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A simple but efficient 13C MAS NMR method is presented for
he determination of the location of embedded molecules such as
eptides relative to biological membrane surfaces by exploiting the

nteraction with paramagnetic lanthanide ions. Using various
queous Dy31 concentrations a distance-dependent differential
aramagnetic quenching of NMR lipid resonance intensities for
pecific carbon sites was observed, with residues at the bilayer
urface quenched effectively and hydrophobic sites unaffected by
y31. Tested on the membrane-embedded 50 residue long M13

oat protein, 13C labeled at its Val-29 and Val-31 residues, no
aramagnetic quenching was observed for the peptide resonances
y Dy31, suggesting that Val-29 and Val-31 are not in close
roximity to the bilayer interface, but buried deeply inside the
ydrophobic region of the lipid bilayer. © 1999 Academic Press

Key Words: membranes; peptides; paramagnetic ions; lan-
hanides; MAS NMR.

To understand how integral components of membranes
s proteins, peptides, lipids, and sterols express their di
iological functions, it is essential to determine their struc
nd precise location in the membrane. Of particular intere

he polar interfacial region of membranes where many in
ctions between membraneous components and the extra

ar or cytoplasmic environment occur. Solid state MAS N
pectroscopy (1, 2) now allows one to obtain high-resoluti

ike spectra for membrane systems which are not accessi
onventional solution NMR methodology due to their s
umbling rates. While31P MAS NMR provides only loca
nformation for the phospholipid headgroup region close to
hosphorous nucleus (3), 13C CP MAS NMR can provid

nformation simultaneously for the various sites across
hole molecule (1, 4). For pure lipid bilayers, spectral reso

ion is sufficient for a complete assignment of all carbon at
n a lipid molecule (4). Thus, the influence of membra
ffectors, such as cholesterol, has been studied simultane

1 To whom correspondence should be addressed.
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t atomic resolution at all positions of the lipid and ste
olecules providing a comprehensive picture across the w
ilayer (4–7).
To probe the location of membrane compounds relativ

he membrane surface, a method is presented based
ite-resolved observation of the nuclear spin-relaxation
ancement effect through paramagnetic probes (5, 8), by using
combination of Dy31 ions bound to dimyristoylphosphatidy

holine (DMPC) bilayers and high-resolution13C CP MAS
MR. The binding of this trivalent ion to the bilayer surfa
ermits observation of quenching of resonances arising

he different sites of embedded molecules which are in c
roximity to the polar interface or outside the membrane.
ecay of intensities with titration of Dy31 ions for the variou
arbon sites across the membrane was observed to be
ated to its distance to the bound cation. Finally, the app
ility of this method to localize a membrane-bound peptid
emonstrated with the 50 residue long M13 coat protein w
as specifically13C5O labeled at Val-29 and13Ca labeled a
al-31. It is shown that these residues, as suggested from
tudies, are deeply buried inside the membrane bilayer
herefore not effected by the binding of lanthanides to
embrane surface.
The NMR spectrum in Fig. 1a shows all13C resonances fo
MPC bilayers with chemical shift values covering nearly
pm. The resonance lines reflect the isotropic chemical
alues of the various carbons in the lipid molecule since
pinning sidebands were observed. Characteristic for tha
ipid phase are very narrow linewidths due to the var

otional processes which contribute to the low spin–spin
axation rates (6, 9). The spectrum can be divided roughly in
our main spectral groups, aliphatic fatty acid chains, p
eadgroup, glycerol backbone, and carbonyl groups. Bas
revious studies (4, 7), a complete, unambiguous assignm
f all the resonances was possible, including even the ind

al resonances for thesn-2 andsn-1 carbonyl groups (173.3
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336 COMMUNICATIONS
nd 173.1 ppm) and both chain-C3 carbons (25.3 ppm forsn-2
osition, 25.1 ppm forsn-1 position). The resonances aris

rom the headgroups and backbone which both occur in
egion of the spectrum (50–70 ppm) are assigned as indi
n Fig. 1b. Addition of Dy31 lanthanide ions (1–25 mM)
MPC bilayers leads gradually to a loss of spectral inten

or various headgroup and backbone13C NMR resonances an
nally results in a complete disappearence of these reson
t a concentration of 25 mM Dy31 (Figs. 1b–1g).
In general, the interaction of paramagnetic ions with ne

uclei can take place in two ways, by Fermi contact interac
hat is, by direct transmission of electron spin density thro
he bonds, and by electron–nucleus interactions (10). The
ermi contact is only of importance for nuclei which
irectly adjacent to the paramagnetic center. Lanthanide
ociated with the anionic phosphate group of lipid molec
reate a large contact contribution to the phosphorous s
hile in contrast protons and13C nuclei experience main

FIG. 1. (a) Proton (400.13 MHz) decoupled13C CP MAS NMR spectrum
f multilamellar DMPC membranes at 308 K, 5000 Hz spinning speed an
s CP mixing time using RAMP CP. Inset: extended spectra of the head
nd glycerol13C resonance region without and with various concentration
yCl3 solution: (b) 0 mM, (c) 1 mM, (d) 2 mM, (e) 5 mM, (f) 10 mM, (g) 2
M. Atom labeling nomenclature according to (4, 6). Sample preparatio

-a-DMPC (Sigma, UK) dispersions prepared by adding either 60% w/
ouble distilled water to 20 mg of dried lipid or appropriate aliquots of 25
yCl3 stock solution (Aldrich, UK). Complete homogenization for all sam
as achieved by three cycles of freezing with liquid N2 and thawing at 37°C
embrane dispersions were pelleted into 4 mm MAS NMR rotors (Bru
arlsruhe, Germany), sealed, and immediately measured.
ipolar interactions (11). Paramagnetic ions can be divided into
e
ed

y

ces

y
n,
h

s-
s
al,

wo groups; those with long electron relaxation times ca
xtensive line broadening, while others with short elec
elaxation times do not alter theT2 relaxation time of th
erturbed nucleus, but change their chemical shielding a
ove their chemical shift upfield or downfield. In practi
aramagnetic ions act both as shift and as relaxation rea
nd which of these effects dominate depends on the sp
onditions (12). The dipolar contribution of the electron sp
, to the nuclear spin–spin relaxation rates of a nucleI
ssuming an isotropicg-tensor and isotropic rotational tum
ling is expressed as (12)

1

T2M
5

1

15

g I
2m S

2

r IS
6 S4tC 1

3tC

1 1 v I
2t C

2 1
13tC

1 1 v S
2t C

2D [1]

hereg I is the magnetogyric ratio,mS the magnetic momen
IS is the vector between the paramagnetic ion and the obs
ucleus, andvS andv I are the electronic and nuclear Larm

requencies (withvS @ v I). The correlation timetC is given
y

1

tC
5

1

tR
1

1

T1e
1

1

tM
, [2]

heretR is the overall rotational correlation time of the o
erved complex,T1e is the electronic spin relaxation time, a
M is the lifetime of the complex. For lanthanide ions, wh
ave relatively short electron spin relaxation times of 0.1–
s, relaxation terms need to be added to the expressions
13):

1

T2M
k 5

1

5

g I
2B0

2m S
4

~3kT! 2r IS
6 S4tR 1

tR

1 1 v I
2t R

2D . [3]

t can be seen that theT2 contribution to the linewidth increas
ith the field strengthB0

2 and withmS
4. The magnetic mome

f Dy31 is large with a value of 10.53 b (b, Bohr magneton
14, 15) which means it contributes significantly to the nuc
elaxation, in particular toT2.

As seen in Fig. 1c, already at a concentration as low
M, the intensities and linewidths of all resonances betw
0 and 70 ppm are affected, with the glycerol-C3 and
holine Ca resonance lines affected most. At 2 mM Dy31, the
3 and Ca resonance lines are almost completely quenc
nd the other resonances show a further more significa
uction in their intensities, but with concomittant small (#0.2
pm) chemical shift changes as expected due to the very
calar contributions. Paramagnetic relaxation effects, i.e.T2M

ontributions toT2, are therefore larger than the chemical s
ontribution under our experimental conditions, as pointed
nd observed for small sonicated vesicles (16) and recently o
icelles (15). Since all the headgroup and backbone resona
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re significantly affected upon addition of only moderate le
,2 mM) of metal ions, the lifetime of a lanthanide–lip
omplex must be very short on the NMR timescale, as
erved previously (17).
The degree of intensity loss for the various carbon at

ear the membrane surface as a function of the Dy31 concen
ration, as monitored by the normalized integral intensity
ach carbon signal as a fraction of the total fatty acid c
C4–C11) segment resonance intensity, was plotted agains
y31 concentration (Fig. 2), with the inset displaying the de

or the chain-C3 signals. The most dramatic loss of up to
n spectral intensity upon addition of 1 mM Dy31 occurs for the
lycerol-C3 and the choline Ca atoms, while glycerol-C2 an
b positions are only effected to about 15%. The obta
urves are, however, only semi-quantative due to the
ynamic disorder of the lipid molecules in the liquid crystal
tate of the membrane (18–20). In this phase, the aliphat
hain segments (C4–C11) used for normalization are far enou
way in their time-average motional excursions from sur

ocalized ions. However, due to the high conformational fl
bility there is a finite time probability that various cha

FIG. 2. Effect of Dy31 added at various concentrations to the rela
ntensities of the headgroup and backbone13C NMR resonances of DMP
ilayers at 308 K (spectra shown in Fig. 1). Intensities expressed as frac

he unaffected lipid fatty acid chain CH2 groups and scaled up to 100% for
on-free system for each resonance. Open circle: Sum of headgrou
ackbone intensities. Inset diagram: relative decay of intensities fo
hain-C3 resonances.
ls

-

s

r
in
he
y
%

d
h

e
-

egments will be near the interface (20, 21) and could exper
nce a paramagnetic effect. Since the probability for this e

s still very low (,10% (21)) the related NMR resonances
till much less effected than carbons at the interface. How
his effect is observable, especially at higher concentra
.5 mM) resulting in only a semi-quantitative plot.

Analyzing the different decay curves in Fig. 2 permits
inding site for the Dy31 to be described. These effects
ost pronounced for the carbon atoms C3 and Ca, which are

he direct neighbors of the PO4
2 group, indicating that Dy31

inds to this charged group, a conclusion which has been
reviously (16, 22). The decay in intensities for the Cb and C2
arbons are less pronounced, an indication of a more re
istance (with ar IS

26 dependence) to the lanthanide binding s
o correlate the observed intensity decays with structura

ormation regarding distances between the lanthanide bin
ite and a specific carbon site, it is necessary to encount f
uid-phase nature of the lipid bilayer (18, 20, 21), also ex-
lained above. Therefore the probability of finding a struct

ipid group at a particular transbilayer location in time-aver
s used to correlate the relevant distances of the gly
ackbone, chain C2 and C3 carbon sites to the intensi
aramagnetic quenching as shown in Fig. 3 at the presen
mM Dy31. A good correlation between relative distance

he membrane surface and the decay of relevant intensit
bserved, a correlation which permits the time-averaged

ances of different carbons to the membrane surface for
embrane compounds such as peptides or anesthetics,

ocation in the membranes are yet unknown, to be deduc
Using the 50 residue long M13 coat protein incorpora

nto DMPC bilayers at a molar lipid to protein ratio of 30:1,
ositions of two specifically13C labeled protein residues in t
embrane were located using Dy31 quenching methods. Th

FIG. 3. Distance dependent effect of 5 mM Dy31 on resonance intensiti
f various carbon atoms of the lipid backbone and upper chain part of D
t 308 K. Plotted are the normalized intensity decays (maximal 100%) a

he average distance of various carbon sites (see text for details).
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rotein was 13C5O labeled at Val-29 and13Ca labeled a
al-31 in its transmembrane region.13C CP MAS NMR ex-
eriments were performed on multilamellar DMPC/M13 v

cles before and upon addition of 10 mM aqueous Dy31 solu-
ion at 308 K and 1.9 kHz spinning speed. Figure 4a show

13C NMR spectrum for the peptide–lipid bilayers using
ame chemical shift range as in Fig. 1a. As expected
pectrum is very similar to the one for peptide-free DM
ilayers except for two additional broad resonances at 170
6 ppm arising from the labeled protein residues. Figur

FIG. 4. Proton (200.13 MHz) decoupled13C CP MAS spectra of mult
amellar DMPC membranes containing M13 coat protein at a molar lip
rotein ratio of 30:1 before and upon adding of 10 mM DyCl3 solution at 308
: (a) full spectrum of lanthanide-free M13/DMPC complex. (b) Exten

egions of (a) from carbonyl peaks (left) and headgroup, glycerol lipid p
nd Ca protein peaks (right). (c) Same extended regions as in (b) but
ddition of 10 mM Dy31. (d) Spectra obtained for the same regions a
ubtraction of spectra of treated complexes (c) from lanthanide-free
xperimental conditions: 308 K, 1900 Hz spinning speed, 2.5 ms CP m

ime, and 100,000 scans each. Sample preparation: M13 coat protein (13C5O
abeled at Val-29,13Ca labeled at Val-31, Asp-5 replaced by Asn) w
ynthesized using standard solid-phase FMOC chemistry (NSR Centr
megen, Netherlands). The purity of the protein was checked by HPLC an
nd found to be over 90%. Incorporation of M13 coat protein into DM
ilayers at 30:1 lipid to protein ratio was carried out, adapted from a me
escribed earlier (26). Incorporation of the protein in ana-helical form was
hecked by CD-measurements (Jasco, USA). Finally the sample was
ended either in water or appropriate Dy31 solution at the same pH a
elleted into 7 mm MAS NMR rotors.
M

-

e

he

nd
b

hows the expanded spectral regions where the13C resonance
f both Val residues in the protein appear as two resona
he narrow sharp resonance line at 171.8 ppm can be ass

o the lipid carbonyl groups. The second, very broad reson
t 170 ppm indicates the carbonyl group of the Val-29 resi
he expanded spectrum showing the 35–85 ppm che
hift region in Fig. 4b reveals all the expected resonance
he lipid backbone and headgroup carbons. Additionally a
road resonance, similar to the one at 170 ppm, appears
pm and is assigned to the13Ca carbon in the Val-31 residu
ince both residues show the same inhomogeneous line b
ning and CP profile behavior, it can be assumed that fo

ransmembrane helical part of the peptide, a certain distrib
f conformational states exists with a highly restricted dyn

cs, an observation in agreement with other recent stu
23, 24).

Upon addition of 10 mM Dy31 solution to the M13/DMPC
esicles all 13C signals arising from the lipid carbons a
ndetectable in the expanded spectral regions (Fig. 4c) as
reviously for peptide-free bilayers (Fig. 1f). However, b
rotein resonances are still fully visible and apparently u

ected by the presence of trivalent ions. To determine now
on induced effect on these resonance lines, a quantit
nalysis was carried out. Additionally the spectrum for

anthanide-treated system was substracted from the spe
f the lanthanide-free system. The results (Fig. 4d) show

ipid resonances and clearly demonstrate that neither a ch
n the linewidths nor a drop in absolute intensity for th
rotein resonances occur upon addition of 10 mM Dy31 solu-

ion. This finding indicates that both Val-29 and Val-31 re
ues are necessarily located inside the hydrophobic part

ipid bilayer remote from the Dy31–lipid binding site, a con
lusion which confirms earlier studies showing both residu
art of the membrane spanning region of the protein (24, 25).
his transmembrane sequence has ana-helical structure in th

econstituted DMPC/M13 bilayer, in agreement with ea
tudies (26) and mimics thein vivo state in the plasma mem
rane (25). Since the chain-C3 resonances of the DMPC li
re still affected by the binding of Dy31, it is assumed tha
al-29 and Val-31 are situated below this position in
embrane. In general our method presents a simple direc

o obtain information about the location of labeled protein
embranes by MAS NMR without the inherent disadvan
f other techniques which mainly use modified systems inc

ng bulky reporter molecules (27, 28) except neutron scatterin
tudies on oriented systems (29).
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