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A simple but efficient *C MAS NMR method is presented for
the determination of the location of embedded molecules such as
peptides relative to biological membrane surfaces by exploiting the
interaction with paramagnetic lanthanide ions. Using various
aqueous Dy** concentrations a distance-dependent differential
paramagnetic quenching of NMR lipid resonance intensities for
specific carbon sites was observed, with residues at the bilayer
surface quenched effectively and hydrophobic sites unaffected by
Dy**. Tested on the membrane-embedded 50 residue long M13
coat protein, ®C labeled at its Val-29 and Val-31 residues, no
paramagnetic quenching was observed for the peptide resonances
by Dy**, suggesting that Val-29 and Val-31 are not in close
proximity to the bilayer interface, but buried deeply inside the
hydrophobic region of the lipid bilayer. © 1999 Academic Press
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at atomic resolution at all positions of the lipid and stero
molecules providing a comprehensive picture across the whc
bilayer @-7).

To probe the location of membrane compounds relative t
the membrane surface, a method is presented based or
site-resolved observation of the nuclear spin-relaxation-el
hancement effect through paramagnetic probe8)( by using
a combination of Dy ions bound to dimyristoylphosphatidyl-
choline (DMPC) bilayers and high-resolutionC CP MAS
NMR. The binding of this trivalent ion to the bilayer surface
permits observation of quenching of resonances arising fro
the different sites of embedded molecules which are in clos
proximity to the polar interface or outside the membrane. Th

decay of intensities with titration of DY ions for the various
carbon sites across the membrane was observed to be col
lated to its distance to the bound cation. Finally, the applice

To understand how integral components of membranes sty of this method to localize a membrane-bound peptide i
as proteins, peptides, lipids, and sterols express their divefi§gnonstrated with the 50 residue long M13 coat protein whic
biological functions, it is essential to determine their structuméas specifically*C=0 labeled at Val-29 andC, labeled at
and precise location in the membrane. Of particular interestV@l-31. Itis shown that these residues, as suggested from ot
the polar interfacial region of membranes where many intestudies, are deeply buried inside the membrane bilayer ai
actions between membraneous components and the extracéhigrefore not effected by the binding of lanthanides to th
lar or cytoplasmic environment occur. Solid state MAS NMRnembrane surface.
spectroscopy(, 2) now allows one to obtain high-resolution The NMR spectrum in Fig. 1a shows aiC resonances for
like spectra for membrane systems which are not accessiblddPC bilayers with chemical shift values covering nearly 20(
conventional solution NMR methodology due to their slowpm. The resonance lines reflect the isotropic chemical shi
tumbling rates. While*®P MAS NMR provides only local values of the various carbons in the lipid molecule since n
information for the phospholipid headgroup region close to thepinning sidebands were observed. Characteristic for this |
phosphorous nucleus3), **C CP MAS NMR can provide lipid phase are very narrow linewidths due to the variou:
information simultaneously for the various sites across tieotional processes which contribute to the low spin—spin re
whole molecule 1, 4). For pure lipid bilayers, spectral resolu-laxation ratesq, 9). The spectrum can be divided roughly into
tion is sufficient for a complete assignment of all carbon atonfisur main spectral groups, aliphatic fatty acid chains, pola
in a lipid molecule 4). Thus, the influence of membraneheadgroup, glycerol backbone, and carbonyl groups. Based
effectors, such as cholesterol, has been studied simultaneomb«/ious studies4( 7), a complete, unambiguous assignmen
of all the resonances was possible, including even the indivi
ual resonances for then-2 andsn1 carbonyl groups (173.3

thanides; MAS NMR.
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£ e e s po S two groups; those with long electron relaxation times caus
extensive line broadening, while others with short electroi
cacit relaxation times do not alter th&, relaxation time of the

e WWMWMM perturbed nucleus, but change their chemical shielding and

move their chemical shift upfield or downfield. In practice,

d WW\MM\NW paramagnetic ions act both as shift and as relaxation reage

and which of these effects dominate depends on the speci

¢ conditions (2). The dipolar contribution of the electron spin,
L S, to the nuclear spin—spin relaxation rates of a nucleus
Ca Cy

o) CpC3cl assuming an isotropig-tensor and isotropic rotational tum-

o
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wherevy, is the magnetogyric ratiqys the magnetic moment,
l 'H J i rsis the vector between the paramagnetic ion and the observ
W * nucleus, andvs andw, are the electronic and nuclear Larmor
l . , ‘ . . : ‘ | frequencies (withws > w,). The correlation timer. is given
200.0 150.0 100.0 50.0 0.0 by

chemical shift [ppm] 1_ 1. 1.1 2l
T T T ™'
FIG. 1. (a) Proton (400.13 MHz) decoupléiC CP MAS NMR spectrum ¢ R le M
of multilamellar DMPC membranes at 308 K, 5000 Hz spinning speed and 2.5

ms CP mixing time using RAMP CP. Inset: extended spectra of the headgraMpiere 7 is the overall rotational correlation time of the ob-
and glycerol“C resonance region without and with various concentrations gierved complexT . is the electronic spin relaxation time, and
DyCl, solution: (b) 0 mM, (c) 1 mM, (d) 2mM, (e) 5 mM, (f) 10 mM, (9) 25 1. 'js the lifetime of the complex. For lanthanide ions, which

mM. Atom labeling nomenclature according té, ). Sample preparation: . . . .
L-a-DMPC (Sigma. UK) dispersions prepared by adding either 60% wiw Qave relatively short electron spin relaxation times of 0.1-0.

double distilled water to 20 mg of dried lipid or appropriate aliquots of 25 mNPS relaxation terms need to be added to the expressions ab

DyCl; stock solution (Aldrich, UK). Complete homogenization for all sample€l3)i

was achieved by three cycles of freezing with liquid &hd thawing at 37°C.

Membrane dispersions were pelleted into 4 mm MAS NMR rotors (Bruker, 202 4

Karlsruhe, Germany), sealed, and immediately measured. 1 1 viBous ( o + R )
R

Ts 5 (3KT)rG 1+ wird)

(3]

and 173.1 ppm) and both chain-C3 carbons (25.3 pprariet
position, 25.1 ppm fosn-1 position). The resonances arisindt can be seen that tiig, contribution to the linewidth increases
from the headgroups and backbone which both occur in théth the field strengtB; and withws. The magnetic moment
region of the spectrum (50—-70 ppm) are assigned as indicatédy®" is large with a value of 10.X B (8, Bohr magneton)
in Fig. 1b. Addition of Dy" lanthanide ions (1-25 mM) to (14, 15 which means it contributes significantly to the nuclea
DMPC bilayers leads gradually to a loss of spectral intensitglaxation, in particular ta ,.
for various headgroup and backbori€ NMR resonances and As seen in Fig. 1c, already at a concentration as low as
finally results in a complete disappearence of these resonantds, the intensities and linewidths of all resonances betwee
at a concentration of 25 mM By (Figs. 1b-1g). 50 and 70 ppm are affected, with the glycerol-C3 and th
In general, the interaction of paramagnetic ions with nearlayroline G, resonance lines affected most. At 2 mM Dythe
nuclei can take place in two ways, by Fermi contact interactio@3 and G resonance lines are almost completely quenche
that is, by direct transmission of electron spin density througimd the other resonances show a further more significant 1
the bonds, and by electron—nucleus interactioh8).(The duction in their intensities, but with concomittant sma#iQ.2
Fermi contact is only of importance for nuclei which ar@pm) chemical shift changes as expected due to the very sm
directly adjacent to the paramagnetic center. Lanthanides asalar contributions. Paramagnetic relaxation effects, g,
sociated with the anionic phosphate group of lipid moleculesntributions tor,, are therefore larger than the chemical shif
create a large contact contribution to the phosphorous sigraintribution under our experimental conditions, as pointed o
while in contrast protons andC nuclei experience mainly and observed for small sonicated vesicl&§) @nd recently on
dipolar interactionsX1). Paramagnetic ions can be divided intdicelles (L5). Since all the headgroup and backbone resonanc
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segments will be near the interfac2)( 21 and could experi-
ence a paramagnetic effect. Since the probability for this eve
is still very low (<10% 1)) the related NMR resonances are
still much less effected than carbons at the interface. Howeve
this effect is observable, especially at higher concentratior
(>5 mM) resulting in only a semi-quantitative plot.
Analyzing the different decay curves in Fig. 2 permits the
binding site for the DY to be described. These effects are
most pronounced for the carbon atoms C3 andwhich are
the direct neighbors of the BOgroup, indicating that DY
binds to this charged group, a conclusion which has been ma
previously (6, 29. The decay in intensities for the,@nd C2
carbons are less pronounced, an indication of a more remc
distance (with a,s° dependence) to the lanthanide binding site
To correlate the observed intensity decays with structural ir
formation regarding distances between the lanthanide bindi
site and a specific carbon site, it is necessary to encount for t
fluid-phase nature of the lipid bilayed, 20, 2}, also ex-
plained above. Therefore the probability of finding a structure

) lipid group at a particular transbilayer location in time-averag

is used to correlate the relevant distances of the glycer

10.0 20.0

Dy3+ concentration [mM]

backbone, chain C2 and C3 carbon sites to the intensity |
paramagnetic quenching as shown in Fig. 3 at the presence
5 mM Dy*". A good correlation between relative distance tc
the membrane surface and the decay of relevant intensities

FIG. 2. Effect of Dy** added at various concentrations to the relativ@bserved, a correlation which permits the time-averaged di

intensities of the headgroup and backbdi@ NMR resonances of DMPC tances of different carbons to the membrane surface for oth
bilayers at 308 K (spectra shown in Fig. 1). Intensities expressed as fractior}ﬁ

the unaffected lipid fatty acid chain Gigroups and scaled up to 100% for the
ion-free system for each resonance. Open circle: Sum of headgroup ‘leq
backbone intensities. Inset diagram: relative decay of intensities for the Using the 50 residue long M13 coat protein incorporate:
chain-C3 resonances.

Embrane compounds such as peptides or anesthetics, wh
gation in the membranes are yet unknown, to be deduced

into DMPC bilayers at a molar lipid to protein ratio of 30:1, the
positions of two specifically’C labeled protein residues in the
membrane were located using Dyquenching methods. The

are significantly affected upon addition of only moderate levels
(<2 mM) of metal ions, the lifetime of a lanthanide—lipid
complex must be very short on the NMR timescale, as ob-
served previously1(7).

The degree of intensity loss for the various carbon atoms
near the membrane surface as a function of thé& @pncen-
tration, as monitored by the normalized integral intensity for
each carbon signal as a fraction of the total fatty acid chain
(C,—C,;) segment resonance intensity, was plotted against the
Dy*" concentration (Fig. 2), with the inset displaying the decay
for the chain-C3 signals. The most dramatic loss of up to 60%
in spectral intensity upon addition of 1 mM Byoccurs for the
glycerol-C3 and the choline Catoms, while glycerol-C2 and
C; positions are only effected to about 15%. The obtained
curves are, however, only semi-quantative due to the high
dynamic disorder of the lipid molecules in the liquid crystalline
state of the membranel§—-20Q. In this phase, the aliphatic
chain segments (£C,,) used for normalization are far enough
away in their time-average motional excursions from surfag

1
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FIG. 3. Distance dependent effect of 5 mM Byon resonance intensities

' . - . Fvarious carbon atoms of the lipid backbone and upper chain part of DMP
localized ions. However, due to the high conformational fleXg 308 k. Plotted are the normalized intensity decays (maximal 100%) agair

ibility there is a finite time probability that various chainthe average distance of various carbon sites (see text for details).
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C1 €2 CBC3Cl CaC shows the expanded spectral regions wheré¥eesonances

o of both Val residues in the protein appear as two resonance

The narrow sharp resonance line at 171.8 ppm can be assigr

to the lipid carbonyl groups. The second, very broad resonan

at 170 ppm indicates the carbonyl group of the Val-29 residut

The expanded spectrum showing the 35-85 ppm chemic

shift region in Fig. 4b reveals all the expected resonances f

wa the lipid backbone and headgroup carbons. Additionally a ne

s d broad resonance, similar to the one at 170 ppm, appears at
[1-13CIValzy [2-13C]Val3) ppm and is assigned to tH&C, carbon in the Val-31 residue.

Since both residues show the same inhomogeneous line bro:

M’\WM c W/\"Mw ening and CP profile behavior, it can be assumed that for tt

transmembrane helical part of the peptide, a certain distributic

of conformational states exists with a highly restricted dynarr

ics, an observation in agreement with other recent studit
35.0

(23, 24.

Upon addition of 10 mM Dy solution to the M13/DMPC
vesicles all ®C signals arising from the lipid carbons are
undetectable in the expanded spectral regions (Fig. 4c) as s¢
previously for peptide-free bilayers (Fig. 1f). However, both
protein resonances are still fully visible and apparently una

‘ a fected by the presence of trivalent ions. To determine now ar

ion induced effect on these resonance lines, a quantitati

206_0 15‘0.0 106.0 50’_0 0.0 analysis was carried out. Additionally the spectrum for the
lanthanide-treated system was substracted from the spectr

chemical shift [ppm] of the lanthanide-free system. The results (Fig. 4d) show on

lipid resonances and clearly demonstrate that neither a char

FIG. 4. Proton (200.13 MHz) decoupletC CP MAS spectra of multi- "4, [nawidths nor a drop in absolute intensity for thes
lamellar DMPC membranes containing M13 coat protein at a molar lipid fg p Y

protein ratio of 30:1 before and upon adding of 10 mM Dy&lution at 308 protein résonances occur upon addition of 10 mM Dsolu- _
K: (a) full spectrum of lanthanide-free M13/DMPC complex. (b) Extendetion. This finding indicates that both Val-29 and Val-31 resi-
regions of (a) from carbonyl peaks (left) and headgroup, glycerol lipid pealfties are necessarily located inside the hydrophobic part of t
and G, protein peaks (right). (c) Same extended regions as in (b) but a

I ! ' . fehid bilayer remote from the DY —lipid binding site, a con-
addition of 10 mM Dy". (d) Spectra obtained for the same regions after usion which confirms earlier studies showing both residues
subtraction of spectra of treated complexes (c) from lanthanide-free (8)'. g ‘

Experimental conditions: 308 K, 1900 Hz spinning speed, 2.5 ms CP mixirﬁljirt of the membrane spanning region F)f the prot%_%-
time, and 100,000 scans each. Sample preparation: M13 coat pré@in  This transmembrane sequence hasdrelical structure in the
labeled at Val-29,"C, labeled at Val-31, Asp-5 replaced by Asn) wasreconstituted DMPC/M13 bilayer, in agreement with earlie
synthesized using standard solid-phase FMOC chemistry (NSR Centre, %‘fUdies 26) and mimics thdn vivo state in the plasma mem-

jmegen, Netherlands). The purity of the protein was checked by HPLC and MS . . I
and found to be over 90%. Incorporation of M13 coat protein into DMP fane @5). Since the chain-C3 resonances of the DMPC lipid

bilayers at 30:1 lipid to protein ratio was carried out, adapted from a meth&§€ Still affected by the binding of DY, it is assumed that

described earlier2g). Incorporation of the protein in an-helical form was Val-29 and Val-31 are situated below this position in the

checked by CD-measurements (Jasco, USA). Finally the sample was respembrane. In general our method presents a simple direct w

pended either in water or appropriate Dysolution at the same pH and {4 gptain information about the location of labeled proteins ir

pelleted into 7mm MAS NMR rotors. membranes by MAS NMR without the inherent disadvantag

of other techniques which mainly use modified systems incluc

protein was®C=0 labeled at Val-29 and®C, labeled at ing bulky reporter molecule{7, 2§ except neutron scattering

Val-31 in its transmembrane regiofC CP MAS NMR ex- studies on oriented system9].

periments were performed on multilamellar DMPC/M13 ves-

icles before and upon addition of 10 mM aqueous Dsolu-

tion at 308 K and 1.9 kHz spinning speed. Figure 4a shows the ACKNOWLEDGMENTS

C NMR spectrum for the peptide—lipid bilayers using the
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