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Abstract: We present the first application of MAOSS (magic angle oriented sample spinning) NMR spectroscopy

to a large membrane protein. This new solid-state NMR approach is used to study the orientation of the deuterated
methyl group in [18-CIgl-retinal in oriented bacteriorhodopsin in both the photocycle ground statggbR

and in the photo intermediate state¥ Deuterium MAS spectra consist of a set of narrow spinning sidebands

if the sample spinning rate does not exceed the anisotropy of the quadrupole interaction. In ordered systems,
such as proteins in oriented membranes, each sideband intensity is orientationally dependent. The observed
MAS sideband pattern is modulated in a highly sensitive way by changes in the molecular orientation of the
CDs group during the transition from altans to 13-<cis+etinal upon photoactivation. The significant
improvement in spectral sensitivity and resolution, compared to static NMR on oriented samples, allows a
reliable and precise data analysis even from lower spin concentrations and has more general consequences for
studying oriented membrane proteins by NMR. MAOSS NMR is shown to be a feasible method for the accurate
determination of local molecular orientations in large molecular systems which are currently a challenge for
crystallography.

Introduction by solid-state NMR, if a sufficiently high spectral resolution
. ) for the nuclei of interest?d, 13C, 15N) is achieved, which is
_ Membrane proteins, which represem30-50% of the  nocassary to be able to utilize isotropic and anisotropic chemical
mformatlon encodeo_l by knovyn genomasediate some of th_e shifts, as well as dipolar, quadrupole, ahdouplings®
most important functions carried out by the cell. These functions, In principle, good spectral resolution can be obtained by using

such t.as s:cgtnal_ tratnsductlotn fa_cross t(;]e ;n_emtbranek b'tlﬁyer'the anisotropic, two-dimensional character of membranes to
e ool S o oo o " repte macoscopely ordred sampies wih vl
. . . . . ipids and proteins, either by aligning them in bilayers on glass
is of ce_ntral importance for understandlng t_helr functlo_nal disk$” or by using bicelled-1° Since the signal frequency
mechanlsms. However, structure determlnatlpns are stil @ observed from a second rank tensor interaction depends on its
tec;hnologlcal challenge, since membrane proteins are not We"'orientation Qp. with respect to the laboratory frame, sharp
suited for study by the principal high-resolution structural resonance lines would be observed if all tensors would have

meth.OdS (X-ray diffraction, I|qU|q-state NMR). The I|p|d_s the same orientation with respect to the magnetic figaldThis
Feq“"ed fc_:r structur_e ?‘”d functl_on of_mem_brape proyelns effect has been used extensively for studying macroscopically
interfere with crystallization or rapid reonentaupn in solution. aligned membranes, by utilizing the orientationally dependent
Asa result, our knowledge of mgmbrane protein structure lags anisotropies of either quadrupole interactiH); of chemical

far behind that of soluble proteins. One approach, which has hielding tensorstC, 15N, 3'P), and dipolar couplingsN—
undergone a remarkable development in recent years, uses soli H). For example, th,e ori’entat,ion 8i-labeled chromophores
state NMR spectroscopy which does not require crystals, allows ;| bacteriorhodopsit12 and bovine rhodopst have been

uset. of a|1 bllaytlert'envgronnglint, and does not depend on Shortdetermined, as well as the orientation and structure of grami-

motional correfation imes. _ . cidinand other helical peptidé8 The possibility of obtaining
To establish a molecular model for a membrane protein, it is

necessary to acquire information about the secondary protein (6) Tycko, R.J. Biomol. NMR1996 8, 239-251.

; : ; i (7) Grébner, G.; Taylor, A.; Williamson, P. T. F.; Choi, G.; Glaubitz,
structure and about the orientation of the protein within the C.. Watts, J. A.: de Grip, W. J.: Watts, Anal. Biochem1997 254 132—

anisotropic membrane environménthese data can be provided 133,
(8) Sanders, C. R.; Hare, B. J.; Howerd, K.; Prestegard, Bréf. Nucl.

* Corresponding author. Magn. Reson. Spectrost993 26, 421-444.

(1) Arkin, I. T.; Brunger, A. T.; Engelman, D. MProteins1997, 28, (9) Prosser, S. R.; Hunt, S. A,; Dinatale, J. T.; Vold, RJRAm. Chem.
465-466. Soc.1996 118 269-270.

(2) Watts, A.; Burnett, I. J.; Glaubitz, C.; Graer, G.; Middleton, D. (10) Howard, K. P.; Opella, S. J. Magn. Res1996 112 91—-94.
A.; Spooner, P. J. R.; Williamson, P. T. Eur. Biophys. J1998 28, 84— (11) Ulrich, A. S.; Wallat, I.; Heyn, M. P.; Watts, Aat. Struct. Biol.
90. 1995 2, 190-192.

(3) Opella, S. JNat. Struct. Biol.1997, 4, 845-848. (12) Moltke, S.; Nevzorov, A. A.; Sakai, N.; Wallat, I.; Job, C.;

(4) Smith, S. O.; Aschheim, K.; Groesbeek, {. Re. Biophys.1996 Nakanishi, K.; Heyn, M. P.; Brown, M. Biochemistryl998 37, 11821
29, 395-449. 11835.

(5) Cross, T. A.; Opella, S. Lurr. Opin. Struct. Biol.1994 4, 574~ (13) Grtbhner, G.; Choi, G.; Burnett, I. J.; Glaubitz, C.; Verdegem, P. J.
581. M.; Lugtenburg, J.; Watts, AFEBS Lett.1998 422 201-204.

10.1021/ja990350p CCC: $18.00 © 1999 American Chemical Society
Published on Web 06/05/1999



5788 J. Am. Chem. Soc., Vol. 121, No. 24, 1999 Glaubitz et al.

completely resolved®N spectra of fully labeled peptides was purple membrane
recently shown for the fd-coat proteifiHowever, two potential
drawbacks exist with these approaches. Resonance assignment
in multiple or uniformly labeled proteins can cause problems
since each resonance depends on tensor size and orientation,
which would make assuming a molecular geometry necessary
prior to full spectral assignment. Also, deviations from perfect
alignment, which are common for large proteins such as P;S
rhodopsin in bilayers, make a significant contribution to the (principal axis system) 7>
linewidth, making this static NMR approach less straightfor-
ward?!3

In contrast to static NMR on oriented membranes, magic
angle sample spinning NMR spectroscopy provides well- Q b = {cpr , Brg » o)
resolved spectra by projecting all anisotropic interactions causing (mgg frame)
linebroadening onto the MAS rotor long axis where they A
collapse at the magic anglé.For rapid spinning, only the QMR={§§MR';‘|3M.<,VMR}
isotropic chemical shift is retained, resulting in spectra similar € a={ g B, i}
to the liquid-state. MAS NMR has been used mainly for two 2 * z
classes of problems in structural biology, namely, for studying %
structures and interactions of membrane-bound peptides and for
investigating conformations of ligands bound to large com-
plexes*1821 The main advantage of this technique is the
possibility to obtain well-resolved, solution-like spectra, which %
in combination with dipolar recoupling NMR yields spectral / RF (ditector frame)
assignments and provides distance constraints and torsional (rotor frame)

angles’? However, obtaining orientational information from Q,,.___.___,,.,,..A__.,._,QRL:{W,QM B

MAS data would require macroscopically ordered samples as o

shown for some studies on polymers or DNA fib&tg Figure 1. Method used to determine tilt angles for labeled groups by
Therefore, we have recently suggested and demonstrated théhe MAOSS NMR method: Uni_axially oriented samples on glass disks
application of MAS NMR to oriented membranes (MAOSS: are stacked in a MAS rotor, with rotor ax@& parallel to the sample

. . L - directorZp (Bor = 0°). The protein long axigy, defined as the average
magic angle oriented sample spinning NMR)As shown in vector of all seven helix axes, is parallelZg within a certain degree

Figure 1, b'c_)membranes can pe uniformly aligned on thin glass of gisorder o = 0° + AB). The principal axis system PAS of the
disks"?® which are mounted into a MAS rotor so that the EFG tensor of the deuterated methyl group has its largest component
membrane normal is parallel to the rotor a¥isVhereas our along the G-CD; bond @) and is related to MF by a set of unknown
previous work was mainly concentrated on mobile lipids, we Euler angle€2pv. The MAS spectra obtained by this experimental setup
describe here for the first time how MAOSS can be used for are sensitive td2er and can be related t®py through coordinate
measuring orientations of molecular groups within immobile transformations. The Euler angles are defined as rotation akexis
membrane proteins. througha (0 < a < 27;), a rotation about tht_a new-axis throughg (0

It is well-established that the broad characteristic powder ;f = m) and a rotation about the nezyaxis throughy (0 < ye. =
spectrum of anisotropic interactions such as chemical shift or ):
quadrupole coupling, decays under MAS conditions into a set be determined’2728In a partially ordered system, such as

of narrow, well-resolved spinning sidebands around the isotropic ~ . ) . : =

chemical shift central resonance, if the spinning speed does notumform!y ahgneo! membranes, these 5|debanq intensities feature

exceed the anisotropy.The intensity of each of these sidebands an add|_t|ona| _or|entat|ona| dependence.’ which allows tensor

depends on the size of the interaction tensor, which can thenrientations with respect to the Sample director to t_)e _mea_lsured.
' The advantage of this approach is due to the distribution of

£
S Zni 7y

Zp

Q= {aPM;BPMvYPM}

M

Q pr={0, Bor, 0}

(14) Ketchem, R. R.; Hu, W.; Cross, T. Sciencel993 261, 1457~ spectral intensity (linebroadening) arising from disorder in the
14??5) Bechinger, B.; Gierasch, L. M.; Montal, M.; Zasloff, M.; Opella, SamF?'e' WhiCh_ _iS ref_ocused in na_rrow MA_S resonance_ _"r_]es
S. J.Solid State NMRL996 7, 185-191. causing a significant improvement in resolution and sensitivity.

(16) Marassi, F. M.; Ramamoorthy, A.; Opella, SPJoc. Natl. Acad. This allows reliable data to be obtained from lower spin

SC'('ll;')'5,\)'2#337M94,\'A3f/3;gf‘5§' SI. Chem. Phys1979 70, 3300-3316 concentrations and even to resolve inequivalent sites. Resolution

(18) Spooner, P. J. R.; Rutherford, N. G.: Watts, A.; Henderson, P. J. F. €nhancement and retention of the isotropic chemical shift, while

Proc. Natl. Acad. Sci. U.S.A.994 91, 3877-3881. all orientational information is contained in the sideband
(19) Middleton, D. A.; Robins, R.; Feng, X. L.; Levitt, M. H.; Spiers, I.  ; iti i ich i
D. Schwalbe, C. H.. Reid, D. G.: Watts, KEBS Lett 1997 410 260 intensities, could aIIc_)w aspec_tral assignment which is of central
274 importance for multiple labeling.
(20) Williamson, P. T. F.; Gilner, G.; Miller, K.; Watts, ABiochemistry Any inhomogeneous NMR interaction such as chemical shift

19(‘(’21)3263%%85;__1\92%%98““ P.J E- Lee. Y. K. Sandstrom D.- Eden anisotropy or heteronuclear dipolar or quadrupole coupling could

M.; BoveeGeurts, P.; de Grip, W. J.; Lugtenburg, J.; de Groot, H. J. M.; b€ used to demonstrate the applicability and usefulness of the

Le\(/iztg)lxé. I]:if J. AT;' Chems. So¢199_7,| 1;9, 6?%39_86857b 6 510 suggested MAOSS approach. Here, as a straightforward dem-
riffin, R. G. Nat. Struct. Biol. Suppll 5, 508-512. i i
(23) Song. Z. V.. Antzutkin, O N.: Lee. ¥ K.: Shekar, S. C.- Rupprecht, onstration of the _approach, we ha_lve cho_sen the deuterium
A.: Levitt, M. H. Biophys. J.1997 73, 1539-1552. qguadrupole coupling as an NMR interaction and the well-
(24) Schmidt-Rohr, K.; Spiess, H. Wiultidimensional Solid-State NMR
and PolymersAcademic Press: London, 1994. (27) Herzfeld, J.; Berger, A. El. Chem. Phys198Q 73, 6021.
(25) Glaubitz, C.; Watts, AJ. Magn. Res1998 130, 305-316. (28) de Groot, H. J. M.; Smith, S. O.; Kolbert, A. C.; Courtin, J. M. L,;
(26) Smith, R.; Separovic, F.; Bennet, F. C.; Cornell, BBophys. J. Winkel, C.; Lugtenburg, J.; Herzfeld, J.; Griffin, R. G.Magn. Res1991],

1992 63, 469-474. 91, 30—-38.
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characterized membrane protein bacteriorhodopsin as a molecdependent! and the Wigner matrix elements in eq 1 have to

ular system.

Bacteriorhodopsin (26 kD) is a light-driven proton pump from
the archeobacteriurdalobacterium salinariuni®=3! The con-
formational change of the chromophore retinal in the protein,
acting as a molecular “switch” upon light activation, is an ideal
test case to visualize the sensitivity of the MAOSS NMR
technique. We usedll-trans-retinal with a deuterated methyl
group at position & (see Figure 1) in bR in the ground state
(bRssg) and upon light activation (M2). The expected confor-
mational change to 18is-retinal causes a different orientation
of the C-CDj3 vector with respect to the membrane normal,
which is directly reflected in experiment#i-MAOSS spectra.

A theoretical description and the necessary data analysis are

then applied and discussed below.

Theory

Orientational Dependence of2H-MAS Sidebands. The
orientation of the principal axis system of the quadrupole
interaction between the electric field gradient at the deuterium
nucleus and its electric quadrupole moment is related to the
relevant molecular and external reference frames by sets of Eule
anglesQ32 as shown in Figure 1. The fast rotation of the methyl
group causes the uniqueaxis Zp of the PAS of the electric
field gradient tensor to coincide with the-C bond vector.
The orientation of the axigp with respect to the protein long
axis Zy is to be determinedfen). We define thez-axis Zy of
our molecular reference frame (MF) as the average vector of
all seven protein helix long axes, which would be identical to
the sample directoZp in a perfectly aligned samplegip =
0°). The sample director frame (DF) is identical in our
experimental setup with the rotor fixed frame (RF), i&l|Zr
(Bor = 0°). The rotor frame axiZr is tilted with respect to the
laboratory frame (LF) by the magic angle Sample rotation
makes a time-dependent set of Euler angles (wt,0,y)
necessary.

First, an ideal situation is considered, whe&kg Zp, andZg
are identical, parallel t®,, and where no sample rotation is
performed. The quadrupole Hamiltonian in the high-field
approximation is given By

_eQeq3l}-2)
VI

(Dé%)(QPL ~ L (0%0p) + D‘i.?(szpo)) M)

Q

WhereDg‘g are elements of Wigner rotation matric€3js the
quadrupole moment, areqjis the principal value ZZAS, of the
field gradient tensor. The asymmetry parametés defined as
(Myy — Vi)lVzz, and Qp, are the Euler angles describing the
rotation from the principal axis system PAS into the LF. The
spectrum consists of two resonanegsandw ™, corresponding

to both transitions of the quadrupole interaction.

3 cog fip, —

1
w* = 5 - % Sin® fip, COs Dip, | (2)

Q

The quadrupole coupling constgng = €2qQ/h is replaced by
4300. Under sample rotation, the Hamiltoni&ty becomes time

(29) Osterhelt, D.; Stokenius, W.Proc. Natl. Acad. Sci. U.S.A4973
70, 2853-2857.
(30) Khorana, H. GProc. Natl. Acad. Sci. U.S.A993 90, 1166-1171.

be modified by

+2
DEQ(QPL, t) = Z D((]Zi)(QPR) Di(é)(wrt + 90 60,9) ()
i£=2

whereQpg are the Euler angles rotating the PAS into the RF,
and Qr. = (ot + @o, 0, ) describes the time-dependent
rotation from the rotor frame into the laboratory frame. After
some algebra*(t) can be expressedds

(3 cos 0 — 1)(3 co$ Ber— 1
2 2

o™ () = £04
g Sin? Bpg COS :uPR)ianp(t) 4)

whereW(t) contains all time-dependent terms. The first term
collapses under MAS conditions (c6s= 1/\/:_3), and the fast
rotation of the deuterated methyl group about the@Caxis
pre-averages the quadrupole interaction, sodlandy have
to be replaced by their effective values. The asymmetry

Iparameter;y‘*ff is considerably small and can be safely set to

zero, whileéfi‘)ff is approximately one-third of the static cou-
pling constant{39 kHz)3% Thus, the expression above can be
simplified to

w*(t) = 205 W(t) (5)

with W(t) given by
W(t) = C, cosg,t) + C, cos(2v,t) (6)
C, = —%,sin 20 sin PBpg (1)

C, = +%,sirf 6 sirt Bog

The time domain signal of a single site in a crystallite can now
be calculated as

Si(t) = expﬂq)i(ﬂPR' t)] (8)

where®*(fpg, t) is the phase angle describing the evolution of
the magnetization vector under sample rotation

t
D (Bpp) = j;)wi(ﬂPR! t)dt’ )
5eff 1
=+ (cl sina,t + 2, sin 2w,t) — ®F
r

The anisotropy is scaled with @/, but for modest spinning
speed®o/w; = 1, rotor echoes are observed in the time domain
signal or sidebands separateddayaround the isotropic line in
the NMR spectrum. Their intensitieg* are obtained by
Fourier transforming §t) over one rotor periodlis usually
complex, giving rise to positive and negative sidebahds.

(31) Henderson, R.; Baldwin, J. M.; Ceska, T. A.; Zemlin, F.; Beckmann,
E.; Downing, K. H.J. Mol. Biol. 199Q 213 899-929.

(32) Varshalovich, D. A.; Moskalev, A. N.; Khersonskii, V. Quantum
Theory of Angular MomentunWorld Scientific: Singapore, 1988.

(33) Mehring, M. Principles of High Resolution NMR in Solids
Academic Press, New York 1976.

(34) Haeberlen, UHigh Resolution in Solids: Selecé Averaging
Springer Verlag: Berlin, 1983.

(35) Seelig, JQ. Rev. Biophys.1977, 10, 345-418.
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Figure 2. Distribution of molecular long axigv and PAS Zr) shown
around the sample directd@p: Both distributions are uniaxial but not
identical, but angleswp and yewm describe rotations about the same

Glaubitz et al.

Distribution and Disorder in Oriented Samples. The
principal axis system of the quadrupole interaction is rotated
into the MF byQpy, from there into the DF bf2yp and finally
into RF by Qpr. The Wigner rotation matrix elements
D@(Qpr) in eq 3 have to be replaced by

+2  +2

D((qzi)(QPR) = z z DE]ZK)(QPM)Dl(qz)(QMD)Dj(iZ)(QDR)
F2 k52

(13)

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 and the expression above simplifies to

+2
Dgzi)(QPR) = z D((qzj)(QPM)Dj(iZ)(QMR)
=2

(14)

Because both coordinate systems, PAS and MF, are uniaxially
distributed about the director normal and so about the rotor
axis Zg, as illustrated in Figure 2a, the expressionliphas to
be averaged overpy and yvp. However, the anglegey and
awmp describe rotations about the same aZig which is the
final z-axis while rotating from PAS to MF and at the same
time the initialz-axis for the rotation from MF to DF. Finally,
only one rotation abouy by an angle/pm + amp takes place,
which allows the elimination of one averaging step by choosing
eitherypm = 0 or ayp = 0. Here,ypm = O will be used. To

axis (a). Summary of rotations and averages required for simulating account for the two uniaxial distributions of PAS and MF, the

MAS spectra of NMR interaction for the special distribution in oriented

membranes (b). All averaging steps can be shifted into the rotation

MF — RF, since RF and the sample fixed frame DF are identical
(Qor(0, 0, 0)).

However, in our experimental setup as shown in Figure 1, the

z-axis Zy of the molecular frame and theaxis Zp of the

correct sideband intensity; is obtained from

2247 uRr
2

27 Aoty
INBemBur) = o 27 Jo

IN(O, Bpw 0),
(Ors Burs YmR)) (15)

principal axis system are uniaxially distributed about the sample Additionally, a certain distribution of the molecular long axis

director Zp and therefore about the rotor axdg (see Figure
2a), which causes absorptive sidebands Briigiven by

IiN(ﬂPR) = |FiN(ﬁPR)|2 (10)
with
d(wt o
FiN(ﬂPR) — '/;ZH (27; )eXp[i(;Qr (:I:Cl sinwt +
1. .
2Czsin 2a)rt) - Nwrt) (11)

Taking both quadrupole transitions into account, the total
intensity of a sideband at positidww, is calculated by

INBpR) = |rJ\1r(ﬁPR) + IN(BeR)

Two special cases can now be discussed. If th€0; vector
is oriented along the rotor axi&, i.e.,fpr = 0°, both terms ¢
and G (eq 7) will vanish. It can be easily seen from eq 11 that
only the isotropic line l = 0) remains and contains all signal
intensity, which is not a surprise since the axially symmetric
quadrupole interaction is now aligned at the magic angle. If
the bond vector now takes a perpendicular orientatioZg0
i.e., Bpr = 90°, only the term @ vanishes, leaving a (2t)
periodicity in F,*(8pr), while the {u;t) periodicity vanishes.

(12)

Zy with respect to the sample directdp has to be assumed.
The degree of disorder (“mosaic spreay}3), is best described
by a Gaussian probability distribution 8f;r around 0 with a
weighting factor of sinfugr!?

Pur(Bwr) =M l/(; " eXp[_ % (Aﬁﬁﬂ sinfds  (16)

whereM is a normalization constant. The intensity of a MAS
sideband is now a function of two Euler angles describing the
tilt of the C—CDs bond axis with respect to the protein axis
Zv, and the width of the distribution dfy

27 27 +AB
INBem AB) =K [, do‘MRL dywr ,/‘_A/; dByr x

Pur(Bur)IN(OBpms 0), ©rs Burs Ymr)) (17)

with K being an integration constant. A summary of all
necessary frame rotations and averagings is shown in Figure
2b and the dependence of thé-MAS sideband pattern on the

tilt angle Spm in @ well-oriented systen\3 = 0°) is shown in
Figure 3a for a relative spinning speee- w./yq. As discussed
before, forfpm = 0° only the isotropic central resonance
remains, while forfpm = 90° all odd-numbered sidebands
vanish. C-CD; bond vector orientations can now be determined
by fitting these simulated sideband patterns to experimental
MAOSS spectra. The effect which different degrees of disorder

This means that spectral intensity is only observed at even (AS) would have on a spectrum corresponding to a particular

numbered sideband® (= 0,2,4...), while at odd numbers no
signal appears.

orientation is shown in Figure 3b. A tilt angle 8ty = 0° was
chosen because MAOSS spectra are particularly sensitive to
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Figure 3. Simulations oPH MAS spectra for different tilt anglegem

of the C-CD; vector with respect to the molecular frame in a perfectly
aligned sampleA3 = +0°) (a), and for the particular vector orientation
of Bem = 0° with different degrees of disordexj (b). The relative
spinning speed is the ratio ofw, and quadrupole coupling.

deviations from 0. It can be seen that the intensities of the
narrow MAS sidebands are changing, while without sample
spinning, a severe linebroadening would be observed.

A realistic situation is shown in Figure 4. Spectra were
simulated for different orientation8 of the sample director
frame assuming a tilt angle gby = 35.3 and a mosaic spread
of A = 10°. While in principle the tensor orientation can be
obtained from the static oriented spectra by using eq 2,
difficulties are encountered due to the low spectral resolution
and sensitivity. An essential sensitivity and resolution improve-
ment is achieved under MAS conditions, as shown for two
relative spinning speeds

Since the description above can be easily generalized for othe
applications, it should be pointed out that the distributions of
Qup andQpg are statistically independent in our experimental

setup, which is, however, not necessarily the case for other
ordered systems, such as DNA fibers, where the macroscopicg7g.

order Qpr is coupled to the microscopic ord€yp.23

r

J. Am. Chem. Soc., Vol. 121, No. 24, 19991
Bpm= 35.30, AB =+£100
e= K=
5470 _ 0.1
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Figure 4. Comparison between static and MAS NMR on oriented
membranes (MAOSS) for the case of a-CDjs vector tilt angle of
Pem = 35.3 and a degree of disorder &3 = +10°. The lineshape
becomes more complex while tilting the membrane normal with respect
to Bo from 6 = 0° to 54.7. Additional sample spinning is refocussing
all signal intensity in narrow spinning sidebands.

Materials and Methods

Sample Preparation. All-trans-retinal was synthesized following
the procedures of Groesbégknd specifically deuterated on the methyl
group at the G position following the method of PardoéhThe retinal
was regenerated into retinal-deficient bacteriorhodopsin, according to
published procedure8.Purple membrane was isolated according to
the method of Gterhelt and Sikenius® On average 12 mg of
bacteriorhodopsin was obtained per liter of culture.

Sample Orientation. Purified purple membrane was washed repeat-
edly in deuterium-depleted water and spread evenly (0.2 mg protein in
25 ul H20) over 80, round, 0.07-mm thin glass disks with a diameter
of 5.4 mm (Marienfelde GmbH, Germany). Uniaxial films with good
orientation of the purple membrane patches parallel to the sample
director were produced by controlled evaporation of the bulk water at
85% relative air humidity and 4C over a period 48 h. A second
application produced a final concentration of 0.4 mg protein per plate.
The optimum between maximal protein concentration and best orienta-
tion was checked by polarized light microscdfi.he glass plates had
previously been cleaned in nitric acid and methanol/ethanol and dried
under a stream of nitrogen gas. Finally, all 60 disks (24 mg bR) were
placed on top of each other and mounted into a MAS rotor using
specifically designed tools and special KelF inserts.

Sample orientation and stability was monitored by st&cNMR
before and after the MAS experiments. No changes in the spectral
lineshape were detected. The mosaic sprgadvas typically between
+5° and+10°. Additionally, oriented bR samples on glass disks were
studied by light microscopy before and after sample rotation to verify
their stability. An unoriented sample containing 25 mg bR was prepared
by transferring a membrane pellet into a MAS rotor.

Trapping bR in the M 4, state. Disks with oriented bR were
hydrated in 0.3 M guanidine hydrochloride pH 10 & h and then
returned to 85% humidity for a further 12 h. The disks were then
mounted one by one on a precooled stacking te@(°C) under strong
illumination. A purple to yellow/orange colour change was observed.
The disks were mounted and kepta 7 mmrotor at—60 °C.

(36) Groesbeck, M. Ph.D. Thesis, University of Leiden, Leiden, 1993.
(37) Pardoen, J. A. Ph.D. Thesis, University of Leiden, Leiden, 1986.
(38) Osterhelt, D.Methods Enzymoll982 88, 11—-17.

(39) Gsterhelt, D.; Stokenius, W.Methods Enzymoll974 31, 667—

(40) Asher, S. A.; Pershan, P. Biophys. J1979 27, 393-421.
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NMR Experiments. All NMR experiments were performed at  the degree of disorder in the system (Figure 5c¢). The best fit

61.402 MHz on a BRUKER MSL 400 and a double resonance 7 mm spectrum for bissgis compared with the experimental spectrum
MAS probe. NMR spectra were recorded using a “single pulse” in Figure 5a.

sequence with the sample subject to MAS and without high power The same procedure was applied to the data obtained in the

proton decoupling. Aw/2 pulse was typically G:s. The spinning rate ; : ; . .
was stabilized within a range af3 Hz. Experiments were performed M.12 photo intermediate state, which yields a tilt angle of the

at 210 K and 4040 Hz spinning speed. Between 100 000 and 400 0002 @IS 10Zw of fewm = 22° with Af} betweent10° and+18°.
scans were acquired with a recycle delay time of 300 ms. Spectra wereHOWever, a careful analysis S_hOWS_ that some remaining
zerofilled with 16k points, Fourier-transformed, and carefully phase- contributions from bRss are contained in the observed signal.
corrected. An exponential linebroadening of 50 Hz was applied. Finally, This is found by minimizingy? simultaneously ovefpy and
spectra were symmetrized to account for some remaining asymmetryﬁgff/l568 + kBpm. The y2 slice for fpm = 22° in Figure 5d shows

due to the amplifier in use.

Simulation Software. A program for MAS lineshape simulations
of oriented systems was written using the NMR software library
GAMMA-3.5b.4* The MAS Hamiltonian was calculated by using
Floquet theor{? with a Floquet space truncated to a dimension of 15.
Spinning sideband patterns of a single sPinor spin-1 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 @rv) and the orientation of the molecular frame to
the rotor fixed systemSur). The Monte Carlo method is applied for

that two populations, 70% M, and 30% bRss, were observed.
The best fit spectrum taking this into account is plotted in Figure
5b.

It is important to identify potential sources of error and to
quantify the uncertainties of the fitting parameters when
introducing new methodology. The only free parameteipig
for which an error has to be estimated, which is difficult to do
directly, sincefpm modulates the sideband intensities in a
nonlinear way (eq 17). However, by performigéminimiza-
tions on synthetic MAOSS spectra, which were randomly altered

sampling over these defined intervals, and an appropriate weighting by the potential error sources using the Monte Carlo method,

function is applied. All simulations were performed on a Silicon
Graphics INDY R4600 workstation. Between 30 s and 10 min CPU
time are required for each spectrum.

Results and Data Analysis

?H MAOSS spectra of [18-Cg}-retinal in the ground state
bRseg and the photo intermediate statqMare shown in Figure
5a and 5b. Both spectra were acquired at 210 K andw, =
4040 Hz and show a significant difference in the intensity
distribution in the spinning sideband pattern, which is due to
the conformational change from dihns into 13<isretinal
upon photoactivation. The central resonaihte= 0, which is
the isotropic chemical shift of Cis surrounded by spinning
sidebands of different intensities, each a functioBgf, AS,

o, N, and;ggff (eq 17). The linewidth at half height is found to
be £90 Hz. The analysis cH MAS spectra of unoriented bR
reveals a quadrupole coupling constant of 39 kHz, which is
identical to published values for the @Bbtor#3 The degree of
disorderApS can be estimated indirectly from the disorder of
lipids by analyzing?'P spectra and is used as a restricted fitting
parameter. In order to analyze the obtained spectya naerit
function

|§|X - Ils\lim(ﬁPM' Ap) 2

ex
AIS

2 (Bow AB) = Z (18)

has been minimized for the tilt angf#y and mosaic spread

an estimated error can be givéh.

Gaussian noise was added to a set of simulated spectra in
order to investigate the effect of the experimentally observed
signal-to-noise. A;> minimization was performed, which gave
a width of +2° for the distribution of the best fit value @fhy.
Furthermore, the deuterium natural abundance of 0.015% would
result in a 2-3% contribution to the signal from the GIabel.

The effect of natural abundance background was simulated by
randomly varying individual sideband intensities at constant
signal-to-noise, which gave an uncertaintyd60.5—1°.

Another error source is the quality of orientation in the
sample. It is shown in Figure 5c that th8 minimum gets
broader with increasing mosaic spread, for which MC simula-
tions yield an additional error of-2° for a mosaic spread of
Ap = £8°. As expected, it can be concluded that the
experimental error for determining the tilt angley increases
with decreasing signal-to-noise, decreasing spin concentration,
and increasing disorder.

Additionally, the precision of the quadrupole coupling
constant and the asymmetry parameter are of importance. A
variation of+1 kHz in the quadrupole coupling constant would
cause an angle variation &f1°. However, both parameters can
be determined to a high precision. Therefore, the angles obtained
for bRsgg and Msq2 have to be considered with a maximal error
of Afpw = £5°.

The remaining small discrepancies between experimental and
simulated MAOSS spectra in Figure 5a and 5b could be from
small populations of other photointermediates of bR or from

AB, with 12 and1$™ being experimental and simulated spectral dynamic effects, which were not included in the data analysis.
intensities. The rms noise amplitude is used as an experimental i

error AIF with which a sideband intensity can be measured Discussion

and has been determined to-b20% of the maximum intensity. Bacteriorhodopsin is an attractive molecular test system, since
The 2 plot for bRsgg, as shown in Figure 5c, reveals a global it is well-characterized and the orientation of the retinal in the
minimum atBpy = 36° and a mosaic spreati3 betweent0° ground state has been measured previously. This allows a direct
and=+8°. The function fory? was minimized for different values  comparison of results obtained by different methods such as

A, which are in the range of experimentally estimated disorder. X-ray diffraction, electron microscopy, and stalit NMR.1245-47
It is found that the global minimum is broadened by increasing

(44) Press, W. H.; Teukolsky, S. A.; Vetterling, W. A.; Flannery, B. P.
Numerical RecipesCambridge University Press: New York, 1992.

(45) Ulrich, A. S.; Watts, A.; Wallat, |.; Heyn, M. BBiochemistry1l994
33, 5370-5375.

(46) Pebay-Peyroula, E.; Rummel, G.; Rosenbusch, J. P.; Landau, E.
M. Sciencel997 277, 1676-1681.

(47) Grigorieff, N.; Ceska, T. A.; Downing, K. H.; Baldwin, J. M;
Henderson, RJ. Mol. Biol. 1996 259, 393-421.

(41) Smith, S. A,; Levante, T. O.; Meier, B. H.; Ernst, R. R.Magn.
Res. A.1994 106, 75-105.

(42) Baldus, M.; Levante, T. O.; Meier, B. . Naturforsch., A: Phys.
Sci. 1993 493 80-88.

(43) Copie, V.; McDermott, A.; Beshah, K.; Williams, J. C.; Spijker-
Assink, M.; Gebhard, R.; Lugtenburg, J.; Hertzfeld, J.; Griffin, R. G.
Biochemistryl1994 33, 3280-3286.



2H-MAOSS on bR J. Am. Chem. Soc., Vol. 121, No. 24, 19993

bRseg My1o

o
wn

WW A VMMW L

M
_WMU UUJJJUU IUJ JUJ JULM
i MAMMM ww W‘W M MMWM»WM

50000.0 50000 0 50000.0 50000 0
Frequency [Hz] Frequency [Hz]

b

kx[My412]+[bRsgg]

0.0 1.0 2.0 3.0 4.0

Figure 5. Comparison between experimentdl MAOSS spectrum of bR in the ground state §fR best-fit simulation, and the difference between
them (a) and the respective spectra for the photo intermediate statéb Both experimental spectra were acquired a 210 K andw, = 4040
Hz. They? plot for bRsgs illustrates the best fit to be obtained vy = 36° (c). The same analysis applied tovigives a tilt angle offpm = 22°

but shows some remaining contributions fromsiRas well, so that the best fit is actually obtained for a spectrum consisting of ca. 7% M
contributions (22) and 30% bRss (36°) (b),(d).

There is general agreement in the interpretation of these dataresonance line with respect to,O, corresponding to the
that the structure of retinal in bR is distorted. The angjig = chemical shift of CR3.

36° + 5° for bRses is in excellent agreement with the results Besides resolution and sensitivity, a further problem of static
from the static wideline NMR experiments, which were obtained deuterium solid-state NMR for structure determination has been
under similar experimental conditiofsThe tilt of the retinal the spectral symmetry due to the spin-1 character of deuterons.
ring of fpm = 22° & 5° upon photoactivation in I, has never If 35.3° < BpL < 90° in eq 2 7 = 0), the observed quadrupole
been measured before and reflects clearly the conformationalsplitting Aw = 2|w*| can be related to two different angles.
change from altrans to 13-<cis-retinal. However, an interpreta-  This ambiguity had been resolved in previous work by a series
tion of our data in terms of a molecular model is beyond the of spectra at different tilt angle®, which is a time consuming
scope of this paper and will be reported elsewhere. Here we approach, considering low sensitivity and resolution of these
show that resolution and sensitivity are greatly improved in the static spectra2“8However, this problem does not occur in the
MAOSS experiment ofH-retinal in bR. The observed intrinsic  MAS approach presented here. Each sideband intehgity
linewidth in static NMR was in the order of42 kHz 245and an orientational dependent function (eq 17), so that a spectrum
2—3 kHz exponential linebroadening was usually applied with more than three sidebands presents an already overdeter-
compared to 180 Hz and 50 Hz in our case. The resolution is mined solution for the angle ambiguity. The correct orientation
good enough to clearly observe a shift of the central MAS  (48) Ulrich, A. S.; Watts, ASolid State NMRL993 2, 21—36.
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is found as a global minimum in the plot as shown in Figure
5c. It should be noted that the angle ambiguity in eq 2 is being
modulated under MAS conditions (egs 3,14) and is so reflected
as local minima in Figure 5c. It can be shown that these local
minima depend on the spinning speedn contrast to the global
solution representing the correct orientatf8his means that

an additional constraint to resolve potential orientational
ambiguities could be found by recording spectra at different
spinning speeds.

Our findings imply significant advantages#f MAOSS over
previously used wide-line methods. The improvement in
sensitivity allows reliable data from lower spin concentrations
to be obtained, for example from very large membrane proteins
or from systems which can only be provided in limited

Glaubitz et al.

thereby a potentially useful method for investigating very fast
and very slow molecular motiorts.

Conclusions

We have shown that introducing a macroscopic anisotropy
into membrane protein samples, which are usually studied as
isotropic dispersion by MAS NMR, allows molecular orienta-
tions to be determined, which are otherwise difficult to obtain.
These structural data are crucial for the elucidation of the
mechanism of action of membrane proteins. The necessary
macroscopic order is achieved in a mechanical way, but could
be obtained in principle by choosing molecular systems which
rearrange themselves under the influence of sample rotation and
magnetic fields”

guantities. Disorder does not cause severe linebroadening as in Here it has been demonstrated that light-induced switching

static NMR, but contributes to the intensity distribution of

of the orientation of the 18-C{bond vector in altrans and

narrow MAS sidebands, so that well-resolved spectra can alwaysl3-cis-retinal in bRgg and Mi;» modulates the observed MAS

be obtained, which is essential for multiple labeling. The use
of multiple labels is also supported by the fact that the MAS
central line is identical with the isotropic chemical shifts,
which allows separation and identification of the signal from
different sites, while all orientational information is contained
in spinning sidebands appearing aNw, aroundwcs. This
might be only of limited use for deuterium application, for
example, by using a 2D quadshift experim&hsince the
dominating quadrupole coupling is usually much larger than
the chemical shift distributions, but a clear potential is in the
use of multiple’>N and13C labels.

It should be noted that we present here the first application
of 2H MAS to a membrane protein at all, which is surprising,

sideband pattern in a highly sensitive manner, which can be
analyzed reliably and precisely in a quantitative way. An
efficient and unambiguous data analysis is possible due to the
properties of the spinning sideband intensity functiariFurther

2H MAOSS experiments on kjgs and M2 have been per-
formed with differently labeled retinal in order to establish a
molecular model for the light-activated chromophore. Findings
will be reported elsewhere.

The significant resolution and sensitivity enhancement achieved
makes 2H MAOSS a valuable tool for obtaining precise
structural information in cases of low deuterium concentration.
This is especially attractive for studying labeled groups in
membrane proteins, which are not as easily available as bR (the

since even in unoriented systems essential information could deuterium concentration used here was onp\g).

be obtained more easily, compared to the static wideline

The general MAOSS approach demonstrated here for the

approach. Lineshapes of deuteron-wideline spectra are highlyretinal chromophore in bacteriorhodopsin can be applied to two

sensitive to molecular order and the type and time scale of

classes of problems. First, it can be used to investigate molecular

molecular motions, a property which has been used extensivelyorientation and conformation of ligands bound to membrane

for studying biomembraneé8.Questions about lipid and protein
dynamics31-52 lipid —protein interactiort®5* and membrane
protein structured->> have been addressed using deuterons. It
has been suggested ti#t MAS would actually extend the

accessible range of dynamic processes remarkably and provides
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proteins, and second, orientation distribution functions of

secondary structural elements within the anisotropic membrane
environment can be determined. Various studies including

multiple labeling strategies are currently in progress.
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