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There are significant advantages to orienting complexeighted superposition of spectra from the individual orientec
molecules if one is attempting to determine their structudomains that constitute the powder sample, one for each orie
or characterize intramolecular motions. One typically exploréationd. For example, in a sample with a random distribution of
chemical shift, dipolar, or guadrupolar interactions to reveal tlmgientations,p(f) « sin@).
pattern of bonds or geometrical constraints that determine theMacroscopically orienting the sample reduq®g) to a delta
spatial relationships between constituent atoms. The strengtiwofction and thus the observed spectrum is a direct measu
such interactions usually depends on the orientation relativedbthe anisotropy distributiog(x). The difficulty arises when
the external magnetic field. In the case of an axially symmaetis macroscopic orientation is not perfect. Fortuitously, evel
ric second-rank tensorial interaction, this dependence typicadlyslight degree of preferred orientation alahg: 90° tends to
involves P,(cost) = %(3 cog 6 — 1) with the angled between produce very narrow and well-resolved peaks which one tenc
the magnetic field and the symmetry axis of the interaction. Thizassociate with oriented samples. This is a simple consequen
scales the interaction by a factor between 1 a#ib (includ- of the fact that from
ing zero at the “magic angle”), and the resulting spectra are
broad powder averages, or superpositions of contributions from 3co€H —1
all possible orientations present in the sample. (X, 8) = X Pp(C080) = X————

To restore the resolution, one needs to somehow separate the
orientational distribution of all the angles that a given interag-follows that
tion (typically, molecular) axis may have with respect to the
magnetic field from a set of anisotropies that define the inter- X plo(X, ®)]
action strengths (i.e., the anisotropy distribution function). In a p(@)% == [2(X — @)(X + 20)]V/2’ [31
sense, the observed powder specti$(@m) can equally well be
described by either of the two expressioh}s (

(2]

which diverges ab = —x/2, i.e., ath = 90, resulting in strong
peaks even in powder samples. With a bit of baseline manipt
00 lation, one is easily fooled into seeing narrow peaks of a “per
S(w) = / g(x)[p(@) %] dx, 8 =0(x,v) fectly” oriented domain. Unfortunately, that is often not the case
9% The need to characteriz6) has recently become even more
= / p(@)[g(x) —] do, x=x(0,w), [1] urgent, with the increasing use of bicell &s the medium of
dw choice for creating oriented samples of proteins—a step th:
greatly improves the chances of unambiguously determinin
whereg(x) is an anisotropy distribution function, arg(f) is native protein structure from NMR, X-ray, and/or neutron scat:
an orientation distribution function. Thus, the first of the abovering data. In addition, even the traditional method of orient
expressions is g(x)-weighted superposition of lineshape funcing samples by depositing them on glass or mica substrate h
tions, one for each anisotropy, a classic example of a line- been known to produce significant “mosaic spread” of orienta
shape function would be a powder pattern of a single chemicains 3). At the other extreme end, in the case of truly randorn
shift anisotropy ir*'P NMR. The second expression ié)- orientational distributionp(6) o sind, a numerical technique
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of dePakeing4—7) has been developed and used extensively to
extractg(x) when p(9) was known. Because of the symmetric
relationship betweeg(x) andp(9) implied by Eq. [1], the com-
plementary form of dePakeing, in whigf{x) was known and
p(0) was extracted from the measured data, has also been de- |
veloped and used to determine the orientational distribution of a
liquid crystal (mixture M5) trapped in the channels of a micro-
porous material (Anopore, ADs) that was mechanically rotated
in the magnetic field®); g(x) was supplied in the form of 18
chemical shift parameters apgd) was calculated as a discrete
function defined at 50-100 points in the rarge: 0-90.

More recent developments have made it possible to extract

me _ _ isfit x20|
both the trueg(x) and a limited estimate qi(¢) simultaneously w 4 { l[ Ar =
(D). This allows dePakeing even in the presence of nonrandom . r T r r
orientational distributions within the powder sample, such as —30  -20  -10 0 10 20 30

may arise under the influence of the magnetic field on the model Frequency, kHz

membrane systems with anisotropic magnetic susceptibility. In-g 1. pepakeing of &H NMR spectrum using an ellipsoidal orientational
addition, however, one obtains an independent measys@®df distribution model.
that provides information on the structural organization of the
system. In particular, multilamellar vesicles have been seen to
undergo a magnetically induced deformation to a shape tlotr with its axis along the external magnetic field, and all surfac
qualitatively could be described as an ellipsoid with its longormals are along a single directi®ge= 90° to the magnetic field.
axis along the magnetic field and the ratio of the long-to-shorhis ability to cover the entire range of shapegp()—from a
semi-axes of about 2—6. This was true of a broad range of phegadom spherical distribution to a fully oriented on&at 90
pholipids and phospholipid mixtures and was observed at fielder «. >> 1)—in a continuous manner is an important featur
as low as 7 T. Intense numerical requirements necessarily linf-any candidate model. Several have been tested previd)sly
ited the range of possible forms pf#) that could be considered. and also applied to the data shown in Fig. 1; in the observe
In addition, at small deviations from randomness, differentiationnge of deviations from random distribution the quality of fi
between various analytical forms pf9) is poor, as they all must does not depend greatly on which model is used, provided tt
approach sift in the limit of a nearly random distribution. the model allows for a partially oriented phase that accounts f
We have recently been able to adapt these methods to bicelles reduced spectral intensity in the wings of the powder pe
or bilayers oriented on glass plates, where the orientational digen. More importantly, the extracted “dePaked spectrum,” «
tribution function appears to consist of two components, onissentiallyg(x), is very similar for all models we tested, as long
one of which has a certain preferred orientation, whether magp convergence (see below) is achieved. Sometimes it was I
netically (bicelles) or mechanically (glass plates) induced. indicating that a particular model was not suitable. We settle
the case of 1,2-dimyristoydn-glycero-3-phosphocholine : 1,2-on the ellipsoidal description of the orientational distributior
dicaproylsn-glycero-3-phosphocholine (DMPC:DHPC, andunction to have an easy instinctive grasp of the meaning of tl
their chain-deuterated analogues) bicelles, the capabilitiesosfentational model parametey, but other descriptions of the
our numerical method can be illustrated by the following twdeviations from random orientational distribution are possibls
figures. In Fig. 1, the spectrum is analyzed in terms of a singlebetter signal-to-noise ratio is required to provide differenti
analytical form ofp(#), namely that of an ellipsoid of rotation ation between models by selecting the lowest of all possib
with its long axis along the magnetic field: minima of the misfit function).
The convergence is reported by a minimum (with respect
0.(6) o< sind [1 — (1 — ) co 6] 2 [4] /tcrEu)rgf a quadratic misfit function calculated over the entire spe
This model form ofp(9) is easy to visualize as a magnetically 1 &, \12 2
induced deformation of a multilamellar lipid vesicle; it repre- VIg0iwed = /[S(w) Sl +11g'] g
sents one end of the range of possible functional forms, in which
adjacent domains maintain highly correlated orientations. Thabjecttay(x) > 0. Here§(w) is calculated using Eq. [1], where
parametek, has a simple geometrical meaning of the square pf0) has been substituted from Eq. [4] for a given valug of
the ratio of the long to short semi-axes. kor= 1 the ellipsoid The symbolx is the regularization parameter determined by
reverts to a sphere, and thus the random powder distributiorsédf-consistent method of Honerkamp and Weds® énd g”
recovered, while at high, values the shape approaches a cylirdenotes the second derivative of the distribution funcgon.
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The minimum yields a reasonable approximatiomg©Ef), con-
sistent with the input dat&(w). This is, in essence, the Tikhonov
regularization methodl(l) of inverting the Fredholm integral
equation of the second kind (Eq. [1]) to obtai{x) from a mea-
suredS(w). Note how good the fit is: the input data (dotted line)
and the fit (dashed line) coincide on the plot; only by looking at
a greatly enlargedifferencebetween the two (marked “misfit”

in Fig. 1 and showrx 20 on the vertical scale) can one see small
systematic differences in the wings of the spectrum. Despite that,
this fit wasrejected!

The small systematic differences between the input data and
the fit are actually very significant. The human eye is not
very good at distinguishing slight lineshape differences between WM* it %50 %WMM
“data” and “model”; thus the traditional way of judging visually ; . ; ;
the quality of the fit is not only very approximate, but could be —30 =20 -10 Y 10 20 30

: : : : .l Frequency, kHz
also misleading. Only when acquired spectra are of high fidelity
andwhen precise numerical work with a sufficient number of FIG. 2. DePakeing of H NMR spectrum using a mixed orientational
degrees of freedom is performed, may the minute systemati&ribution model.
differences between the data and the model be interpreted and,
in fact, reveal the deficiency of the model and a need for a better
one. For example, by converting the spectral information into that of Fig. 1. Independent of the particulars of the mode
the distribution of anisotropieg(x), and monitoring the misfit, used to parametrizp(), the low-intensity shoulder extending
we were able to fine-tune the phasing of our spectra to withio low 6 values is essential, as it reflects the actual distributio
0.1°, a nontrivial exercise when performed by the eye directlyf the orientations that individual domains have in our sample
on the spectrumy(w). Extraction of the true order parameter (anisotropy) distributior

The conversion frong(w) to g(x) is not a unitary, reversible g(x) as represented by the dePaked spectrum (the solid line
transformation. The essence of our numerical strategy is that fig. 2) is the main goal of the procedure, as it reports on th
fit proceeds until the statistics of the misfit is exactly equal to theature of the molecular motions, but the parameters extracted
statistics of the noise distribution in the baseline of the spectrupart of p(9) model distribution are helpful in establishing gross
Zero misfit in the central part of Figs. 1-3 is a consequence @fganizational structure in the sample. In this particular case
having a sufficiently high signal-to-noise ratio in the data aralperdeuterated lipid sample irga= 4.4 DMPC : DHPC mix-
the use of a high grid density necessary to account for the sharge, a detailed analysis of the spectrum led us to a partial pha
features of the spectrum made up of multiple Pake doubletiagram of what turned out to be a rather complicated multi
Lowering this grid density leads to a significant increase in tl@@mponent systend), with various structural phases exhibiting
misfit. As a side effect of this high grid density, noise is treategteatly varying degrees of preferential orientation, a result o
as systematic intensity as well in the regions of high signatensiderable importance for the use of bicelles as an orientin
to-noise ratio. Thus, experimental noise does appe@(i). medium for protein structure determination.

The resultingg(x) should not be considered a “model function” Even in cases where a “well-defined” orientational distribu-
produced by a fit but rather a model-free remapping of input datan has traditionally been assumed, such as in mechanical
into a different representation, namely that of a distribution @riented model membrane systems on glass substrates, the
anisotropies. of our numerical methods can yield revealing results. For exarr

Consider the misfitshown in Fig. 2a60 vertical scale. There ple, lipid bilayers can preferentially orient along the substrate
is no systematic difference between the input data (the spectrisuiface by drying vesicle suspensions or by pelleting them in th
and the fit curve, and the minimum of the quadratic misfit funcentrifuge on an isopotential surface. Simultaneous drying wit|
tion W is now significantly deeper than in Fig. 1 (note the logentrifugation has been shown to increase the degree of orien
scale of the right-hand inserts). In order to achieve such qualitgn, both for lipid only and for lipid-protein reconstituted mem-
of fit, we needed to accommodate the shoulder intensity by inranes 12). We adapted this isopotential spin-dry centrifugation
cluding into our modelp(0) two separate terms: an ellipticalapproach and prepared a sample of oriented 1-stedsgyd-
distribution of Eq. [4] as well as a spherically symmetric termanoleoyl-snglycero-3-phosphocholinel{s-SOPC) by drying
o sing. The relative contribution of the two components waliposome suspension on a 12-mm round glass slide placed
the second fit parameter, and the global minimum shown coreecustom-made insert for SW-28 swinging-bucket rotors of
sponds to 25 2% spherical, 75 2% ellipsoidal distribution, Beckman centrifuge spinning at 18,000 rpm. The glass “sanc
as well as¢, = 15+ 0.5 for the elliptical part. Note the subtlewich” was then assembled, hydrated in excess water, and eq
changes in the form op(6) in the insert on the left, comparedlibrated at about 2% for several hours. We used 0.5-1.5 mg of
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ot ' example, using the Boltzmann model,
¥(x,)

p.(f) o sing explc, cos 6], [6]

yields a result essentially identical to that of Fig. 3, with a flat tai
Al in ¥(x.) extending to large negative valuesiQf Understand-

ably for the given signal-to-noise ratio, any model that allow
the existence of a narrow peakp@) neard = 90° is adequate.

= A better model and a better signal-to-noise ratio are needed
refine the above qualitative result. It must be pointed out, hov
ever, that the determination of the distribution of anisotropie

7 . mN i g(x) (*H NMR order parameters in this case, the solid lines i
MMW — y Figs. 2 and 3) is robust and does not depend on knowing t
misfit %17 .
. . : : ' : : exact details op(6).
-40 -30 -20 -10 O 10 20 30 40 In conclusion, we have demonstrated how a precise nume
Frequency, kHz cal analysis of all available spectroscopic information can yiel

, _ - _ important insights into the nature of structurally complex mul

FIG. 3. Glass-slide oriented sample has a significant unoriented componeﬁ&omponent systems, such as DMPC : DHPC bicelles or of
ented systems supported by glass plates. However, the less

lipid per slide and 1-2 slides per sample. The spectrum, M¢garned—the need for high-fidelity NMR spectra, appropriatel
sured when the normal to the bilayer is at 90 the external fiexible parametrization choice, precise regularization of th
magnetic field, is processed in a manner described abovefig$o achieve stability, careful attention to the nature of thi
shown in Fig. 3. The observét NMR spectrum appears to bemisfit—all apply within a much more general context of mea

highly oriented. Only upon a close examination can one see §)@ing and interpreting one’s spectroscopic data.
remnants of the shoulders of the Pake pattern. We use the same
mixed-model approach to establish that the best convergence is
achieved when the spectrum is assumed to consist of a highly
oriented fraction (74t 1% of the sample) and a fraction that is . . .

. %). Sianificant] Our calculations have been greatly assisted by access to Biowulf, a clus
_close toa _randomly O_r'emed _pOWder (?561 0)_' igni Y: of computers developed at the NIH. The figures were prepared using the sc
interpretation of the highly oriented fraction in terms of an elyare developed at TRIUMF (Vancouver, British Columbia). ES acknowledge
lipsoidal orientational distribution fails to converge at a specifibe financial support of the Natural Sciences and Engineering Research Co
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