is already illustrated in Fig.1.3.
Powder spectra of anisotropic interactions are rather broad, i.e. it is difficult to
distinguish various magnetic non-equivalent nuclei in one sample. In principle,
these different sites could be resolved in single crystals, which would however
limit the applicability of solid state NMR to rather specific compounds only. A
possible solution was shown by Andrew [18] and Lowe [19], who demonstrated
that the spin systems can be easily manipulated towards a better resolution by
rotating a sample about an axis which is tilted by an angle 6 with respect to the
magnetic field Bg. In this situation, the Hamiltonian becomes time-dependent,
which can be described by time-dependent coordinate transformations. Using
the high-field approximation introduced above (Eqn.1.7), H, is given to:

H,\ — C,\ (Aoo(t)Too + AlO (t)Tlo + Ago(t)Tgo) (121)
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Figure 1.3: Simulated spectra for I=1 (a) and I=1/2 (b) spin system at different
orientation Qpr{0, Bpr,0} with respect to the laboratory frame. The powder
spectra were obtained by averaging over ap; and Gp;, . The dotted lines in the
quadrupolar powder pattern (Pake doublet) illustrate both transitions for I=1
spin systems.
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As discussed before, Agy(t)Tyo is invariant under rotation and Ajq(t)To does
not contribute to the spectrum in the first order, so only Ag(t) needs to undergo
a rotation from the principal axis system (apgr, Opr, Ypr) into the rotor frame and
from there into the laboratory frame defined by By. This last rotation actually
introduces the time dependence due to sample spinning. By rotating the rotor
frame into the laboratory frame by (w,t+ ¢y, 0, 1), where w, defines the spinning
speed, the expression for both rotations is:

+2 42
A20(t) = Z Z D(g? (aPR7 ﬁPR; ’YPR)D(E’Q())(WT{; + ®o, 97 ¢)a2q (122)

qg=—2q'=-2

Hamiltonian and transition frequency for the chemical shift of a spin-1/2
system can now be written in analogy to 1.14 and 1.17:

Hes = v1:Booiso + (1.23)
'yIZBO(S% (3 cos? 6 — 1) (% (3 cos® Bpr — 1) - gsin2 Bpr cos 204p3> +
I, By ¥ (t)

wes = YBo0iso + (1.24)
”yBoé% (3 cos? 6 — 1) (% (3 cos® Bpr — 1) — gsin2 Bpr cos 2apR) +
vBobdW(t)

where W(t) is obtained by writing expression 1.22 explicitly:

U(t) = Cycos(wyt)+ Sysin(w,t) + Cycos (2w, t) 4+ Sosin (2w, t) (1.25)
1 : cos Bpr (1 cos 2ypr — 3) cos apg
Cl N 5 sin 26 sin BPR { - sin 2’YPR sin QpR
. 1. . COSﬁpR (3—7]COS2’YPR) SinOépR
51 = 2 sin 20 sin BPR{ —nsin2ypp cOS appr

—T) COS ﬁpR sin QVPR sin QOépR

L. — [2sin® Bpr + (1/2) cos 2ypr (1 + cos? Bpr)] sin 2apgk
Sy = —sin“f 2 _
2 —1 cos Bpg Sin 2vpg cos 2apr

Cy = %SmQ 9 { [2sin® Bpr + (1/2) cos 2vpg (1 + cos? Bpg)] cos 2app }

It can be seen that W(t) has a periodicity of w, and 2w,. The free induction
decay of a polycrystalline sample can now be calculated by performing a powder
averaging over a certain period of time [20]:
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2 W 27

1 . )
Scs(t) = Q///GXP [i®(apr, Brr, VPR, t)] doprsin BprdBprdypr  (1.26)
00 0

where ®(apr, Bpr, VPR, t) is the phase angle describing the evolution of the
magnetisation vector under sample rotation:

t

®(apr, Brr, VPR L) = /wcs(OéPR,ﬁpR,’YPR,t/)dt/ (1.27)

0
= VBO Oisol +

3cos?f — 1 (3cos® Bpr—1)
vByot (—2 > ( g’ 2 ) +
2 PR COS 2&pR

) ( C} sinw,t — S; cosw,t )
- ~ %

PYBO_ Ca S
” = sin 2wt — 22 cos 2w,

The chemical shift anisotropy is scaled with ¢ /w,.. For modest spinning speeds,
i.e. §/w, > 1 rotor echoes are observed in the time domain signal or sidebands
separated by w, in the Fourier transformed spectrum (Fig.1.4). An expression
for the sideband intensity Iy can be derived by calculating first the FID of a site
in a single crystallite, which is given by:

Scs(apr, Bpr,Ypr,t) = exp [i®(apr, Brr, VPR, )] (1.28)
Rotations about the rotor axis Zp are described by vpr as well as w,t, so that

both can be replaced by the sum vpg + w,t. The FID can now be rewritten with
the phase angle ® = &4 (w,t) — ®¢ as:

SCS(OéPR; Brr, VPR, t) = €xp [iq)l (aPR; Ber, VPR + wrt>] exp [_i‘bo]
= flapr, Brr.vPr + wit) f*(apr, Brr, YPrR) (1.29)

The signal is periodic with t,=27/w,. Sideband intensities can only appear
at w=Nw, . Their intensities are obtained by Fourier transforming Scg over one
rotor period:

tr

dt . .

In(apr, Brr, YPR) = / t—f(’YPR + wet) f*(vpr) exp [—iw, Nt (1.30)
0 T

One rotor period can actually be expressed as a rotation by 27w about the

rotor axis and using the substitution v'=vpr+w,t:
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on
In(arn Brnrrn) = FGen) [ SE5Gh) exp -7/ Nexp 177
’ 27
= f*(vpr) exp [ivprIV] / Z—:f(am,ﬁpa,%m) exp [—iy'N]
= [*(vpr) exp [ivprN] %N(OéPR,ﬁPR) (1.31)

The functions f(vypr) and Fy(apg, Bpr) were introduced, because they are
used throughout the literature [15, 20, 21|. Iy is usually complex, giving rise
to positive and negative sidebands (Fig.1.4,[20]). A powder average has to be
performed over (2pg in order to calculate sideband intensities from polycrystalline
samples. In these cases, the intensities Iy are always positive and only depend on
6 and n which has been used for calculating these parameters from MAS spectra.
Maricq and Waugh suggested a moment analysis [20] while Herzfeld and Berger
developed a graphical method, which uses relative sideband intensities [22].

So far, only slow spinning speeds have been discussed, but it has been shown
that anisotropic interactions are scaled with 1/w, (Eqn.1.27). In a regime where
the spinning speed is large, ®(t) (Eqn.1.27) will lose its oscillating terms. By
choosing now an angle 6:

1
6 = arccos —= = 54.7356...° 1.32
7 (1.32)
only the isotropic chemical shift would be left in Eqn.1.27. For this particular
situation, H, simplifies to:

— 1
H)\ = C,\ <A00T00 + 5 (3 COS2 0 — 1) AQ()TQ()) (133)

In the case of dipole-dipole or quadrupole interactions, Agy vanishes (Tab.1.1)
and fast sample rotation could remove these interactions completely. The result
is an isotropically averaged Hamiltonian appropriate to a liquid.

However, it is not always practicable to achieve spinning speeds which exceed
these interactions. For that reason, two cases have to be considered, which where
classified as "homogeneous” and ”inhomogeneous” by Maricq and Waugh [20].
The Hamiltonian for i spins with chemical shift interactions only is commuting
with itself ([Hhg(t), Hog(t')] = 0), and is called ”inhomogeneous”. Eqn.1.23
becomes at the magic angle:

Hig = v 1. Byoly, + ' TL By V' (t) (1.34)

180
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Figure 1.4: The effect of sample rotation on the spectra of =1 (a) and I=1/2 spin
systems (b) at different relative spinning speeds. All spectra are scaled to the
same intensity. MAS spectra of single crystals exhibit dispersive and absorptive
sidebands, while powder spectra are always positive. The site in the single crystal
in this example simulation has an orientation Qpr{0,45,0} with respect to the
rotor frame.
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and spinning sidebands are observed, as discussed before. The same does
not apply for homonuclear dipolar couplings. The Hamiltonian for the dipolar
coupling between spins i and j

y il .
HE = U231, - L) U (1) (1.35)

3
ij

does not commute for (37;1; — I;-I;) for spin pairs ij and their orientation-
dependent pre-factor W% () are in general different. In this situation, the spec-
trum would be hardly effected by MAS. However, in many experimental situa-
tions, the Hamiltonian appears to be inhomogeneous.

1.2.3 'H-Decoupling

The heteronuclear dipolar coupling between nuclei of low abundance such as *C
or N with their neighbouring protons is much too strong to be averaged just
by sample spinning at the magic angle, but a solution was found by additional
spin manipulation in the form of double resonance experiments [23]. If I stands
for 'H and S for the low-v nucleus under consideration, then simple continuous
wave irradiation of I causes rapid saturation of the I spin multiplet. This means
that the spin system evolves under an effective Hamiltonian comprising only the
Zeeman term for spin S, which is now decoupled. Fig.1.5 shows an example for a
powder sample of glycine. The decoupling efficiency can be improved remarkably
by using advanced pulse schemes such as Lee-Goldberg decoupling [24].

1.2.4 Cross Polarisation

Despite achieving high resolution by MAS and 'H decoupling, a sensitivity prob-
lem still remains for studying low-v nuclei such as **C or *N. Natural abundance
and relative sensitivity of 13C is only 1.108% and 1.59x 102 (compared to 'H) and
for 1°N 0.37% and 1.04x 103, respectively. However, the presence of strong dipo-
lar couplings between these rare nuclei and abundant protons can be exploited to
provide a signal-enhancement. This cross polarisation experiment requires three
steps [25]:

1. The spin temperature of the abundant 'H-spin reservoir is lowered by ap-
plying a 90°x pulse.

2. Polarisation transfer from the abundant I-spin reservoir to the rare S-spin
reservoir takes place by matching the precession frequencies of I and S
(Hartmann-Hahn condition): ~v;By; = vsBjs. This is achieved by a spin-
lock field applied simultaneously to I and S.
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3. S-spins are observed but the spin lock field is maintained on the I spins
during detection in order to prevent effects from heteronuclear dipolar cou-

pling.

The signal enhancement of spin I is proportional to v;/vs (four times for
'H/13C). A further advantage is that the spin-lattice relaxation time T of protons
is considerably smaller than for 3C, i.e. the delay time between multiple scans
can be chosen to be shorter. It is not even necessary to wait for the 'H spin
reservoir to re-polarize, since not all magnetisation is transferred, resulting in a
further increase in sensitivity by accumulating more signal in less time. A more
detailed description can be found elsewhere [15].

Even better sensitivity enhancement has been achieved recently by dynamic
nuclear polarisation, in which magnetisation of unpaired electrons is transferred
to coupled nuclear spins by microwave irradiation [26].

1.2.5 Recoupling-Rotational Resonance

The dipolar coupling between nuclei in specific sites in solids is an important
structural parameter due to its r= distance dependence, but magic angle sam-
ple spinning, which is necessary to obtain well resolved spectra, also reduces the
dipolar coupling remarkably. Andrew and co-workers in the 60’s [27, 28], ob-
served that at certain spinning speeds the resonance lines of abundant nuclei
with different chemical shifts are dipolar broadened and an enhanced Zeeman
magnetisation takes place. This phenomenon has been called rotational reso-
nance (RR). Raleigh found similar effects in diluted pairs of like spins [29]. The
use of rotational resonance for molecular structure determination has been sug-
gested and demonstrated for a number of rather complex molecular systems,
which has enabled the development of a general theory of homonuclear spin pair
systems under MAS conditions by Levitt and co-workers [30].

The sample, containing a dipolar coupled pair of like spin nuclei, is set spin-
ning at a rate nw, (n=1,2,3) which equals the frequency difference between the
isotropic chemical shifts of both spins. At that rate, lines are broadening and
split into doublets, which is illustrated for [1-2-13C]-glycine in Fig.1.5. The dipo-
lar coupling is reintroduced at these spinning speeds and can now be used for
distance determination, either by analysing the lineshape, or by measuring Zee-
man magnetisation exchange between both sites.

Spinning speed sensitivity and restriction to an isolated spin pair only made
the development of broadband recoupling techniques necessary, for example DRAMA
(dipolar recovery at the magic angle)[31], RFDR (radiofrequency driven recou-
pling) [32], MELODRAMA [33] or C7 [34] and for heteronuclear recoupling RE-
DOR (rotational echo double resonance) [35].
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Figure 1.5: 100.63 MHz 3C-MAS spectra of a polycrystalline 1:7 mole/mole
mixture of [1,2-'3C]-glycine and unlabelled glycine under proton decoupling (a),
using cross polarisation (b) ( both at a spinning rate of w,=3500 Hz), and at n=1
rotational resonance at w,=13354 Hz (c).
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1.3 NMR Spectroscopy of Biomembranes

Structural studies of biomembranes, especially membrane-bound proteins and
peptides, by NMR, have undergone a remarkable development in recent years
[36]. Liquid state NMR can be applied to membrane proteins solubilized in
micelles. Here, only solid state NMR is considered in detail, which involves two
different approaches, static NMR on uniformly aligned samples [37], and Magic
Angle Sample Spinning (MAS) NMR applied to unoriented samples, as recently
reviewed by Smith et al. [38]. From the structural point of view, the two central
questions to be resolved are the protein secondary structure in the membrane,
and the molecular orientation with respect to the membrane [37]. The central
technical difficulties are to achieve a sufficiently high spectral resolution for the
nuclei of interest (*H, 3C, ®N), to utilize dipolar and J-couplings for obtaining
structural constraints, and information about the orientation of specific sites in
the peptide or protein with respect to the bilayer [39].

1.3.1 Membrane Proteins in Micelles

The correlation time problem, which exists due to immobilized or slowly reorient-
ing membrane proteins, must be overcome when applying high resolution NMR
techniques. The problem can be solved by solubilizing proteins in high lipid con-
centration to obtain small micelles with only one protein, which would reorient
quickly and isotropically. High fields, high temperature and isotopic labelling
are necessary to obtain useful spectral resolution. Besides various applications to
peptides of up to 50 residues [40], recent advances have been made by studying
isotopically labelled native bacteriorhodopsin in detergent micelles. NOEs within
the chromophore were reported [41]. Due to the correlation time problem, this
approach might be limited to molecules smaller than 30-40 kDa.

1.3.2 Static Solid State NMR: Membrane Proteins in Bi-
layers

It was demonstrated in the introduction to static solid state NMR, that the signal
observed from a second rank tensor interaction depends on its orientation Qpy,
with respect to the laboratory frame (Eqn.1.17). Sharp resonance lines can be
obtained from sites in single crystals (Fig.1.3). This effect has been used exten-
sively for studying macroscopically aligned membranes, by utilizing the orienta-
tional dependent anisotropies of either quadrupole interaction (*H), of chemical
shielding tensors (*C, N, 3IP) and of the dipolar couplings (**N-'H). For ex-
ample, the orientation of 2H labelled chromophores in bacteriorhodopsin [42] and
bovine rhodoposin [43] were determined as well as orientation and structure of
gramicidin [44] and other helical peptides [45]. Oriented membrane proteins can
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be either prepared by aligning them in bilayers on glass disks [37],[46], or by us-
ing bicelles [47]. Using bicelles became a more generally accessible method with
the discovery that by adding lanthanide ions, their director axis orients parallel
to By[48],[49]. The clear potential of this approach is in acquiring molecular
orientation with respect to the membrane director frame as well as structural
constraints. A remarkable resolution has been achieved in cases where the sam-
ple is extremely well oriented. The possibility to obtaining completely resolved
15N spectra of fully labelled peptides were recently shown for the fd-coat protein
[50]. Precise resonance assignment in multiple or uniformly labelled proteins still
remains a challenge, because each resonance depends on tensor size and orienta-
tion, which would make assuming a molecular geometry necessary prior to full
spectral assignment.

1.3.3 Magic Angle Sample Spinning: Membrane Proteins
in Bilayers

In contrast to static NMR on oriented membranes, MAS spectroscopy does not
require uniformly aligned samples in order to achieve a good spectral resolution
(Fig.1.4). However, working with unoriented membrane systems means losing
a general sample reference frame and also the angle dependence of second rank
tensor interaction. Additionally, dipolar coupling, which is needed to obtain dis-
tance constraints, is averaged under sample spinning and has to be reintroduced
by dipolar recoupling techniques.

MAS has been used mainly for two classes of problems, namely for struc-
ture and interaction of membrane bound peptides and for conformation of lig-
ands bound to large complexes. Current MAS techniques still fail to produce
a large matrix of distance constraints, but selective protein backbone labelling
allows specific distance or torsional angle measurements for establishing a local
secondary structure [38]. Usually, *Ca-*C=0 or ®N-13Cq spin pairs are used.
MAS proved to be particularly useful for conformational studies of ligands bound
to membrane proteins. Examples involve the observation of glucose bound to the
galactose-H* symport protein in E.coli by Spooner et al. [51], of an inhibitor
bound to gastric HT /KT ATPase [52] and of acetylcholine bound to the acetyl-
choline receptor [53]. Distance and torsion angle measurements between 3C
labelled positions in bovine rhodopsin have been obtained by applying rotational
resonance and C7 [54].

Although the general perspective of MAS towards complete structural resolu-
tion of labelled membrane proteins is still ambivalent, as discussed in a statistical
analysis by Tycko [39], good progress has been made in development and appli-
cation of broadband recoupling techniques and efficient homonuclear decoupling
[24], which are essential for multiple labelling.

MAS NMR has become an effective approach for probing structure and mecha-
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nism of membrane proteins by distance and torsion angle measurements (0.65-1.1
nm for BC-13C and 3C-1F) as well as by studying chemical shifts.

1.3.4 Magic Angle Sample Spinning on Oriented Mem-
brane Bilayers

It has been said, that orientation with respect to the membrane director frame
can not be measured by MAS, although it would be rather tempting to find a
way to perform MAS spectroscopy on uniformly aligned membranes. Deviations
from perfect alignment, which are common for large proteins such as rhodopsin
in bilayers, could make static NMR a difficult task [43], while MAS would always
produce well resolved resonance lines. MAS spectra of single crystals, as shown
in Fig.1.4, illustrate already what might be expected. Orientational information
is contained in spinning sidebands which appear about the isotropic central line.
Here, a new basic MAS experiment is suggested, which would allow orientations
of second rank tensors with respect to the director frame to be extracted. In
the following, the abbreviation MAOSS (magic angle oriented sample spinning)
will refer to this type of experiment in contrast to MAS on unoriented material.
As shown in Fig.1.6, biomembranes can be uniformly aligned on thin glass discs
[46, 55| which are mounted into a MAS rotor so that the membrane normal is
parallel to the rotor axis. Tensor orientations can now be obtained by analysing
spinning sideband patterns of sites in slowly tumbling or immobile membrane
proteins. However, mobile membrane components, such as lipids, would rotate
about the magic angle (7, ~107!° sec), which averages the strong dipolar 'H-'H
couplings and allows a high 'H resolution.

Proton-MAS on oriented membranes will be discussed in Chapter 2, while
Chapter 3 outlines the analysis of MAOSS sideband patterns from inhomoge-
neous interactions. Chapter 4 demonstrates the application of 2H-MAS to ori-
ented bacteriorhodopsin. Chapters 5 and 6 will introduce and demonstrate the
use of rotational resonance MAS, MAOSS and lanthanide ions for the study of
membrane bound peptides, with the M13 coat protein.
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Figure 1.6: Main principle for MAOSS experiments: Membranes are uniformly
aligned on thin, precisely cut glass disks, stacked on top of each other and
mounted into a standard MAS rotor. The membrane normal Zp, is parallel to the
rotor axis Zg.



Chapter 2

Resolution Enhancement through
Molecular Dynamics: 'H MAS
on Oriented Lipid Multilayers

Abstract

The spectral linewidth in 'H spectra of multi-lamellar lipid dispersions is dom-
inated by the dipolar coupling. The highly anisotropic intermolecular motions
of membrane components, such as rotational diffusion about the lipid long axis
( 7. ~1071% sec), can be utilized for averaging dipolar interactions by placing
uniformly aligned lipid multilayer with the membrane normal at the magic angle.
Each lipid molecule rotates about the magic angle and additional macroscopic
sample rotation averages orientation defects. The dramatic resolution improve-
ment for protons which is achieved in a lipid sample at only 220 Hz spinning
speed in a 9.4 T field is slightly better than any published data to date using
ultra-high fields (up to 17.6 T) and high-speed spinning (14 kHz). Here, the first
'H spectra of uniformly aligned dimyristoylphosphatidylcholine (DMPC) bilay-
ers are presented. 'H resolution enhancement for the aromatic region of the M13
coat protein reconstituted into DMPC bilayers and general potential and possible
perspectives of this technique are discussed.

2.1 Introduction

It has been discussed in the general introduction to solid-state NMR in Chapter
1, that the dipolar coupling is described by a traceless and symmetrical second
rank tensor. The Hamiltonian for an isolated homonuclear spin pair can now be
written, according to Eqn.1.16 as :

28
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2
HD = P;l:gh (3 COS2 ﬂPL - 1) (3llzfzz—]:1]:2) (21)
12

where Bpr denotes the Euler angle [17] needed to rotate the dipolar tensor
from its principal axis system into the laboratory frame (ap; can be set to zero
due to the symmetry of the dipolar tensor and vp; can be neglected in the
secular part of the Hamiltonian, see Fig.1.2.). The gyromagnetic ratio of protons
is y1 = 26.75x 10" As/kg and 115 is the magnitude of the vector connecting both
spins. By performing a powder average and neglecting all other interactions, a
Pake pattern with a splitting corresponding to the dipolar coupling is obtained.
Since the dipolar interaction is a through space interaction, the coupling between
all proton spins in the sample has to be considered:

2 p N
HD = ’}/21;{3 (3 COS2 ﬁgL—1> (3IlZI]Z_IzI]) (22)
ij

i>j

which gives a network of couplings, in which all spins are involved, i.e. manip-
ulating one spin would mean manipulating the whole spin network. The resulting
spectrum is no longer a superposition of independent lines (inhomogeneous case)
but is homogeneously broadened [15]. The description of the modulation of such
a spectrum by MAS is difficult to handle. However, it has been found experi-
mentally, that under MAS conditions a sideband pattern forms. The resonance
lines are broadened according to the ratio of dipolar coupling to spinning speed
wp/w, [18],[19]. Approximated simulations can be performed by making use of
the strong distance dependence of dipolar couplings, i.e. by only considering ad-
jacent spins. The protons in a methylene group can now be treated as an isolated
two-spin-system and remaining multi-spin couplings can be included in the form
of a broadening function [56, 57, 58].

Due to this strongly coupled network of spins, protons are experimentally
difficult to use in solid-state NMR. Their large dipolar couplings of up to 36 kHz
are exceeding normally available MAS spinning speeds (~ 25 kHz) which would
be necessary to obtain a sufficient averaging and hence resolution. However, util-
ising protons for biological solid-state NMR is rather attractive since in solution
NMR dipolar and J-couplings of protons mainly deliver the structural informa-
tion which is normally obtained from selective labelling with low v nuclei (}3C,
°N) in solid-state NMR. Being able to achieve a sufficient 'H resolution in bio-
logical membranes would then permit the application of well developed solution
state NMR techniques. Additionally, the signal/noise problem which occurs by
selective labelling in biological material, which cannot normally be provided in
large quantities, would be overcome. This approach is supported by the fact that
many membrane components are highly mobile in a motional regime in which
the dipolar coupling tensor would be pre-averaged. The first 'H MAS spectra
of lipids were published by Oldfield and co-workers [59, 60, 61] and a number of
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attempts have been undertaken to improve the proton resolution in solid-state
NMR of biomembranes [62, 63, 64, 65, 66, 67|, mainly by applying ultra high
magnetic fields or by ultra-fast MAS spinning. It has been possible to resolve
lipid and some peptide resonances. However, the resolution enhancement one
would expect from high field / high speed MAS has so far not been achieved [62].
Here a new approach is presented and discussed, which might help to overcome
these problems.

As shown in Fig.1.6 in Chapter 1, biomembranes can be uniformly aligned on
thin glass discs [46, 55| which are mounted into a MAS rotor. If the membrane
normal is parallel to the rotor axis, lipids would rotate about the magic angle with
a correlation time of 7. ~1071° sec causing the strong dipolar 'H-'H couplings
to collapse. Additional sample rotation can average orientational defects, which
would remove residual dipolar 'H-'H couplings and allows a high 'H resolution
(see Fig.2.1).

2.2 Materials and Methods

Round, 0.06-0.08 mm thin glass plates with a diameter of 5.4 mm (Marienfelde
GmbH, Germany) were cleaned in nitric acid and methanol/ethanol and sub-
sequently dried under a stream of nitrogen gas. The disc diameter was chosen
to fit precisely into a standard Bruker 7 mm MAS rotor (RotoTec GmbH, Ger-
many). The M13 coat protein was synthesized using standard solid-phase FMOC
chemistry (NSR Centre, Nijmegen, The Netherlands); Asp was replaced with
Asn. DMPC (dimyristoylphosphatidylcholine) was purchased from Sigma, UK
and used without further purification. To orient protein and lipids on the glass
plates, protein and DMPC were co-dissolved in trifluoroacetic acid (Aldrich, UK)
and chloroform (BDH) in a lipid to protein mole ratio of 15:1 and spread as one
10 ul drop onto the glass disks which were then thoroughly dried with a stream of
nitrogen. Each drop contained 0.2 mg material and special care has been taken to
ensure that the solvent covers the disk surface completely. After adding all mate-
rial, samples were exposed to high vacuum for 12 hours and hydrated by adding
0.25 pl DO (Aldrich) directly to each sample followed by an empty, clean disk
on top. The same procedures were used for pure DMPC samples, however no
TFA was added. The prepared sample ”sandwiches” were allowed to equilibrate
in a hydration chamber for 48 hours at 93% relative humidity (over-saturated
KNO3/D20 solution) and 310 K. Glass plates (25) were placed on top of each
other and mounted carefully into a 7 mm MAS rotor using a specifically designed
tool (see Appendix A). Each MAS rotor contained 5-10mg material.

Special KelF inserts on top and bottom guaranteed a fixed and stable position
of each disc. An amount of 5 ul DO was added to the rotor before closing it
with a standard non-venting KelF cap. For comparison with random distribu-
tions, multilamellar dispersion of M13 in its a-oligomeric form were prepared by
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Figure 2.1: The various dynamic processes for lipids in multilayers are mainly
dominated by fast rotational diffusion about the molecular long axis (a), with
slow, collective motions, which modulate the bilayer normal Zp (b,c) also occur-
ing. By orienting a perfectly alligned lipid multilayer with the membrane normal
Zp at the magic angle 3pr=54.7°, each molecule would actually rotate (7, ~1071°
sec) about the magic angle and so "H-'H dipolar coupling (40kHz) would vanish.
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reconstitution into DMPC as described previously [68].

All spectra were recorded at 400.13 MHz for 'H using a Bruker MSL 400 and
double resonance 7mm and 4 mm MAS probes (Bruker, Germany). Typical 7/2
pulse-lengths were 6 ps. The spinning speed was controlled within a range of
+3 Hz. An oscilloscope was used to control the rotor stability at low spinning
rates. Static phosphorus NMR suggests a mosaic spread of +3° for the lipids in
the sample.

The stability of sample orientation under spinning conditions was checked after
each spinning experiment by comparison of static 'H and 3!'P spectra.

2.3 Results

The static 'H spectrum of a multilamellar dispersion of DMPC/D50 in its fluid
(L) phase at 318 K is shown in Fig.2.2a. By uniformly aligning DMPC bilayers
on glass disks with the membrane normal at the magic angle, as illustrated in
Fig.2.1, a dramatic line width reduction from about 20 ppm to 6 ppm, which is
just the chemical shift dispersion, is achieved (Fig.2.2b). This effect has been
illustrated before by Smith et al. [55], where static 'H spectra at the magic angle
were used for estimating the amount of water in the samples. If the sample is
set spinning, a dramatic spectral resolution is observed at a speed as slow as 220
Hz (Fig.2.2c). This spectrum is plotted on an expanded horizontal scale from
6.0 to 0.0 ppm below Fig.2.2c. A resonance assignment has been obtained from
published literature [59],[64] and is given in Table 2.1 together with the full width
at half maximum for each relevant resonance. Spinning sidebands, which are not
removed at this speed are labelled with arrows in Fig.2.2. The linewidth ranges
from 29 Hz for the CH, resonance to only 9 Hz for the N(CHjs)s head group.
This resolution is slightly better than all published data so far using solid-state
NMR techniques on biomembrane systems. The first reports of the application
of MAS to biomembranes showed linewidths of 40 to 60 Hz at 11.7 T [59],[60].
Some improvements have been made by ultra-fast spinning of up to w, = 14000
Hz, as shown by Davis et al. [62], where the linewidths were between 13 and 34
Hz (8.455 T). Pampel and Volke reported 20 Hz linewidth for the most narrow
lines using a ultra-high field of 17.6 T and 8000 Hz spinning speed for their MAS
studies [65].

The applicability of this method to membrane-bound peptides is illustrated
in Fig.2.3. The M13 coat protein, a 50mer membrane-bound peptide has been
reconstituted (see Materials and Methods) into DMPC in order to carry out stan-
dard MAS studies at 318 K and a spinning rate of w, = 10000 Hz (Fig.2.3a) and
Fig.2.3b is a vertical expansion of the aromatic region from 6.0 to 9.0 ppm of
this spectrum. The signal arises from the amino acids Phe-11, Tyr-21, Tyr-24
and Trp-26, Phe-42, Phe-45. A oriented sample of M13 embedded in DMPC
bilayers was prepared for MAOSS experiments. Fig.2.3c shows the expansion of
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Figure 2.2: 400.13 MHz proton spectra of uniformly aligned (b, c) and ran-
domly distributed (a) DMPC in D;O at the magic angle and at T = 318 K.
All resonances are already resolved at 220 Hz spinning speed. Static, random
distribution (a), static, sample orientation as in Fig.1 (b), same as (b) but at
220 Hz spinning speed (c). Spectrum (c) is shown below on an expanded hor-
izontal scale (for resonance assignment and linewidth see Table 1). Sidebands
are labelled by arrows. An exponential linebroadening of 1 Hz was applied. 128
scans were acquired with a recycle delay of 2 sec.
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Peak | Group Assignment | linewidth Avy,[H 2]
1 CH 16

2 HDO 9

3 Oé—CHQ 29

4 (-CH, 20

o 7-N(CHj;); 9

6 CH,CH,COO 25/16

7 CH,CH,COO 30

8 (CHa),, 29

9 CH; 19

Table 2.1: Assignment of proton resonances for DMPC with linewidth obtained
by magic angle oriented sample spinning (MAOSS).

the aromatic region obtained from a oriented sample at w, = 3000 Hz. The pro-
tein/lipid mole ratio in both cases was between 1:15 and 1:20. Some resonances

can be resolved in the oriented sample (Fig.2.3c), which can not be seen using
high-speed MAS (Fig.2.3b).

2.4 Discussion

2.4.1 Dipolar Coupling

In order to understand the considerable 'H resolution enhancement observed
in MAOSS experiments, we have to consider the special dynamic situation in
lipid membranes, as well as the macroscopic sample geometry as illustrated in
Fig.2.1. As discussed in the introduction section, dipolar interactions would
vanish under highspeed MAS conditions. However, in lipid membranes, three
motional modes can be found [69]: internal motions (trans-gauche isomerisation,
7j ~ 107! sec), intermolecular motions (rotational diffusion about long axis 7 ~
10719 sec, and "wobbling” of long axis 7z, ~ 1072 sec) and collective motions
where the whole membrane undergoes undulations [70],[71] (1073...107% sec).
As suggested by Davis [62], placing oriented membranes in their fluid phase with
all local membrane normals at the magic angle would produce considerable *H
resolution enhancement in biomembranes, since the membrane normal is the axis
of symmetry of the highly anisotropic intermolecular motions, and all dipolar
couplings would be projected onto this axis and therefore vanish. This situation
is illustrated in Fig.2.2b, where a dramatic line-narrowing is achieved, but no
lines can be resolved, which is probably the reason, why this approach was not
pursued and more effort went into using ultra-high speeds and high fields when
exploiting protons for biomembrane studies [62, 63, 65, 67]. However, the main
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Figure 2.3: 'H MAS spectrum of a ”powder-type” sample of DMPC containing
2mg M13 coat protein at a lipid/protein ratio of 15:1 under similar conditions as
Fig.2 but at a spinning rate of 10000 Hz (a). The inset shows a comparison of
the aromatic region of M13 obtained under high speed MAS condition (b) and
with oriented sample spinning (c). An exponential linebroadening of 10 Hz was
applied. 5000 scans were acquired with a recycle delay of 2 sec.



36 Chapter 2: Proton MAS on oriented Membranes

cause for the residual line-broadening in Fig.2.2b is due to deviation from perfect
uniform alignment. In a perfectly oriented membrane (mosaic spread AS = 0°),
every single lipid molecule would rotate with a long axis correlation time of 10719
sec about the magic angle. In this situation, no dipolar broadening would be
expected. However, in the real experimental situation, it is impossible to prepare
oriented membrane multi-layers of this sufficiently high quality and low mosaic
spread with A = £1-3° being the best which can normally be achieved routinely
[55] (see Fig.2.4).

AZp
Sample rotation: 0...1000 Hz

-

Rotational diffusion
Correlation time; d) $0.1011sec

"Mosaicspread"":,l +0..3¢

Figure 2.4: Orientational defects ("mosaic spread” A = +0...30°) cause devi-
ations of each molecular rotation axis Zy; from the bilayer normal Zp and so
from the magic angle. However, the mosaic spread can be easily averaged by
additional slow macroscopic sample rotation about the magic angle.

For a quantification of the observed effects, only the methylene groups in the
lipid acyl chain are considered in the following. Both protons are strongly coupled
(r12=0.17 nm, b;; /2r= 24400 Hz), so that in first order a two spin approximation
for the simulation of "H-MAS spectra can be applied [58]. Using A3 and S¢g), , the
segmental order parameter, the Hamiltonian 2.1 can be modified taking mosaic
spread and dynamics into account:

2
0
(Hp) = ?—’é (3cos?(Bpr—AB) — 1) (Blizly—LL,) x SHg. (2.3)

T12
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All anisotropic interactions are scaled with SZf, ~ 0.4...0.5 [72],[73]. The size
of the chemical shift tensor is approximately 017 = —4 ppm, 099 = 0 ppm, 033 = 4
ppm, and is symmetrically oriented along the CH bond [15], while the dipolar
coupling tensor is symmetrical (n = 0) with its z-axis along the internuclear
connecting vector (see Fig.2.5). Simulations were performed in Floquet space
(15x15) using the programme described in Appendix B. The mosaic spread was
included with a spherical weighting function. Contributions from the chemical
shift anisotropy were neglected, since they were 15 times smaller than the dipolar
coupling. All interactions are projected onto the lipid long axis Zyg, which
is simulated by setting all coordinate transformations from the principal axis
systems into the molecular reference frame to Q459 = {0,0,0}. Spectrum (a) in
Fig.2.5 shows the expected Pake pattern for an unoriented, dipolar coupled spin
pair. The spectrum narrows dramatically in the oriented system with a mosaic
spread of A = £4° (by) and even more at A3 = +1° (by). Finally, resonance
lines can be resolved by slow sample spinning at 220 Hz (c), which agrees well with
the experimental findings. The comparison between experimental and simulated
data in Fig.2.5 shows, that also correct sideband intensities were obtained, which
means that the assumptions made above were correct. These sideband intensities
arise from very small residual dipolar couplings, which illustrates that a highly
efficient MAS averaging process - provided by molecular dynamics in the GHz
range - takes place.

2.4.2 Slow Motions

The dynamics in lipid membranes is rather complex and covers time scales from
1073 to 10719 sec [74]. Here, it has been demonstrated how to utilise rotational
diffusion for resolution 'H enhancement. Apart from dipolar coupling and chem-
ical shift anisotropy, especially slow and intermediate time scale motions in the
frequency range of 107® to 107° sec in lipids were identified by Davis [62] as
another essential cause for line-broadening. The contribution of an intermediate
time scale motion with correlation times 7. to the linewidth of a MAS resonance
line at a speed of w,, has been discussed by Maricq and Waugh [20], and can be
estimated by [75, 62]:

1AM o7, :
rot = - ( d 2 + d 2) (24)
17 3 \1+ (w,Te) 1+ 4 (were)

where A M, is the dipolar second moment being modulated by dynamic processes.
These low frequency fluctuations would cause additional line broadening. How-
ever, fluctuations in the orientation of the local bilayer normal, for example in
form of undulations of the bilayer surface are mechanically suppressed in macro-
scopically oriented multi-layers. The motional freedom along the bilayer normal
is restricted due to the solid support and due to the small interbilayer space
caused by the absence of a large amount of free water (see Fig.2.5).
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15000.0 5000.0 -5000.0 -15000.0
Frequency [Hz]
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Figure 2.5: Two-spin simulation of 'H spectra for a -CH,- group in the lipid
chain for the static and unoriented case (a), static and oriented with a mosaic
spread of AF = £4° (by), A = +1° (by) and at 220 Hz spinning speed and
+1°(c). The expanded plot overlays the simulated and experimentally obtained
-CHs- resonance.
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Figure 2.6: Slow, collective motions (a) in multilamellar lipid dispersions cause
additional linebroadening due to T, relaxation effects. These motions are me-
chanically restricted in oriented bilayers on a solid substratum (b).

The method presented here uses rotational diffusion (in the GHz range) for
averaging dipolar couplings together with macroscopic sample spinning (~ 1 kHz)
for averaging orientational defects while at the same time low frequency dynamics
(undulations), which would cause additional line-broadening, are suppressed.

Even higher proton resolution can be achieved using MAOSS by applying
higher fields, homonuclear decoupling techniques [24] and by improving the spin-
ning and shimming properties of the MAS rotors. Shimming especially becomes
critical in the experiment with a linewidth for v-N(CHj)s of 9 Hz where the best
proton resolution which can be achieved with solvents with the MAS probe used
here was 7 Hz. It has been discussed by Pampel and Volke [65], that the sample
geometry is crucial for a narrow linewidth due to the shimming properties of MAS
probes [76]. Spinning speed instabilities can also cause additional linebroadening.

To demonstrate the applicability to membrane embedded proteins and pep-
tides the 50 amino acid long M13 coat protein has been studied in a first attempt
to apply MAOSS to larger systems. M13 has the primary sequence N-AEGDD
PAKAA FNSLQ ASATE YIGYA WAMVV VIVGA TIGIK LFKKF TSKAS-C.
It exists in the filamentous bacteriophage as a cytoplasmic protein, as a structural
element and as an integral membrane protein at different stages of the phage life
cycle. Residues 21-39 form the hydrophobic core. M13 is an interesting test
case, since it can be well oriented and is well characterized [40, 68, 77, 78, 79, 80].
Also, Opella and co-workers have carried out extensive and detailed multi-nuclear
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solution and solid-state NMR, on the coat protein of the very similar phage fd
[81, 82, 83, 84]. M13 differs in only one residue from the fd coat protein. As
described in the results section, some spectral structures in the aromatic region
can be resolved by MAS at 3000 Hz on oriented M13 samples which could not be
resolved by spinning a multi-lamellar dispersion at 10000 Hz (Fig.2.3). However,
M13 does not undergo rapid reorientations in a membrane [85, 79, 84, 86|,but,
as in oriented lipid samples, slow motions are suppressed, which helps to achieve
a resolution enhancement. Also, it has been shown that the sidechains of aro-
matic residues are relatively flexible. Sykes and co-workers [86] studied M13 coat
protein reconstituted into phospholipid vesicles and found by F NMR, that the
aromatic rings in °F-labelled residues Tyr-21, Tyr-24 and Phe-11, Phe-42 and
Phe-45 rotate freely about the Cz-Cv bond by ~4x10® s~!while a "wobbling”
about C,-Cps with ~2x10® s 'is restricted within a range of 75°-90° . The high
mobility determined is in good agreement with *H and '3C studies of the aromatic
residues of fd coat protein by Cross and Opella [83]. These reorientations would
project *H-'H dipolar couplings onto the axis of symmetry and could finally be
averaged by MAS. A similar case to the situation in fluid oriented lipids would
occur if the aromatic ring rotates about the magic angle, which would require
that the Cg-C~y bond vector lies parallel to the membrane normal. However, the
average orientation of this vector is not known. As discussed earlier, the dynamic
situation is not different from a multilamellar dispersion except that slow motions
are suppressed. It is rather difficult and beyond the scope of this study to assign
any resonances in Fig.2.3c to aromatic groups because each group features a dif-
ferent, and highly anisotropic motion which is reflected in the lineshape. There
is also a strong pH dependence for the isotropic chemical shifts of these groups
which could influence the lineshape [83]. However, the fact that an improvement
in resolution could be achieved underlines how slow motions can broaden 'H MAS
lines from biomembranes.

A much more favourable case would be the application of this method to pep-
tides or protein fragments which undergo fast long axis reorientations. All points
made about lipids would apply here and a good proton resolution is expected.

2.4.3 Sample Stability

As discussed before, a high mobility of membrane components is necessary for
the success of a 'H-MAOSS experiment, which gives rise to some concern re-
garding sample stability under conditions of MAS. The sample orientation under
spinning conditions was checked after each spinning experiment by comparison
of static 'H and 3!P spectra, which were recorded before and after spinning.
Even after some hours spinning, no linebroadening could be observed which gives
rise to the conclusion that the lipid/protein samples are stably aligned on the
glass discs in the rotor. Static proton spectra oriented at the magic angle should
be sensitive to changes in the alignment due to linebroadening caused by resid-
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Figure 2.7: Static 'H and 3!P spectra of oriented DMPC multilayers at T=300K
before (a,c) and after 4 hours sample rotation (b,d). The 'H linewidth did not
increase, but changes in the degree of hydration have been monitored (arrow) for
'H (b). For 'P, some unoriented components can be seen (d). No changes occur,
when the sample is frozen during sample rotation.

ual dipolar coupling of poorly or unoriented membrane components (Eqn.2.3).
Fig.2.7 compares static 'H and 3'P spectra of oriented DMPC hydrated with
H50/D,0 prior and after 4 hours spinning at 1000 Hz at room temperature. Al-
though the intensity of the water peak decreases, which indicates de-hydration,
the overall spectrum is not essentially broadened, i.e. the membrane is rela-
tively stable aligned on its solid support. This surprising stability can be ex-
plained by considering the forces, which actually apply. A lipid located at the
disc edge (rgisg=2.7Tmm, My;,;q=1.16 X 107%*kg) would experience a centrifugal
force F, = mrw? = 3.09 x 107 N at 5000 Hz spinning speed.

The effect this centrifugation would have can be estimated by considering the
elastic properties of model membranes. The response of the bilayer surface A
to an isotropic tension T (here centrifugal force), is specified by the isothermal
modulus of surface compressibility[9]:

c-a(Z). e

with typical values of K4 = 0.14 N/m. Accordingly, the bulk area compress-
ibility modulus for a bilayer thickness of d; = 4 nm is K /d;= 3 x 1077 N/m?
[9]. This means, that a single lipid of 2 nm length and 0.5 nm? cross sectional
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area would need to experience a lateral force of 5 x 107N to be removed from
the bilayer. This force is much larger than the applied centrifugal force and ex-
plains the observed sample stability together with effects of surface roughness
and cohesion/adhesion interaction between the membrane and the glass surface.

In an experimental situation however, many thousands of bilayers are placed
on top of each other, which causes some instabilities, since interaction between
bilayers are relatively weak. Experience shows that a better sample stability is
achieved for thinner sample layers.

Stability issues as well as de-hydration effects can be overcome efficiently
by sample freezing, which is also useful for studying anisotropic interactions, as
discussed in the following chapters.

2.5 Conclusions

The applicability of 'H-MAS to uniformly aligned biomembranes has been demon-
strated. By placing the sample with the membrane normal parallel to the rotor
axis, molecular long axis rotations occur about the magic angle, with correlation
times ranging from 10! sec for lipids [69] to 10~ sec for some large proteins
such as rhodopsin [87], which could enhance the MAS averaging process and so
produce dramatic resolution improvement. This is in some way a two-dimensional
anisotropic equivalent to liquid-state NMR where molecular motions are essen-
tial for obtaining sufficient resolution. The suppression of slow collective motions
(1073-107° sec) in oriented membranes is of additional help, since it has been
shown to be one reason for unexpected low resolution in high speed MAS ex-
periments. These two last points offer the opportunity to obtain proton NMR
spectra from peptides and protein fragments with sufficient resolution in order
to start structural studies.

In order to use all of these advantages at a full scale, some technical im-
provements have to be made. For example using thinner glass discs would allow
positioning the whole sample volume in the middle of the rotor to achieve better
shimming properties and higher B; homogeneity. Combinations with homonu-
clear decoupling techniques can also be expected to contribute to an increase in
spectral resolution.
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MAS Spinning Sidebands from
low-abundant Nuclei in Oriented
Systems: Simulations and
Examples

Abstract

Spinning sidebands can be observed in MAS spectra governed by inhomogeneous
interactions such as chemical shift or quadrupole coupling, if the spinning speed
is not exceeding the anisotropy of these tensors. In ordered systems, such as ori-
ented membranes, sideband intensities can be utilized for determining tilt angles
or orientation distribution functions. The advantage of using MAS rather than
static NMR for studying ordered systems is mainly found in a remarkable increase
in higher sensitivity and spectral resolution. Here, the special physical and geo-
metrical situation in uniformly aligned membranes is analysed for deriving an
algorithm to simulate orientational dependent spinning sideband pattern.

The determination of the tilt angle of lipid acyl chains in dimyristoylphos-
phatidylcholine (DMPC) bilayers in the gel phase from a '*C MAOSS sideband
pattern illustrates the applicability of this approach.

3.1 Theoretical Background

3.1.1 MAS on Oriented Membranes

The application of MAS to ordered or partially ordered solids has been used
successfully for studying the degree of order in polymers [21] or for investigating
the orientational distribution function of the 3'P chemical shift tensor in DNA
fibres [88]. The major advantage of investigating order phenomena by MAS rather

43
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than static NMR, is a much higher spectral sensitivity and resolution, which
makes it especially attractive for systems with a lower degree of order and/or
many different sites, such as a large protein in a lipid bilayer. It is necessary
to discuss the variety of macroscopic and microscopic orientational distributions
in ordered membranes in order to be able to extract structural information from
NMR spectra. Since a rather detailed analysis of distributions for static 2H-NMR
on lipid membranes has been published by Seelig [73], only the points needed
to understand the specific situation of a MAOSS experiment, as illustrated in
Fig.1.6, will be discussed below.

The sample fixed coordinate system DF is identical with the rotor system
RF, i.e. the rotor axis is parallel to the membrane normal (Gpr = 07, see Fig.1.2
and Fig.1.6). The oriented membrane itself is a transverse isotropic system. The
z-axis Zj; of the molecular frame and the z-axis Zp of the principal axis system
of the NMR interaction in Fig.3.1 are uniaxially distributed about the membrane
normal Zp. This double uniaxiality has direct consequences for the MAS signal.
Under conditions of sample spinning, all values of vpgr, which describes rotation
of the NMR interaction about the rotor axis, would have the same probabil-
ity. The expression for the calculation of sideband intensities Iy(apg, Brr, Yrr)
(Eqn.1.30) can now be simplified by integrating over ypg [21]:

2

d
In(opr, Brr) = / g:;RIN(aPR7ﬁPR>7PR) (3.1)

0
2

d X i
— / 7PRf (apr, Bpr, vrr)e"*Y Fn(apr, B, YPR)
0

2T

which simplifies by using the definition for Fy from Chapter 1 to:

In(opr, Brr) = Fn(opr, Brr)F(apr, Bpr) (3.2)

This means Iy is always a real number and so only absorptive sidebands will
be observed. It has been pointed out that this is true for any sample which is
subject to unsynchronized, random data acquisition [21].

Since both coordinate systems, PAS and MF, are uniaxially distributed about
the rotor axis, some further considerations have to be made. The set of Euler
angles Q2pr needed to rotate an interaction tensor from its PAS into the rotor
frame RF, can actually be described as an addition of two rotations, namely from
the PAS onto the molecular fixed frame MF and from there into the membrane
fixed coordinate system DF (see Fig.1.2 for definitions).

The molecular frame can be defined by assigning its z axis Zj; to the helix or
lipid chain long axis, while the orientation of the PAS depends usually on the type
of interaction and the chemical groups involved. For deuterium for example, the
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Figure 3.1: Distribution of molecular long axis Z;; and z-axis of PAS Zp about
membrane normal Zp. Both distributions are uniaxial but not identical. The
angles arp and vypys describe rotations about the same axis.
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z-axis Zp is along the C-2H bond. As illustrated in Fig.3.1, the angles vpy; and
ayrp describe rotations about the same axis Zj;, which is the final z-axis while
rotating from PAS to MF and at the same time the initial z-axis for the rotation
from MF to DF. Finally, only one rotation about Z,; by an angle vpy;+a,p takes
place, which allows a null point to be chosen, with either ypy; = 0 or app = 0.
Here, vpyr = 0 will be used. To account for the two uniaxial distributions of
PAS and MF with respect to membrane normal, averages over vyp,s or ajp and
vup have to be performed. Since DF is identical to RF, all rotations below will
now refer directly to the rotor frame rather than to the sample fixed coordinate
system. Eqn.3.2 is valid for any set of Euler angles which rotate a molecule
fixed coordinate system into the rotor frame, but for clarity, complete integral
expressions will be given here:

2 2
da dry
IN(aPNla ﬁPZV[; BZV[R) = / 217:_[R / 2J7V:R IN(OZPJ\% ﬁP!\l, 07 QMR ﬁ]\lR? P)/ZV[R)
0 0

(3.3)

Additionally, a certain distribution of the molecular long axis Zj; with respect

to the sample director Zp has to be assumed, since it is not possible to prepare

perfectly aligned proteins or lipids [46]. This degree of disorder, for which the

term "mosaic spread” has been used in the literature, is best described by a
Gaussian orientation distribution function of Gy g (same as Byp in Fig.3.1):

18ur = Bur
2 AB

where Af is actually the width (e.g. mosaic spread AS = +10°) and 3%,
the centre of the distribution. A weighting function for 35,z has to be introduced
when simulating these distributions by planar-random averaging, because of a
higher density of orientations in the pole regions. For full powder simulations,
normally pyr(Byvr) = sinfByr is used. However, for describing the assumed
Gaussian distribution correctly, weighting factors have to be calculated by inte-
grating ODF j,r over the range of the mosaic spread. The integral over a Gaussian
is known as the error function erf:

BumR

pur(Bur) = erf(Bur) = % / exp [—t*] dt (3.5)

0

It is sufficient to consider for all angles 3 a range of [0,7/2[ since the nature
of second rank tensor interaction does not allow to distinguish between ( and
180° — 3. For this interval, both weighting functions sin(3) and erf((3) are similar,
as the Taylor series expansion about § = 0 illustrates:
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() = -5+ 0"+ 0() (36)
sn(f) = -6+ 0 +0(9) (3.7

which means, that it is safe in the most cases to weight sub-spectra by prr(Bur) =
sin Byrg. The intensity of a MAS sideband at position Nw, with respect to the

centre line is now a function of two Euler angles describing the orientation of the

NMR interaction tensor with respect to the molecular frame, the tilt of the mole-

cular frame z-axis with respect to the rotor axis and the width of the distribution

of molecular frame axes:

o 2T Bur+AB
In(apm, Beas Bur, AB) = K / doyr / dymr / dBnr (3.8)
0 0 Bur—ApB

XPMR(ﬂMR)I N (aPM; 5PM, MR, ﬁMR, ’YJVIR)

where K is a normalizing constant. A summary of all necessary reference
frame rotations is shown in Fig.3.2. All averages are combined with the rotation
from the molecular frame into the rotor frame, which is of advantage for numerical
simulations.

If the orientation of the interaction tensor with respect to the molecular frame
is known, e.g. in case of ?H or N labels in the protein backbone, MAOSS ex-
periments can be used to determine the orientation of molecules with respect to
the membrane. Alternatively, if ODF y;z(8ar) is known, orientational informa-
tion about the tensor with respect to the molecule can be extracted, which is
of importance for studying structure and orientation of ligands bound to mem-
brane proteins. The orientational distribution function ODFpys(Bpys) for the
latter case is a sharp, single line (6-function), if there is no conformational disor-
der. For symmetrical tensors such as 2H, apy; can be arbitrarily chosen (n = 0).
Some example simulations are given in Fig.3.3 for different orientations p,,
with constant ODF y/r(Sar) as well as for a fixed orientations and variable mo-
saic spread.

3.1.2 MAS Simulation by Floquet Theory

Numerical simulations of MAS spectra were performed using the NMR C++ li-
brary GAMMA and its built-in Floquet operator formalism [89],[90]. Floquet
theory has been demonstrated to be very useful for analysing periodically time-
dependent problems [91], which makes it a perfect tool for describing NMR, ex-
periments on rotating solids [58],[92],[93]. The major advantage is that it allows
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Figure 3.2: Summary of rotations and averages for simulating MAS spectra of
NMR interaction for the special situation of oriented membranes. All averaging
steps can be shifted into the rotation MF->RF. Here, the rotor frame RF and
the sample fixed frame DF are identical.
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Figure 3.3: Simulations of 2H-MAS spectra for different orientations of the
quadrupole coupling tensor with respect to the molecular frame (a) and for dif-
ferent mosaic spread distributions (b). The rotation MF->RF was chosen to be
Qur(0,0 £ AB,0). The deuterium quadrupolar coupling tensor is symmetrical
(n = 0), so that apyps can be set to any value. Calculations were performed for a
relative spinning speed w,/eq=0.1. All spectra are scaled to the same intensity,
except the static spectra above and below Bpy; = 0° and 90°: These spectra have
the same integral intensity as the MAS spectra for the same orientation and il-
lustrate the increase in the signal /noise ratio one can expect by performing MAS
experiments on oriented systems.
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the description of the full time-dependence of a periodically time-dependent sys-
tem, for example calculating the full sideband pattern in case of sample-spinning
experiments. The time dependence can be overcome by transforming the time-
dependent Hamiltonian into an infinite dimensional Hilbert space, called Floquet
space. The Hamiltonian is now time-independent, but of infinite dimension,
which can however be truncated for numerical computations. In many cases a
15x15 matrix is sufficient for simulations.

A time-independent Floquet space operator Apr which corresponds to the
time-dependent Hilbert space operator A(t),

n=-+oo
At) = Z A,, exp [inwt] (3.9)
is defined by
n=-+oo
Ap= ) In>Anm<ml (3.10)

A matrix representation is constructed by inserting the non-zero operators A,,
into the n-th side diagonal of Aj:

m=20

AO A1 AQ AS A4
o AL A Ay Ay Ay -
AF N cee A_Q A_1 AO A1 AQ oo n=20 (311)
A_3 A_2 A—l AO Al ..

A,4 A73 A72 A,1 AO

Floquet space representations for all Hilbert space operators can be con-
structed in that way [93].

For the case of MAS spectroscopy, i.e. single axis sample rotation, the Hamil-
tonian in the principal axis systems PAS is related to the laboratory frame LF by
two intermediate transformations Qpp and Qg (see Fig.1.2, Fig.3.2). According
to the definitions above, the Fourier expansion of the Hamiltonian

n=-+o0o

H(Qpr,t) = > Hal(Qpr) exp [inw,1] (3.12)

n=—oo
leads to the Floquet representation

n=-4oo

Hr(Qpr) = Y [In>Hum(Qpr) <ml (3.13)

n,Mm=—00
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The solution of the equation of motion is now given as:

O'F(QPR, to + t,) = exp[—i(Hf(QpR) + W;]_—T)t,] X (314)
or(Qpr,to) X
expli(Hx(Qpr) + Wi )t

where W5 is the frequency displacement operator with w, being the sample
spinning speed:

Wi = Z In > nw, <n| (3.15)

Although H# is the correct form of the Hilbert space Hamiltonian in Floquet

space, the modified operator Hz(Qpgr)+W5" is usually designated as the Floquet
Hamiltonian [93] which is given in its matrix representation as:

m=20
Ho -+ 2(4)7« Hl HQ Hg H4
wr H_y Ho+w, Hy Ho Hs
HF+W}_ - H,Q Hfl Ho Hl HQ n=~0
Hfg H,Q Hfl Ho — Wy Hl
H74 Hfg H,Q Hfl Ho — 2wT

(3.16)
By transforming detection operator Dp(t) into Floquet space and with Eqn.3.14,
the NMR signal is found as [94]:

S(QPR,t> :TT‘{DF(t)O'F(QPR,t)} (317)

Integrations over the Euler angles have to be performed for simulating isotropic
or partially ordered samples (see. Fig.3.2). Detailed descriptions and theoretical
foundations can be found elsewhere [93]. The source code for the simulations
used here can be found in Appendix B.

3.2 Experimental Example

3.2.1 Results

In the following, two examples will demonstrate the application of MAS on ori-
ented membranes for sideband analysis. *C spinning sidebands from CH, ten-
sors in the lipid acyl chain of DMPC are used to determine the chain’s tilt angle,
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while 3P NMR on DMPC multilayers with different director axis orientations
Bpr verifies the principle feasibility of sample orientations Gpr # 0°, in the MAS
rotor, which might be of importance for future studies. Sample preparation and
experiments were performed as described in Chapter 2.

13C: A Molecular Example

Fig.3.4 illustrates the effect of orientation dependent spinning sidebands for an
example, where the molecule itself is tilted with respect to the bilayer normal,
and so to the rotor frame. It has been shown by a number of spectroscopic meth-
ods such as EPR or X-ray scattering, that hydrocarbon chains in phospholipids,
such as DMPC, are tilted from 0° to 30° with respect to the membrane normal
while undergoing a phase transition from the liquid-crystalline to the gel-phase
[95],[96]. This behaviour is a good test case to demonstrate the applicability of
MAOSS experiments to determine molecular orientation. Fig. 3.4a and b show
static spectra of oriented DMPC in the Lo (318K) and LG phase (280K). The
corresponding spectra at a spinning rate w,= 1080 Hz are plotted on top of these
spectra, horizontally expanded from 12 to 65 ppm in Fig.3.4c and Fig.3.4d. A
peak assignment is given in the figure legend (obtained from [97]). The intensity
of the methylene resonance (C4-Ci;) decreases while undergoing the phase tran-
sition and two strong sideband intensities (+1,-1) appear. Since the whole chain
is tilted, all resonances are affected, which is the reason that the Cs, C3, Ci5 and
Ci3 resonances are losing intensity and their sidebands become too weak to be
detected. The linewidth for the MAS resonance lines increases with the phase
transition from 1.1 ppm in the La phase bilayers to 1.3 ppm in the LG phase
bilayers and the methylene resonance (Cy4-Cy;) is shifted by 2 ppm downfield.
Computer simulations (see below) overlay Fig. 3.4c and Fig. 3.4d.

31P: A ”Mechanical” Example

The easiest example to demonstrate orientational dependent sideband patterns
in oriented lipid membranes is shown Fig.3.5. Static 3'P spectra are compared
with those obtained at w,=1000 Hz spinning speed for a multilamellar dispersion
of DMPC (Fig.3.5a), and oriented DMPC samples with the membrane normal
parallel (Fig.3.5b) and perpendicular (Fig.3.5¢) to the rotor axis. The two differ-
ent orientations were achieved by placing glass discs parallel and perpendicular to
the symmetry axis of the MAS rotor. The isotropic line is labelled in each spec-
trum. The experiments were performed with the lipids in their fluid (L) phase.
The static spectra of oriented samples suggest a mosaic spread of AF=+4° and
the linewidth in these spectra is Avy/,=3 ppm, while isotropic line and spinning
sidebands of the corresponding MAS spectra are narrowed to 1 ppm. The differ-
ences in the signal /noise between multilamellar dispersion and oriented samples
is due to the fact that only five glass disks, each carrying 0.1mg material, were
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Figure 3.4: ¥ C NMR spectra of uniformly aligned DMPC with the membrane
normal parallel to the rotor axis. The acyl chains in DMPC are tilted from 0°
to 30° while undergoing a phase transition from the La to the L3 phase which
is reflected in a change of the sideband pattern of the methylene group (C4 - Cyg
in spectrum (c) ). Static spectrum at T = 318K (L«) (a), static spectrum at T
= 280K (Lg3) (b), same as (a) but at w, = 1080 Hz (c), same as (b) but at w,
= 1080 Hz (d).The shaded peaks are computer simulations for the two different
orientations. Resonances Co- Cy4 in spectrum (c) are from the fatty acyl chains
and Cv from choline-C~ in the polar head group (assignment from [97]). 4096
scans were acquired with a recycle delay of 2 sec. The chemical shift is scaled
with respect to TMS.
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Figure 3.5: 3'P NMR spectra of DMPC at 318K with different orientational dis-
tributions. All MAS spectra (upper spectra) were recorded at w, = 1000 Hz.
Static (lower spectra) and MAS spectra of DMPC with a random orientational
distribution ("powder”) (a), static and MAS spectra of DMPC with the mem-
brane normal parallel (b) and perpendicular (c) to the rotor axis. 2048 scans
were acquired with a recycle delay of 2 sec. The chemical shift is scaled with
respect to phosphoric acid.

used for these experiments. The sideband pattern changes dramatically by tilt-
ing the membrane normal mechanically from a parallel to perpendicular position
with respect to the MAS rotor axis. The sideband pattern in Fig.3.5 a is the
superposition of all possible orientations (”powder”).

3.2.2 Discussion
13C: The Molecular Example

The tilt of the lipid chains in the L3 (gel) phase with respect to the bilayer nor-
mal is well established [95]. Fig.3.4 shows a dramatic change in the '*C MAOSS
sideband pattern, for the lipid when above and below the fluid La and gel LG
phase transition. In order to be able to extract the chain tilt angle, the changes
in the dynamic situation which would be reflected in a different chemical shift
anisotropy need to be considered. The chemical shift anisotropy and asymmetry
parameter from sideband intensities of low speed spectra of multi-lamellar dis-
persions of DMPC in both phases (spectra not shown), have been determined
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for the La {6 = 1000 Hz,n = 0.7} and for the L3 {6 = 1750 Hz,n = 0.7} phases.
For the methylene *C chemical shift tensor from n-CagHys crystals wapiso = 1800
Hz and n = 0.66 has been found [98]. The overall correlation time as deter-
mined by *H NMR by Weisz et al. [69] changes from 7 = 107" sec for La to
7 = 1077 — 107°% sec in L3, which explains the slight broadening of the MAS
resonance lines (Eq. 2.4 in Chapter 2 applies here as well). Fig.3.6 defines the
reference frames which are used to define the rotation of the 3C chemical shift
tensor (CST) of methylene into the rotor fixed coordinate system. The principal
axis system PAS of the CST coincides with the vector joining both protons from
the same CHj unit (x), the bi-sector of the H-C-H bond in the plane of these
atoms (y) and the chain direction (z) [98],[99]. Therefore, the set of Euler angles
needed to perform a rotation from the PAS into the molecular reference frame
MF is {apy=0,8pn= 0,vp1=0}. A second set of Euler angles relates MF to
the rotor fixed coordinate system RF which is identical with the bilayer system,
that is, the membrane normal is parallel to the rotor axis. As discussed before,
the bilayer exhibits transverse isotropy, since it is macroscopically and microscop-
ically uniaxial. The only free angle is 35,z which describes the tilt of the chain
to the membrane normal and for the spectral simulations averages over a;z and
Yur have to be performed.

In order to make sure that the appearance of sidebands in Fig. 3.4d is not
caused only by the increased chemical shift anisotropy, sideband intensities from
low speed spectra of multi-lamellar dispersions can be compared with those from
oriented samples. In the gel phase, the intensity of sideband 41 increases from
0.17 in the powder to 0.36 in the oriented system and -1 increases from 0.09
to 0.18 (relative area intensities to the normalized isotropic line). In the fluid
phase however, intensities decrease slightly from 0.06 to 0.05 and 0.02 to 0.013
for +1 and -1 in powder and oriented system, respectively. These differences are
due to the macroscopic order in the sample. Lineshape simulations have been
performed for both data in Fig.3.4c and 3.4d and the best fits are shown over
the experimental data. Fig.3.7 shows a series of calculations for the tilt angle
Buvr = 25°%...35% in steps of 1° for a data set corresponding to the L3 phase.
At Byr = 0°, sideband intensities would nearly vanish and the isotropic line
only could be observed. Taking mosaic spread and signal/noise into account a
molecular tilt of 5y;r = 33°46° is obtained, which is a reasonable result compared
to the published tilt of 30° [95].

This experiment shows that the orientation of membrane components can
be measured with the MAOSS method, and by applying sophisticated multi-
dimensional sideband separation techniques, the orientational distribution func-
tions of more complex systems such as peptides or proteins can be potentially
studied [21].
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MF

Figure 3.6: Hierarchy of reference frames used for data analysis: The molecule
fixed coordinate system (MF) has been chosen to be identical with the princi-
pal axis system (PAS) for the chemical shift tensor of the methylenes C, - Cy;
(Fig.3.4) with the z axis being the chain direction. A set of three Euler angles
describes the transformation €2,,z from MF into the rotor fixed system RF which
is identical with the membrane system.
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Figure 3.7: Computer simulation as shown in Fig.3.4 for a range of different tilt
angles (/g from 25° to 35 in 1° steps. Sideband intensities vanish for §,,r=0°.
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31P: The ”Mechanical” Example

Placing the membrane normal parallel to the rotor axis has a number of advan-
tages over a perpendicular setup. A much better sample filling factor can be
achieved by placing disks on top of each other into a round MAS rotor, and the
mechanical spinning properties are easier to control in such a symmetrical sample
alignment.

However, it is important to show that in principle other sample director ori-
entations are experimentally possible as well. The assumption made before, that
all angles vpr would have the same probability, is no longer valid if Spr # 0°,
because the sample would not be transverse isotropic about the rotor axis. A
number of studies have addressed this situation using rotor synchronised two-
dimensional MAS spectroscopy mainly for polymer studies and also DNA fibres
[21],[88],[100]. These experiments represent a rather direct approach to study the
degree of order, although direct analysis in terms of individual angles is difficult
and a moment expansion has to be applied [21].

The work presented here uses exclusively unsynchronized sampling and Gpr =
0° with the analysis discussed before, but future applications will include synchronized-
MAS 2D experiments.

3.3 Conclusions-Future Perspective

The theoretical foundations and experimental examples for MAS applications to
uniformly aligned biomembranes using low-vy nuclei 13C and 3'P has been demon-
strated. The advantage of this method over static NMR spectroscopy on oriented
membranes is founded in the fact that deviations from perfect macroscopic ori-
entation ("mosaic spread”), which would prevent well resolved spectra, can be
averaged by spinning at low speeds (< 1 KHz). The orientational information
which can be obtained from MAS on samples with a powder-type distribution,
is limited to relative orientations of tensors with respect to each other, for ex-
ample in the form of torsional and dihedral angles [101, 102, 103]. However, in
this new approach, additional information about orientation with respect to the
bilayer normal can be obtained from analysing the spinning sideband patterns.
Problems to be addressed are either the orientation for proteins with respect to
the membrane or the orientation of certain chemical groups, e.g. ligands, with
respect to the protein can be measured. Both cases are discussed in the next
chapters for 2H MAS spectroscopy on oriented bacteriorhodopsin and *C MAS
on oriented M13 coat protein.



Chapter 4

Deuterium-MAS Spectroscopy on
[18-CD3s]-Retinal in Oriented
Bacteriorhodopsin

Abstract

Deuterium MAS spectroscopy is introduced as a new tool for obtaining orienta-
tion information of functional groups in membrane proteins, which is illustrated
by an application to [18-CDgs]-retinal in oriented bacteriorhodopsin. The main
advantage of this approach is a great spectral sensitivity, which allows to obtain
reliable data from lower deuterium concentrations compared to static wideline
NMR. A detailed data and error analysis has been performed. It is shown, that
the problem of tilt angle ambiguities by ?H-NMR, can be solved by spectral in-
tensity simulations and by analysing MAS spectra at different spinning speeds.
The angle between the C5-C18 bond vector Zp and the protein main axis Zy,
was determined to Bpyr = 36° + 5°.

4.1 Bacteriorhodopsin

Bacteriorhodopsin is an excellent test system for the methodological NMR, work
presented here, due to its stability, orientation properties and availability. In the
following, it will be shown, that the orientation of functional groups with respect
to the membrane/protein normal can be determined by 2H MAOSS experiments.

Below, an introduction to bR is given, before some aspects of 2H MAS as well
as data analysis and results are discussed.

29
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4.1.1 Bacteriorhodopsin Structure

Bacteriorhodopsin was discovered and identified as a light-driven proton pump
from the archeobacterium Halobacterium salinarium in the early 1970s [104] and
is an important model system for membrane protein structure, since it demon-
strates fundamental principles :

e How can light energy be directly transformed into chemical energy?
e How can membranes be used for energy conservation?

e How are ions transported against a concentration gradient?

In addition, the structural similarity of bR relates it to membrane-bound G-
coupled receptors such as rhodopsin, which make up 10% of the humane genome
sequence [105].

Native bR forms trimers in a two-dimensional hexagonal array in the plasma
membrane [106], which is called purple membrane due to the characteristic colour.
It consists of 248 residues in a single polypeptide chain and has a molecular weight
of 26 kDa. The amino acid sequence is shown in Fig.4.1 [107]. Using light energy,
bR transports protons out of the cell, thereby creating a gradient, which drives
ATP synthesis, flagella rotation and secondary transport processes.

The first three-dimensional structural model of bR as shown in Fig.4.1 was
based on cryo-electron diffraction studies with a resolution of 0.27 nm x 1.0
nm [108]. Bacteriorhodopsin consists of seven hydrophobic a-helices, connected
by hydrophilic loops and the N-terminus on the extracellular side. Retinal is
covalently bound via a protonated Schiff base to Lysss and buried in between
the seven helices.

By preparing 20-40 pm small microcrystallites in lipid cubic phases and by
applying newly developed synchrotron microbeams, it has been possible recently
to solve the structure of bR by X-ray diffraction to a resolution of 0.25 nm in
the dark adapted state [13]. This structure confirms in principle the previously
established model, although corrections in the loops and residues involved in the
proton channel have been necessary.

It should be also mentioned, that bacteriorhodopsin is a promising candi-
date for protein-based optoelectronics due to the phenomena connected to the
bR photocycle such as ion transport, charge displacement and colour changes
and outstanding protein stability. Especially the latter property attracted much
attention for use in dynamic holography [109]

4.1.2 The Photocycle and Proton Translocation

Bacteriorhodopsin exists in the dark in two convertible forms, bRsgg and Kgas,
which are in thermal equilibrium and contain all-trans and (13-cis, 15-syn) reti-
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Figure 4.1: Amino acid sequence and suggested secondary structure of bacteri-
orhodopsin (retinal not shown).
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nal, respectively. Absorption of light by bRz initiates a photocycle that in-
cludes a series of intermediates identified by time-resolved visible spectroscopy
(see Fig.4.2). Coupled with this photocycle is the transport of protons from the
cytoplasm to the extracellular solution. The planar protonated all-trans retinal
isomerizes on the femtosecond timescale following the absorption of light into
the 13-cis conformation to form the Kgos intermediate, which relaxes via some
steps into Lssg. Simultaneously during the Lssg to Myis transition, one proton
gets transferred from the retinal Schiff base to Asp-85 and one proton is re-
leased at the extracellular side. A re-protonation of the Schiff base takes place
in the My to Ns509 transition and a proton is taken up from the intracellular
side during Nss5o to Ogso, which finally relaxes to bRsgp, and completes the pho-
tocycle after about 30 ms at room temperature. All intermediate states can be
trapped at low temperatures, which has been used for studies by solid state NMR
[42],[110],[111],[112).

As illustrated in Fig.4.2, the translocation of protons is coupled with the
protonation /de-protonation of the retinal Schiff base. Using site directed muta-
genesis, several residues have been identified as playing an essential role for the
proton transport [105],[113] and there is general agreement, that Asp-96 is the
internal proton donor and Asp-85,Asp-212 and Arg-82 would all effect the proton
release. However, Asp-96 is located about 1 nm from the Schiff base [13], which is
too large for a single proton transfer step. Various models are still under debate,
but water might play a role in that process [13],[105].

The NMR studies presented here were performed on bRsgg with all-trans
retinal with a deuterated methyl group at position C18 (see Figs.4.4). The aim
was to determine the angle between the C5-C18 bond and the membrane normal
Zp by ?H MAS. The membrane normal is assumed to be identical with the protein
long axis Z,s,. which can be defined as the average vector of all seven helix long
axes.

4.2 Deuterium MAS

Lineshapes of deuteron-wideline spectra are highly sensitive to molecular order
and the type and time scale of molecular motion, a property which has been
used extensively for studying biomembranes [73]. Questions such as lipid and
protein dynamics [69],[114], lipid-protein interaction [115],[116] and membrane
protein structures [42],[117],[118] were addressed using deuterons. However, the
signal sensitivity of wide-line spectra can be rather low, since static solid-state
spectra of disordered samples can be as broad as 200 kHz. Much better sensitivity
can be achieved by magic-angle spinning, which would average the dipole-dipole
coupling among deuterons as well as the chemical shift, so that only quadrupole
interaction remains, which is refocused in spinning sidebands. The sensitivity
advantage is illustrated in Fig.4.3a-c for a polycrystalline sample of alanine-ds.
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Figure 4.2: Intermediates in the bacteriorhodopsin photocycle: A proton is re-
leased from the protonated Schiff base and transferred to Asp-85. The resulting
unprotonated Schiff base intermediate M is reprotonated by Asp-96, which takes

up a proton from the cytoplasm.
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The same number of scans was used for all spinning speeds and the signal-to-
noise increases by up to a factor of 30. However, deuterium MAS has not been
used extensively, maybe due to its slightly more complicated analysis compared
to static experiments. Here, we will demonstrate, that 2H MAS on oriented
systems allows orientational information, even for systems with low deuterium
concentration, to be extracted.

The earliest example of 2H MAS aimed to resolve the chemical shifts of
deuterons by rotor-synchronised sampling [119]. Other applications focused on
observations of natural abundance and resolving inequivalent sites [120],[121] as
well as computational aspects for determining quadrupole coupling constant and
asymmetry parameter [122],[123]. Static experiments, such as deuterium two-
dimensional exchange, were adapted to MAS conditions [124] and recently, as-
pects of proton decoupling and cross-polarisation were investigated [125]. The
potential advantages of “H-MAS can be summarized in the following points [122]:

e significant sensitivity enhancement
e in principle sites with different chemical shifts can be observed

e a greater range of dynamic processes can be studied by MAS, since the
linewidth of MAS sidebands is influenced by dynamics in the range of the
spinning speed [15], while at the same time information about fast and slow
dynamics can be extracted as in the static case

The static lineshape for deuterium has been introduced and discussed in the
introduction in Chapter 1. Both spin-1 transition frequencies are calculated ac-
cording to Eqn.1.18 which yields the absolute value of the difference as measurable
quantity:

A(,UQ = 1 h — =7 sin2 ﬂpL COS QOépL (41)

2 2

The quadrupole coupling constant e?qQ /27 is used to characterize the strength
of the quadrupolar coupling and is for aliphatic C-2H in the order of 170kHz.

An order parameter concept has been introduced in the literature for the
study of lipids and liquid crystals in order to describe rapid fluctuations of C-D
bond vectors around the director axis. Since these motions are fast on the 2H
NMR time scale, Awg has to be replaced by its time average, described by three
order parameters [73]:

§e2qQ (3 cos? Bpr, —1 1 )

2 23
AWQ = %6 ZQ <3€OS gPL 1 — %T]SiIIQ ﬂpL COS QOépL> (42)
3e? 1
= Z ZQ <533 - 577 (511 - SQQ)) (4-3)
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However, no use will be made of this concept in the following, because intensi-
ties rather than frequencies are discussed, and additionally the labelled site in
bacteriorhodopsin is motionally rather restricted.

The situation of sample spinning is now considered. Due to the symmetry of
the electric field gradient tensor, expressions for wg as well as the MAS coefficients
C1,51,C5,Ss, as introduced in Chapter 1, simplify dramatically to

B i%quQ (3cos?6 — 1) (3cos? Bpr — 1)
YT 2 2

where W(t) with Cy1,S1,C9,S5 is defined below:

+ ‘I!(t)> (4.4)

U(t) = Cy cos(wyt) + 51 sin(wyt) + Cy cos (2w, t) + Sy sin (2w,t) (4.5)
Ci = —3/4sin20sin20px
S1 =0
Cy, = +3/4sin®0sin® Bpp
Sy = 0

According to the discussions in Chapter 3 (Eqn.3.2), the intensity of a spinning
sideband Iy with 8 being the magic angle, is now calculated by:

In(Brr) = |Fn(Bpr)|’ (4.6)
with

2T

Fn(Bpr) :/d(wrt)

2T

exp [z (6’1 sin(wy,t) + %Cg sin(2w,t) — Nwﬁ)] (4.7)

Including double cylinder symmetry and mosaic spread and coordinate trans-
formation from PAS to MF and from MF to RF, one obtains a formal expression
as in Eqn.3.8 for Iy :

2 2T Bur+AB
In(Bewm, Bur, AB) = K / dorg / dymr / dBnr (4.8)
0 0 Bur—AB

XPMR(ﬁMR)I N (ﬁPM, MR, Bur, ”YMR)

All simulations were performed using the software described in Appendix B,
in the same way as for spin-1/2 by replacing the chemical shift anisotropy with
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the quadrupole coupling constant and by setting the isotropic chemical shift to
zero. Spectra were symmetrized to account for both transitions m;==+1.

By orienting samples on solid supports, orientational information from deu-
terium MAS spectra can be obtained, which will be demonstrated by using or-
dered samples of bacteriorhodopsin, regenerated with the deuterium labelled lig-
and retinal. The retinal was synthesized with a deuterated methyl group attached
to carbon C18 as illustrated in Fig.4.4. Due to the fast methyl group rotation, the
whole system can be treated as one spin-1 with an averaged quadrupole coupling
constant. The z-axis Zp of the PAS is defined by the bond vector connecting the
carbons C5-C18. It will be shown in the following how the orientation of this
vector with respect to the molecular long axis Zj; can be obtained.

4.3 Materials and Methods

4.3.1 Sample Preparation

A sample of bacteriorhodopsin with ?H-labelled retinal was kindly provided by
Ian Burnett and James Mason, Biomembrane Structure Unit, Oxford University.

[18-?H]-Retinal, deuterated at the methyl group at position C18 (see Fig.4.4),
was regenerated into retinal deficient bacteriorhodopsin according to published
procedures [126]. The retinal deficient strain JW5, Halobacteria salinarium was
grown in the dark in a peptone based medium (250 g NaCl, 20g MgSO,, 10g
Oxoid Bacteriological Peptone, 3g NasCitrate, 2g KCl in 1 litre) at 105 rpm flask
rotation and 37°C. When growth slowed, 6mg all-trans retinal, dissolved in 2ml
ethanol, was added over two days to each litre of culture. Purple membrane
was isolated according to the method of Oesterhelt and Stoeckenius [127]. Cells
were harvested through centrifugation (700 rpm for 15 min at 4°C). The pellets
were resuspended in 250ml basal salt (medium without peptone). DNAase 1
(0.9 pl) was added to prevent the development of excessive viscosity. The cells
were dialysed (12 hours) against two litres of sodium chloride solution (0.1M).
The dialysate was washed three times with 0.1M NaCl and then once more with
distilled water. Final purification was performed using a 25-45% sucrose gradient
(18 hours at 25000 rpm). On average 12mg of bacteriorhodopsin was obtained
per litre of culture.

4.3.2 Sample Orientation

Purified purple membrane was washed with and resuspended in deuterium de-
pleted water. The sample was spread evenly over 80, round, 0.07 mm thin glass
disks with a diameter of 5.4 mm (Marienfelde GmbH). An amount of 0.2 mg
protein in 25 ul was applied to each disk. Uniaxial films with good orientation of
the purple membrane patches parallel to the sample director were produced by
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Figure 4.3: ?H MAS spectra at different spinning speeds of a polycrystalline
sample of alanine-ds : w,= 0 Hz (a), w,= 2000 Hz (b), w,= 5000 Hz (c), computer
simulation for w,= 5000 Hz and eq=39kHz. The S/N increases from the static
case to w,= 5000 Hz by a factor of 30.
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Figure 4.4: Reference frames for 2H MAOSS on bacteriorhodopsin. The retinal
carried a CDj3 group at position C18. The z-axis Zp of the principal axis system
is defined by the C5-Cig bond vector, while the molecular frame is assumed to
be identical with the membrane/rotor frame, except some variations Af3 caused
by the mosaic spread. The molecular axis Z); can be visualised as the average
vector of all seven helical long axes in bR.
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controlled evaporation of the bulk water at 85% relative air humidity and 4°C
over a period of 48 hours. A second application produced a final concentration
of 0.4 mg protein per plate. The optimum between maximal protein concentra-
tion and best orientation was found by comparing different disks by polarized
light microscopy. The glass plates had previously been cleaned in nitric acid and
methanol/ethanol and dried under a stream of nitrogen gas. Finally, the disks
were placed on top of each other and mounted into a MAS rotor using the tools
described in Appendix A. Special KelF inserts on top and bottom guaranteed a
fixed and stable position of the disk stack under spinning conditions. An unori-
ented sample was prepared by drying bR pellets on glass plates, scratching the
protein film off and placing it in the MAS rotor.

4.3.3 NMR Experiments

All NMR experiments were performed at 61 MHz for ?H on a BRUKER MSL
400 and double resonance 7mm MAS probes. A recycle delay of 500 ms was
used. Simple one pulse experiments without proton decoupling were performed.
Methyl groups are self decoupled due to their fast molecular reorientation. A
7/2 pulse was typically 6usec. An oscilloscope and a home-built speed controller
were used to control and stabilise the spinning speed within a range of +3Hz.
Experiments were performed at 210 K and 250 K and at spinning speeds of up to
5000Hz. Between 100,000 and 400,000 scans were acquired with a recycle delay
time of 300ms. Spectra were zerofilled with 4K points, Fourier transformed and
carefully phase corrected. An exponential linebroadening of 100 Hz was applied.
Finally, spectra were symmetrized to account for some remaining asymmetry.

4.4 Results and Data Analysis

2H MAS spectra of oriented and unoriented bacteriorhodopsin were recorded at
250 K at 4950 Hz spinning speed and 210 K with 4040 Hz spinning rate. The
analysis of the unoriented spectra reveals a quadrupole coupling constant of 39
kHz, which is identical to published values for the CD3 group at the same position
[128] and gives rise to the assumption, that no unusual dynamic takes place except
the fast methyl group rotation.

Angle information about the tilt of the C5-C8 bond vector can be extracted
from the oriented spectra in Figs.4.5,4.6 by evaluating the observed sideband
intensities in terms of the expressions derived before (Eqn.4.8 and Chapter 3).

4.4.1 Angle Determination

In order to analyse the ?H MAOSS spectra obtained from [18-CDj] retinal in
bacteriorhodopsin, a y? merit function
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N exp sim 2
\? = Z <Qz~ — 9 (ﬁPM)) (4.9)
i=1

0;

has been minimized in dependence of the tilt angle Gpy;. Here, g;™* is the intensity
at the i-th point of the experimental spectrum, while g5 (3p,r) is a simulated

intensity. The experimental error o; in our case is actually the accuracy, with
which a spectral peak intensity can be measured, i.e. the signal-to-noise ratio
[94]

S peak amplitude

(4.10)

oy  r.m.s. noise amplitude

determines this precision. Here, the r.m.s. noise amplitude is used as experimen-
tal error and has been measured to be ca.10% of the maximum intensity. However,
the location of sidebands is completely determined by the sample spinning speed
w, , while their intensity is a function of tensor size, orientation, spinning speed
and distance from the central line, as discussed before. Additionally, the side-
band pattern is symmetric about the central line Iy due to the spin-1 nature of
deuterium. For these reasons, it is sufficient to fit only a finite number of integral
sideband intensities, which follows the lines originally proposed by Hertzfeld and
Berger for analysing powder MAS sideband pattern [22]. The merit function is
now modified to

8 ; 2
2 INP-IR*(Bem)
X = 1;) (T?p) (4.11)
and plotted versus fBp,; in Figs.4.54.6. For the experiments at T=210 K, a
global minimum is found for fp); = 36° (Fig.4.6), while the same analysis for
the experiments performed at T=250 returns a value of Bpy; = 27° with another
minimum at 7°. Some local extreme values do exist as well. Their origin is
discussed below. The function for y? was minimized for different mosaic spread
values AS in order to evaluate their influence to the fitting result. Figs.4.5 and
4.6 illustrate, that the minima are not shifted but broadened by increasing the
degree of disorder in the system. To verify our findings, a x? minimization was
performed on a synthetic data set, which corresponds to Bpy; = 27° and a mosaic
spread of A = 48° in Fig.4.5 and which reproduced the global and all local
minima, except the one at Bpy = 7°.

4.4.2 The Symmetry Problem and the Ambiguity of Tilt
Angles by ZH-NMR

A potential drawback of static deuterium solid-state NMR for structure determi-
nation has been the spectral symmetry due to the spin-1 character of deuterons.
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Figure 4.5: x? analysis of 2H MAS spectra of oriented bR, recorded at T=250K
and w,=4950Hz: integral intensities of sidebands Iy to Is were simulated as a
function of tensor orientation and fitted to the experimental data. The best fit
is obtained for Gpy;=27°. The larger the mosaic spread, the broader is the distri-
bution about the minimum value. An additional contribution to the spectrum is
found at Bpjp,=7°, which is not reproduced by the synthetic data set.
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Figure 4.6: x? analysis of 2H MAS spectra of oriented BR recorded at T=210K
and w,=4040Hz: integral intensities of sidebands Iy to Is were simulated as a
function of tensor orientation and fitted to the experimental data. The best fit
is obtained for Gp),=36°.
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Only the absolute splitting in the Pake doublet (see Fig.1.3.) can be measured,
but no decision can be made about which part of the spectrum was created by
which transition. This has consequences for studying deuterated sites in ori-
ented membranes. A measured quadrupole splitting can be related to two angles.
Eqn.4.4 can be modified for the non-sample-spinning case by setting w,= 0 Hz
and so we obtain for the quadrupole splitting:

|(3cos?6 — 1) (3cos? Bpr — 1)| +
|3 sin 26 sin 2ﬂpR| + (412)
‘BSinz 0 Sil’l2 ﬁPR‘

3 e2qQ

Awq(0, Bpr) = 3 h

Fig.4.7a illustrates how Awg is modulated by the orientation of the membrane
normal with respect to the magnetic field (f) and by the tilt of the C-D bond
vector with respect to the membrane normal (8pg). If the membrane normal
Zp is parallel to the magnetic field, i.e. 8 = 0°, a symmetry would occur about
Bpr = 54.7°. In this situation, the C-D bond vector and so the PAS z-axis would
be oriented at the magic angle and the quadrupole splitting would collapse. Con-
sequently, the same situation would arise by a perpendicular orientation 6 = 90°,
where the singularity is found at Spr = 90°—54.7° = 35.3°. It has been suggested
and demonstrated to use these different symmetry properties to determine the
correct angle [129].

Fig.4.7a also shows the special situation under consideration here, namely
orienting the membrane normal at the magic angle. The quadrupole splitting
would collapse, if the C-D bond vector is parallel to the membrane normal, but
increase rapidly by tilting the bond vector. A symmetry occurs about Spr =
54.7°. If the sample is now spun in the magnetic field, the distribution of Awg over
Bpr experiences an additional modulation with cos(w,t) and cos(2w,t) according
to:

|(3cos?0 — 1) (3cos® Bpr — 1)| +
13 sin 20 sin 20p g cos(th)] + (4.13)
|3sm 0 sin® Bpg cos (2w,t )‘

e’qQ

3
AwQ(QJﬁPR7W'I‘t) 8 h

which explains qualitatively the finding of local minima in Fig.4.5. The sideband
intensities would reflect this symmetry, but in a more complex manner, since
they depend also on the distribution geometry of the deuterons in the sample
(Eqn.4.8).

It is important to note, that for the case of non-spinning as well as spinning
experiments, quadrupole splitting and spectral intensity, i.e. lineshape, are de-
pending on the tensor orientation, which means that simulating and fitting the
spectral lineshape for one membrane orientation in the magnetic field is sufficient
for determining the tilt angle. Of course, this does not apply to liquid crystalline
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lipids, which always produce two sharp signals instead of a complex lineshape,
because they are not transversely isotropic [73].

In the case of MAS NMR all lineshape information is refocused in spinning
sidebands Iy separated by +Nw,, i.e. all information is contained in the intensity
of these sidebands and the y? analysis of the experimental data permits a clear
distinction between global and local minima. Additionally, a lineshape fit on
synthetic data derived from the global minimum at 8pgr = 27° reproduces clearly
the observed local side minima (Fig.4.5). However, there might be situations in
which this procedure requires additional constraints, e.g. if the studied molecule
exists in the sample in two different conformations, which could give similar x?
values for two different orientations Spr. Spinning experiments at different an-
gles, 0, are not very useful in this case, but MAS experiments at different spinning
speeds could provide the necessary information, since the symmetry of Awg(8pr)
depends on w,. Computer simulations for two different orientations, Spr = 20°
and Bpr = 80° for three different relative spinning speeds were performed and
are shown in Fig.4.7b. While the fitting procedure would return for all spinning
speeds the same best fit, all local minima are shifted remarkably, which allows
their identification as mirror images of the required angle.

A similar case for highly mobile oriented molecules such as chloroform ori-
ented in nematic liquid crystals has been discussed by Kumar et al.[130]. They
concluded, that in principle the sign of the quadrupole splitting can be deter-
mined from the spinning sideband pattern, although in case of deuterium, an
additional interaction is needed, such as the J-coupling from a 3C-2H group.

4.4.3 Error Analysis

It is rather important for new methodological work to identify potential error
sources and to quantify the uncertainties of the fitting parameters. In the special
case of 2H MAS, the only free parameter is B3p); for which an error has to be
estimated.

The position of MAS sidebands in the spectrum is completely described by
the sample spinning speed, so only their intensities have to be considered, which
is associated with an error due to the signal-to-noise ratio. Here, the r.m.s. noise
amplitude o = 10% was used as an error for the intensity at a certain point in
the spectrum.

The best fit for both results in Figs.4.5 and 4.6 gave values of x? ~12.0. The
goodness of this fit can be evaluated by calculating the x? probability

’ LN =m)/2)

X2

where N and m are the numbers of data points and free parameters. Here,
eight integral sideband intensities were taken into account, while only one free
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Figure 4.7: The quadrupole splitting Awg as a function of # and Bpg can have a
two fold symmetry, which would require additional experiments for precise angle
determination (a). However, a spectral analysis, as described here allows this
problem to be overcome. Additionally, potential ambiguities can be resolved at
different MAS spinning speeds: local minima arising from symmetry artefacts
would shift their position, while true minima remain at fixed positions (b).
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parameter was allowed, so we obtain P=10%, which an acceptable result [131].
However, it is difficult to give an direct error estimate since Sp); modulates the
sideband intensities in a non-linear way. To overcome this problem, Monte Carlo
simulations of some synthetic data sets were performed, i.e. data points in a
simulated spectrum corresponding to the best fit value, were randomly changed in
their intensity. A x? minimization was performed, which resulted in a distribution
of the best fit value of Bpyr with a width of £2°.

Another error source is the quality of orientation in the sample. It is shown
in Figs.4.5 and 4.6 , that the xy?minimum gets broader with increasing mosaic
spread, for which MC simulations yield an additional error of +3° for a mosaic
spread of AJ=48°.

Finally, contributions from natural abundance have to be estimated. Deu-
terium has a natural abundance of 0.015%. Considering, that on average, each
amino acid contains 7 protons, we would find per bacteriorhodopsin molecule with
its 248 residues about 0.26 deuterons. These 0.26 deuterons should contribute by
ca. 11.5% to the signal from the CDj3 group in the retinal. The quadrupole cou-
pling of deuterons in different chemical groups such as CHs, CHy, CH, NH and
H,0O can vary over a broad range, so some groups might contribute to the CDs
spectrum more than others. Taking only CD3 groups into account would result
in a 2-3% contribution. In fact, the difference between the H MAOSS spectrum
and the best fit simulation, as shown in Fig.4.8, has an integral intensity of 2.5%
of the experimental spectrum, which matches the natural abundance contribution
rather well. The effect of natural abundance background was simulated by ran-
domly varying individual sideband intensities at constant signal-to-noise, which
gave an uncertainty of +1°.

Summarizing, it can be stated, that the experimental error for determining the
tilt angle Bpys increases with decreasing signal-to-noise, increasing mosaic spread
and increasing natural abundance background. The uncertainty induced by the
mosaic spread has the largest influence on the error. Additionally, the precision
of the quadrupole coupling constant and the asymmetry parameter are of direct
importance. A variation of £1 kHz in the quadrupole coupling constant would
cause an angle variation of +1°. However, both parameters can be determined
to a high precision.

Therefore, the angle obtained at T=210K, #p);=36°, has to be considered
with a maximal error of +5°, while the tilt at T=250K is Bpy,=27° + 6°.

4.5 Discussion

The orientations of the C5-C18 bond vector, as well as for C9-C19 and C13-C20
have been determined previously by various methods for the dark adapted state
of bR. Static solid state NMR, gave angles of 37° 4+ 1°,40 + 1° and 32+1° [132],
while the latest X-ray structure claims 32°, 34° and 10°[13] for C18,C19 and
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Figure 4.8: Comparison between experimental 2H MAOSS spectrum of bR (a),
the best fit simulation (b) and the difference between both (c). The integral
intensity of the difference spectrum is about 3% of the experimental spectrum,
which corresponds well to the expected natural abundance contribution.
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C20 respectively. The angle information for the EM model, returned 38.6°, 29.3°
and 16.1°, which was however obtained indirectly by fitting retinal back into the
proposed bR structure[133]. No error estimations were given. There is general
agreement in the interpretation of these data, that the structure of retinal in bR
is distorted.

The angle Bpp=36° 4 5° obtained here at T=210K is in excellent agreement,
with the results from the static wideline NMR experiments, which were obtained
under similar experimental conditions [132]. However resolution and sensitivity
are greatly improved in the MAOSS experiment. The resolution is good enough
the observe clearly a shift of the central MAS resonance line with respect to D,O,
corresponding to the chemical shift of CD3 and the significant enhancement of
the signal-to-noise ratio allows a rather precise data analysis.

There are various possible explanations for the different angle of Sp,,=27° 4+ 6°
obtained at T=250K. The NMR experiments were performed in the dark and at a
temperature of -20°C'. It has to be assumed, that bR exists in both intermediate
forms bRsg0 and Kgos in thermal equilibrium, because the used temperature is not
low enough to trap bR at Kgos after illumination [111]. The ratio between both
states would be between 2:1 and 1:1 [134], i.e. the observed ?H MAOSS spectrum
would actually consist of two components with potentially different orientations.
It has been found here, that the spectrum consists mainly of components with an
orientation of Spy;=27° and some minor components with Gpy,=7°, which would
not be consistent with the expected ratios and the result obtained at 210K. How-
ever, these findings could reflect a more complex dynamical situation, in which
maybe the whole chromophore or part of the protein undergo anisotropic motions.
Simulations did show, that the minimum in Fig.4.5 shifts towards larger angles for
smaller quadrupole coupling constants, which would underline this assumption,
but the tilt angle was always significantly different from the other result within
a realistic range of quadrupole coupling constants. It has been also shown, that
the signal-to-noise increases remarkably by increasing the temperature, which
moves the system away from the Ty minimum|[112], while the methyl group C18
the chromophore of bR is even at liquid nitrogen temperature still in the fast
motional limit[128]. Further investigations will show, whether a relaxational or
conformational effect causes these different orientations.

4.6 Conclusions

It has been shown, that 2H MAS on oriented systems is a valuable tool for
obtaining precise structural information in cases of low deuterium concentration,
which makes it especially attractive for studying labelled groups in membrane
proteins, which are not as easily available as bR (the deuterium concentration
used here was only 3uMol). Future development will focus on multidimensional
experiments, such as modified versions of PASS or ?H exchange spectroscopy,
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which might allow multiple deuterium labelling [21].
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Chapter 5

13C Rotational Resonance and
MAOSS Experiments on M13
Coat Protein

Abstract

13C MAS NMR spectroscopy has been applied to M13 coat protein, selectively
labelled with two '3C spin pairs its hydrophobic domain in residues Val-29 and
Val-30, and Val-29 and Val-31. Rotational resonance recoupling experiments
on unoriented samples provided two distance constraints between Ca and C=0
positions and so the dihedral angles, ® and W, for Val-30 which revealed an a-
helical conformation. MAOSS experiments using the *C=0 labelled site in the
same sample allowed a measurement of the tilt of the helix in the membrane to
be made.

It is shown that in principle, one unified MAS approach can be used to ob-
tain conformation as well as orientational information. Potential advantages and
future perspectives of the MAOSS approach are discussed.

5.1 Introduction

5.1.1 M13 Coat Protein
Structure and reproductive cycle of M13 bacteriophage

Filamentous bacteriophages form a large group of related virus strains with simi-
lar morphology and life cycle [135] which infect non-pathologically gram-negative
bacteria by absorbing to the tip of specific bacterial pili, e.g. M13, fd and f1
infect E.coli via its F-pili (Fig.5.1). The phage particles are rods of about 6nm
diameter and 800nm in length. They contain a circular, single stranded DNA
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of 6407 nucleotides [136] which is protected by 2700 copies of coat protein and
some other proteins in minor quantities (A,C,D~2%) [137]. Upon adsorption,
the protein coat of the virion dissolves into the inner cell membrane [138] and the
DNA enters the host cell while being converted into double stranded replicative
form. Inside the host cell, new single-stranded DNA is synthesized and covered
by the DNA-binding protein gene-5, resulting in a intra-cellular rod-shaped nu-
cleoprotein complex similar to the extracellular virus itself but less stable. The
filamentous bacteriophage is continuously assembled and extruded through the
bacterial membrane without killing the host cell. At the same time, gene-8 en-
coded major coat protein is newly synthesized as a water soluble procoat protein
with an additional leader sequence at the N-terminus consisting of 23 amino
acids [139]. The procoat is incorporated in the plasma-membrane and the leader
sequence is cleaved off by the leader peptidase. During the process of phage
extrusion, the gene-5 protein is exchanged by new and old major coat protein.
Although the actual amino acid sequence of gene-8 protein differs among various
strains, its geometry is always a slightly curved a—helix for all of them [140].
The whole phage cycle is schematically illustrated in Fig.5.1.

M13 coat protein in the bacteriophage

M13 coat protein has been studied extensively due the intriguing property in
adopting to three different environments, as coat protein in the bacteriophage,
as membrane protein in the inner E.coli plasma membrane and as a procoat with
a leader sequence after being synthesized prior membrane insertion. It has a
molecular weight of 5240Da and consists of 50 residues with a sequence shown in
Fig.5.2 [136]. The protein can be divided into three regions: the acidic domain of
20 residues, a hydrophobic domain of 19 and a basic domain of 11 amino acids.
The hydrophobic region is believed to span the cytoplasmic membrane of the
target cell [141]. The major coat protein is very similar to the coat protein from
f1 and fd phage in that the 12th residue asparagine is replaced with aspartic acid
[142].

X-ray diffraction has shown, that M13 coat protein is in a complete a-helical
secondary structure in the intact phage particle with the overall helix axis ap-
proximately parallel to the filamental axis [138]. A disordered helical structure
for residues 40-45 has been found by solid-state NMR [143] and the helical axis
for residues 28-32, 33-39 and 40-48 is tilted by 20°,7° and 14° with respect to
the phage long axis [144]. This agrees well with the diffraction studies, which
suggested a slightly twisted helix [140].

M13 coat protein in detergent micelles and model membranes

The membrane-bound form of the coat protein has been studied extensively,
which led to the formulation of several structural models. The coat protein dis-
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Figure 5.1: Schematic illustration of some features of the filamentous bacterial life
cycle. (a) phage attachment to bacterium by means of minor coat protein A; (b)
viral DNA and A protein enter cytoplasm, leaving major coat protein in plasma
membrane; (¢) DNA is converted to duplex form and replicated, which might
require presence of major coat protein; (d) duplex spins off a single stranded tail
coated with gene 5 protein; (e) circular DNA molecule in linear gene 5 protein
complex; (f) viral DNA passes out through bacterial envelope, while gene 5 is
replaced by major coat protein.
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Figure 5.2: Amino acid sequence of major coat protein M13. Three domains are
found: an acidic N-terminus of 20 residues, a hydrophobic domain 19 residues and
a basic C-terminus of 11 residues. Charged, polar amino acids are labelled with
*. Two samples were prepared, each with a pair of ¥Ca-13C=0 labels in [Val-
29, Val-30] and [Val-29, Val31], as indicated below the sequence. The distances

[229,30] and [29,:31] define the dihedral angles ® and ¥ of Val-30.
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solved in detergent micelles and bilayers has been described as an arrangement of
dimers with a large fraction of a-helix and [-sheet [145],[146] but also as an almost
completely a-helical monomer [81]. A form in which the protein adopts a (-sheet
structure has also been found [147]. It has been shown that the mentioned differ-
ences are brought about by the isolation and purification procedures used for the
preparation of the samples [148]. Here, we are only concerned with the a-helical
monomeric form (also called b-state). The b-form of M13 has about 60-90% a-
helical structure [81],[140]. The system has been studied by NMR for many years.
Dynamic and exchange rates of amide protons were measured [77],[83],[85],[149]
and chemical shifts of amide protons, °N resonance, 3CO,"*Cq, 'Ha,'HB have
been assigned [40],[78].In the latter study, it was found, that the secondary struc-
ture consists of two a-helices, comprised of residues 6-20, 24-50, connected by a
hinge region around residue 22. Using the combination of two-dimensional high-
resolution NMR and solid-state NMR, the membrane bound form of the closely
related fd-coat protein has been studied, which suggested a long hydrophobic
helix crossing the membrane and a shorter amphipathic helix which lies in the
plane of the bilayer [81]. Dynamic studies on fd as well as M13 coat protein
revealed, that the hydrophobic, transmembrane domain is motionally restricted
on the relevant NMR time-scales, while the amphipathic helix is less restricted

[77],[82],[85],[150].

5.1.2 Objectives

It will be demonstrated, that by high resolution solid-state NMR (MAS), distance
and orientational constraints can be obtained from the same labelling scheme,
which allows the local conformation and orientation of membrane proteins to
be determined. For that purpose, two samples of M13 coat protein were pre-
pared, following a '3C labelling scheme, which allows two rotational resonance
distance measurements to be made to define one pair of dihedral angles ® and ¥
[151]. As illustrated in Fig.5.2, three residues -Val29-Val30-Val31- in the centre
of the hydrophobic core were chosen for labelling. In the following, the symbols
M13[a29,30] and M13[29,a31] will refer to the protein M13 with spin pairs!*Ca-
Val29,3C=0-Val30 and ¥C=0-Val29,'*Ca-Val31, respectively.

Additionally, the large chemical shift anisotropy of 3C=0 can be used to
extract the tensor orientation with respect to the membrane normal. This is
an extension to the 2H-MAOSS studies on bR demonstrated in Chapter 4, but
for spin-1/2 and non-vanishing asymmetry parameter. Here, not the orientation
of a chemical group with respect to the molecular frame but the orientation of
the whole molecular frame with respect to the membrane frame is studied (see
Chapter 3). It will be shown, that the MAOSS approach has some important
advantages over measuring orientation constraints by static NMR.
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5.1.3 Rotational Resonance NMR

Rotational resonance NMR spectroscopy is a technique that measures internu-
clear distances in solids. The physical basis of R? is the measurement of the
magnetic dipole-dipole interaction, which is proportional to r;g, where 174 is the
internuclear distance:

h
brs = —h2 (7175 ) (5.1)

4\ rig

Although the direct dipole-dipole interaction is attenuated during MAS, it
can be reintroduced under specific experimental conditions. For an isolated pair
of 13C nuclei, accurate internuclear distance measurements as great as 0.6 nm
within an error of as low as 0.01 nm have been reported [110],[151],[152]. R? has
been applied to a broad variety of biological systems, including membrane-bound
a-helical peptides [153], bacteriorhodopsin[110],[154], prion fragments [155], the
gastric proton pump [52] and S-amyloid protein of Alzheimer’s disease [151],[156].

For homonuclear spin pairs at rotational resonance, the dipolar couplings may
partially reappear, when the spinning speed in a MAS experiment is adjusted to
satisfy the condition

Awjgp = NWy (5.2)

where Aw;,, is the isotropic chemical shift difference, n a small integer and w, the
sample spinning speed. Reintroducing the dipolar coupling leads to two impor-
tant effects, namely broadening and splitting of usually well resolved MAS res-
onance lines and an enhancement of Zeeman magnetization exchange [29],[157].
The linebroadening effect has been used in one application to *C-labelled reti-
nal [158], while all other applications to biological systems were performed by
analysing magnetisation exchange, which is also the approach used here.

The rotational resonance condition is illustrated in Fig.5.3 for M13[a29,30] in
DMPC bilayers. The spinning speed has to match the chemical shift difference
between ¥Ca-Val29 and 3C=0-Val30. Their positions are labelled in the spec-
trum. The pulse sequence needed for recording magnetisation exchange is shown
in Fig.5.4.

Initial magnetisation is generated with a 2.5ms cross-polarisation pulse, with
a ramp-amplitude on the 3C channel to enhance the signals from both sites of
the dilute spin pair. The ramped CP-pulse helps to minimize effects of Hartman-
Hahn mismatch at high spinning speeds [159]. A non-selective 90° pulse restores
magnetisation to the z-axis, which is followed by a DANTE inversion sequence to
invert the C=0 resonance line in order to create a non-equilibrium situation for
the spin system [160], with opposite Zeeman magnetisation for both spins. The
spin system is now allowed to evolve freely for a variable mixing time 7 under
strong proton decoupling. Transverse magnetisation at the end of the mixing
period is finally created by a strong 90° pulse. The experiment is repeated for a
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set of mixing times between 0 and 40 msec. The result can be presented as the
time course of difference magnetisation <I;-S;>(7). Comparison with simulated
exchange curves for particular molecular structures now allows extraction of the
dipolar coupling.

The theoretical background for simulations has been described in detail by
Levitt et al.[30]. Here, only a rather brief summary is given after introducing
the parameters which have to be known for simulating Zeeman magnetisation
exchange. The spin system is characterized by

e the principal values of chemical shift tensors of spins I and S

e the relative orientations of both chemical shift tensors with respect to each
other (see Fig.5.5)

e the through space dipolar coupling between both spins

e the relative orientation of the through space dipolar coupling with respect
to the chemical shift tensors (see Fig.5.5)

e the isotropic J-coupling between sites

e the zero-quantum relaxation time constant T2Z Q, which is a phenomenologi-
cal parameter and describes the coupling of both spins with the environment

The size of the chemical shielding tensors can be easily determined from low
speed MAS spectra while the J-coupling, which has only a small influence, can
be estimated from solution data. The dipolar coupling is usually the parameter
to be determined. Care has to be taken with the orientation of the chemical
shift tensor, since they depend on the molecular structure, which is actually the
final goal of the experiment. It has been shown however, that at the resonance
condition n=1, tensor orientations have only minor effects to the magnetisation
exchange [30]. Alternatively, once the dipolar coupling has been measured, mag-
netization exchange at higher resonance orders can be used to estimate the tensor
orientations, which has been demonstrated in a study on bacteriorhodopsin [161]
and amyloid fibres[162]. The parameter TQZQ is not directly accessible by exper-
imental means, but it was shown, that a lower limit can be estimated from the
linewidths of both sites [157]:

1
W(AI/f/Q + AI/{/2)

779 > (5.3)
Let us now briefly outline the theoretical background for describing Zeeman
magnetisation exchange at rotational resonance.
The Hamiltonian for an isolated pair of coupled, homonuclear spins I and S
in a rotating solid, in the absence of radiofrequency pulses and in the rotating
frame is given in the high field approximation as (see also Chapter 1):
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13C=0 (Val-30) 13Ca (Val-29)

Awes = n oy
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Figure 5.3: 1¥C-CP-MAS spectrum of M13 coat protein reconstituted in DMPC
bilayers (L/P=30) at 25°C and w,=10000Hz. The protein was labelled according
to the scheme in Fig. 5.2. If an integer multiple of the spinning speed w, matches
the chemical shift difference between both labelled sites, the homonuclear dipolar
coupling is partially reintroduced and can be measured.
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Figure 5.4: Pulse scheme for rotational resonance: Initial magnetisation is gen-
erated with a 2.5ms cross-polarisation pulse, with a 40% ramp-amplitude on the
13C channel. A DANTE inversion sequence inverts the C=0 resonance line in
order to create a non-equilibrium situation for the spin system. Longitudinal
magnetisation is created by a m/2 pulse. Magnetisation exchange takes place
for a variable mixing time. Spectra from M13[«29,30] were recorded at n=2
resonance condition. Maximum exchange is achieved at 40ms mixing time.
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H(t) = Hes(t) +Hes(t) +His(t) (5.4)
= wi(Qp ()7 +ws(Qp(t)Sz + His(t)

where I, and S; are the z-components of the angular momentum of I and S
with the Larmor frequencies w;(Q5; (t)) and wg(Q%; (t)). The spin-spin coupling
contains contributions from isotropic J-coupling and dipolar coupling:

His(t) = 2nJi501 - SH+bysdiy (65 (1)) (31,5, —1-8) (5.5)
With the relation

1-8=3(I's™ +1°5") + L.s. (5.6)

for the general form of the homonuclear two-spin Hamiltonian for a coupled spin-
1/2 pair system in a rotating solid, in the absence of a radio-frequency field is
obtained [163]:

H(t) = wi(t)l; +ws(t)Sz +wa(t)2l;S7 + wp(t)= (IS~ +175Y)

wA(t) = TJiso + brsdiy (855, (1)) (5.7)
WB(t) = 27TJiso_bISd(2)0( IIDSL(t))

N =

By neglecting spin-lattice relaxation on the magnetization exchange timescale,
the whole exchange process can be discussed within a fictitious spin-1/2 space
formed by the two central levels of the four-level two-spin system [30]

2) = ‘+%—%> ,13) = ‘—%+%> (5.8)

which can be used to reduce the Hamiltonian to

HE () = wa(t) I + wp(t) I (5.9)

The Hamiltonian represents a fictitious field in {|2>,/3>}subspace, with the z-
component given by the difference in precession frequencies of both spins

wa(t) = wi(t) — ws(t) (5.10)

and the x-component wg(t) represented by the non-secular dipolar coupling. Both
coefficients are periodically time-dependent because of sample rotation, and it is
of advantage for further discussions to express them in terms of their Fourier
components.
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Figure 5.5: Definition of the relative tensor orientations of site I and S: « describes
rotations about the z-axis of each tensor, § the tilt of the z-axis with respect to
the internuclear vector and A+ is the angle between the planes formed by the
internuclear vector and the z-axes.

wB(QpM, QMR, t) = Z wgn)(QpM, QMR) exp (mert) (511)
wa(Qpar, Qrrt) = > W (Qpar, Qurr) exp (imw,t (5.12
a(par, Qurr, t) A P, S0uR) €Xp rt) )

Explicit terms for wfgm)(Q amr) and w(Am)(Q pu, Q) are given by Levitt et al.
[30]. Both terms depend on magnitude and orientation of shielding and dipolar
coupling tensors. The Euler angles €2,z describe the orientation of the molecule
fixed frame MF with respect to the rotor frame, while Q2p,,; rotates the shielding
tensors from the PAS into MF (see Fig.1.2). A powder averaging would remove
the Qy,r dependency, but not €2p); which contains the relative orientation of I
and S with respect to each other and which reflects the molecular structure (see
Fig.5.5).

At the start of the exchange period 7 , the spin pair is prepared in a uniform
state of Zeeman polarisation, corresponding to a density operator p(**(0), which
describes z-polarisation in the {|2>,|3> }subspace.

1
PO~ E < 1y - 5> ) = 1 (5.13)

During the mixing time 7, the state vector proceeds to nutate about the fictitious
field given in Eqn.5.9. The spin density operator may be described as a vector in
the space of spin operators (I§?3),I§33),I<§3)) which follows the Bloch equation

d
Zpt(t) = W (1)p9(1) (5.14)
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—r  —wal(t) 0
WE ) = [ walt) —r  —ws(t) (5.15)

where r=1/TZ The time dependence of wa(t) and wp(t) can be predicted from
orientation and magnitude of shielding and dipolar coupling tensors. By numer-
ical integration over Eqn.5.14, the Zeeman magnetisation exchange trajectory
<I4-Sz>(7) can now be evaluated. Averaging over {2,z is necessary for poly-
crystalline samples. In case of exact rotational resonance, i.e. where Aw;z, = nw,.,
some simple expressions for the magnetisation exchange can be derived [30]. Two
cases are to be distinguished by defining a parameter

R = 4|

(5.16)

where ‘@53”)‘ are the resonant Fourier components of the non-secular dipolar in-

teraction wp(t). For fast dephasing (R*>0) one finds

(I -8\ (1) = e/? [cosh (RT/2)+%sinh (R7/2) (5.17)
2
G
~ exp | ———T
T

and for slow dephasing (R*<0), the time course is described by:

(I, = 8) (1) = e/ [cosh (iR7/2) + — sinh (iR7/2)

~ e "/2cos H@gb)

r] (5.18)

In the first case, magnetization would decay in a monotonic way, while in the
second, damped oscillations can be observed. A more general analytical solution
is derived and discussed in Appendix D. In order to be able to evaluate the effect
of all parameters to the final result, the simulation of magnetisation exchange
curves has been combined with the non-linear minimisation software MINUIT
(CERN software library), which allows each single parameter and each parameter
combination to be fitted to an experimental data set (see Appendix C).

A physical picture of the rotational resonance phenomenon is easily accessible
in the framework presented above. If the chemical shift difference is always
large compared to the dipolar coupling, i.e. wa(t) > wp(t) in Eqn.5.9, then the
fictitious field remains close to the z-axis and so all solutions of the Bloch equation
5.14 would be close to the initial state, i.e. no magnetisation exchange would be
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observed. On resonance however, wp(t) would have components which match the
chemical shift difference and so wa (t), which means that the density state vector
moves away from the initial state under the influence of the oscillating field wg(t)
, which is observed as an exchange of Zeeman polarization between I and S. This
situation is illustrated in Fig.5.4, where the intensities of the *C=0 and "*Ca
resonance lines decay significantly after a sufficient period .

5.1.4 MAOSS on Spin-1/2 Systems

While rotational resonance experiments on unoriented samples provide detailed
and precise information about local conformation, NMR experiments on oriented
membranes would provide additional orientation constraints. The case to be
discussed here is slightly different from the situation presented for 2H-MAS on
oriented bR in Chapter 4, where the orientation (2p;; of a chemical group with
respect to the molecular (protein) fixed frame was measured. Here, it is the
chemical shift tensor of spin-1/2 nuclei whose orientational distribution functions
in the molecular fixed frame is known and which would allow measurement of the
orientation €2;;p of a protein segment with respect to the membrane normal to
be made. This could be, for example, the tilt of an a-helix in the membrane.

The advantages of MAS on oriented systems using the chemical shift anisotropy
of spin-1/2 nuclei such as '°N or ¥C are found in

e a significant spectral response to small tilt angles

e a good spectral sensitivity and resolution due to MAS averaging of remain-
ing disorder in the oriented sample and

e the conservation of the isotropic chemical shift in MAS resonance line I,
while orientation information is stored in spinning sidebands, which is im-
portant for resonance assignment in multiply labelled systems.

To explain the first point, briefly reconsider Eqn.1.24 derived in Chapter 1 for
the general angle dependency of the chemical shift weg, which is given as:

Uiso+

COS2 - COS2 - 3
6(3 29 1) ((3 SPR 1) _ gSHl2 ﬁPR COS QQCPR) + (519)

wes = 7By

6(671+§1+5§+§2)

where a,@;,gl and 5'2 are modified MAS coefficients given in their explicit
form in Eqn.1.25, but here, only relationships which are important for the further
discussion are shown:
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C1 = cos(wpt) xsin26 x f(apr, Brr VPR, ") (5.20)
Sy = sin(wrt) xsin20 x f(apr, Bpr, VPR, M)
Cy = cos(2w,t) x sin®0 x f(apr, BerYrr,N)

Sy = sin(2w,t) x sin® @ x f(apr, Ber VPR 1)

In the static -non spinning- case, i.e. where w,t=0, §1 and §2 would vanish and
only Ciand C5 remain. These expressions describe the rotations of the CSA tensor
from the PAS into the rotor frame RF and from there into the laboratory frame.
Since in this experimental situation the membrane director Zp is identical with
the rotor axis Zg, the expression for weg can be used to discuss angle dependences
for different membrane orientations in the magnetic field. To be more specific,
consider a small membrane spanning a-helical peptide, which is specifically 1°N
labelled. The close to axially symmetric 1°N chemical shift tensor has its principal
element o} approximately parallel to the N-H amide bond, which can be used to
define in first order the helix normal Zj; [164],[165]. Following the discussions
about distributions and transverse isotropy in membranes from Chapter 3, only
the tilt angle Spr needs to be considered here, which is now identical with the
tilt angle between the helix axis Z,,; and the membrane normal Z, and which
would be reflected in the anisotropic chemical shift from the labelled site in the
protein backbone.

By placing the membrane normal parallel to the magnetic field (#=0°), Eqn.5.19
simplifies, since Cland Cg vanish and a unique anisotropic chemical shift can be
observed for each tilt Spgr , which has been used extensively for studying mem-
brane proteins by static solid-state NMR [36]. An illustration can be found in
Fig.5.6a, which also underlines a potential problem with that approach. Although
the resonance line shifts with the helix tilt, changes in angles in the range of 0° to
30° are relatively small (ca. 5% of the full anisotropy) and they are therefore diffi-
cult to measure, unless the sample has an excellent degree of order (mosaic spread
AB = 0°). The most dramatic changes are actually found in the region about
54.7°, which can be easily evaluated by taking the first derivative dwcs/9Bpr of
Eqn.5.19, while for Gpr = 0° the lowest slope is found. This fact can be utilized
by orienting the membrane normal at 8 = 54.7°. If the helix axis Z,; and so the
chemical shift tensor axis Zp are exactly parallel to the membrane normal Zp,
a sharp resonance line at the position of the isotropic chemical shift would be
observed, while small tilt angles would already cause dramatic and characteristic
changes, which is compared to the case discussed before in Fig.5.6b. However, the
price to pay for this improvement in ”angle resolution” is a lower spectral sensi-
tivity and spectral resolution, because the complicated angle dependences would
cause relatively broad and complex lineshapes. This problem can be solved by
sample spinning at the magic angle, shown in Fig.5.6c. The observed wideline
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spectra would decay into well resolved spinning sideband pattern, which occur
about the isotropic chemical shift. In this situation, all orientational information
is obtained in the spinning sidebands, which can be analysed by

o 2T Bmr+AB
In(apm, Beas Bur, AB) = K/dCYMR/d’YMR / dBnr (5.21)
0 0 Bur—ApB

XPMR(ﬂMR)I N (aPM; 5PM, MR, ﬁMR, ’YJVIR)

as discussed in detail in Chapter 3 and Chapter 4, while at the same time
information about the isotropic chemical shift is conserved, which is of importance
for resonance assignment in multi-spin systems.

For the study presented here, the anisotropy of the *C=O tensor in Val-
29 of M13 coat protein has been used to measure the protein orientation in
the membrane. The orientation of carbonyl tensors in peptide planes are well
characterized by NMR and computational studies [165],[166],[167]. The most
shielded component o33 in extended sheet and helical conformation lies along
the director of the peptide plane. The component that lies close to the C=0
bond is 095. The least shielded component also lies in the amide plane and is
perpendicular to the C=0 bond [168]. Generally, the orientation of the C=0
shielding tensor for all amino acids is intimately related to the amide plane and
the direction of the C=0 bond, which is illustrated in Fig. 5.7. The angle Ay,
that 099 makes with the C=0 bond, has been determined to be between 0° and
30° from single crystal studies and solid state NMR experiments on various model
compounds [165],[166],[167]. The angle Ay in Fig. 5.7 relates the orientation of
the C=0 bond vector with respect to the molecular long axis Z,,;, which can be
defined for a a-helix by the average of all N-H bond vectors. The angle between
C=0 and N-H bonds in an ideal peptide plane can be assigned to \; and is 3.7°
[169]. The sensitivity of a '*C=0 spectrum to different helix orientations by
oriented static and MAOSS NMR, is shown in Fig.5.8. The simulations represent
the same physical situation as discussed before for 1°N, but here, the z-axis of the
PAS (o33) is perpendicular to the helix and the C=0 tensor has an asymmetry
parameter of 7n=0.82.

The finding that the C=0 shielding tensor orientation in the amide plane is
almost conformationally or residue independent, makes it an excellent probe for
protein structures, which is however limited by the fact that the carbonyls have
only a small isotropic chemical shift distribution and also the natural abundance
background of 1% complicates the analysis of data from single labelled systems.
Nevertheless, it will be shown for the example of *C=0 in Val-29 of M13, that
in principle MAOSS experiments on spin-1/2 nuclei can be used for membrane
protein structure determination.
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Figure 5.6: Measuring the tilt of an a-helical peptide in the membrane from
the anisotropic chemical shift of a 1°N label in the peptide backbone: membrane
normal parallel to the magnetic field (a), membrane normal at the magic angle
(b), membrane normal at the magic angle with sample spinning (c¢). The angular
resolution is better in (b) than in (a), but spectral resolution and sensitivity is
improved by sample spinning (c). In (c), orientational information is contained
in the spinning sidebands, which appear around the central line at the isotropic
chemical shift.
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Figure 5.7: Reference frames for a carbonyl labelled site in a protein backbone.
Here, the orientational distribution function of 3,,r, which requires the knowledge
of Qpyr, is to be determined. The largest element of the chemical shift tensor of
13C=0 is perpendicular to the peptide plane and so approximately perpendicular
to Zys, while o9 is nearly parallel to the C=0 bond vector (see text for detailed

discussion).
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Figure 5.8: Measuring the tilt of an a-helical peptide in the membrane from the
anisotropic chemical shift of a *C=0 label, with a orientation shown in Fig. 5.7,
with the membrane normal parallel to By (a), at the magic angle (b), and at the
magic angle with sample spinning (c).
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5.2 Materials and Methods

5.2.1 Sample Preparation and Orientation

L-a—DMPC was obtained from Sigma (UK) and used without further purifica-
tion. Two doubly **C labelled samples of M13 coat protein were synthesized
using standard solid-phase FMOC chemistry and purified at the NSR Centre,
Nijmegen, The Netherlands. For the synthesis, Asp-5 had to be replaced by Asn.
The labelled positions in the first sample (M13[«29,30]) were *Ca in Val-29 and
13C=0 in Val-30 and in the second (M13[29,a31]) '¥*C=0 in Val-29 and *Ca in
Val-31, as illustrated in Fig.5.2. ["*Ca]Val and ['*C=0]Val were purchased from
Cambridge Isotope Laboratories, from which FMOC derivatives were prepared
in our laboratory. The purity of the synthesized peptide was found to be over
90% as measured by HPLC and mass spectroscopy.

M13 coat protein was incorporated into DMPC bilayers at a lipid to protein
molecular ratios of usually 20:1 using a procedure described before [148]. The
peptide is quickly dissolved in excess of TFA (10mg peptide in 200 pl TFA)
in order to break up any aggregates. After removing TFA under a stream of
nitrogen, the remaining peptide film was resuspended by adding 5ml of TFE
which was allowed to evaporate to remove any traces of the acidic TFA. The
peptide film was then dissolved in 0.5 ml TFE. Reconstitution buffer (10mM
NaH,POy, 0.2mM EDTA, 140mM NaCl, 150 mM NaCholate, pH 7.8) was added
subsequently in 0.5ml aliquots under vortexing to obtain a clear solution of 8
ml volume. The appropriate amount of lipid (DMPC) was solubilized in 3ml of
the same buffer and added to the M13 solution. After vortexing and incubation
for 30min at 30°C' the solution was transferred into a dialysis tube and dialysed
against 1 litre of NaCholate free dialysis buffer (10mM NaH,PO,, 0.2mM EDTA,
140mM NaCl, pH 7.8) at 4°C over a period of two weeks. The dialysis buffer was
partially (50%) renewed every 24 hours. After completed reconstitution, vesicles
were pelleted and resuspended in dialysis buffer and placed on a linear sucrose
gradient (0-40% weight/weight). Centrifugation in a SW28 swing bucket rotor
(Beckman, USA) was carried out for 12 hours at 4°C' and 90000g. A single layer
at 22% w/w sucrose was found, which indicates a homogeneous reconstituted
sample. The layer was recovered and sucrose was removed by several washing
steps. Finally, the sample was resuspended in dialysis buffer solution and pelleted.
CD spectroscopy indicated a high percentage of a-helical conformation.

For rotational resonance NMR experiments, samples were centrifuged into a
Bruker 4mm MAS rotor. Oriented M13 samples for MAOSS experiments were
prepared by covering precisely cut glass disks (5.4mm diameter, 0.1mm thickness,
Marienfelde GmbH) with 0.3mg material in 254l diluted buffer solution. Bulk
water was allowed to evaporate over 24 hours at 4°C. Macroscopic order in the
sample was prechecked using polarized light microscopy. Disks were stacked on
top of each other and rehydrated at 30°C' and relative humidity of 93% over five
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days. Finally, the disks were transferred into Bruker 7mm MAS rotors using
specifically designed tools as described in Appendix A. KelF inserts were placed
on top of the disks in the MAS rotor in order to allow a stable positioning under
MAS spinning conditions.

5.2.2 NMR Experiments

All NMR experiments were performed at 100.63 MHz for *C and 400.13 for
'H on a BRUKER MSL 400. Rotational resonance data were acquired using a
double resonance Bruker 4mm probe. Typical 90° pulse length was 4 and 6us
for 13C and 'H. Cross polarisation was accomplished using a ramped-amplitude
contact pulse sequence (Fig.5.5), which improves signal intensity and stability
at high spinning speeds [159]. A CP contact time of 2.5 ms, a repetition delay
time of 2.0 sec and a decoupling power of 60 kHz were applied. The carbonyl
resonance was selectively inverted using a DANTE inversion sequence [160]. The
acquisition order of different RR mixing times was randomized and control points
were included in order to check amplifier instabilities. For each mixing time, a
total of 2048 FIDs was collected. The spinning speed was controlled to within
+2H z by a homebuilt MAS synchronizer. Temperature was regulated by a Bruker
BT3000 temperature control unit. Experiments were performed at temperatures
between 260 and 310K.

CP-MAOQOSS experiments were performed on a Bruker 7mm double resonance
probe at 260K. The same speed controller was used to control and stabilise the
spinning speed within a range of £4H z. Sample stability was checked before and
after sample spinning by static 'H and 3'P NMR.

The chemical shift tensors were determined by sideband analysis from low
speed MAS spectra in the labelled amino acids before synthesis and in the solid,
synthesized peptide. For both ¥Ca, 0;5,=64.3ppm, § =-10.70 ppm and n = 0.3
were found. The ¥C=O tensors are characterised by 0;,,=175.1ppm,§ =-72.28
ppm and n=0.82.

Spectra were analysed using Felix (Biosym). Numerical simulations were per-
formed on Silicon graphics INDY 5600 workstations.

5.3 Results and Data Analysis

5.3.1 Rotational Resonance: Determination of Internu-
clear Distances

Although many attempts were undertaken to observe magnetisation exchange
trajectories at n=1 rotational resonance condition which corresponds at the used
field of 9.8 T to a spinning speed of w,=11146.5 Hz, it was not possible to stabilize
the rotor at this speed within a sufficient rotor speed accuracy over a necessary
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period of time. Sample freezing prevented spinning, due to the formation of ice
crystal at the rotor caps at low temperatures. Experiments at higher orders of
resonance however, were possible without problems.

Magnetisation exchange experiments with only a few data points were per-
formed at various temperatures in order to evaluate the effect of molecular mo-
tions. If a labelled molecule undergoes fast anisotropic reorientations, the dipolar
coupling would be projected onto the long axis and analysing rotational resonance
effects would yield an incorrect distance. Here, no significant difference in the
magnetisation exchange rate at temperatures between -10 and 25°C' were found,
which corresponds to the NMR dynamic studies on M13 suggesting that the hy-
drophobic domain (res. 21-39) is motionally restricted on the NMR time scale
[77],[82],[85],[150].

Intensities of the 1*C=0 and ¥Ca resonances were determined by integration.
A natural abundance correction was performed by analysing the spectrum of
unlabelled M13 coat protein. Zeeman magnetization exchange trajectories at n=2
resonance condition and at T=4°C for the samples M13[a29,30] and M13[29,a31]
are shown in Fig.5.9.

A significant decay is observed for both samples over a mixing time of 7 =
40ms. As mentioned before, at n=2, orientations of the shielding tensors for
I and S have significant effects on the Zeeman magnetisation exchange trajec-
tory, which would make data analysis a difficult task without assuming a certain
molecular conformation prior to data analysis [170]. Here, an alternative ap-
proach has been used. The powder averaged signal depends on five Euler angles
ok, Bhas apass Boay and Avypa = vhy, — 72y, describing the orientation of the
CSA tensors I and S with respect to each other and with respect to the molecular
frame MF (see Fig.5.5 and Fig.1.2.). Since the chemical shift anisotropy of the
Ca CSA tensor is much smaller and nearly symmetrical compared to C=0, the
molecular frame MF can be chosen to be identical with the principal axis system
of Ca and with the dipolar coupling tensor. This leaves five unknown parameters
in the data anlysis; three Euler angles, the dipolar coupling and TQZQ. A lower
limit of 2 msec for the latter could be estimated from the linewidth of **Ca and
13C=0, used by the minimisation software for defining boundaries for TZ%. The
experimental exchange curves were now fitted by stepping the distance r;s from
0.2 to 0.6 nm in 0.01 nm steps while searching for the best fit for each step by
varying the C=O0 tensor orientation and TQZQ. This was done both by the Monte
Carlo method and by a non-linear minimisation procedure using the software
described in Appendix C.

The x? value for the best fit was used to compare fitting results for different
distances with each other. The result is plotted over the experimental data in
Fig.5.9. It is shown that a best fit with x? ~ 107 can be obtained for distances
of rrg= 0.4£0.05nm for M13[29,30] and r;¢= 0.454+0.05nm for M13[29,a31],
which is in the range expected for an a-helical conformation. The presented ap-
proach allows n=2 exchange curves to be analysed without prior knowledge of a
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Figure 5.9: Magnetisation exchange curves for M13[a29,30] and M13[29,a31] at
n=2 rotational resonance condition. All experimental points are plotted with
error bars. An off resonance exchange curve for M13[«29,30] does not show any
decay, while on resonance, a magnetisation exchange is observed. Data were
analysed by fitting the relative tensor orientations and TQZQ within certain limits
and for a set of fixed distances to the exchange curves (see text for details). This
procedure yields a distance of 0.4+0.05 nm for [¢29,30] and 0.454+0.05 nm for
[29,:31] without making any assumptions about relative tensor orientations.
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molecular structure, which is however reflected in a larger error on the distances.
More accurate data could be obtained at n=1. The results were checked with a
simulation which assumes a tensor orientation corresponding to a a-helical struc-
ture and which returns distances within the determined limits. Typical fitting
results for TZ9 were between 3 and 8 msec, which is in the range of values used
throughout the literature for comparable systems [171]. Both resonances were
inhomogeneously broadened to 300 Hz. The effect of inhomogeneous linebroad-
ening to the rotational resonance analysis has been evaluated using the procedure
described in Appendix D, but it was found to be negligible within the determined
error limits [172].

5.3.2 MAQOSS Spectroscopy: Tilt Angle Determination

A MAS spectrum of oriented M13[29,30] is shown in Fig.5.10, with the signal
from *C=0-Val-30 enlarged. The spectrum was acquired at 1250 Hz spinning
speed at a temperature of -10°C. The orientation of the *C=0 tensor to the
molecular frame has to be known in order to be able to analyse this spectrum
in terms of orientation of the protein with respect to the membrane normal.
The molecular frame is here defined by the molecular long-axis Z,,. As discussed
before, the *C=0 shielding tensor has its largest element, o33, which is here
used to define Zp, perpendicular to the peptide plane, and o9 lies almost parallel
along the C=0 bond (see Fig.5.7). This information, together with an idealized
a-helical model of the transmembrane domain of M13 (residues 21-39), agrees
with the rotational resonance distance constraints and has been used to estimate
the Euler angles apys, Bpar, which relate the shielding tensor to the molecular
frame MF. In the definition of Euler angles used here (see Chapter 1), apy
describes rotations about Zp while Gp); rotates the tensor about the new y-axis,
defined by o95. The angle apy; corresponds to A;-Ay in Fig.5.7. Here we used
for the simulations (Gp); values between 80° and 90°. The angle ap); can not be
chosen arbitrarily as for the case of 2H in Chapter 4, since the C=0 tensor has a
large asymmetry (n=0.82). With the assumptions made above, we would obtain
for apps ca. 0°-15°, depending on the actual orientation of the CSA tensor in
the peptide plane. By evaluating many different orientations, we found that the
spectral simulations are much more sensitive to Gpy; than to apy;.

The same fitting routine as described in Chapter 4 for 2H has been used here,
with the difference that (y,r, which is the angle between Z,; and Zg/Zp, was
subject to optimization. A x? plot is shown in Fig.5.10, which reveals a minimum
at Bpyr =20°. The second local minimum at 80° is a mirror image of that angle
as illustrated for the synthetic data set in the same diagram. The appearance
of ambiguous solutions can be explained by examining Eqn.5.19 which is plotted
for various angle combinations in Fig.5.11. The chemical shift, referenced to the
isotropic value, is plotted over different membrane orientations in the magnetic
field # and Bppr for three different values of app in the left column. The right
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Figure 5.10: Analysis of the spinning sideband pattern of *C=0 in Val-29 in
oriented M13 coat protein. The CP-MAS spectrum was obtained at w,=1250Hz
and T=-10°C. The estimated mosaic spread was AF==48°. A best fit is obtain

for a helix tilt of By,r=20° £ 10°.
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column shows the same, but here for three distinct membrane orientations and
all possible tensor orientations {apg, Bpr}. It can be seen that the observed
signal becomes ambiguous for certain angle combination, while at #=0° and 90°
a clear solution is always obtained. FExperiments at different spinning speeds
would however help to overcome this problem, as discussed before (Chapter 4).

It is important to analyse potential error sources in order to estimate the
accuracy of the obtained peptide plane tilt angle. The !3C natural abundance of
1% creates in this 50 residue protein a contribution to the observed spectrum of
about 33% and with lipids 40% (at L/P=20). However, the isotropic chemical
shift of peptide backbone carbonyls is distributed over a range of 172-177 ppm,
so only a broadening in the baseline of the MAS spinning sidebands would be
expected. Additionally, if all residues in the protein would have a similar confor-
mation and orientation, they would exhibit a similar spectrum to the one from
the labelled site. It can be concluded, that the natural abundance adds to the
experimental error, but does not change the result significantly. The same applies
to the effect the different degrees of disorder would have; the fitting procedure
would return the same result, but with larger uncertainty.

The measurements of carbonyl 13C chemical shift tensors in peptide planes is
complicated by direct dipolar interactions to the adjacent N nucleus [164],[173].
Nitrogen-14 with a natural abundance of 99.63% has a spin I=1 and is thus a
quadrupolar nucleus. In the typical magnetic fields used in solid-state NMR, the
14N Zeeman interaction is only about 5-10 times larger than typical amide “N
quadrupolar coupling constants (14-28 MHz from 4.6-9.8T with a quadrupolar
coupling of 3.2MHz) [173]. Therefore, the high field approximation could break
down and would influence the resulting dipolar coupled chemical shift powder
spectrum.

It has been shown, that MAS fails to completely eliminate the coupling be-
tween 3C and N and a residual dipolar coupling b, can be observed [167],[174],
for which an expression has been derived by Olivieri [175] :

3 bisx
20 Wy

where b;g is the dipolar coupling between both nuclei, w; is the Larmor frequency
of 1N and y is the quadrupolar coupling constant.

(3 cos® Bura — 1 + nsin® Brq cos QOéEpg) (5.22)

bres -

X = €qQ/h (5.23)

The angles aprg and Bgprqe describe the orientation of the dipolar coupling tensor
with respect to the electric field gradient tensor frame. Splittings have been
actually observed in fields of up to 4.6 T [174],[167], but it is clear from the
expression above, that the residual dipolar coupling decreases with increasing field
strength (Larmor frequency). It can be concluded, that the ""N-13C coupling has
a negligible influence on *C NMR MAS spectra of amides for By > 4.7T [167].
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Figure 5.11: Symmetry of anisotropic chemical shift weg for n #0: (a) calculated
chemical shift for different orientations of the membrane normal with respect
to the magnetic field (#) and for different orientations of the tensor’s PAS with
respect to the membrane system (Gpr and apr = 0,90, 180°).(b) same but here
for three different values of 6 = 0,54.7,90°. It can be seen that situations can
be found, in which the anisotropic chemical shift corresponds to different tensor
orientations.
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The best fit simulation is shown in Fig.5.12, which suggests a tilt of the protein
region around residues [29-31] of 20° £ 10°.

5.4 Discussion

The distance constraints obtained from the R? experiments can be used to cal-
culate dihedral angles ® and W for Val-30, as indicated in Fig.5.2. The set of all
possible angle combinations was generated using the software Discover3/InsightII
(Biosym, San Diego, USA) and is plotted over a Ramachandran plot created by
ProCheck (Fig.5.13). The shaded region defines the angle subset, which would
agree with the obtained NMR distance constraints. It can be seen that the most
favoured region A, which corresponds to an a-helical structure, agrees well with
the NMR distance constraints, while a (3-sheet conformation can be reliably ex-
cluded. That this clear distinction between an a-helical and (-sheet structure
can be made is remarkable, since the experimental error of +£0.05nm is relatively
large for rotational resonance experiments [29]. Experiments at the n=1 reso-
nance condition or with known CSA tensor orientations, would allow a higher
precision which would sharpen the ®-¥ distribution in Fig.5.13 even more. Spec-
troscopic and other experiments on M13 and similar coat proteins in lipid bilay-
ers or vesicles, in detergents and in organic solvents generally agree to the view
that M13 coat protein is largely a-helical under conditions similar to the in vivo
state in the cell plasma membrane, but our results represent a direct proof of
a-helical conformation for residues 29-31, while the protein is in the lipid bilayer
[68],[81],[176],[177],[178].

Since the apolar domain of M13 coat protein has the correct length to span
the hydrophobic core of the E.coli plasma membrane as an a-helix, an orien-
tation parallel to the membrane normal has been suggested, which was proven
by static solid state NMR experiments on oriented membranes [81]. It has been
shown from the '°N resonances of Leu-14, Tyr-32, Tyr-24 and Leu-41 of fd-coat
protein, that the hydrophobic domain is approximately parallel and the acidic (N-
terminal) domain approximately perpendicular to the membrane normal [50],[81].
The result of a slight helix tilt with respect to the membrane normal confirms
and extends the model based on these findings. It does not contradict previous
work, since our angular resolution for orientations about the membrane normal
is higher, than for the methods (FTIR and static NMR) used before [50],[178].
Many known membrane-spanning a-helices tend to be tilted at angles between 5°
and 40° with a mean of 20° [179] and it has been suggested by Marvin [140], that
a tilt of the protein in the membrane would actually allow an easier insertion into
the virion, in which the protein is tilted as well, which is illustrated in Fig.5.1.
Interestingly, the peptide plane tilt angle of 20°+10° ; measured for Val-29, coin-
cides with the tilt of 20° of residues 28-32 in the bacteriophage with respect to
the phage long axis, as measured by static solid state NMR [144], which would
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Figure 5.12: Experimental *C-MAQOSS spectrum (a) and best fit simulation with
added noise (b) for 13C=0[Val-29] in M13. The difference is plotted in (c). The
large natural abundance contribution of ca. 30-40% to the spectrum and the
signal to noise yield a result with an error of 3,;r=20° + 10° the Val-29 peptide
plane.
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Figure 5.13: Val-30 [®-¥]-map: the shaded region agrees with the NMR, distance
constraints [29,30]=0.44-0.05nm and [29,c31]=0.454+0.05nm. Although the ex-
perimental error is relatively large, and so the area of possible angle combinations
not well defined, a clear distinction between ideal conformations can be made.
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Figure 5.14: Throughout this study transverse isotropy has been assumed, i.e.
membrane components are distributed about the bilayer normal Zp and the PAS
is distributed about the molecular axis Zj;. For this situation, the spectrum
from a labelled site in a helix approaches a powder spectrum the more the helix
is tilted. There might be however situations, in which this is not true any more,
e.g. if a helix which is perpendicular to Zp, has a preferred orientation with
respect to the membrane surface, e.g. due to charged residues. In this case,
additional experimental information are necessary for the NMR data analysis.

support the model suggested by Marvin [140].

The aim of this study was to show, that MAS NMR spectroscopy on unori-
ented and oriented samples can provide valuable information about local con-
formational and orientational details of selectively labelled membrane proteins.
The applicability of the MAOSS approach for measuring the orientation of a-
helical peptides has been demonstrated by using the chemical shift anisotropy
of carbonyl. However, one important point has to be made about the general
assumptions made above. Throughout this study, transverse isotropy has been
assumed, i.e. membrane components are distributed about the bilayer normal
Zp and additionally, the PAS is distributed about the molecular axis Z;;. A
theoretical formalism has been discussed in Chapter 3 and an application to 2H-
MAOSS on bacteriorhodopsin was demonstrated in Chapter 4 (see Fig.3.1). For
this situation, the spectrum from a labelled site in a helix approaches a powder
spectrum the more the helix is tilted, because the signal is integrated about Zj,
and about Zp(Zg) as illustrated in Fig.5.14. There might be situations how-
ever, in which the assumption of orientations with equal probability about Z,,
is not true any more, for example if a helix which is perpendicular to Zp, has a
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preferred orientation with respect to the membrane surface due to interaction be-
tween charged lipids and charged residues. In this case, additional information is
necessary for the NMR data analysis. For example, it would be essential to know,
if the peptide crosses the membrane or remains on the surface. A helix which
would have a preferred orientation on the membrane surface features uni-axiality,
while the same system parallel to the membrane normal would be treated as a
transverse isotropic distribution as shown in Fig.3.1 and Fig.5.14. Fortunately,
these problems would only occur for short peptides and membrane protein frag-
ments, because the whole molecule fixed coordinate system MF might be tilted,
while for large membrane proteins, all steps such as those discussed here and for
bacteriorhodopsin in Chapter 4 would apply.

5.5 Conclusion

It has been shown by a uniform MAS high-resolution solid state NMR approach,
that the transmembrane domain of M13 coat protein is a-helical and slightly
tilted with respect to the membrane normal, which agrees with published data
and extends the accepted model.

MAOSS spectroscopy has been shown to be applicable to membrane-bound
proteins using carbonyls as an example for spin-1/2 nucleus. Future development
will concentrate on multi-dimensional applications to multiple °N labelled sys-
tems and MAS recoupling experiments and will be extended to oriented systems
for measuring the orientation of the dipole coupling vector.



Chapter 6

Probing Membrane Surfaces and

the Location of Membrane
Components by °C MAS NMR
using Lanthanide Ions

Abstract

The interaction of the Lanthanide ion Dyt with dimyristoylphosphatidylcholine
(DMPC) bilayers and selectively 13C-labelled M13 coat protein is observed by *3C-
CP MAS. It is shown that this approach forms a simple and efficient way to probe
the membrane interface and to estimate the location of membrane components
within the bilayer.

6.1 Introduction

It has been shown in the previous chapters that structural parameters, such as
distances, dihedral angles and tensor orientations can be obtained by MAS spec-
troscopy, which is essential for the structural understanding and model building
of membrane proteins. Besides these essential geometrical information, the po-
lar interfacial region of membranes, where many important interactions between
membraneous components and extracellular /cytoplasmic substances occur, is of
particular interest. Pure phospholipids, lipids with sterols, and membranes with
peptides/proteins have been studied extensively, often by exploiting the binding
of various cations to the membrane surface and then monitoring the occurring
structural or phase changes [180],[181],[182],[183],[184].

In the following, the problem of determining whether a particular site in a
membrane protein, is buried in the hydrophobic core, close the the interface or
outside the membrane, is addressed. Despite a number of structural studies on

111
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membrane bound peptides and other membrane effectors, there is still often some
controversy about where precisely these molecules are located in the membrane,
which is however an important issue in understanding the molecular mechanism
of action for these systems.

Here, it is demonstrated, that it is possible to estimate the location of mem-
brane embedded components with respect to the interface, using a combination
of high resolution *C CP MAS NMR and binding of paramagnetic shift reagents
(in our case Dy*") to the membrane surface.

In the past, it has been shown that 3'P MAS NMR can be used to screen spe-
cific interactions between peripheral /integral proteins with various phospholipids
in a membrane. The potential of this method which uses the 'P nucleus found
in the lipid head groups and so in the membrane interface, as an intrinsic non-
perturbing reporter, has been demonstrated by studying interactions between
lipids and cytochrome c. The protein was bound to mixed cardiolipin/PC/PE
vesicles and specific protein-phospholipid interactions could be described in a
quantitative way [185]. The same approach has been used to study the effect of
cardiotoxin II on the segregation of PG out of PG/PC mixtures [186].

However, *'P MAS can only provide local information about the phospho-
lipid headgroup properties, while *C CP MAS NMR would allow information
to be gained simultaneously for the various chemical groups in lipids or pep-
tides/proteins. For pure lipid systems it was first shown by Oldfield and cowork-
ers that a spectral resolution could be achieved which allows an assignment of all
carbon atom positions in a lipid molecule [61], while Opella et.al demonstrated
the possibility to resolved *C resonances for solid proteins by MAS [187]. The
successful spectral separation of the various chemical groups was made possible
due to the large spread of chemical shift values for **C nuclei in various environ-
ments covering a range of nearly 200 ppm compared with 10 ppm for 'H . Thus
the influence of membrane effectors, such as cholesterol, on the lipid headgroup,
backbone and fatty acid chain simultaneously at atomic resolution, thereby avoid-
ing expensive labelling (as for ?H NMR) since the '*C natural abundance in these
systems in particular in combination with CP techniques, could be exploited [61].

The potentially good resolution of *C CP MAS NMR and known resonance
assignments enables the site-resolved observation of the effect of Dy** ions, which
bind tightly to the polar phosphatidylcholine headgroups. The binding of these
Lanthanide ions allows a spectrally resolved broadening or shift of resonances
arising from chemical groups of the various molecules which are in close proximity
to the polar interface or outside the membrane [188]. The basic idea is illustrated
in Fig.6.1.

The validity of the approach presented here was evaluated by NMR exper-
iments on pure liquid crystalline DMPC membranes upon titration of various
amounts of Dy** ions. The effect of the lanthanide ions on the resonances arising
from the various carbon atoms of the lipid headgroup and the glycerol backbone
could be observed and the binding constant of Dy** on PC membrane surfaces
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Figure 6.1: The effect of binding paramagnetic ions to the membrane surface:
chemical shift and relaxation effects are scaled with r—%, the distance between
the paramagnetic ions and the observed NMR nuclei, which allows an estimate of
the location of specific sites with respect to the membrane interface to be made.
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was determined by analysing the decay of intensities for the various resonances.

Finally the applicability of this method to membrane-bound peptides is demon-
strated on the 50 residue long M13 coat protein which was specifically **C=0
labelled at Val-29 and *Ca labelled at Val-31. It is shown that these residues
are, as suggested from other studies, deeply buried inside the membrane bilayer
and therefore not effected by the binding of lanthanides to the membrane surface.

Theory. The unpaired electrons of paramagnetic ions produce a magnetic
field which strongly influences other nuclei located in their vicinity. The local
field can considerably exceed the effects of the external magnetic field By and
may so change the resonance of neighbouring nuclei dramatically.

The interaction of paramagnetic ions with adjacent nuclei can take place in
two ways. Fermi contact interaction, i.e. direct transmission of electron spin den-
sity through the bonds and ”through-space” dipolar (pseudo-contact) interaction
due to the field effects of the paramagnetic ions [189]. The Fermi contact is only
of importance for nuclei which are directly adjacent to the paramagnetic, trivalent
cations. Lanthanides associate in lipids with the anionic phosphate group which
creates a large contact contribution to the phosphorus signal, while in contrast
protons and 3C experience large dipolar, pseudo-contact interaction [190].

Paramagnetic ions can be divided into two groups, those with long electron
relaxation times would cause extensive linebroadening, while others with short
electron relaxation times do not alter the Ty relaxation time of the perturbed
nuclei, but change their chemical shielding and so move their chemical shift upfield
or downfield.

In practice, paramagnetic ions act both as shift as well as relaxation reagents.
Which is most easily observed depends on the experimental conditions [191].

For Lanthanides, the origin of the paramagnetic shift in high-resolution NMR
is mainly dipolar, and is given for a uniaxially symmetrical ligand field:

&:Dl <3COSZﬁ—1)+D2 <BSin290052a> (6.1)

w r3 r3
where D; and Dy are temperature dependent constants which depend on in-
dividual Lanthanide ions, r is the vector between ion and nuclear spin, o, relate
vector r to the PAS of the magnetic susceptibility tensor and Aw/w is the ratio
of chemical shift change to the chemical shift.
The dipolar contribution of the electron spin, S, to the nuclear relaxation
rates of nucleus I is expressed as [191]:
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where 7; is the magnetogyric ratio, s the magnetic moment ps = gs+1/S(S + 1)
given in units of the Bohr Magneton 3 = 9.2741 x 10~24JT !, r;5 is the vector
between the paramagnetic ion and the observed nucleus and, w; and wg are the
electronic and nuclear Larmor frequencies (with wg > wy). The correlation time
T is given by

SRS o

¢ TR Tie Tm

where 75 is the overall rotational correlation time of the observed complex, T},
is the electronic spin relaxation time and 7, is the life time of the complex. For
Lanthanide ions, which have relatively short electron spin relaxation times of 0.1-
0.4 psec [192], relaxation terms which have to be added to the expressions above
have been derived by Vega and Fiat [193]:

16 B ( i ) 65)
T, 5(3kT)27’?s 1+ wir?

1 1 ~2B24

S 02“% <4TR+—TRZ 2) (6.6)

It can be seen that the Ts contribution to the linewidth increases with the
field strength B2 and with p%. The magnetic moment of a typical downfield shift
reagent like Yb3*t is 4.5x 3, while Dy** and Ho®** have the largest moments of
10.5x 0 and 10.4x 3 [194],[195], which means they would contribute more to the
nuclear relaxation, compared to other Lanthanide ions. All equations for relax-
ation times above assumed that paramagnetic ions undergo isotropic rotation,
which is not the case in lipid membrane systems. Angle dependent terms would
need to be included [191], but here, qualitative discussions can be based on the
assumptions made before and the r=¢ distance dependence of the relaxation rates
can be used to estimate locations of specific sites with respect to the membrane
surface, which has been illustrated already for some sterols in phospholipids by
13C-T; measurements [183],[184].

6.2 Materials and Methods

Materials and Preparation. L-a-DMPC was obtained from Sigma (UK), and
used without further purification. DyCls - 6H,O (Aldrich, UK) was prepared
as a 25 mM stock solution in doubly distilled water at pH 4. M13 coat protein
(13C=0 labelled at Val-29, 13C, labelled at Val-3, Asp-5 replaced by Asn) was
synthesized using standard solid-phase FMOC chemistry (NSR, Centre, Nijmegen,
The Netherlands). The quality of the obtained protein was checked by HPLC
and mass spectrometry and found to be over 90% pure.



116 Chapter 6: Probing the Membrane Surface

Pure DMPC dispersions were prepared by adding 60 wt% of double distilled
water to 20 mg of dried lipid. DMPC dispersions containing various amounts of
Dy3* cations were prepared as before using appropriate aliquots of the 25 mM
DyCl3 stock solution. Complete homogenization for all samples was achieved by
three cycles of freezing with liquid Ny and thawing at 37°C. Afterwards membrane
vesicles were pelleted into 4 mm MAS NMR rotors (Bruker, Karlsruhe, Germany),
sealed and immediately measured.

M13 coat protein was incorporated into DMPC bilayers at a lipid to protein
molar ratio of 30:1 as described in Chapter 5. The lipid/protein molar ratio was
determined by using appropriate phosphate and protein assays. Correct incor-
poration of the protein in an a-helical form was checked by CD-measurements.
Finally the sample was resuspended either in water or appropriate Dy3*solution
and pelleted into 7 mm MAS NMR rotors.

NMR measurements. >C CP MAS NMR experiments under efficient proton
decoupling (40 kHz) were carried out at 100.63 MHz carbon frequency on an
MSL-400 (Bruker, Germany) and at 50.32 MHz carbon frequency on a 200 MHz
Infinity (Chemagnetics, USA) using double resonance 7- and 4-mm MAS NMR
probes (Bruker, Germany). The NMR spectra were acquired with a 7/2 carbon
pulse length of 4us, a recycle time of 3s and a CP mixing time of 2.5 ms. All
NMR measurements at 400 MHz proton frequency were recorded at 5 kHz spin-
ning speed using a RAMP-CP pulse sequence [97][159] . For experiments at 200
MHz and 1.9 kHz spinning speed a conventional CP pulse sequence was applied.
All experiments were carried out at 308 K+1 K regulated by an BVT3X00 tem-
perature control unit (Bruker, Germany). The spinning speed for the MAS NMR
rotors was regulated by a pneumatic MAS control unit (Bruker, Karlsruhe). The
number of acquisitions varied between 500 and 100 000 scans.

6.3 Results and Discussion

Pure DMPC membranes.

A complete assignment of the ¥C NMR MAS spectra of DMPC is necessary for
the study of interactions between lipids and Lanthanide ions and is shown in
Fig.6.2. The resonances were assigned according to literature values [97]. Espe-
cially resonances from the lipid headgroups and immobilized glycerol backbone
are of importance, since they are close to the membrane interface and so most
likely being effected by paramagnetic ions. The resolution required was achieved
by BC CP MAS NMR experiments at 100.63 Mhz carbon frequency on mul-
tilamellar DMPC vesicles in their liquid crystalline phase at 308 K. The high
spinning speed of 5 kHz required a RAMP CP pulse sequence, which provides
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sufficient cross polarization for the various carbons in such a complex and dy-
namic system [159].

The NMR spectrum in Fig.6.2 shows all *C resonances for DMPC with their
chemical shift values covering nearly 200 ppm resolved. Performing the same
experiment at a lower spinning speed (spectrum not shown) revealed no spinning
sideband resonances in the L, phase of DMPC and therefore all resonance lines
in Fig.6.2 reflect the isotropic chemical shift values of the various carbons in the
lipid molecule in agreement with earlier observations [61],[97].

In contrast to gel phase of phosphatidylcholine bilayers, very fast intra- and
intermolecular motions [69],[97] of lipid molecules occur in the liquid crystalline
phase, thereby reducing the chemical shift anisotropies for the various carbons
and finally leading to the disappearance of spinning sidebands even at moderate
spinning speeds. The very narrow linewidths are observed due to lower spin-spin
relaxation rates caused by the altered dynamic behaviour of the lipid molecules
in the liquid crystalline phase [70],[97] (see also Chapter 2).

The chemical shift range of *C resonances in lipids can be divided roughly
into four main spectral groups: aliphatic fatty acid chains, polar headgroup,
glycerol backbone and carbonyl groups. Based on previously reported spectra
[97],[61] a complete, unambiguous assignment of all the resonances in the obtained
spectrum was possible, even including the signals for the sn-2 and sn-1 carbonyl
groups (173.3 ppm and 173.1 ppm) and both chain-C3 carbons (25.3 ppm for
sn-2 carbon, 25.1 ppm for sn-1).

The resonances arising from the headgroups and backbone which both occur
in the same region of the spectrum (50-70 ppm) are as indicated in Fig.6.2.

Addition of Dy*"to DMPC membranes.

After adding of Dy®* ions in various concentrations in the range of 1 - 25 mM
to DMPC bilayers, *C CP MAS NMR experiments were carried out under the
same conditions as used before for pure lipid bilayers. The enlarged spectral
region for headgroup and glycerol resonances is displayed as an inset in Fig.6.2a-f
for concentrations of 0,1, 2, 5, 10 and 25 mM. The addition of Lanthanide ions
leads gradually to loss of intensity for various resonances which finally results in a
complete disappearance of all resonances at a concentration, of 25 mM as shown
in Fig.6.2f.

A concentration as low as 1mM of Dy** ions has already a small, but clear
linebroadening effect on all headgroup and backbone resonances, while glycerol-
C; and choline C, are effected most (Fig.6.2b). At 2mM Dy** the C3 and C,
resonance lines are nearly quenched and all other resonances show a further, more
drastic reduction of their intensities in the NMR spectrum. This effect is amplified
upon further addition of Lanthanide ions up to 5mM, but all resonances can still
be detected, while at a concentration of 25 mM all signals from backbone and
headgroup carbons have disappeared. At this high concentration, a decrease of
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Figure 6.2: Proton (400.13 MHz) decoupled *C CP MAS spectrum of multi-
lamellar DMPC membranes at 308 K, 5000 Hz spinning speed and 2.5 ms CP
mixing time. Inset: expanded spectra of the headgroup and glycerol **C reso-
nance region without and with various concentrations of DyCl; solution: a) 0
mM, b) 1 mM, ¢) 2 mM, d) 5 mM, e) 10 mM, f) 25 mM. Same Acquisition
parameter for a) - f).
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the intensity of fatty acid chain methylene resonances was observed as well, which
was has not been seen at lower concentrations and is probably caused by a larger
paramagnetic contribution of Dy** to the spin-spin and spin-lattice relaxation of
the methylene carbons.

Summarising, it can be stated that adding of Dy** leads to loss of inten-
sity and broadening of resonance lines for carbons at the lipid interface, but no
significant shift effects are observed for the Dy**concentrations used here. Para-
magnetic relaxation effects, i.e. Ty, contribution to Ty and so to linewidth are
probably larger than chemical shift contribution under our experimental condi-
tions. A similar effect at moderate levels of Dy?T in solution has been reported
before by Hauser et al. [182] who found that only phosphorous and proton res-
onance showed clear shift effects, while the 3C resonances were only slightly or
not shifted. Due to the larger linewidth in solid state MAS NMR spectra com-
pared to liquid-state NMR the shift changes were probably not large enough to
be discernible.

The integral intensity for each carbon signal normalised to the total fatty acid
chain-C4-C11-CH, resonance, is plotted versus the concentration in Fig.6.3. All
intensities were normalized to 1.0 when no Dy3* ions were present.

The most dramatic loss of up to 60% in intensity upon addition of ImM Dy3*+
occurs for the glycerol-C3 and the choline C, atoms while glycerol-C, and Cg
positions are only effected to about 15%. However at 2mM, the intensity decay
for all resonances is already more pronounced for all lines. The C; carbon is now
effected by a 30 % loss in intensity while the Cs and C, resonances are already
reduced to 15% of their original intensities. Adding higher amounts of ions leads
to a continued gradually deterioration of signal intensity for all resonances and
finally to a complete loss of signals in the 50-75 ppm region of the spectrum at
25 mM Dy*" (see inset of Fig.6.3).

Comparing the response of *C signals from headgroup and backbone carbons
of DMPC upon Dy?*titration enables us to define the binding site for the metal
ion. Therefore, as shown in Fig.6.2 and 6.3, the intensity for the C, line is
reduced drastically after adding only 1 mM trivalent ion, followed by an slightly
smaller reduction for C3. Compared to these drastic losses in intensity the decay
of the Cg and C2 carbon signals were less pronounced, an indication that these
positions have a more remote distance to the lanthanide binding site (r ¢ distance
dependency). These findings indicate, that Dy** binds to the PO~ group, since
the adjacent carbon atoms C3 and C,, are effected most.

This observation agrees well with earlier *C MAS NMR studies by Villian et.
al. [183],[184] who showed by measuring spin-lattice relaxation rates before and
upon adding of the spin relaxation agent Gd**, that mainly C3 and C, carbons
were effected. Solution proton NMR studies on small vesicles upon adding of
various lanthanide ions also indicated that the nearest protons to this trivalent
ion were attached to the C3 and C,[180][182].

The correct interpretation of the '3C data is underlined by the fact, the most
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Figure 6.3: Effect of Dy** added at various concentrations on the relative intensi-
ties of the headgroup and backbone 3C NMR resonances of DMPC bilayers at 308
K (spectrum shown in Fig.1). Intensities expressed as fraction of the uneffected
lipid fatty acid chain CHy groups and scaled up to 100% for the undisturbed sys-
tem for each resonance. Various symbols indicate the specific resonances. Open
circle: Sum of headgroup and backbone intensities. Inset diagram: Expansion of
diagram for 0 mM - 10 mM Dy3* concentration.
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dramatic effects of Dy*T were observed for the PO~ group using 3'P NMR. As
mentioned before, it has been concluded from chemical shift data, that lanthanide
ions when added to the phospholipid membrane surfaces, bind through direct
attachment to the PO~group [182]. This closed proximity of trivalent ion to
the phosphorous is also reflected in 3'P MAS NMR spectra obtained by us for
the DMPC vesicles, where extremely broadened lineshapes (not shown) were
detected.

Based on our own observations alone we can already conclude that the most
likely binding site for Dy®* must be the negatively charged PO~ group in the lipid
molecule since DMPC is zwitterionic over the pH range 3-13.

The presented solid state *C MAS NMR experiments illustrate that the in-
teraction of paramagnetic Lanthanide ions with lipid headgroups and so with
the membrane surface, can be detected at a molecular level by observing the
intensity losses in the NMR resonances for each carbon atom located at the
membrane /water interface.

Nuclei in different chemical groups located near the membrane interface should
experience similar effects, i.e. decrease of intensity of their NMR resonances, de-
pending on the ion concentration and their distance from the ion binding site.
Groups deeply buried inside the membrane should be protected from the influence
of the bound paramagnetic ions. Since visible changes were observed in spectra
of pure DMPC liposomos down to the fatty acid C3 groups, it is expected that
it is possible to differentiate between 3C labelled residues of a peptide/protein
located above or below these C3 carbon positions.

Interaction with M13 coat protein/DMPC vesicles.

By using the 50 residue long M13 coat protein incorporated into DMPC bilayers at
a molar lipid to protein ratio of 30:1, the possibility of determining the location of
two specifically 13C labelled protein residues in the membrane was tested. It was
of particular interest to find if the method could be used to differentiate between
a location of these residues at the membrane interface or in the hydrophobic
region. The protein was *C=0 labelled at Val-29 and 3Ca labelled at Val-31 in
its hydrophobic domain (see Fig.5.2).

13C CP MAS NMR experiments were performed on multilamellar DMPC/M13
liposomes, both before and after addition of 10 mM aqueous Dy** solution at
308 K and 1.9 kHz spinning speed. The spectrum of the untreated system is
displayed in Fig.6.4, on same chemical shift range as the pure DMPC spectrum
in Fig.6.2. As expected, the spectrum is nearly identical to the one for DMPC
bilayers except for two additional broad peaks at 170 ppm and 56 ppm arising
from the labelled protein residues.

Compared to the lipid resonances shown in Fig.6.2, the NMR resonances
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obtained here, again show no significant changes in their chemical shift values,
but have slightly larger linewidths and the resolution, mainly in the chemical
shift region of the aliphatic carbons, is reduced. These effects are most likely
caused by a changes in the dynamic and ordering profile of the lipid molecules
due to the interactions with the incorporated protein, as shown in by ESR and
H-NMR [196].

Spectrum (a) in Fig.6.4 shows an extended spectral regions where the *C res-
onances of both Val residues in the protein appear. As seen in the left spectrum,
two peaks appear in the carbonyl region. The narrow sharp resonance line occurs
at 171.8 ppm and can be assigned to the sn-1 and sn-2 carbonyl groups of the
highly mobile DMPC lipid molecules. However both carbonyl groups cannot be
resolved separately as in the case of the pure DMPC system. The second, broad
peak at 170 ppm can be assigned to *C at the carbonyl position of the Val-29
residue. The spectrum on the right in Fig. 6.4a displays the expanded 35 - 85
ppm chemical shift region. Here all the expected resonances for the lipid back-
bone and headgroup carbons can clearly be detected and assigned. Additionally
a new broad resonance, similar to the one at 171 ppm, appears at 56 ppm which
belongs to the ¥Ca carbon in the Val-31 residue. Both resonances show some
inhomogeneous linebroadening, which may indicate a certain conformational dis-
tribution or peptide wobbling in the bilayer.

13C CP MAS NMR spectra were acquired upon addition of 10 mM Dy?*solution
to the M13/DMPC vesicles under the same experimental conditions as described
before. The expanded areas of the spectrum containing the protein resonances are
displayed in Fig.6.4b. As in Fig. 6.4a, the diagram on the left shows the region
where carbonyl signals are expected and the one on the right the region where
lipid headgroup and backbone resonances and 3*Ca signals of proteins appear.

It can be seen that all *C signals arising from the lipid carbons vanished
completely in this spectral region, which is not a surprising result when compared
with the spectrum of pure DMPC bilayers at 10 mM Dy?* concentration in
Fig.6.2e. However both protein resonances are still fully visible and seem to be
unaffected by the presence of the trivalent Lanthanide ions.

A quantitative comparison was performed by substruction of the spectrum
of M13/DMPC containing 10mM Dy** (Fig.6.4b) from the spectrum of the un-
treated system (Fig.6.4a) which is displayed in Fig.6.4c. Here only lipid reso-
nances can be seen while the protein peaks are not present which shows clearly
that neither a change in the linewidths nor a drop in absolute intensity for these
protein resonances occur upon addition of 10 mM Dy3*t solution. Therefore it
can also be assumed that the cross polarisation efficiency for both carbons at the
two residues is not effected by the presence of trivalent cations at the membrane
surface.

To explain this unchanged behaviour of the protein resonances in the NMR
spectra, both Val-29 and Val-31 have to be located at a position which is too
far away for dipolar interactions with the paramagnetic ions, i.e. a location at
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the membrane interface or in the aqueous phase can be ruled out, but a position
in the hydrophobic core of the lipid bilayers is most likely. The conclusion that
both residues are located in the apolar region of the membrane is not a surprise
since it has been shown before that both residues are part of the transmembrane-
ous membrane spanning region of the protein [81],[140]. It is known from earlier
studies [147],[140],[145],[146] and the results in Chapter 5, that the transmem-
brane domain has an a-helical structure in the reconstituted DMPC/M13 bilayer,
which mimics the in vivo state in the E.coli plasma membrane.

Since the C3 resonances of the fatty acid chains of the DMPC lipids are still
effected by the binding of Dy** as shown in the intensity plot in Fig.6.3 and in
the spectra in Fig.6.2e and 6.4b, it is suggested that the labelled sites in Val-29
and Val-31 are situated below this position in the membrane. However, the data
does not allow any conclusion to be drawn about their precise location in the
hydrophobic core region.

A more precise positional refinement would be possible in principle by our ap-
proach by using various differently labelled proteins to obtain the residues in the
sequence located at both sides of the membrane leaflet interface. A recent study
for determining precisely the location of these residues limiting the transmem-
brane spanning part was carried out by Hemminga et. al. [197]. They performed
EPR studies on spin-labelled M13 major coat protein mutants where various sin-
gle cysteine replacements in the transmembrane part were introduced, for which
individual locations could be estimated by using Ni** and O, as paramagnetic
relaxation agents. They concluded that the transmembrane helix is spanning
the membrane in a way where Ala-25 and Thr-46 are located at the membrane
interface of opposite monolayer leaflets while Thr-36 is at the centre of the mem-
brane. According to this model the Val-29 residue would be located one pitch
height below Ala-25 while Val-31 would be closer to the hydrophobic centre;
a finding which agrees very well with our observations. Alternatively, solution
NMR relaxation measurements of the protein backbone on detergent solubilized
peptides would allow to identify motionally restricted residues in the transmem-
brane domain and more dynamic sites outside the hydrophobic core. M13 coat
protein in a micelle system has been studied extensively and it was found, that
the hydrophobic helical part of the protein, including both Val-29 and Val-31
residues, is motionally restricted while the amphipathic part experienced much
more unrestricted dynamics [77],[85],[150],[82].

Both these approaches, detergent supported solution NMR and spin-label
EPR, use modified systems. In EPR, bulky spin reporters and mutated proteins
are necessary, both of which could introduce a possible cause of altered secondary
structure and residue location. In the NMR study, the protein is not modified but
solubilized in detergent micelles which only resemble partially membrane bilayers.

A transmembrane spanning helix could therefore also experience secondary
structure modification and a correct determination of the residues located at
the membrane interface is not possible due to the missing interaction of the
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Figure 6.4: Proton (200.13 MHz) decoupled *C CP MAS spectra of multilamellar
DMPC membranes containing M13 coat protein at lipid to protein ratio of 30:1
before and upon adding of 10 mM DyCl3 solution. Full spectrum of untreated
M13/DMPC complex and extended regions of from carbonyl peaks (left) and
headgroup, glycerol lipid peaks and C, protein peaks (right) (a); same extended
regions as in (a) but after adding of 10 mM Dy3*(b); Spectra obtained for the
same regions after subtraction of spectra of treated complexes from untreated
(c). Experimental conditions: 308 K, 1900 Hz spinning speed, 2.5 ms CP mixing
time and 100 000 Scans each.
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transmembrane part with both leaflet interfaces of a lipid bilayer.
The approach presented here, avoids these disadvantages.

6.4 Conclusions

It has been shown by 3C-CP MAS, that the Lanthanide ion Dy** can be used
as a paramagnetic relaxation agent to probe the membrane interface as deep as
to the backbone position C3. The observed linebroadening or quenching of 3C
resonance lines allows an estimate of the location of membrane components with
respect to the membrane surface to be made. The advantage of 3C-CP MAS
over other techniques is mainly in its resolution, sensitivity and the fact, that it
does not perturb the system.



Chapter 7

Future Perspective

It has been shown, that NMR experiments based on the suggested MAOSS ap-
proach can provide valuable structural information on membrane proteins and
peptides. Applications to bacteriorhodopsin, bovine rhodopsin and phospholam-
ban are already in progress in our laboratory but are not reported here.

To make full use of the potential of this technique, some further method-
ological development is necessary and will be addressed in the future. The most
important issues are outlined below.

7.1 'H-MAOSS and Protein Dynamics

The highly resolved proton spectra of lipids obtained by *H-MAQOSS give rise to
the question, how this effect could be exploited for highly mobile peptides or pro-
teins. A feasibility study on gramicidin A, which has a long axis correlation time
of 1078 sec [117], did show some promising improvements in the resolution of the
aromatic protons. However, sample preparation has still to be optimized towards
the best compromise between orientation, hydration, fluidity and stability. Due
to a lack of time, this study was not pursued, but will be continued later.

Although 'H resolution improvement by utilizing anisotropic motions might
be limited to small membrane components, there are some theoretically inter-
esting effects which could be studied. In a simplified model, a small membrane
component, such a a-helical peptide, would rotate fast about the membrane
normal and so about the magic angle. This fast correlation time would allow
cross-relaxation within the membrane plane, but not along the helix long axis,
since the dipolar coupling would vanish along the magic angle (see [198]). In this
situation, anisotropic effects should be observed in NOESY experiments, which
might be used to extract some structural information.

126
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7.2 Anisotropic Interactions

The full potential of the MAOSS approach as illustrated for 2H and *C on bR and
M13 coat protein, can only be used, if experiments on multiple labelled proteins
can be performed and analysed which will require multidimensional NMR in order
to provide the necessary resolution.

Preliminary experiments on ?N-Met labelled bR, which were carried out in
our laboratory, did allow to resolve five out of nine residues in a simple one-
dimensional MAS experiment. The central problem is separating all sideband
families in order to calculate the main elements from MAS NMR and the orien-
tation of the CSA tensor from MAOSS NMR for each labelled site. The basic
idea of such an experiment is shown in Fig.7.1. The simulation corresponds to a
15N resolution as observed for bR, while some tensor orientations were assumed
from a structural bR model. Separating the sidebands in a second dimension can
either be achieved by using the dipolar 'H-°N coupling, or the 'H or ' N chem-
ical shift anisotropy [21]. An alternative would be a modified PASS experiment
[21].

7.3 Anisotropic MAS Recoupling Experiments

Recoupling experiments such as rotational resonance, allow distance measure-
ments within membrane proteins, as illustrated in Chapter 5. Performing these
experiments in a MAOSS arrangement, i.e. on oriented systems, an additional
structural constraint, namely the direction of the internuclear vector between the
coupled spins I and S can be obtained (see Fig.5.5). If this vector would be par-
allel to the membrane normal Zj, no magnetisation exchange would be observed,
since the dipolar coupling would collapse at the magic angle. However, the more
the internuclear vector is tilted with respect to the membrane normal Zp and
so to the rotor axis Zpg, the larger would be the Zeeman magnetisation exchange
rate. The advantage of this approach is, that the internuclear vector is directly
related to the molecular structure, while for studying chemical shift anisotropies,
some knowledge about the orientation of the tensor in the molecular frame is
necessary.
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/ /

15N chemical shift

Figure 7.1: Multiple N-Labelling of peptides or proteins requires a two-
dimensional experiment in order to deconvolve all sideband families belonging to
each spin. This simulation shows a ?N-MAOSS experiment based on preliminary
results and resolution obtained on *N-Met-labelled bR. Possible interactions for
sideband separation are discussed in the text.
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Appendix A

Sample Handling Tools for
MAOSS Experiments

Correct and precise sample handling is essential for the successful application of
MAS spectroscopy to oriented biomembranes. Some simple tricks and tools can

help to overcome some typical experimental problems.

Once the membranes are well aligned on glass disks, which can be achieved
by either drying and re-hydrating or by centrifuging the samples onto the solid
support [46], they have to be transferred into a MAS rotor (see Fig.A.1). The
disks are microscope cover slips, which were custom made by Marienfeld GmbH
! to fit precisely into a 7mm Bruker MAS rotor, which has an inner diameter of
5.5mm. Rotors and KelF caps were obtained from RotoTec GmbH 2. One rotor
can contain up to 100 disks. It is essential that slipping and wobbling of the
disk stack during spinning is prevented, in order to achieve a stable and precise
sample rotation. The samples are held in position by two home-made KelF
inserts (Fig.A.2), which fit so tight, that they can only be inserted or extracted
by using the positioning tool shown in Fig.A.4. Since it is mechanically awkward
to place single disks one after each other into a rotor, a special mounting tool was
constructed to simplify this procedure which is shown in Fig.A.3. Disks can be

pre-aligned with respect to each other, re-hydrated and mounted into the MAS

'Marienfeld GmbH, Laboratory Glassware, P.O.Box 1523, 97965 Bad Mergentheim, Ger-
many, Tel.:+49-7931-9777-0, Fax.:+49-7931-9777-11/12

2Rototec GmbH, Frankensteiner Str. 125, 64297 Darmstadt, Germany, Tel.:+49-6151-
595640, Fax.: +49-6151-593485, www.rototec-spintec.com
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rotor using this simple assembly. Finally, a KeLF insert has to be placed on
top of the last disk to fix their position. An insertion/extraction tool which uses
a single axis micropositioning system from World Precision Instruments 3, was
designed for that purpose. The positioning system allows an insert to be placed
at a pre-defined position, which is important to prevent damaging the glass disks

(Fig.A.4).

3World Precision Instruments Ltd, Tel.:+44-1438-880025, Fax:.+44-1438-880026,

wWww.wpiinc.com
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sample, 25 pl glass disk

0 hours

48hours .
WW i 0.06—0.08 mm
5.4 mm

Figure A.1: Usually, 25 ul buffer solution containing lipid/protein vesicles at
a concentration of 0.002-0.02 mg/ul were carefully dropped onto a the surface
of a glass disk in such a way that one spherical drop covered the surface area
completely. Bulk water was allowed to evaporate slowly over some hours. The
photograph shows a glass disk carrying oriented bacteriorhodopsin (purple mem-
brane).
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@ e 0

KeLF insert with thread

=2 oriented samples on
wrr e s pre-aligned disks

/////////

////////

Zirkonium MAS rotor

KeLF insert with thread

Figure A.2: A stable and precise alignment of the glass disks in the MAS rotor
is achieved by fixing their position with precisely made and rather tight fitting
KeLF inserts on top and bottom. These inserts prevent wobbling and slipping
of the samples during spinning. The inserts can only be inserted and removed
using a screw with a specific insertion/extraction tool.
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MAS rotor
L = ] glass disks
.
glasstube
glassrod

Figure A.3: The glass disks containing the membrane samples have to be pre-
aligned before transferring them into the MAS rotor. They are carefully piled
up on top of each other on top of a glass rod with exactly the same diameter
as the disks. A movable glass tube, which can be fixed at any height keeps all
disks well aligned with respect to each other. Usually, a glass tube with some
horizontal opening was used, so that samples could be re-hydrated in this position
if necessary. The stack of disks was mounted into the rotor by placing an rotor
onto the glass tube and sliding it down.
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micropositioning system

KeLF insert

MAS rotor rotor holder

Figure A.4: Once the disks are transferred into the rotor, an insert has to be
placed on top to guarantee a stable sample position under spinning conditions.
The inserts were inserted and extracted using a simple single axis micropositioner
system, which allowed placing the insert at a specific height in the rotor, i.e.
exactly on top of the top disk. This precaution is necessary to prevent damaging
the disks by applying accidentally too much pressure.
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GAMMA Source Code for
Spin-1/2 and Spin-1 MAOSS

Simulations

The programme for MAS lineshape simulations of oriented systems was written
in C++ by using the NMR software library GAMMA-3.5b! [90] and the gnu
compiler gce-2.6.32. All MAS simulations were calculated by GAMMA’s built-in
Floquet operators as published by Baldus et al. [89]. Chemical shift anisotropy
spectra of a single spin-1/2 can be calculated for various distributions, from a
single crystal to the full powder. This is achieved by defining explicitly the range
of the Euler angles, which define the orientation of the PAS with respect to the
molecular frame (£2pys) and the orientation of the molecular frame to the rotor
fixed system (257z). The Monte Carlo method is applied for sampling over these
defined intervals and a dynamic, spherical weighting function is applied. Fig.B.1
shows a simple flow chart and the necessary input parameters. Quadrupole spec-
tra can be obtained by setting the isotropic chemical shift to zero, the chemical
shift anisotropy to the appropriate quadrupole coupling constant, n to the nec-
essary value (usually n ~0 for ?H) and by choosing the symmetrizing option.
The same applies for simulations of dipolar spectra of an isolated spin-1/2 pair,
which can be treated as a spin-1 system. Usually, one particular orientation of

the interaction tensor {2p,; with respect to the molecular frame is assumed, i.e.

Thttp: //gamma.magnet.fsu.edu
2http://www.gnu.ai.mit.edu
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averaging takes place during the transformation from the molecular frame into
the rotor system (see Chapter 1), but the programme allows also pre-averaging
during the first transformation.

It is planned in the future to add more spins to the simulation and to explore
relaxation effects on MAS sidebands.

The source code is given below.

/**************************************************************
filename: maoss.cc

simulates MAS spectra for I=1/2 amd I=1 nuclei in partlally *
ordered systems

CSA or EFG tensor can be averaged from PAS->MF or MF_RF or
over both transformations

clemens glaubitz, oxford biochemistry

uses GAMMA-3.5.2:
Floquet operators

[Baldus, Levante, Meier, Z. Naturforsch. 49a, 80-88(1994)] x*
skttt okotokokokkokokokokskokokokok skoksk ok sk sk sk sk sk sk ok sk sk sk sk sk sk ok sk okokokokokokok ok kokkokokokokkokokok sk ok ok /
#include ’’gamma.h’’

#include <stdlib.h>
#include <math.h>

main (){
/ declare symbols

// Set up a 1 spin system called ’A’
spin_system A(1);

// vector of the magnetic field along z
coord B(0,0,1);

// CSA: spin tensor
spin_T TTS = T_CS2(A,0,B);

// CSA: space tensor in LAB system
space_T CS;

// CSA: space tensor molecular frame
space_T CS_mf;

// Spectral range
double minFreq, maxFreq;

// euler angle PAS->MF
double alpha_pm, beta_pm, gamma_pm;
double alpha_pm_min,alpha_pm_max;
double beta_pm_min,beta_pm_max;
double gamma_pm_min,gamma_pm_max;,

// euler angle MF->RF
double alpha_mr, beta_mr, gamma_mr;
double alpha_mr_min,alpha_mr_max;
double beta_mr_min,beta_mr_max;
double gamma_mr_min,gamma_mr_max,
double beta_pr;

// Output filename
String outFileName;

/ chemical shift tensor
double sig, delta, eta;

XN XXX X ¥ X X
XN XXX X ¥

*
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-
'

e

Figure B.1: Flow chart and input files for the programm MAOSS, which simulates
MAS lineshapes for oriented systems. One input file containing all parameters
is required. The fourier transformed data are stored in an ascii file in XMGR
format. All parameters are stored in a seperate file. For details see explanation
in text.




double sixx,siyy,sizz;

// Steps in powder loop

int steps_pm, steps_mr;

// MAS rotation frequency

double omegar;

int 1b, proc, norm, sym, N;
// read parameter from stream

cin>>outFileName;
cin>>N;

cin>>proc;
cin>>minFreq;
cin>>maxFreq;
cin>>omegar;
cin>>sig;
cin>>delta;
cin>>eta;
cin>>alpha_pm_min;
cin>>alpha_pm_max;
cin>>beta_pm_min;
cin>>beta_pm_max;
cin>>gamma_pm_min;
cin>>gamma_pm_max;
cin>>steps_pm;
cin>>alpha_mr_min;
cin>>alpha_mr_max;
cin>>beta_mr_min;
cin>> beta_mr_max;
cin>>gamma_mr_min;
cin>>gamma_mr_max;
cin>>steps_mr;
cin>>1b;
cin>>norm;
cin>>sym;

Appendix B: MAOSS Simulation

// define output streams for data and parameter files

ofstream os (outFileName+’’.dat’’);
ofstream ps (outFileName+’’.par’’);

// define
sixx

CSA tensor

sig-deltax(1l+eta)/2;

siyy = deltax(eta-1)/2+sig;

sizz = deltatsig;
matrix s1(3,3);
sl.put_h(sixx, 0, 0);
sl.put_h(0., 0, 1);
sl.put_h( 0., 0, 2);
sl.put_h(siyy, 1, 1);
sl.put_h( 0., 1, 2);
sl.put_h(sizz, 2, 2);
space_T CS_pas(A2(sl));

// set up density matrix

gen_op sigmal;

// set up a detection operator

gen_op detect=Fm(A);

// prepare spin system (sigmaO)

sigmal=sigma_eq(A);

sigmal=Iypuls(A,sigmal,90.);
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//

//

//

//
//

setup Floquet density matrix
flog_op fsigma ( N, A.HS(), omegar);
fsigma.put_block ( sigmal, 0, 0);
set data blocks for spectra
int NP=4096;
block_1D spect(NP);
block_1D specsum(NP);
block_1D specsuml(NP);
block_1D specsum2(NP);
Fourier expansion of the Hamiltonian
gen_op H_O, H_1, H_2;
Time and orientation independent component

of the Hamiltonian
H_O = CS_pas.component(0,0) * TTS.component(0,0);

for(int b=1;b<=steps_mr;b++)

{

//<----start MF->RF loop
// calculate random values for OMEGA_mr within predefined range
alpha_mr = random() * (alpha_mr_max - alpha_mr_min ) /
(pow(2.0,31.0)-1.0) + alpha_mr_min ;

beta_mr = random() * (beta_mr_max - beta_mr_min ) /
(pow(2.0,31.0)-1.0) + beta_mr_min ;
gamma_mr = random() * (gamma_mr_max - gamma_mr_min ) /

(pow(2.0,31.0)-1.0) + gamma_mr_min ;

for(int a=1;a<=steps_pm;a++)

{

//<----start PAS->MF loop
// calculate random values for OMEGA_pm within predefined range

alpha_pm = random() * (alpha_pm_max - alpha_pm_min) /
(pow(2.0,31.0)-1.0) + alpha_pm_min ;

beta_pm = random() * (beta_pm_max - beta_pm_min ) /
(pow(2.0,31.0)-1.0) + beta_pm_min ;

gamma_pm = random() * (gamma_pm_max - gamma_pm_min) /

(pow(2.0,31.0)-1.0) + gamma_pm_min ;
// transform CS from PAS->MF->RF
CS_mf = CS_pas.rotate( alpha_pm, beta_pm, gamma_pm);
CS = CS_mf.rotate( alpha_mr, beta_mr, gamma_mr);
// Calculate the spacet+time dependent parts of the Hamiltonian

H_1 = CS.component(2,1) * TTS.component(2,0);
H_1 = (1/sqrt(3.))*H_1;
H_2 = CS.component(2,2) * TTS.component(2,0);
H_2 = (1/sqrt(6.))*H_2;

// define the Floquet Hamiltonian

// Hamilton Floquet Matrix
flog_op HAMFLOQ (N,A.HS(),omegar);
HAMFLOQ.put_sdiag(adjoint(H_2),-2); // side diagonal # -2
HAMFLOQ.put_sdiag(adjoint(H_1),-1); // side diagonal # -1

HAMFLOQ.put_sdiag(H_0,0); // main diagonal
HAMFLOQ.put_sdiag(H_1,1); // side diagonal # 1
HAMFLOQ.put_sdiag(H_2,2); // side diagonal # 1
HAMFLOQ.add_omega() ; // Add omegas on diagonal

// Calculate the spectrum (’spec’ for general simulations)
if (proc==1)
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{

spec_maspowder
(fsigma, detect, HAMFLOQ, minFreq, maxFreq, NP, spect);

else

spec
(fsigma, detect, HAMFLOQ, minFreq, maxFreq, NP, spect);
+

specsum += spect,;
} //<----end PAS->MF loop
// spherical weight on beta_mr
if (steps_mr==1 && abs(beta_mr_min-beta_mr_max)==0.0)

specsum *= 1.0;

}

specsum *= {
sin(abs((0.5*%(beta_mr_min+beta_mr_max)-beta_mr)*PI/180.));
+

else

specsuml+=specsum;
} //<----end MF->RF loop
// fourier transformation and exp.linebroadening
specsuml =IFFT (specsuml);
exponential_multiply (specsuml,-1b);
specsuml =FFT (specsuml);
// symmetrise spectrum if required
if (sym==1)

{
for(int jjj=0;3jj<NP;jjj++)
Specsqu(jjj)zspecsuml (JJJ )+specsum1 (NP_]._JJJ) 5
+
specsuml=specsum?2;

// normalise spectrum if required
double maxy=0.0;
double miny=1000000000.0;
if (norm==1){
for(int 1 =O;1<409?;1++)

if (Re(specsuml1 (1)) > maxy) maxy=Re(specsuml(l));
if (Re(specsum1(1)) < miny) miny=Re(specsum1(l));

for(int mm=0;mm<NP ;mm++)
specsuml (mm) =specsuml (mm) -miny;

specsuml=specsuml/ (maxy-miny) ;

// write out data to file
for (int i =0;i<NP;i++)
os<<(maxFreq-minFreq)* (i-NP/2) /NP
<<)) )
<<Re(specsuml(i))
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<< ) )
<<Im(specsumi(i))
<<L? )\n) ) ;



Appendix C

RR-FIT: Fitting Rotational
Resonance Data with MINUIT

RR_FIT is a modified version of Malcolm Levitt’s CC2 software! for simulating
magnetisation exchange trajectories under rotational resonance conditions. In the
ideal case of distance determination, only one parameter - the dipolar coupling
- would have to be optimized, but since TQZQ is difficult to determine, usually a
restricted two parameter fit is necessary [30]. The magnetisation exchange rate at
higher orders of resonance depends additionally on the orientation 2p,; of CSA
and dipolar coupling tensors with respect to the molecular frame. By fixing the
parameters for distance and TQZQ, information of orientations of tensors with re-
spect to each other can be obtained by optimizing {2p),. Additionally, rotational
resonance on labelled proteins in oriented membranes would allow to determine
the orientation of the dipolar coupling tensor with respect to the membrane fixed
coordinate system. These tasks require a reliable multi-parameter fitting proce-
dure, which is supplied by CERN’s MINUIT F77 library?. MINUIT functions
allow non-linear minimisation of up to 150 parameters. Fig.C.1 shows a sim-
plified flow chart and necessary input parameters. The file ”experimental.dat”
contains the normalised experimental exchange curve as standard ASCII, while
”parameter.dat” holds parameters such as spinning speed, number of crystal ori-

entations, etc., i.e. parameters which will not be subject to optimization.. With

Thttp: //www.fos.su.se/ “mhl/science /software.html
2CERN Program Library Office, CERN-CN Division, CH-1211 Geneva, Switzerland,
cernlib@cernvm.cern.ch
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the parameter ”proc”, the user can specify, whether an on-resonance approxima-
tion (11), a near-resonance solution (12) or an exact simulation (13) should be
used for calculating magnetisation exchange (see also Appendix D). All fitting
and MINUIT control data are stored in "alpha.dat”. Each or any combination
of parameters 1-18 can be simultaneously fitted by deleting their number in the
"fix-line”. This line is followed by MINUIT commands. Data on lines 1-18 have
to be defined by the expected value, followed by accuracy and by the interval in
which the parameter space should be searched. MINUIT actually minimizes a

function FCN, which was chosen to be the standard deviation y?:

i=1
where « is the vector of free parameters being fitted, and the o; are the

uncertainties in the individual measurements e;.
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Figure C.1: Flow chart and input files for multi-parameter fitting of RR exchange
curves. Each or any combination of the 18 parameters in file "alpha.dat” can be
optimized by deleting their number in the ”fix-line”.
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The Simulation of Magnetisation
Exchange Near the Resonance
Condition: An Analytical
Solution

Abstract

An analytical expression for calculating magnetisation exchange curves close to
the rotational resonance condition is presented. This term allows fast simulations
of magnetisation exchange trajectories and is potentially useful for treating data

arising from inhomogeneously broadened systems and near resonance phenomena.

Introduction

The problem of recoupling in Magic Angle Sample spinning NMR has received
much attention in the last years [31],[35],[199],[200]. These methods have to be
used to reintroduce the dipolar couplings back into the spectrum, which offers
the possibility for structural studies in systems of unrestricted molecular weight.
One of the simplest methods is rotational resonance [29],[201],[152]. The dipolar
coupling within an isolated spin-1/2 pair is reintroduced under MAS conditions,
when the chemical shift frequency difference is equal to an integer multiple of the
sample spinning speed. In case of *C labels, distances up to 0.5 and 0.6 nm can

be measured, which has been used for complex problems, such as *C labelled
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ligands bound to membrane proteins (e.g. bacteriorhodopsin, rhodopsin, gastric
proton pump [202],[154],[52],[158]). In addition, information about the orienta-
tion of both CSA tensors with respect to each other and to the dipolar coupling
tensor can be extracted by studying higher orders of resonance [161],[162]. Al-
though experimentally relatively simple, the analysis of lineshapes or Zeeman
magnetisation exchange trajectories obtained under rotational resonance condi-
tion requires some care and multi-dimensional parameter fits are necessary in
some cases, although the rotational resonance phenomenon is theoretically well
described and understood [30, 203, 204]. A specific problem occurred by study-
ing labelled peptides, which were found to exhibit inhomogeneous linebroadening
in the solid state [162],[155],[172],[205],[156],[171]. Recently, the application of
rotational resonance to inhomogeneously broadened systems has been discussed
by Heller et al. [172] and special attention has been paid to error analysis and
parameter correlation. The presented protocol for data analysis was based on
Floquet theory and is rather time consuming. In the following, we present an
analytical expression for the magnetisation exchange trajectory which allows cal-
culations on and near the rotational resonance condition and which can be easily
incorporated into standard programming languages. In addition, we evaluate our
theoretical findings for an interesting case of magnetisation exchange near the

rotational resonance condition.

Theory

A detailed theoretical description for rotational resonance has been presented
[30], which allows to focus here as much as possible on special aspects of Zeeman
magnetisation exchange (see Chapter 5).

At the start of the exchange period 7 , the spin pair is prepared in a uniform
state of Zeeman polarisation, corresponding to a density operator p(**(0), which

describes z-polarisation in the {|2>,|3> }subspace.

1
p#(0) ~ 5 <1z—=57>(0)= 1) (D.1)
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During the mixing time 7, the state vector proceeds to nutate about the fictitious
field given in Eqn.5.9. The spin density operator may be described as a vector in
the space of spin operators (153),1@),1(223)) which follows the Bloch equation

d

ZP () = W (1) 1) (D2)

WE () = [ walt) —r  —wg(t) (D.3)

0 wp(t) 0
where r=1/T59 The time dependence of wa (t) and wp(t) can be predicted from
orientation and magnitude of shielding and dipolar coupling tensors. Even further
simplification can be achieved by considering, that only Fouriercomponents of the
non-secular dipolar interactions |&f§)| contribute to the rotational resonance effect

in a suitable ferefence frame. W*%(t) becomes time independent:

—r —Aw 0
W = [ Aw il — @] (D.4)
0o @M 0

where the resonance offset describes the deviation from the rotational resonance

condition and is given by Aw = (w%® — nw,) . The chmical shift difference is given

as w%? and toe MAS spinning speed is w,. MAS spinning speed. At this point,
further simplifications are possible by assuming exact rotational resonance, i.e.
Aw = 0, which has been shown in [30], but here a more general situation is
considered by continuing using expression D.4.

Integrating the Bloch equation in the {2,3} subspace over one rotor period

T yields a formal solution for p(®)(t):

pP)(nrs) = Lnra, 0)p™(0) (D.5)
E(nrn,0) = TV

where 7' is the Dyson time ordering operator. Using simple matrix algebra,

L(75,0) can be written as:
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~

L(nTr,0) ~ Xyewnmr x,~! (D.6)

where Ly, represents the matrix of Eigenvalues

A 0 0
Lw=1| 0 X 0 (D.7)
0 0 Xs

and Xy the matrix of Eigenvectors of W),

T11 Z12 x13
XW = T21 T2 T923 (DS)
T31 x32 x33

W®@)has been diagonalised analytically by using the following substitutions
and supported by the computer algebra software Mathematica 2.0 (Wolfram Re-

search):

X = 3laWP -+ 3Aw? (D.9)
2r3 — 9w\ |Pr + 18r Aw?

Z = (Y VIB TR

h<
Il

We obtained for the Eigenvalues and Eigenvectors the following expressions:

2 V2.X Z
M = —r——(=—— D.10
1 371 3 (Z 34) ( )
A\ 2 n 1 (X Z )+ 1 (X+ Z)
= —=T _— — _ _—
’ 3 W4z V4 V3L Z A
\ 2 n 1 (X Z) 1 (X n Z)
= — =T _——_—) — — — _—
’ 3 3W4AZ VY BV Z VA
_ Aw(VA(Z2 - V1X)-4rZ)
11 |&(M |(VA(22- ¥AxX)+2r2)
R
T31

1
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Aw(VA(22— YAX)+8rZ—i VAV3(22+ VX))

Z12 &\ (V22— VIX)—4rZ—i YAV3(22+ VX))
o= | a0 | = _ (VA(22— YAX)+8r2—i YAVE(22+ VX)) (D.12)
1216\ |z
T32 1

Aw(VA(Z2— ¥VIX)+8rZ+i VAV3(Z2+ VX))

13 &\ |(VA(22— VEX)—Ar Z+i VAV3(22 + VX))
Ta=| 203 | = B %’/Z(ZQ—?/ZX)+STZ(+¢ VaV3(22+ ¥/1x) (D.13)
1216”2
x33 1

Substituting expressions (10) - (13) into (5) and (6) gives an analytical ex-

pression for the magnetization exchange in a single crystal:

p(Z23) (nx7TR) = (D.14)

At (—13T22 + T12T23) T3

(—Z13% 22231 + T12T23%31 + T13T21T32

—Z11%23%32 — T12%21733 + 531153225533)
Aot (53135321 - 53115323)5332
(—T13%22%31 + T12T23%31 + T13T21T32
—T11T23T32 — T12T21T33 + $11$22$33)

(—Z12291 + T11%22) 33

(—213%22%31 + T12T23%31 + T13T21T32
—Z11%23%32 — T12%21733 + 531155225333))

e

+ e

+ et

This analytical expression for the difference magnetisation time course allows
much faster computation than diagonalising the matrix D.3 for each time step
and crystal orientation. These simulations can be easily done by performing a
powder average over Eqn. D.14. For that purpose, the software obtained from
M.Levitt was modified and combined with the non-linear fitting package MINUIT

(CERN). A multi-dimensional space of any combination of spin parameters can
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be searched for the best fit within a reasonable time. Usually, fittings are per-
formed over the internuclear distance and TQZQ, since the latter parameter is
difficult to measure. Additionally, various tensor orientations and chemical shift
distributions can be included as well [161],[172],[162]. This approach appears
to be about four times faster than the numerical simulation. Two experimental

applications are discussed below.

Experimental

All spectra were recorded at 100.63 MHz for 3C and 400.13 MHz for 'H us-
ing a Bruker MSL 400 spectrometer and double resonance 4 mm MAS probe
(Bruker, Germany). Typical /2 pulse duration were 4 us. Rotational resonance
experiments were performed using a DANTE pulse sequence and RAMP cross-
polarisation [159]. The spinning speed was controlled within a range of +1 Hz
using a home built spinning speed synchronizer connected between the pneumatic
Bruker MAS unit and the probe.

Doubly labelled acetylcholine *CH;COO(CH,).N(**CH;CH3CH;) (Fig.3),
kindly provided by Phil Williamson, Biomembrane Structure Unit, Oxford Uni-
versity, has been synthesized and crystallised as described elsewhere [53]. The
chemical shift tensors for both labelled sites were characterised from static and
low speed MAS spectra using the Hertzfeld-Berger algorithm and the software
Speedyfit [22, 206]. The MAS resonance lines were rather narrow, which shows,
that only one molecular conformation exists in the polycrystalline sample. The
sample has been diluted in unlabelled material at a ratio of 1:6 in order to sup-
press intermolecular interaction.

Magnetisation exchange was measured inverting the single quantum coherence
arising from the labelled N-Methyl group using a DANTE pulse train [160]. To
avoid spectrometer artefacts, all 120 mixing times were randomly mixed and
4 dummy scans were allowed before acquiring each spectrum using 16 scans
[172],[171]. The contact time for cross polarisation was 1 ms and a 3 s recy-
cle delay was used.

Computer simulation were performed on a SGI INDI 4600 workstation.
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Figure D.1: Comparison between simulation using equation (14) and numerical
diagonalisations for each time step and crystal orientations of matrix (3). A pa-
rameter set corresponding to labels in the C=0 and Ca position in a peptide
backbone was used, with J-coupling set to zero, T 2ZQ: 6.00 ms and a dipolar
coupling of b;g/2m= - 300Hz. The spinning speed of w,=10500Hz would satisfy
the n=1 resonance condition, i.e. matches the chemical shift difference exactly
(a). Changing the isotropic chemical shift for both sites by 100Hz results in a
resonance offset of 200Hz (b). Simulating inhomogeneous linebroadening (see
Fig.D.2) by stepping through a certain chemical shift dispersion with a Lorentz
weighting function gives an averaged exchange curve (c). Numerical and analyt-
ical simulations are nearly indistinguishable in this example.
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Results and Discussion

Inhomogeneous Linebroadening - Simulations

Fig.D.1 compares simulations of powder averaged magnetisation exchange using
the analytical expression with numerical matrix diagonalisations. The results are
almost indistinguishable. A parameter set corresponding to a C=0 and a Ca
CSA tensor found in peptide backbones has been used. Curve (a) corresponds to
the exact "n=1- on - resonance” situation, at which the spinning speed matches
the chemical shift difference, where curve (b) was calculated for the same spin-
ning speed, but larger chemical shift difference, which results in a resonance offset
of 200 Hz. An experimental situation in which a chemical shift distribution for
both spin sites has to be taken into account would arise in cases of inhomo-
geneous linebroadening, as illustrated in Fig.D.2: Only a few spin pairs in the
ensemble would be exact on rotational resonance, while others would exchange
magnetisation at a different rate. The need to incorporate these "near resonance
effects” into the data analysis of rotational resonance has been pointed out in
a number of papers about NMR studies of solid peptides [171, 205, 172, 162].
Peersen et al. [171] have experimentally shown, that the initial exchange rate
around the resonance condition is weighted by a Lorentz function. Trajectory (c)
shown in Fig.D.1 is actually the averaged exchange curve (the one which would
be observed) obtained by stepping through a chemical shift distribution of 200
Hz weighted by a Lorentzian lineshape. A protocol for data analysis is discussed
in detail by Heller et al. [172] but using the analytical solution presented here

allows much faster computation.

Magnetisation exchange near the resonance condition

Acetylcholine, which binds as a ligand to the acetylcholine receptor, has been
synthesised and 13C labelled (see Fig. D.3) for rotational resonance experiments
in the native membrane. Here, we present some data on its crystalline form,
acetylcholine perchlorate, which were originally planned to be useful in calibrat-

ing the experiments in the membrane, but show interesting off-resonance effects.
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exact resonance condition:
spinning speed matches chemical shift difference

A

isotropic chemical shift distribution:
off resonance components

chemical shift

Figure D.2: The effect of inhomogeneous linebroadening has to be taken into
account by analysing magnetisation exchange under rotational resonance condi-
tions: The exact resonance condition is only fulfilled for spin pairs with chemical
shifts matching the spinning speed, but spin pairs within a certain range of chem-
ical shift distribution contribute to the exchange as well (see Fig.D.1) .
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Figure D.3: Structural formula of doubly 3C labelled acetylcholine. Static and
CP-MAS spectra at different spinning speeds are shown below. Static and low
speed spectra were used to determine the size of the chemical shift tensors.

Fig.D.3 shows static, low speed and fast spinning MAS spectra. The chemical
shift anisotropies do not overlap, which is important for rotational resonance
data analysis [30], but are of similar size to the chemical shift difference. All
MAS resonance lines are rather narrow (Aw;,=18Hz), i.e. one single crystal
conformation can be assumed. Both '*C labels are placed in highly dynamic CHj
groups, but since their correlation times are much faster, than the *C-NMR and
magnetisation exchange timescales (?H-NMR studies, unpublished results!), only
averaged CSA tensors were measured and used for simulations. An experimental
exchange curve for n=1, corresponding to a spinning speed of w,=3416 Hz, is
shown in Fig.D.4a. The natural background signal was subtracted and the av-
erage of the first five points was used to normalise the data to 1.0. The best fit
(x* = 0.9 x 10™) is plotted over the data, which was obtained by optimizing the
parameter T% and b;g/2m. The fitted dipolar coupling of b;s/2r = —85+ 7 Hz
(0.447+0.012 nm) corresponds well to the estimated distance of 0.44 nm from

IP. Williamson, Oxford University, Biomembrane Structure Unit
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the crystal structure obtained by X-ray diffraction [207] and T79 = 10.5 +4 ms
agrees with the estimated lower value of 8.0 ms from the linewidth of both sites
obtained far away from the resonance point (T7% > 1/(m(Av! Pha Ayf/z)))[BO].
The unrealistic high error for TQZ @ can be explained by the relatively high corre-
lation of both parameters (p(bzs/2m, %) = 0.89). The minimum predicted by
the simulation at about 25 ms could not be detected experimentally. However,
the magnetisation exchange curve recorded 100 Hz above the resonance spin-
ning speed (w,=3516Hz) features distinct oscillations. This fact is particularly
interesting, since the occurrence of oscillations can simplify the data analysis re-
markably: The periodicity is directly proportional to the dipolar coupling [30],
i.e. complicated multi-dimensional parameter fits would not be necessary. This
near-resonance curve was simulated using Eqn.D.14 with the parameters obtained
from fitting the on-resonance data. The result is shown in Fig.4b: While there is
a difference in the decay rate between theory and experiment, the oscillations are
well reproduced (x? = 7.3 x 1072). There are various reasons for the slight dis-
crepancy in the decay rate: Only Fourier components of the non-secular dipolar
interactions where considered by deriving equation (14). However, the chemical
shift difference between both labelled sites in acetylcholine is of the size as their
chemical shift anisotropy, which might limit the general validity of the assump-
tion made above. Additionally, spin diffusion and intermolecular effects could

contribute as well, which are not included in the simulation.

The increase in periodicity in the off-resonance curve, can be picturized by
the rotations of the pseudo magnetisation vector p(®® about the fictitious field,
which is tilted off-resonance, so that the oscillation frequency increases, but the
amplitude decreases [30], i.e. the periodicity is governed to a certain extent by the

resonance offset in addition to the dipolar coupling (periodicity is proportional to

2
Aw? + ‘@g) ). Fig.D.5 illustrates the effect various dipolar couplings would

have to the oscillations found in the 100Hz-off-resonance curve in acetylcholine.
While TZ does not change the periodicity (dashed lines around curve (a) in
Fig.5), the periodicity slightly increases by increasing the dipolar coupling from
-85Hz (a) to -185Hz (b) and -285Hz (c). This means for the data analysis and
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distance determination, that the zero quantum relaxation time TQZ Q, which is
difficult to measure, is replaced as parameter by the resonance offset, which is
determined by the experimental setup. The dipolar coupling bss/27m would be
the only free parameter and is only determined by the periodicity. However,
at least in the case presented here, the contribution of the dipolar coupling to
the oscillations is relatively small compared to the resonance offset, which would
require an extremely good data quality to measure the location of minima and

maxima precisely..

Conclusions

We presented an analytical expression to calculate magnetisation exchange curves
near the rotational resonance condition. Using this expression, the analysis of
exchange trajectories requires about four times less computing time compared to
matrix diagonalisations for each time step. Especially in the case of inhomoge-
neously broadened systems, the effect of a chemical shift distribution and near
resonance contributions has to be taken into account as demonstrated by Heller
et al. [172] and can be simplified using the solution presented here. In addition,
we have shown for the labelled ligand acetylcholine, that in some cases the in-
creased periodicity of magnetisation exchange trajectories under near resonance
conditions can be utilised for distance measurements without the requirement of

undergoing complicated multi-parameter fits.
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Figure D.4: Experimental and simulated on- and near resonance magnetisation
exchange trajectories (n=1) for acetylcholine. For n=1 (w,=3416 Hz), a two
dimensional parameter space (dipolar coupling b;s/2m, TQZQ) was searched for
the best fit which is plotted over the experimental data (a). The same parameter
set was used to simulate the exchange curve obtained at w,=3516 Hz (b).
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Figure D.5: The effect of T2Z “ and dipolar coupling to the periodicity of near
resonance magnetisation exchange trajectories. The observed oscillations are not
effected by TQZQ (a), but by the dipolar coupling as shown for byg/2m =85Hz (a),
brs/2m =185Hz (b) and brg/2m =285Hz (c). The resonance offset is in all cases
100 Hz, all parameters are equivalent to the simulation shown in Fig.D.4.



