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Abstract

MAS NMR spectroscopy can be combined with the advantages of uniaxidly ordered
samples of membrane proteins as demondrated in the so-cdled MAOSS (magic angle
oiented sample spinning) experiment. Under these conditions, dipolar  recoupling
methods can be used to determine the orientation of internuclear vectors with respect to
the MAS rotor frame. However, most approaches to meesure dipolar couplings yied
angle ambiguities even in the datic, non-spinning case. Here, we present the possibility
to overcome these problems by deriving a new homonudesr double-quantum radio
frequency pulse sequence based on an eghtfold symmetry.  Only dipolar Hamiltonian
teems with gspatid components m=t2 are recoupled with high effidency dlowing
unambiguous angle determinations.  Prdiminary data demondrate the applicability to
oriented samples.

I ntroduction

Magic angle spinning (MAS) is an essentid NMR technique for dudying disordered
samples of bidlogicd materids such a biomembranes [1]. The large variety of
goplications involves for example invedigations of diffusve ligands bound to transport
proteins and receptors [2,3], the posshility to dudy locations of protein segments within
the membrane [4] and sructurd sudies of isotope labeled, immobilized proteins[5,6].

Especidly the dructurd description of membrane protens is technicdly chdlenging
gnce data aout secondary and tetiary conformation as wel as about location and
orientation in the anisotropic membrane environment have to be obtained. The laiter
guesion is best goproached, by usng meacroscopicdly ordered samples which is
routindy done for membrane-bound peptides usng daic NMR techniques [7.8].
Macroscopicaly ordered samples with wel oriented lipids and proteins can be prepared
gther by digning them as bilayers on glass disks [9,10] or by using bicdles [11-13].
Snce the dgnd frequency obsarved from second rank tensor interactions (such
anisotropic chemicd  shift, quadrupolar and dipolar coupling) depends on its orientetion
with respect to the fidd of interaction, sharp resonance lines would be obsarved if dl
tensors would have the same orientation with respect to the magnetic fidd B. However,
the didribution of locad geomery axes rddive to the average dignment axis (mosac



Soread), which is common for large protens such as rhodopsn or purple membrane
causes a ggnificant contribution to the linewidth making this static NMR approach less
sraightforward[14].
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Fig. 1 Dipolar recoupling methods can be used to determine the orientation b, of the
internuclear vectors between spins j and k with respect to the MAS rotor axis Z; in an ordered
sample (such as a macroscopically oriented membrane protein). However, most homo- as well
as heteronuclear recoupling techniques used so far recouple terms of the dipolar Hamiltonian
with spatial dements m=+1 which are scaled with sn2b,; leading to angle ambiguities (a).
Here it is shown that specific recoupling sequences can be designed which only use dipolar
Hamiltonian terms with m=+2 (sirfber) allowing an unambiguous determination of the
orientation of the dipolar coupling tensor (b)

A solution to that problem has been demondrated in foom of a new hybrid
technique by goplying MAS NMR spectroscopy to oriented membrane protein samples
(s0o cdled MAOSS - magic angle oriented sample spinning - experiment) [15]. The
gengd posshility to obtan orientaion didribution functions by MAS NMR has been
shown before for ordered polymers and DNA fibres [16,17]. The principd experimentd
idea is shown in Fg.l. A uniformly digned lipid/protein film fixed on thin glass disks is
mounted into a MAS rotor, which is subject to rotations a modest speeds about the
magic angle in the magnetic fidd [18]. The principd axis sysem of the chosen NMR
interaction (dipolar or quadrupolar coupling or chemicd ghift anisotropy) is reaed to
the protein structure by a sat of Euler angles, which depends on a number of parameters
(locd conformation, hydrogen bonds eic...). The molecular reference sysem itsdf is
related to the sample director frame of the glass disks by another set of Euler angles
which account for the two dimensond digribution and disorder effects [18,19]. Sample
director frame and MAS rotor fixed reference frame ae identicd. The MAOSS
experiment, which can be seen as a complementary technique to Structure determination
by MAS, has dready been gpplied to a number of molecular sysems and structurd



quesions Examples indude the deerminaion of the ligand orientation in
becteriorhodopsn [19] and bovine rhodopsin [20] as wdl as gpplicaions to peptides
and lipids [1521]. First experiments on oriented, multiple labdled samples of “N-Met
becteriorhodopsin did show that in princdple many angle condrants can be obtained
smultaneoudy by deconvoluting N MAS sideband pattern (Glaubitz, C., Mason, J,
Wétts, A., unpublished results).

In dl these cases — as in gatic NMR experiments usng oriented samples - the
anisotropies of deuterium quadrupolar or °C and >N chemicd shift interactions were
uilized. Andysng thee daa in teems of molecular sructure however requires some
knowledge about the tensor orientations within the molecular reference frame. Usudly,
the secondary dructure has to be known in order to interpret especidly the orientation
of °N CSA tensors[22,23]

A more direct goproach would be possble by combining MAS on oriented
samples with dipolar recoupling techniques Sdectively reintroducing dipolar  coupling
while maintaning the high gpectrd rexolution achieved by MAS would dlow
determining directly the tilt angle ber of the internuclear vector between spins j and k
with respect to the samplefrotor reference sysem (fig.l). However, most homo- and
heteronuclear recoupling techniques used today festure a more or less complex
orientational dependence on the Euler angles Wer, For example, the sequence C7 [24]
depends on snZber while REDOR [25] and MELODRAMA [26] additiondly depend
on cosgr. The only exception described so far is rotationd resonance & the n=2
condition [35]. However, this method genedly reguiring high spinning frequencies is
limited to samples with appropriate differences in isotropic chemicd shifts and is
sengtive to interference from the chemica shift anisotropies.

Here, we demondrate the design of specific recoupling schemes, which only
recouple terms with sin’ber  dependence dlowing unambiguous angle determination.
The method is broadband with respect to isotropic shifts, is robust with respect to
chemicd shift anisotropy and does not require very rgpid sample spinning.

Theory

It has been shown in the pas, tha symmetry arguments can be exploited to design rf
pulse sequences for tasks like homonudear recoupling or heteronuclear decoupling in

the presence of sample rotation [24,27-29]. Two symmelry classes, denoted as CN; and
RN, , were discovered [27,29]. Sequences basad on the symmery dass CN; are
goecified by three integer number N,n,n with the following propeties (a) they condst
of phase-shifted repetitions of a rf cycde C, each of which returns the irradiated spins to
their initid dae (in aisence of other interactions), (b) each cyce has the durdion
tc=(nt/N) with t=2p/wy, i.e. N rf cycles span n rotor periods, and () the phase of the
gth cyde Cq is given by F ~2png/N (0=0,1,2...N-1). The following sdection rules for
the average Hamiltonian components were derived in [27]:
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A paticula spin interaction is dasdfied by index | refaring to its spatid rotationd rank
(with  m=IA4+1,...0.....H) ad | denoting the rotaiond rank of pin polarizaion
rotetions by the resonant rf fidd (with n+Il -1 +1,...,0,...,H ). In this notation, isotropic
and anisotropic chemicd shifts have 1=0, | =1 and =2, | =1, respectivdly. Homonuclear
dipolar couplings ae described by 1=l =2. Thee sdection rules have been used
successfully to congruct a number of pulse sequences eg. to peform double-guantum

filtered dipolar recoupling usng the symmetry C7;which found widespread
goplication. The smplified average Hamiltonian for C77, isgivento [24]

—Q o . . ) . .

— ik ik —grik ik ik jk

H =aQ Winimlim =Waisnln +W5ii5 51505 (€)]
Im m

where T, are seoond rank spin operators for the interactions between spins j and k.
Explicit expressons for the magnitude W' ae given in references [24] and [27].

These terms are proportiond to the reduced Wigner function d,,, (b ;) which becomes

d2, = +.%sn 2bpg @)
in equation (3) leading to angle ambiguities in ordered sysems (fig.1). This problem
could be solved by andysng expressons (1) and (2) for symmetries which result in
similar properties as C75, but with m=+2 with an average Hamiltonian of the form

— jk jk jk jk
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Using m==2 the magnitudes WX _are scaled with

d2, = /3% Sn? byg ©)

leading to a monatonic angle dependence for OEbprESX (fig.1b). At the same time, for
optima results, one has to ensure that chemica <hift terms wpmio with nmtO are
exduded, only double guantum dipolar tems with n¥+2 are sdected and dl other



dipolar terms are suppressed. Each double guantum term should be associated with only
a dngle spatid component m=2 or m=2. This diminates the orientation dependence on
gr in the fird order average Hamiltonian in favour of a maximum megnitude of the
effective dipolar Hamiltonian while cregting a monotonic orientation dependence on bpr
(seefig.l).

A sa of 23 possble symmetries in the range of 1EN£20, 1£nE5 CENE10 are
found andysng theorems (1) and (2). Here, we redrict oursdves to one particular
solution usng an eaghtfold symmetry with N=8, n=1, n=3; denoted in the following as
C8’. The sdection of paticular space-gpin components can be illustrated schematically
usnga
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Fig. 2 Space-spin sdection diagram (SSS diagram) for C82. All CSA modulation components
are suppressed (a). One sngle 2Q dipole-dipole component with quantum numbers (m,m=(2,-
2) is Hected (b). The mirror images for m=-1 and m=-2 have been suppressed for smplicity.

pace-spin sdection diagram [28] as shown in Fg.2. Each levd indicaes a vdue of mn
mm, while the barier symbolises the inequdity of theorem (1) [27]. As shown in fig.2a
foo CSA components (m={x1, +2}, n¥{0, +1}) no pathway can be found to pass
through the “sdection wal”. This means that adl CSA components are suppressed by
C8 a lesst in the firsd order average Hamiltonian. The fact that only homonudear
dipolar components with (mm)=(2-2) and (-22) ae dlowed is shown in fig2b. The
teems with met2 indicate double quantum coherence. Furthermore, esch term is only
asocaed with m=x2 rotationd components which crestes the desred monactonic
orientation dependence required for studies on ordered systems.

M ethods

The symmery principles visudized in fig2 ae independent of the expeimentd
implementation of C8?. The optima choice of the details for the C dement depends on

a number of factors such as robustness of the sequence with respect to rf fidd
inhomogendties or inteference from isotropic chemicd hifts Additiond condraints
with respect to spinning speed or rf amplitudes are important in case of MAOSS type of



expariments. Usudly, larger MAS rotors are necessary (6-7.5mm) for accommodating
glass diks containing the proten sample This limits power leves (up to 100kHz) and
spinning retes (2-6kHz) to moderate levels, dso due to sample stability aspects [18]. For
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Fig. 3 Radio frequency pulse sequence for double quantum filtered measurements of dipolar
couplings using CBf. Eight rf cycles are timed to occupy one rotational period. Each cycle
cond sts of one 2 pulse with a % p phase increment. It has been shown, that distance data can
be obtained by measuring the DQF efficiency as a function of the DQ excitation period t . while
keeping the reconversion time ti constant [30] .

the demondration here, we have chosen Co=(2)o which is stepwise phase incremented
by % p as shown in fig.3. Eight C dements span one rotor period. The shaded sequence
eements have variable phases according to dtandard procedures for sdecting signds
passing through double quantum coherence. The signd built-up can be measured for a
vaidble double-quantum exdtaion time tg while kegp the reconverson time tg
condant [28]. Ostillaions in the observed huilt-up curve reved the dipolar coupling
between both spins. This goproach has been shown to be especidly useful in difficult
gtugtions, where the isotropic chemicd shift of both spins are amilar, such as in [10,11-
BC,)-E-retina [30].

The experimentd dtuation encountered by peforming MAS on  oriented
membrane protens in MAOSS type of experiments (see fig.l) can be conveniently
emulaed by placing an isotope labdled sngle crysd in the MAS rotor. The carousd
symmetry, i.e. the two-dimensond didribution of the protein about the MAS rotor axis
can be mimicked by not synchronisng the data acquistion with the sample rotation. In
this case, a dow-speed °C spectrum will only festure nearly absorptive Sidebands in
contrast to rotor -synchronized sampling [31,32]. A single aysa of [1,2%C]-glydre
(4x4x3mm?), covered in teflon tape, was placed in the centre of a 4mm Chemagnetics
MAS rotor. The cydd podtion was adjused to dlow dable sample rotation. To

compare the DQF performance of C8’ with respect to isotropic chemicad shifts a
polycrystaline sample of [10,11-3C;]-E-retina was also used.



All  expaiments wee paformed usng a Chemagnetics 200  Infinity
spectrometer and a4mm triple resonance probe.

Results and Discussion

The double-quantum filtering performance of C8® is shown in fig4 for [12-°C)-
oydne (8 ad [1011-°C;]-E-retind (b). Conventiond crosspolarized spectra a a
sample rotetion rate of w/2p=5kHz are displaying both labelled stes in (&) and (b). The
sample of [10,11—1302]—E—Ra was diluted to 10% in unlabdled maeid explaning the
additiond intengties The top spectra are the result of passing the cross-polarized sgnd
through doubde-quantum coherence usng the sequence in fig3. Exdtaion and
reconverson sequences were of the same length using g=24 eements. In both cases, ca
40% of the spin magnetization passed through the double-quantum filter. This shows
tha C82 seems to be fairly robust with respect to differences in isotropic chemica

shifts.
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Fig. 4 MAS °C spectra of polycrystalline samples of [1,2-C)] -glycine (a) and [10,11-“C,]-E-
reinal (b) with and without double quantum filtering using C87. Spectra were acquired at
w,/2p=5kHz with tz=600m a CP contact time of 2ms and at 4.9T. Ca. 40% DQ efficiency is
achieved in both cases.

One posshility to determine dipola couplings usng thee symmeries is to
meesure the obsarved double-quantum efficiency as a function of the excitation time tg
while keeping the reconverson sequences a condant length (Fig3) [30]. The
ogdllaions in the obtained built-up curves are a sendtive measure for the strength of the
dipolar coupling. FHg.5a shows the sgnd built-up for a polycrysdline sample and for a
sngle crystd of [1,2-23C;)-glycine. Both data sets were obtained a w/2p=5kHz.

The dipolar coupling obtained for the unoriented sample of 2.25kHz corresponds to a
digance of 0.15nm which agrees well within the error limits with the literature vaue of
0.1543nm [34]. Posshle eror sources include intermolecular effects, since the sample



was not diluted with unlabeled glycine, and vibretion effects The same expeiment
peformed a the sngle cysd shows a totdly different dSgnd built-up with a much
longer periodicity indicating a smdler dipolar coupling. The tilt angle between the Ca
and the carboxyl nude and the MAS rotor axis bpr Was S0 determined to be 3. The
unit cdl of glycne as cryddlized here in the monodinic space group P2/n, contans
two pairsof molecules [33,34]. The moleculesin each pair have adightly different
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Fig. 5 Comparison of DQF built-up in a polycrystalline and a single crystal sample of £2-°C-
glycine using the sequence shown in Fig.3 (a). Data were acquired at w,/2p=5kHz with a fixed
reconversion period (= 600 and 1500 ns for poly and single crystal respectively). The best fit
for the single crystal built-up is obtained for bpr=3C. Smulated built-up curves demondrate
the monotonic dependence of the recoupled dipolar coupling from the tilt angle bz which
allows unambiguous tilt angle measurements.

orientation, s0 that only a superpostion of curves is obsarved. Also, the exact
orientation of the crystd in the MAS rotor is not known, since its placement in the rotor
was determined by its mechanicd dimensons to ensure dable spinning, rather by its
cyddlogrgphic axes. However, it was possble to verify the obtaned results by
obsarving dipolar  splittings while spinning the cydd & the rotationd resonance
conditions =1 and =2 a& w/2p=6.94 and 347kHz (data not shown). Interegingly, &
n=1 the average dipolar Hamiltonian depends on spatid components with m=+1 while
a n=2 oy m=+2 terms contribute to the observed dipolar coupling [35]. Therefore, an
unambiguous additiondl angle determination was possible which lead to the same reault.
The fact, that only one dipolar splitting was observed a rotationd resonance dso
indicates, that both inequivdent molecules in the unit odl differ only dightly in ther
orientation.

Vaious smulaed built-up curves over the range CE bpr £ 90° ae shown in
Fig.5b to illustrate the angle dependence of the dipolar coupling using C8°.



Conclusions

We have shown that the orientation of homonuclear dipolar couplings in ordered
sanples can be determined unambiguoudy. This is achieved by udng an eghtfold

symmetry  C8which sdects only terms of the dipolar Hamiltonian which are scaed

with sn’ber . Angular congraints can so be obtained which are directly related to the
molecular dructure rather than usng CSA daa Smilar information from oriented
samples without sample rotation could only be obtained by acquiring data with different
sample orientations as shown in early sngle caysd expeiments [34]. This underlines
the drength of the approach presented here with respect to the sudy of complex systems
such as membrane proteins.

Further detailed sudies and applications of these principles to a uniformly
digned, isotope labdled membrane protein ae currently in progress and will be
reported esawhere.
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