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Abstract: We describe a two-dimensional solid-state NMR technique to investigate membrane protein
topology under magic-angle spinning conditions. The experiment detects the rate of *H spin diffusion from
the mobile lipids to the rigid protein. While spin diffusion within the rigid protein is fast, magnetization transfer
in the mobile lipids is an inefficient and slow process. Qualitative analysis of *H spin-diffusion build-up
curves from the lipid chain-end methyl groups to the protein allows the identification of membrane-embedded
domains in the protein. Numerical simulations of spin-diffusion build-up curves yield the approximate insertion
depth of protein segments in the membrane. The experiment is demonstrated on the selectively *3C labeled
colicin la channel domain, known to have a membrane-embedded domain, and on DNA/cationic lipid
complexes where the DNA rods are bound to the membrane surface. The experiment is designed for
X-nucleus detection, which could be *2C or *N in the protein and 3P for the DNA. Finally, we show that
a qualitative distinction between membrane proteins with and without a membrane-embedded domain can
be made even by using an unlabeled protein, by detection of lipid signals. This spin-diffusion experiment
is simple to perform and requires no oriented bilayer preparations and only standard NMR hardware.

Introduction are identified by resonance line broadening and chemical shift
The orientation topol ¢ b bound proteins i changes. This allows peptide segments in the micelle interior,
€ orientation topology of meémbrane-bound proteins 1S an surface, or the aqueous phase to be distinguisht¥dAs

|mpo_rtant aspect of th? overall structurg that underlies f[he compared to these techniques, solid-state NMR has the advan-
function of these essential molecules. For instance, for peptides

. . - . ._ tages that it requires no bulky extrinsic probes and makes use
and proteins that spontaneously bind and insert into bacterial ¢ lioid bil ther than det t micelles to stud
membranes, knowledge of the locations of various amino acid or 1ipt llayers rather than aetergent micefles 1o study

residues in the protein relative to the lipid bilayer can shed light membrane peptides aqd proteins. .Partlcularl)./ usgfu! for e[uu-
on the mechanism of membrane insertion. A number of dating membrane protein topology is the polarization-inversion-

techniques are available to probe the locations of protein SPin-exchange-at-the-magic-angle (PISEMA) experimét,
segments with respect to the lipid bilayer. For example, site- which the tilt angles of helical peptides with respect to the
specific spin labels combined with electron paramagnetic Pilayer normal are readily determinét*However, the PISE-
resonance spectroscopy have been used to monitor proteifMA approach requires uniaxially aligned proteins in stacks of
immersion in the membrarié. Fluorescence energy transfer lipid bilayers. Such macroscopically oriented samples are
from lipids to proteind and site-selective photolabeling of difficult to make for large membrane proteins. More recently,
transmembrane protethsave also been shown to be useful. In  paramagnetic ®has been used to probe the immersion depth
high-resolution nuclear magnetic resonance (NMR) experiments, of membrane proteins by monitoring the effect of pressurized
qualitative topology of peptides bound to micelles has been O, on the relaxation rates and chemical shiftd%fspectrad#15
investigated by adding paramagnetic spin labels to the mi-
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This method require¥F-labeled proteins, which are relatively
difficult to obtain as compared t6C and’®N labeled proteins.
Proton spin diffusion represents an alternative strategy to
study membrane protein topology of nonoriented bilayer
samples. In the spin-diffusion approach, magnetization from
well-defined sources is selected based on the mobility or other
spin properties and is allowed to transfer to the desired targets
in the protein. The magnetization transfer is facilitated by dipolar _
C(_JUplmgS between two protons. Since th? dipolar (_:OUpllng IS Figure 1. lllustration of a lipid bilayer with a transmembrane (a) and an
distance dependent, the rate of transfer is determined by theinterface-bound-helix (b). (a) Magnetization from the lipid chain terminus
proximity of the sink spins to the source spins; thus it yields is transferred to the protein, where spin diffusion is extremely fast due to
the spatial distribution of protein segments in the lipid mem- the strongH—1H dipolar couplings. This efficient pathway is indicated by
brane. The liquid-crystalline nature of the lipid bilayer can be Eﬂlck arrows. (b) Magnetization from the chain terminus is transferred
) . rough the lipid acyl chains for a large distance before reaching the protein.
accommodated by solid-state NMR, and hlgh-resolu’d‘d)land This is a slow process, indicated by thin arrows.
13C spectra can be obtained by magic angle spinning (MAS).
Recently, alH spin-diffusion experiment utilizing water as  bilayers is relatively narrow; joint refinement of X-ray and
the magnetization source has been demonstrated and appliecieutron diffraction data showed a width of ab6uA at half-
to the membrane-bound colicin E1 channel dondaim this height along the bilayer norm& combining both leaflets. Thus,
experiment, the membrane sample was frozen to the gel phasemethyl protons provide well-defined source magnetization in
and a'H T; filter was used to select the mobilel spins in the the bilayer center, from which one may derive the maximum
system. Because of the rigidity of both the lipids and the protein, depth of insertion of the protein.
the IH signals from these molecules were suppressed byzhe We demonstrate this new approach by comparing the spin-
filter. However, water molecules remain mobile at the temper- diffusion behavior of a protein, colicin la channel domain, which
atures used and retain their magnetization. These water protondias a membrane-embedded domain, to the spin diffusion of
thus serve as the source of the spin diffusion into the magnetiza-membrane-bound DNA, which has only surface-residing do-
tion-depleted protein and lipid molecules. The experiment mains. For colicin, two possible topological models have been
showed that a significant fraction of the colicin E1 channel proposed to describe its closed-channel state. In the “umbrella
domain resides close to the water molecules. In other words, model”, two hydrophobic helices, C8 and C9, are inserted in a
the protein has a sizable surface-bound fraction. transmembrane fashion, parallel to the bilayer normal, while
This water-initiatedH spin-diffusion experiment was limited ~ eight amphipathic helices are located at the lpicater
to temperatures below the gel-to-liquid-crystalline phase transi- interface!® In comparison, the “penknife model” postulates that
tion temperature of the lipids to keep the lipids immobile. The all helices are oriented approximately perpendicular to the
requirement of low-temperature MAS restricts the applicability bilayer normal, with the C8 and C9 helices exposed to the
of the experiment. Moreover, since the water molecules mostly hydrophobic interior but tugged close to the rest of the protein
reside on the surface of the lipid bilayer, the experiment cannot at the membranewater interfacé. A comparison of the
sensitively detect the residues embedded in the hydrophobic coreexperimental spin-diffusion build-up curves for colicin and DNA
of the lipid bilayer. strongly supports the umbrella model for colicin. While we first
In this paper, we describe a complementatyspin-diffusion applied this'H spin-diffusion technique t&*C-labeled colicin,
technique that initiates the magnetization transfer from the lipid We later show that it can also be used on unlabeled samples to
protons, specifically the methyl protons at the center of the obtain membrane protein topology, through indirect detection
bilayer. We show that this technique detects membrane- Of the lipid signals.
embedded segments in a protein sensitively, even at ambien
temperatures. The principle of this approach is illustrated in
Figure 1. The experiment exploits the large difference in the  Materials. 1-Palmitoylds;-2-oleoylsn-glycero-3-phosphocholine
magnetization transfer rates between a rigid macromolecule and(POPCés), 1-palmitoyl-2-oleoylsrrglycero-3-phosphoglycerol (POPG),
the mobile lipids at ambient temperature. A protein with @nd 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) were pur-
transmembrane domains provides rigid segments close to thechased fron_1_Av§nt| Polar Lipids, Inc. (Alabaster, AL) and used without
- . . . L . further purification. *>NH,CI, '*N-Glu, and [223C] glycerol were
center of the liquid-crystalline bilayer; thus spin diffusion from : :
the lipid methyl protons to the protein protons is rapid (pathway purchased from Cambridge Isotope Laboratories (Andover, MA).
o Unlabeled amino acids and deoxyribonucleic acid (DNA) from calf
a). In contrast, for a protein with only surface-bound segments, i,y ms were purchased from Sigma (St. Louis, MO).
the methy'H magnetization must first diffuse through the lipid
acyl chains before reaching the protein. Since spin diffusion in
the lipids is extremely slow as a result of motionally averaged
1H—1H dipolar couplings (pathway b), the surface-bound protein
receives little!H magnetization from the methyl protons in the
same time period. The distribution of methyl groups in fluid

L

tExperimental Procedures

Protein Expression. The colicin la channel domain was labeled
selectively and extensively i#C and uniformly in*>N following the
TEASE (10 amino acid selective and extensive labeling) labeling
protocol published earliéf. The protein was expressed from pKSJ120-
containingE. coli BL21 (DE3). Cells were grown overnight at 3T
in 100 mL of a modified M9 medium containing, per lifdrg of NH,-

Cl, 4 g ofglycerol 3 g of KH,PO,, 6 g of NaHPQ,, 0.5 g of NaCl, 15

(16) Forbes, J.; Husted, C.; Oldfield, & Am. Chem. S0d.988 110, 1059-
65
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Cramer, W. A.; Thompson, L. KJ. Am. Chem. Sod 99§ 120, 5043-
5051.

(18) Wiener, M. C.; White, S. HBiophys. J.1992 61, 434-447.

(19) Parker, M. W.; Postma, J. P. M.; Pattus, F.; Tucker, A. D.; Tsernoglou, D.
J. Mol. Biol. 1992 224, 639-657.
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mg of CaC}, 1 mM MgSQ, the unlabeled amino acids Asp, Asn, Arg,
GIn, lle, Lys, Met, Pro, Thr, and Glu at 15@g/mL each, and 100
ug/mL ampicillin. The cells were pelleted and resuspended in 10 mL
of the same medium, but containing 1.5 g-®H,ClI, [2-13C] glycerol,

and 150ug/mL *®N-Glu instead of unlabeled Glu. Those cells were
used to inocula 1 L of thestable isotope-containing medium. The
culture was grown at 37C to ODsgo = 0.4 and then induced with 1
mM IPTG. Cells were harvested aftd h of induction at 37°C. The
soluble His-tagged colicin la channel domain was purified on His-
Bind metal chelation resin (Novagen, Madison, WI) as specified in

55

LG-CP| TPPM

90" 180° . 80"
I H t1 Tm
Ty filter “ spin diffusio
90"
||

Figure 2. Pulse sequence for the 2-D MAS spin-diffusion experiment with
13C or31p detection. LG-CP: Lee-Goldburg cross-polarization, TPPM: two-

CP

the Novagen pET System Manual, except that the wash step waspulse phase modulation decoupling.

performed at 40 mM imidazole. The yield of the pure soluble protein
was approximately 40 mg fro 1 L of culture. Purified protein eluted
from the His-Bind resinn 1 M imidazole buffer was dialyzed
extensively against distilled water and lyophilized.

NMR Sample Preparation. The protocol for reconstituting the

4.5us, and the mixing times were varied between 1 and 500 ms. Cross-
peak volumes were integrated using xwinnmr software (Bruker Ana-

lytische Messtechnik, Rheinstetten, Germany). The relaxation matrix
for the lipid protons was calculated as described previot¥sly.

colicin la channel domain into phospholipid membranes was described  2-D 1H spin-diffusion experiments were carried out using mixing

recently?! Briefly, we prepared unilamellar POP&/POPG vesicles
at a molar ratio of 3:1. This involved mixing the lipids in chloroform,
lyophilizing the mixture, rehydrating it in a citrate buffer at pH 4.8,

times between 2 ms and 2.209 s. Typical spinning speeds were 4.5
kHz for the 7 mm rotor and 7 kHz for the 4 mm rotor. Spinning speeds
were regulated té=2 Hz by a pneumatic control unit. A; filter time

vortexing, and freeze-thawing. The resulting lipid suspension was then of 2 ms was applied to dephase themagnetization of the rigid colicin
extruded across polycarbonate filter membranes with a pore size of and DNA molecules, but retaining sufficient lipi magnetization.

100 nm to obtain large unilamellar vesicles. Aliquots of the extruded
lipid vesicles were combined with the appropriate amount of the colicin
solution to reach a final protein:lipid molar ratio of 1:100. The protein
lipid mixture was ultracentrifuged at 150 0@@or 2 h. This yielded
95% reconstitution of the protein into the lipids, as indicated by a

In the indirect dimension, between 96 and 136 data points were collected
with a dwell time of one or two rotor periods. This yielded a tétdl
evolution time of approximately 18 ms, which is suitable for the
relatively shargH lines of the lipids. The States detection method was
used to obtain pure-absorptive spectra. The 2-D time data were zero-

photometric analysis. Since the membrane pellet typically contained filled and Fourier transformed to yield a 2-D matrix of 2561024

about 80 wt % water, which is too wet for solid-state NMR experiments,
we lyophilized the pellet and rehydrated it to a final water level of 30
wt % relative to the total sample weight. The membrane-bound colicin
sample contained about 8 mg of protein and 24 mg of lipid.

For the DNA/DOTAP sample, 150 mg of DOTAP powder was
dispersed in aqueous buffer (10 mM Hepes, pH 7.4). A total of 66 mg
of DNA was dissolved in the same buffer, and aliquots of DNA solution

data points. A recycle delay of3 s was used in the experiments. All

measurements were carried out at room temperalire 293 + 1 K).
Spin-Diffusion Pulse SequenceThe pulse sequence for the 2-D

IH spin-diffusion experiment with X-nucleus detection is shown in

Figure 2. In the beginning, four 9(ulses on the X-channel destroy

residual X-magnetization. After an initial 9@ulse on théH channel,

IH magnetization from mobile lipid segments is selected by fiter,

were added to the DOTAP vesicles to achieve an isoelectric charge while the'H signals of the more rigid protein or DNA relax due to the

ratio between the positive DOTAP choline and the negative DNA

strong*H—H dipolar couplings. The 180pulse in the middle of the

phosphates. The mixtures were equilibrated by intensive vortexing and T, filter refocuses the isotropic chemical shift evolution d@field

10 freeze-thaw cycles? The preparations were ultracentrifuged at
16 00@, and the pellet was transferredond 7 mm MASrotor and
sealed.

NMR Spectroscopy.All NMR experiments were carried out on a

inhomogeneity. Next, the lipidH magnetization evolves under the
isotropic chemical shift interaction for thte period. A*H 90° pulse
then stores the magnetization along #kexis and allows it to exchange
via spin diffusion for a mixing periodgy,. After the mixing time, the

Bruker DSX-400 spectrometer (Karlsruhe, Germany) operating at a *H magnetization is flipped to the LG effective field direction by a

resonance frequency of 400.49 MHz fbt, 162.12 MHz for3'P, and
100.72 MHz for3C. A triple-resonance MAS probe wita 4 mm

magic-angle pulse of 54°7and locked. Simultaneous spin-lock on the
X-channel with equal field strengths transfers themagnetization to

spinning module and a double-resonance 7 mm MAS probe were used.X-spins, which is then detected durikg Since a short contact time of

The H radio frequency (rf) field strength for heteronuclear two-pulse
phase modulation (TPPM) decouplfigvas about 50 and 62.5 kHz
for the DNA and colicin samples, respectively. Typigidland*C/FP

90° pulse lengths were 4 and /&5, respectively. Cross polarization
(CP) was achieved with spin-lock fields of about 50 kHz. The CP

0.5 ms was used for LG-CP for the colicin sample, ¥ signals of
the mobile lipids are mostly suppressed in the spectrum.

Data Analysis. For quantitative analysis of 2-D spin-diffusion
spectra!H cross sections were extracted from the 2-D spectra at the
desired*C or3'P frequency. Peak intensities were recorded with respect

contact time was 0.5 ms for the colicin sample and 0.7 ms for the to a reference spectrum, which corresponds to a mixing time of 100

DOTAP/DNA sample. On théH channel, Lee-Goldburg (LG) spin
lock was used to suppredd spin diffusion during CP. This requires
that the effectivéH field strength {ef) matches the X-channel spin-
lock field strength, with an applietH rf field strength ofwesn Sin-
(54.7) and alH frequency offset ofverrn COS(54.7).

ms for the colicin sample and 400 ms for the DNA sample. Peak
intensities were plotted as a function oftr,, and corrected foiTy
relaxation during the mixing time by multiplication with exp(T1).

IH spin—lattice relaxation times of lipid signals were measured using
the standard inversion recovery sequence. Error bars in Figures 5, 6,

IH MAS nuclear Overhauser enhancement spectroscopy (NOESY) 8, and 9 represent the noise level at the respective signals in the 2-D
experiments were conducted at a spinning speed of 6 kHz using thespectra.

standard solution NMR pulse sequert&he 90 pulse length was

(21) Huster, D.; Xiao, L. S.; Hong, MBiochemistry2001, 40, 7662-7674.

(22) Mayer, L. D.; Hope, M. J.; Cullis, P. R.; Janoff, A. Biochim. Biophys.
Acta 1985 817, 193-196.

(23) Bennett, A. E.; Rienstra, C. M.; Auger, M.; Lakshmi, K. V.; Griffin, R. G.
J. Chem. Phys1995 103 6951-6958.

(24) Jeener, J.; Meier, B. H.; Bachmann, P.; Ernst, R1.RChem. Physl979
71, 4546-4554.,
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Simulations. The spin-diffusion build-up curves were simulated as
a function of mixing time using a one-dimensional lattice mddeéf.
In this model, each spin passes a fraction of its magnetization to its
neighbors and in turn receives the same fraction of their magnetization

(25) Huster, D.; Arnold, K.; Gawrisch, K. Phys. Chenil999 103 243-251.
(26) Schmidt-Rohr, K.; Spiess, H. Wiultidimensional Solid-State NMR and
Polymers 1st ed.; Academic Press: San Diego, 1994.



Membrane Protein Topology by Spin Diffusion

ARTICLES

according to the discrete diffusion equation:

A= T2OM + QM + QM

1)

The rate of magnetization transf€,= D/a?, depends on the spacing
between spinsg, and the diffusion coefficienD. The transfer rate is
related to the dipolar coupling between th¢ spins. In rigid organic
solids such as polymers, a diffusion coefficient of 0.82ms was
measured’ This corresponds to a transfer rate, or dipolar coupling, of
about 20 kHz between two prote A apart. In contrast, the diffusion
coefficients for lipid acyl chains, membrane proteins, and DNA
generally differ from that of the rigid solid due to restricted motions.
For example, the motionally averagéd—'H coupling for a pair of
lipid vicinal protons 2.4 A apart near the center of the bilayer is only
about 400 Hz, estimated from tRel quadrupolar couplings. With a
proton spacing of 2 A, the resulting diffusion coefficient is about 0.016
nm?/ms. This is in rough agreement with the value of 0.012/nmm
used in our simulations and also matches the DNA data shown below.
For spin diffusion in colicin, @H—'H order parameter of 0.7 can be
estimated from previous experimeftsyhich corresponds to an average
dipolar coupling of about 6 kHz between vicinal protons. This yields
a diffusion coefficient of about 0.25 rfms, which agrees well with
the empirical value of 0.3 nffms used in the simulations. As compared
to magnetization transfer in the lipids and in the protein or DNA, the
interfacial transfer rate is much slower, due to the fast uniaxial rotation
and lateral diffusion of the lipids in the liquid-crystalline phase. With
the same proton spacing of 2 A, the optimized diffusion coefficient
for the lipid—protein transfer is 0.0025 rifms, which corresponds to
a transfer rate of 60 Hz. The spin-diffusion coefficient for the lipid
DNA interfacial transfer is even smaller at the same proton spacing.
This may result from the lowéH density in DNA, especially near the
phosphate groups.

The use of a 1-D lattice model féiH spin diffusion in colicin, which
potentially has a complex three-dimensional structure, is justified by
the following consideration. Thé#d—'H dipolar couplings of the lipids

0
i
14 . o
§ o] : :
s :
a4 i
g :"é o ol - )
5 .
T 44 :
x N
H<
.
Gt T wreprover T T

i A T
680 50 40 30 20
130 chemical shift {(ppm)

70 10

Figure 3. 2-D 13C-detectedH spin-diffusion spectrum of the membrane-
bound colicin la channel domain, with a mixing time of 100 msT Ailter

time of 2 ms, a relaxation delay of 3 s, and a spinning speed of 7 kHz were
used. The 128 increments were acquired with 96 transients per increment.
Above the 2-D spectrum, tHeéC projection of the protein (top) is shown,
where the assignment is based on previous WbBelow the projection is
al3C CP spectrum of pure POPC/POPG lipids under the same experimental
conditions. The lipid!3C signal is negligible as compared to that of the
protein. On the right-hand side, B cross section from the AlacCpeak

(53.2 ppm, dotted line in 2-D) is shown.

The diameter of the DNA rods between the opposing bilayers is 20 A,
based on diffraction studies on the same model sydtem.
The simulated magnetization build-up curves for sink spins at varying

are so much weaker than those of the protein that magnetization, onceyjstances from the source magnetization are summed to yield a single

reaching the protein, transfers rapidly along the polypeptide chain. As
long as the protein is loosely folded, the magnetization transfer may

build-up curve and compared with the experimental data. The sum-
mation is necessary since the NMR experiments here detect the average

be considered as along an extended one-dimensional rod. Alternate,‘;ignmS of each amino acid type rather than a single residue. Each type

pathways through the mobile lipids are highly inefficient due to their
weak dipolar couplings. The approximation of a loosely folded colicin
is valid, since previous fluorescence experiments on the colicin E1

of residues exists in multiple copies in the protein and thus must be
located at various places relative to the membrane. Importantly, this
lack of single-site resolution does not affect the determination of the

channel domain, a homologous protein, suggested that the protein formspresence or absence of transmembrane domains and their maximum

an extended helical array on the surface of the membfddsing this
linear rod model, the total chain length of the colicin la channel domain
would be about 150 A. However, simulations show that the spin-
diffusion build-up curves are largely independent of this length, since
spin diffusion is primarily determined by the rate-limiting steps of
magnetization transfer across the lipigrotein interface. Because of
this large contrast between the protein and lipid spin-diffusion rates,
the different geometries of the colicin la channel domain in the umbrella
model and the penknife model also do not influence the spin-diffusion
build-up curves. Only the smallest separation between the lipid methyl
groups and the protein, which differs between the two models,
influences the build-up curves.

In addition to the various diffusion coefficients and firespacing,
the simulations use well-established values of lipid bilayer dimensions
along the bilayer normal. At 22C, POPC bilayers have an acyl chain
length of about 14.6 A, a distance from the headgroup to the bilayer
center of about 23.2 A, and a water layer thickness of about 49 A.

(27) Clauss, J.; Schmidt-Rohr, K.; Spiess, H. Méta Polym.1993 44, 1-17.

(28) Lindeberg, M.; Zakharov, S. D.; Cramer, W. A.Mol. Biol. 200Q 295,
679-692.

(29) Pabst, G.; Rappolt, M.; Amenitsch, H.; LaggnerPRys. Re. E 200Q 62,
4000-4009.

depths of insertion, since the largd—H couplings within the rigid
protein equilibrate théH magnetization rapidly. Rather, the orientation
information is extracted from the minimum distance between the protein
and the center of the bilayer; the larger this distance is, the slower the
spin diffusion.

Results

13C-DetectedH Spin Diffusion from Lipid into Colicin.
Figure 3 shows a representative 2}fC-detected'H spin-
diffusion spectrum of the membrane-bound colicin la channel
domain, obtained with a mixing time of 100 ms. The source
and sink of spin diffusion are readily distinguished in the 2-D
spectrum; thé3C chemical shifts of the peaks mark the sinks
of spin diffusion in the protein, while th&H chemical shifts
indicate the sources of the magnetization. A projection along
the13C (w,) dimension is shown, where partial amino acid type
assignmerit is made on the basis of the TEASEC-labeling
pattern and previous 2-D correlation experimeff&in the side

(30) Salditt, T.; Koltover, I.; Radler, J. O.; Safinya, C.fRys. Re. Lett.1997,
79, 2582-2585.
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Figure 4. 1-D H cross sections from the AlacCpeak in various 2-D uh_ (,j'r?a:l
spectra of the membrane-bound colicin la channel domairt{a& 2 ms "
(224 scans pet; increment); (byrm = 36 ms (96 scans peyf increment); Figure 5. Spin-diffusion build-up curves as a function of mixing time for

(c) Tm = 100 ms (96 scans péy increment); (djrm = 400 ms (128 scans  the Ala G signal in the colicin la channel domain. The magnetization
perty increment); (efm = 900 ms (256 scans périncrement). Data are  sources are (a) 40 (open circles) and Ci{(filled triangles). (b) N(CH)3

plotted to scale with respect to spectrum c. (open squares) and (GJ (filled diamonds). Data were corrected
T, relaxation. Error bars represent the noise level of'thepeaks in the
2-D spectra.

chains, only Va)3 and Leug andy carbons are labeled. In the
backbone @ region, resonances from eight types of amino acids In comparison, the spin-diffusion build-up from the chain methyl
(Ala, Gly, His, Ser, Phe, Trp, Tyr, and Val) are observed. The protons is much slower, reaching a plateau after about 225 ms.
lipid 13C intensities are negligible, as shown by CP The difference between spin diffusion from water and from
spectrum of POPC/POPG lipids, acquired with the same CP acyl chain methyl groups is also manifested in the other proton
contact time as the protein. The suppression of the lipid signals sources. Figure 5b compares the spin-diffusion curves from the
is due to the fast molecular motions of the lipids and the short headgroup K protons and from the methylene protons in the
LG-CP forIH—13C polarization transfer. middle of the acyl chains. The magnetization transfer from the
The mixing-time-dependent 2-D spin-diffusion spectra are headgroup protons equilibrated after only 50 ms, while the
best analyzed by extractirigl cross sections at a specifitC methylene build-up curve has a smaller slope and reaches the
frequency. ThéH peaks in each column indicate the origins of plateau at about 225 ms.
magnetization transfer. A cross section at the &G isotropic To determine the presence or absence of protein residues at
shift (53.2 ppm) is shown on the right-hand side of the contour the bilayer center, we simulated the build-up curves for spin
plot, where magnetization transfer originating from lipid £H  diffusion from the lipid chain methyl protons to the Ala residues
(CH2)n, N(CHs)3, and water can be distinguished. in colicin. Figure 6a shows the simulations for two structural
Figure 4 shows théH cross sections at the Al&Ca peak models. The solid line represents the best-fit simulation using
(53.2 ppm) as a function of the spin-diffusion mixing time. At a topology that includes a transmembrane domain, while the
a short mixing time of 2 ms, all cross peaks are rather weak, dashed line represents a topology without a transmembrane
indicating that lipid'H magnetization has not transferred much domain. In both models, magnetization transfer involves three
to the protein. As the mixing time increases, the peak intensities stages, from the methyl protons along the lipid acyl chain, across
increase, and then decrease due to the dominanéel af; the interface to the protein, and within the protein. For the rate-
relaxation. T;-corrected spin-diffusion build-up curves for limiting interface transfer, an optimal diffusion coefficient of
various'H peaks at the Ala & cross section are shown in Figure  0.0025 nrd/ms is used. Within the more rigid protein, the faster
5. Panel a compares the magnetization transfer from the waterspin diffusion is represented by a diffusion coefficient of 0.3
protons and from the lipid chain methyl protons. The water curve nm¥ms?’ The central parameter in the simulation is the
(open circles) rises very steeply and reaches a plateau after abouseparation between the chain-end methyl protons and the protein.
50 ms, indicating that théH magnetization has equilibrated. For the transmembrane model, a small separation is used. We
find that the simulated curve for a gapDA agrees well with
(1) ;‘éztser' D.; Yao, X.; Jakes, K.; Hong, Biochim. Biophys. Acta002 in the experimental data, indicating that colicin contains a membrane-
(32) Hong, M.J. Magn. Resonl999 139, 389-401. embedded domain that inserts all the way to the core of the
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Figure 6. Simulations for the spin-diffusion build-up from lipid methyl
protons to colicin. Filled triangles: AladCintensities. Open circles: Ser
Ca intensities. (a) Solid line: simulation using a gaip20A between the
methyl protons and the protein. Dotted line: simulation using a gap of 12
A between the methyl protons and the protein. (b) Simulated spin-diffusion
curves from methyl protons to the protein with varying gaps. Solid line: 2
A. Long dashed line: 4 A. Short dashed line: 6 A. Dotted line: 8 A.

hydrophobic bilayer. In contrast, if the colicin la channel domain
resides only at the membraneater interface, close to the
glycerol backbone, then a gap of about 12 A between the methyl

protons and the protein is a reasonable estimate. The build-up

curve for this distance (dashed line) is significantly shallower,
since magnetization transfer along the lipid acyl chains is made
inefficient by the weak!H—'H dipolar couplings of the
uniaxially mobile lipids. This reduced coupling is represented
by a low diffusion coefficient of 0.012 n#fms for the lipid
chains. The 12 A build-up curve deviates significantly from the
observed data, indicating that colicin cannot be solely distributed
at the membranewater interface.

Since we detect the signals of all Alax@ites in the protein,
the experimental methyl-to-Ala spin-diffusion build-up curve

is an average among all Ala residues. This average nature

indicates that the build-up curves for other residues must be
similar. This is illustrated by the methyl-to-Ser (59 ppm) spin-
diffusion curve in Figure 6a (open circles). It can be seen that

the experimental intensities are well represented by the same

simulation wih a 2 A gapbetween the acyl chain methyl protons
and the protein.

We also simulated the build-up curves with varying distances
between the methyl protons and the protein to further illustrate
the degree of colicin insertion into the bilayer. As the distance
increases, magnetization is transferred along the lipid chains
over an increasing distance, thus resulting in slower build-up
curves. Figure 6b shows the simulated spin-diffusion build-up
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Figure 7. 2-D 3P-detectedH spin-diffusion spectrum of a DNA/DOTAP
mixture with a mixing time of 400 ms. A; filter time of 2 ms, a relaxation
delay of 3 s, and a spinning speed of 4.5 kHz were used. Thet;136
increments were acquired with 32 scans per increment. Above the 2-D
spectrum is shown the projection along fi8 dimension. The numbers
refer to the spinning sideband order, cb: centerband. On the right-hand
side, alH column at the isotropié'P position (dotted line in 2-D plot) is
shown.
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31p-Detected!H Spin Diffusion from Lipid into DNA. To
demonstrate slow spin diffusion in the absence of a membrane-
embedded macromolecule, we investigateldmagnetization
transfer from cationic lipid membranes into surface-bound DNA
molecules. These lipid/DNA complexes have received attention
recently as nonviral gene transport vehicles into the®edkray
diffraction revealed that addition of negatively charged DNA
to positively charged lipid membranes results in densely packed
stacks of cationic membranes with strands of DNA sandwiched
between the surfaces of opposing bilay#r® No indication
of DNA penetration into the bilayers was found. Thus, this lipid/
DNA complex serves as a good model system for surface-bound
macromolecules.

Figure 7 shows a representative 24D—31P correlated spin-
diffusion spectrum of DOTAP/DNA complexes under 4.5 kHz
of magic-angle spinning. ThEP detection avoids interference

from the DOTAP lipids, which do not contain a phosphate

group. Spinning sidebands are observed in the direct dimension
due to the large chemical shift anisotropy of DNA phosphate
groups, which is 142 ppm (or 23 kHz at téP Larmor

frequency used here). The indirect dimension showskhe
spectrum of the source magnetization. Again, the most promi-

nent spin-diffusion sources are water, lipid acyl chain §zH
lipid headgroup N(Ch)s, and the lipid chain-end CH
Figure 8 shows the build-up curve for spin diffusion from

the chain terminal methyl protons to the DNA phosphates. The

magnetization transfer does not reach a plateau even after a
mixing time of 2209 ms. At 2209 ms, 97% of thtH

magnetization is lost due td; relaxation, thus prohibiting
measurements at longer times. We scaled the last data point to

(33) Felgner, P. L. a. R. QNature1991, 349 351-352.

curves for gaps of 4, 6, and 8 A. As can be seen, the 6 and 8(34) Lasic, D. D.; Strey, H.; Stuart, M. C. A.; Podgornik, R.; Frederik, PJM.

A curves deviate significantly from the experimental data,
indicating that colicin reaches the bilayer center withird2A.

Am. Chem. Sod 997 119, 832-833.

(35) Radler, J. O.; Koltover, |.; Salditt, T.; Safinya, C. 8ciencel997, 275,

810-814.
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Figure 8. Comparison of spin-diffusion build-up from the lipid chain
methyl protons to DNA (filled squares) and to colicin (filled triangles).
Data points were corrected féi relaxation. Lines represent simulated build-
up curves. Solid line: methyl-to-DNA transfer with a distance of 20 A.
Dashed line: methyl-to-colicin transfer with a distance of 2 A. The build-
up curve for cross-relaxation between £Bnd N(CH); (dotted line),
obtained fromH NOESY dat&fin the DNA/DOTAP sample, is also shown.

1, although this may be a slight overestimate of the slope. Even

fem (fms)

Figure 9. Spin-diffusion build-up from methyl to lipid headgrou3P
(diamonds) in the presence of colicin. For comparison,fi@zdetected
methyl-to-Ala spin-diffusion curve (triangles and solid line) is shown. Also
shown is the methyl-to-glycerol-84 spin-diffusion curve (dashed line) for

a pure POPC/POPG membrane without any protein, obtained from previous
IH NOESY dat&®

with this maximal slope, it can be immediately recognized that magnetization transfer from lipids into DNA because of the lack

spin diffusion into DNA is much slower than into colicin. For

example, at 225 ms, the colicin build-up curve (dashed line)

of resolved'H DNA signals.
The comparison between tihel NOESY data and thé'P

already reached its plateau (100%), while the DNA curve only data suggests that the DNA spin diffusion may have just reached
reached about 15% of the final intensity. The dramatic difference equilibrium after 2209 ms. Thus, a direct comparison between
between the two curves shows unambiguously that colicin the build-up curves for colicin and for DNA is reasonable.

contains a transmembrane domain and that'thispin-diffusion

31p-Detected!H Spin Diffusion from Lipid through Co-

method is extremely sensitive to the topologies of membrane- licin. So far, the application of this lipid-initiated spin-diffusion

bound macromolecules.
Quantitative simulation of the DNA spin diffusion similarly

method to membrane proteins relies on the detectiobP®f
labeled sites in the protein. While isotopic labeling increases

involved three stages of magnetization transfer: from the methyl the experimental sensitivity, it is expensive and may not be
protons to the lipid headgroup, across the interface to DNA, feasible for all membrane proteins. Thus, it is desirable to extend
and within DNA. The respective diffusion coefficients used are the spin-diffusion technique to unlabeled proteins to provide
0.012, 0.0003 (transfer rate 7.5 Hz), and 0.1 nfims. X-ray the same topological information. Since spin diffusion in
diffraction studies gave a thickness of 23 and 20 A for a single transmembrane segments is so much faster than in the lipid
lipid leaflet and for the DNA, respectiveff.In other words, chains, the methyl proton magnetization can “hijack” the rigid
the methyl'H magnetization is transferred slowly along the transmembrane segments to transfer to the bilayer surface
mobile acyl chains for 23 A before reaching the rigid DNA. €fficiently. Moreover, a back transfer from the residues at the
The simulated curve (solid line) using these parameters repro-membrane surface to the lipid headgroup should be possible
duces well the slow rise of the experimental data. and may be detected through the li§i# signal. This protein-

The slowness of magnetization transfer from the bilayer center SSisted lipid-to-lipid magnetization transfer should be faster
to a surface-bound macromolecule is further demonstrated bythan magnetization transfer in .the I|p|d. chains in the absence
spin diffusion from the methyl protons to the headgroup of °f membrane-embedded protein domains.
DOTAP, in the presence of DNA. This intramembrane spin ~ Figure 9 shows the lipiéP-detected spin diffusion from the
diffusion was investigated by &4 MAS NOESY experi- chain-end methyl protons. As expected, the magnetization build-
ment25:36The experiment yielded a complete relaxation matrix UP is fast, reaching a plateau at about 400 ms. As compared to
for all lipid protons, from which we can plot the magnetization the Ala Gx-detected build-up curve, the slope of #ie-detected
headgroup magnetization exchange curve, shown as a dottedhe protein to the lipids. Still, thi§'P-detected build-up curve
line in Figure 8, rises at a slightly steeper slope than3#fe is much steeper than the curve for the_surface-bo_u_nd DNA.
detected methyl-to-DNA build-up curve. This is understandable, Thus, from the®P-detected spectra, without requirirgC
since thellP experiment requires one more step of magnetization !abeled proteins, we can conclude qualitatively that the membrane-
transfer, from the headgroup into the DNA, than tHENOESY bound colicin la channel domain possesses a deeply membrane-
experiment. This additional step is inefficient due to the weak inserted domain.
dipolar couplings of the highly mobile DOTAP headgroup. Note Discussion
that the'H NOESY approach is not suited for investigating the

The orientational topology of membrane proteins is an
important aspect of their three-dimensional structure. While

(36) Yau, W.; Gawrisch, KJ. Am. Chem. So00Q 122, 3971-3972.
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membrane protein topology can sometimes be measured inFigure 5 shows that the water and lipid headgroup build-up
detergent micelles using high-resolution NMR, the high cur- curves are similarly steep, while the methid build-up curve
vature and the monolayer nature of micelles make them is shallower. Thus, fewer residues in colicin are located in the
relatively poor membrane mimetics except for the smallest center of the bilayer than at the membraneter interface. The
peptides. Further, spin labels may cause nonnegligible perturbadipid methylene protons cannot be compared directly with the
tion to the structure of the micellepeptide complex. In others, because their higher rigidity makes magnetization transfer
comparison, precise topological information can be obtained more efficient.

without perturbing the membrane system by conductiity In simulating the methyl-to-colicin spin-diffusion curve, the
solid-state NMR on macroscopically aligned bilayer sampies. rate-limiting transfer across the interface is represented by a

However, this method requires well-oriented bilayers, which
are increasingly difficult to prepare for larger membrane
proteins.

The lipid-initiated*H spin-diffusion technique described here

diffusion coefficient of 0.0025 n&ims and a transfer rate of
62 Hz. These values are 20 times smaller than those used in
simulating’ the water-protein interface at low temperature.
This is due to the higher mobility of the liquid-crystalline lipids.

provides an alternative approach to obtain membrane proteinOnce magnetization has reached the rigid protein, magnetization
topology information, without the need of macroscopic align- equilibrates rapidly. Thus, the exact length and shape of the
ment. By exploiting the drastic difference between #he colicin la channel domain does not affect the build-up curves.
magnetization transfer rates in lipids and in protéthae can This was confirmed by the fact that simulations for protein chain
obtain information about the presence or absence of transmemdengths from 60 to 150 A gave identical build-up curves.
brane domains in the protein. This is manifested as the shortest The experimental methyl-to-colicin spin-diffusion data cannot
distance between the methyl groups of the lipid chain ends andpe fit to a structural model that includes only surface-bound
the protein. As compared to an earlier spin-diffusion experi- helices, but require a membrane-embedded domain in the
ment}’ which transfers the watéH magnetization to the protein  protein. This is in broad agreement with both the umbrella model
at low temperature, the current experiment can be conducted atand the penknife model, since both models include a membrane-
room temperature. It also contains more structural information, jnserted domain comprising the hydrophobic helices C8 and C9.
since the 2-D spectrum resolves multiple magnetization sources,However, more detailed simulations using varying distances
including lower lipid chain, upper lipid chain, lipid headgroup, petween the methyl groups and colicin indicate that the
and water. The experiment requires only a standard MAS probe membrane-embedded domain of colicin cannot be separated
and routine radio frequency powers and thus is easy to perform.from the bilayer center by more than-2 A (Figure 6b). This
With sufficient resolution, the analysis of the spin diffusion to  close proximity favors the umbrella model. Thus, our data add
the protein may also be site-specific. to a growing number of recent studies that support the umbrella
Membrane Topology of the Colicin la Channel Domain. model for colicins. For examplé®N NMR measurements of
For the membrane-bound colicin la channel domain, spin oriented colicin E4-42showed a significant number of resolved
diffusion from water and from the lipid headgroup is much faster signals in a region that corresponds to the transmembrane
than from the lipid chains (Figure 5). This indicates that more orientation. EPR and fluorescence studies also support the
residues are located on the membrane surface than in the bilayeumbrella modet48 However, our data do not rule out the
center. This relative population is obtained by considering the possibility that the umbrella and penknife structures exist in a

transfer rates across the proteiipid interfaces and across the
protein—water interface. The transfer from a mobile molecule
to a rigid species is very slow, since the mobility of the
magnetization source attenuates thie-1H dipolar couplings
that drive spin diffusion. The mobilities of water, lipid head-
group, and acyl chain termini can be estimated frékh
quadrupolar splittings, which are about-3 kHz for these
deuterond>47 These similar quadrupolar splittings indicate that
the transfer rates across the watprotein, headgroupprotein,
and chain en¢protein interfaces are comparable. Thus, dif-
ferences in the spin-diffusion rates from thésesources must
primarily result from different numbers of protein residues at

the membranewater interface versus those in the bilayer center.

(37) Opella, S. J.; Marassi, F. M.; Gesell, J. J.; Valente, A. P.; Kim, Y.; Oblatt-
Montal, M.; Montal, M.Nat. Struct. Biol.1999 6, 374-379.

(38) Cross, T. A.; Opella, S. Lurr. Opin. Struct. Biol.1994 4, 574-581.

(39) Glaubitz, C.; Burnett, I. J.; Gbmer, G.; Mason, A. J.; Watts, Al. Am.
Chem. Soc1999 121, 5787-5794.

(40) Prosser, R. S.; Davis, J. H.; Dahlquist, F. W.; Lindorfer, MBRachemistry
1991, 30, 4687-4696.

(41) Lambotte, S.; Jasperse, P.; BechingerB®chemistryl998 37, 16—22.

(42) Kim, Y.; Valentine, K.; Opella, S. J.; Schendel, S. L.; Cramer, WP#tein
Sci. 1998 7, 342-348.

(43) Marassi, F. M.; Opella, S. J. Magn. Reson200Q 144, 150-155.

(44) Takahashi, H.; Nakanishi, T.; Kami, K.; Arata, Y.; ShimadaJat. Struct.
Biol. 200Q 7, 220-223.

(45) Volke, F.; Eisenbldger, S.; Klose, GBiophys. J.1994 67, 1882-1887.

(46) Ulrich, A. S.; Watts, ABiophys. J.1994 66, 1441-1449.

(47) Seelig, A.; Seelig, Biochemistryl974 13, 4839.

dynamic equilibrium, as suggested by conductivity measure-
ments?®

The spin-diffusion simulations for colicin approximated the
protein as a one-dimensional rod, based on the extended
structure of the protein on the surface of the bilayer. This
approximation does not restrict the current technique to this
folding motif. For proteins with multiple transmembrane (TM)
helices such as bacteriorhodopsin, the molecular shape is roughly
a large-diameter cylinder containing all helices. Spin diffusion
from the lipid methyl protons to the protein is then a function
of the distance of the protein protons from the center of the
bilayer. The build-up curves reflect the depth of residues from
the center of the bilayer and are independent of the actual
polypeptide chain folding into and out of the membrane and
interhelical contacts. Spin diffusion in such predominantly TM
proteins should be extremely fast.

Spin Diffusion in DOTAP/DNA Complexes. The DNA
experiments demonstrate the spin-diffusion behavior in the
absence of rigid TM segments. The DNA strands are sandwiched
between opposing bilayef$3°>Negatively charged DNA only
binds to the positively charged DOTAP surfaces without

(48) Palmer, L. R.; Merrill, A. RJ. Biol. Chem1994 269, 4187-4193.
(49) Kienker, P. K.; Qiu, X.; Slatin, S. L.; Finkelstein, A.; Jakes, KJSMembr.
Biol. 1997, 157, 27—-37.
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penetrating the bilayer, thus providing an ideal model system molecules to be sufficiently close to DNA to facilitate magne-

for a surface-bound macromolecule. Spin diffusion from the
lipid chain termini to DNA is largely a magnetization transfer
process through the lipid bilayer.

Spin diffusion in pure lipids is extremely inefficient. Contrary
to the rigid membrane protein, MAS averages the dipolar
couplings in the lipid phase and yields highly resolNedspectra
even at relatively mild spinning speetsThis is due to the
rapid axially symmetric reorientation of the phospholipids about
the bilayer normal, which converts the homogenettis'H
dipolar interaction into an inhomogeneous broadefirnihere-
fore, magnetization transfer in lipids is a cross-relaxation

tization transfer. There are three possibilities for this observation.
First, the DNA/DOTAP mixture is less hydrated than the
colicin—lipid mixture. The distance between opposing bilayers,
determined by the DNA diameter, is 20 A, and the repeat
spacing between neighboring DNA strands is only 28 Ahus,

the DNA/DOTAP system only contains about 15 wt % water
as compared to the 30 wt % for the membrane-bound colicin.
Similar dehydration was also reported in other polyelectrolyte/
membrane systen?$:>> Second, DNA is more mobile than
colicin. The typical order parameters of the backbone of
membrane-bound colicin are around &9yhile the order

phenomenon and is much less efficient than spin diffusion by parameter of the DNA phosphate is 0.82 based on the static

nonaveraged dipolar couplings in rigid molecuiés.

31P line shape. ThereforéH—1H dipolar couplings near the

The cross-relaxation process in the lipid matrix has been DNA phosphates are reduced, reducing spin-diffusion rates.

analyzed in detail by Gawrisch and co-work&%?It was found

Finally, the averagéH density in DNA is about 20 times lower

that magnetization transfer is largely an intermolecular processthan that in helical proteins. The longét—*H distances further

between neighboring molecules. Only directly neighboring

reduce théH—1H dipolar couplings responsible for magnetiza-

methylene groups exchange magnetization partially by intramo- tion transfer.

lecular cross-relaxation. Even the cross-peak between lipid chain

81p-Detected Spin Diffusion via Transmembrane Protein

ends and headgroups is purely intermolecular and results fromSegments.Qualitative information about membrane protein

chain upturns that put these segments into direct cobtact.

topology can be obtained indirectly by detecting the lipfil

Intramolecular magnetization transfer within the lipid chains is signal. The rigid TM segments expedite the usually slow

an even slower process that does not contribute to cross-peaknagnetization transfer from the chain termini to the headgroups.
intensities for mixing times on the order of a few hundred The magnetization pathway starts from the acyl chain ends,
milliseconds. These results reflect the high mobility and continues via the transmembrane protein, and finally reaches
structural heterogeneity of lipid molecules in bilayer membranes, the lipid phosphate groups. In this way, methyl-to-phosphate

which have also been observed in molecular dynamics simula-spin diffusion is much faster with a TM domain than without.

tions>3
The experimental methyl-to-DNA spin-diffusion curve does

The3!P-detected spin-diffusion curve is slightly shallower than
the Ala Gu-detected curve. This is because two rate-limiting

not reach a plateau even after 2.2 s, with a much smaller slopeinterface transfer steps, from the methyl to the protein, and from

than that of colicin (Figure 8). This clearly shows that
magnetization transfer through a lipid matrix without a rigid
TM domain is inefficient. Importantly, this slow spin diffusion

the protein to the lipid, are now present, one more than in the
13C-detected experiment.
The3P-detected experiment requires no isotopic labeling of

is true even after taking into account the intermolecular contacts the protein and no high-powéH decoupling. Thus, it can be

due to chain upturns. TH&l NOESY relaxation matrix analysis
for the DOTAP/DNA sample (Figure 8) further confirms the

performed on a solution NMR spectrometer with a high-
resolution MAS probe. Further!P is a higher-sensitivity

slow magnetization transfer in the lipid phase. Thus, one can nucleus thart3C, making it possible to collect a complete set

readily distinguish between proteins that have or lack a
membrane-embedded domain.

In simulating the methyl-to-DNA build-up curve, a single
lipid diffusion coefficient of 0.0012 nAfms was used for the
bilayer. This approximation neglects the fact that thie-1H

of spin-diffusion data in a relatively short time.

The present lipid-initiatedH spin-diffusion experiment is best
suited for large membrane proteins where global topology
information is desired. It is less applicable to small peptides,
since their typical mobility reduces tRel diffusion coefficient

dipolar couplings increase from the bilayer center toward the to be comparable to that of the lipid. This would make the spin-

glycerol backbone. However, this unknown lipid diffusion diffusion build-up much less different between a transmembrane

coefficient does not change the conclusion about the geometryPeptide and a surface-bound peptide.

of the DNA/DOTAP complex, since the latter is already known  ~,jusions

from diffraction studies. While the use of a single phenomeno-

logical diffusion coefficient does not fully represent the  We have shown that a simple 24 spin-diffusion experi-

complexity of the lipid bilayer, the purpose of the experiment ment initiating the magnetization transfer from the methyl

is to demonstrate the drastic difference in spin diffusion due to Protons at the lipid chain termini provides useful topological

the presence or absence of transmembrane segments in madhformation about membrane proteins. The slope of the spin-

romolecules. This difference is indeed observed empirically. diffusion build-up curves determines unambiguously the pres-
It is interesting to note that spin diffusion from water into €nce or absence of membrane-embedded domains in the protein,

DNA is somewhat slower as compared to spin diffusion from which is difficult to obtain otherwise for a complex protein

water to colicin (not shown). One would expect the water containing multiple domains. Proteins with transmembrane
domains have much faster magnetization transfer than surface-

(50) Davis, J. H.; Auger, M.; Hodges, R. Biophys. J1995 69, 1917-1932.

(51) Edzes, H. T.; Samulski, E. T. Magn. Reson1978 31, 207—229.

(52) Huster, D.; Gawrisch, KI. Am. Chem. S0d.999 121, 1992-1993.

(53) Feller, S. E.; Huster, D.; Gawrisch, K.Am. Chem. So999 121, 8903~
8904.

(54) Steffan, G.; Wulff, S.; Galla, H. Them. Phys. Lipid4994 74, 141—
150

(55) Hu§ter, D.; Dietrich, U.; Gutbherlet, T.; Gawrisch, K.; Arnold,l&ngmuir
2000 16, 9225-9232.
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bound molecules such as DNA. The maximum depth of insertion diffusion experiment is simple, can be performed on multila-

of the membrane-embedded domains can be estimated frommellar membrane preparations, and requires only standard NMR

numerical simulations of the build-up curves. Also, comparisons hardware under MAS.

between the spin diffusion from water and from the lipid chains
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