
Abstract To further examine to what extent a dodecyl-
phosphocholine (DPC) micelle mimics a phosphatidylcho-
line bilayer environment, we performed 13C, 2H, and 31P
NMR relaxation measurements. Our data show that the dy-
namic behavior of DPC phosphocholine groups at low tem-
perature (12°C) corresponds to that of a phosphatidylcho-
line interface at high temperature (51°C). In the presence
of helical peptides, a PMP1 fragment, or an annexin frag-
ment, the DPC local dynamics are not affected whereas the
DPC aggregation number is increased to match an appro-
priate area/volume ratio for accommodating the bound
peptides. We also show that quantitative measurements of
paramagnetic relaxation enhancements induced by small
amounts of spin-labeled phospholipids on peptide proton
signals provide a meaningful insight on the location of 
both PMP1 and annexin fragments in DPC micelles. The
paramagnetic contributions to the relaxation were ex-
tracted from intra-residue cross-peaks of NOESY spectra
for both peptides. The location of each peptide in the mi-
celles was found consistent with the corresponding relax-
ation data. As illustrated by the study of the PMP1 frag-
ment, paramagnetic relaxation data also allow us to sup-
ply the missing medium-range NOEs and therefore to com-
plete a standard conformational analysis of peptides in mi-
celles.

Key words Dodecylphosphocholine · Peptide-lipid
interaction · Paramagnetic probe · NMR

Abbreviations CI Chemical ionization · CPMG Carr-
Purcell-Meiboom-Gill sequence · DPC Dodecylphos-
phocholine · DQF-COSY Double quantum filtered corre-
lated spectroscopy · DPPC 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine · DSS 2,2-dimethyl-2-silapentane-5-sul-
fonate · HPLC High-pressure liquid chromatography · JR
“Jump and return” pulse sequence · MS Mass spectrome-
try · MPLC Medium-pressure liquid chromatography ·
NMR Nuclear magnetic resonance · NOE Nuclear Over-
hauser effect · NOESY Nuclear Overhauser enhancement
spectroscopy · PMP Plasma membrane proteolipid · SDS
Sodium dodecyl sulfate · TFA Trifluoroacetic acid · THF
Tetrahydrofuran · TLC Thin layer chromatography ·
TOCSY Total correlated spectroscopy

Introduction

Since the pioneering work of Lauterwein et al. (1979), per-
deuterated dodecylphosphocholine (DPC) micelles have
been widely used as a membrane-like environment for
NMR conformational studies of peripheral proteins (Van
den Berg et al. 1995; Dauplais et al. 1995), membrane pro-
teins (McDonnell et al. 1993; Papavoine et al. 1995), sig-
nal peptides, effector peptides, and more generally protein
fragments (Brown and Wüthrich 1981; Wider et al. 1982;
Inagaki et al. 1989; Karslake et al. 1990; Malikayil et al.
1992; Constantine et al. 1993; Macquaire et al. 1993; Ham-
men et al. 1994; Kallick et al. 1995; Segawa et al. 1995;
Bechinger 1996; Beswick et al. 1996; Doak et al. 1996;
Cowsik et al. 1997; Fletcher and Keire 1997; Fregeau Gal-
lagher et al. 1997; Gesell et al. 1997; MacKenzie et al.
1997; Tessmer and Kallick 1997; Wang et al. 1997; 
Bechinger et al. 1998; Beswick et al. 1998; Ruan et al.
1998), as well as of lipopeptides (Macquaire et al. 1992;
Johansson et al. 1995) or phospholipids (Sanson et al.
1995).
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The choice of DPC micelles as a model membrane
system arises mainly from the presence of phosphocholine
head groups expected to simulate a membrane interface.
To further examine to what extent a DPC micelle mimics
a phosphatidylcholine environment, we performed 13C, 2H,
and 31P NMR relaxation measurements. Protonated DPC
and uniformly or selectively deuterated DPC were used for
13 C and 2H relaxation experiments, respectively. The dy-
namic behavior of DPC was compared to those of phos-
pholipids and of two other detergents. Then, the effects on
the DPC dynamics resulting from the binding of two pro-
tein fragments were investigated.

The first protein fragment, Ac-A-I-I20-A-T-I-I-Y25-
R-K-W-Q-A30-R-Q-R-G-L35-Q-R-F-am, comprises the 
C-terminal cytoplasmic domain and a part of the predicted
transmembrane segment of PMP1, a 38-residue regulatory
polypeptide associated with the yeast plasma membrane
H+-ATPase (Navarre et al. 1992, 1994). In previous work
(Beswick et al. 1998), a NMR conformational study of this
21-residue peptide, solubilized in DPC micelles, showed
that the Ala18-Arg33 segment adopts a unique well-de-
fined α helix. Our data also revealed that the helix is par-
tially buried in the hydrophobic core of the micelle and
suggested that the helix axis is tilted with respect to the
normal at the micelle surface. This orientation allows the
location of all the basic side-chains, or at least their ex-
tremities, in the polar micelle interface (Beswick et al.
1998). The DPC dynamics in the presence of the PMP1
fragment were explored by measuring the 13C and 31P re-
laxation rates.

Similar experiments were performed with another pep-
tide spanning the C-helix of the annexin I domain 2. The
conformational properties of several annexin I fragments
solubilized in DPC micelles have already been studied in
our laboratory (Cordier-Ochsenbein et al. 1998 and refer-
ences therein). The C-helix sequence of domain 2, Ac-A-
S-R-T30-N-K-E-I-R35-D-I-N-R-V40-Y-R-E-E-L45-K-R-
D-am, has almost the same size as the PMP1 fragment (22
residues instead of 21). As shown by the chemical shift and
nuclear Overhauser enhancement (NOE) data, the Asn31-
Asp48 segment of the annexin fragment solubilized in DPC
micelles at pH 3 forms a regular amphipathic helix.

In a second part, we show that a meaningful insight to
the location in DPC micelles of both peptides, the PMP1
and annexin fragments, can be obtained from a quantita-
tive analysis of paramagnetic broadening induced on the
peptide proton signals by spin-labeled phospholipids. In
general, for most of the published works dealing with mi-
celles, spin-labeled fatty acids were used as paramagnetic
probes (Brown and Wütrich 1981; Papavoine et al. 1994,
1995; Jarvet et al. 1997; Ruan et al. 1998) and only qual-
itative effects were described. However, it has been shown
that a fatty acid anchoring to a membrane is strongly pH
dependent. At acidic pH, an experimental condition re-
quired to minimize the amide proton exchange in NMR ex-
periments, protonated fatty acids exhibit large fluctuations
in position along the membrane normal (Sanson et al.
1987). Such behavior certainly occurs for fatty acids sol-
ubilized in DPC micelles and severely decreases their ef-

ficiency as local probes. Instead of fatty acids, we decided
to use a spin-labeled phospholipid commercially available,
1-palmitoyl-2-stearoyl-(10-doxyl)-sn-glycero-3-phos-
phocholine. Previous work showed that phospholipids in
small amounts are easily solubilized in DPC micelles and,
moreover, adopt a conformation close to the canonical
crystallographic structures (Sanson et al. 1995). The cho-
sen spin-labeled phospholipid possesses a phosphocholine
group like DPC, allowing its polar head to be located in
the DPC micelle interfacial region. Among the various pro-
posed positions of the nitroxide radical in the stearoyl
chain, we selected the tenth one (10-doxyl) corresponding
approximately to the “center” of the micelle as judged by
molecular modeling (data not shown). The differential par-
amagnetic broadening observed on the carbon signals of
DPC in the 13C NMR spectra validated our choice.

Paramagnetic contributions were extracted from intra-
residue NH-CαH cross-peaks of NOESY spectra of PMP1
and annexin fragments, recorded in the presence of increas-
ing amounts of spin-labeled phospholipids. The resulting
data enabled us to precisely locate the fragments of PMP1
and annexin I domain 2 in DPC micelles. Furthermore, the
location of both peptides was shown to be consistent with
the relaxation data.

Theoretical background

DPC dynamics

Quantitative analysis of longitudinal (R1) and transverse
(R2) relaxation rates of DPC nuclei was performed as fol-
lows. Expressions of R1 and R2 can be written as (Abra-
gam 1961):

1. 13C and 31P relaxations:

R1 = Nd [J (ωH–ωX) + 3J (ωX) + 6J (ωH+ωX)] + c ωX
2 J (ωX)

R2 = N (d/2) [4J (0) + J (ωH–ωX) + 3J (ωX) + 6J (ωH) +
+6J (ωH+ωX)] + (c/6) ωX

2 [4J (0)+3J (ωX)]

where ωH is the 1H Larmor frequency, ωX that of 13C or
31P, and J (ω) the reduced spectral density function. In both
equations the first term corresponds to the dipolar contri-
bution and the second to the chemical shift anisotropy
(CSA). d is equal to (γH

2 γX
2 h2/40π2) 〈1/rXH

3〉2 where the γ
symbols are the gyromagnetic ratios, rXH the internuclear
X-H distance, and N the number of protons bonded to the
X nucleus. c is equal to 2∆σ2/15, where ∆σ is the CSA con-
stant. At 125 MHz the CSA contribution to the 13C relax-
ation of CH2 and CH3 groups is negligible, whereas at
202 MHz the 31P relaxation is solely governed by CSA.
The C-H distance and the 31P ∆σ constant are respectively
equal to 0.108 nm and 165 ppm.

2. 2H relaxation:

R1 = q [J (ωD) + 4J (2ωD)]

R2 = (q/2) [3J (0) + 5J (ωD) + 2J (2ωD)]
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where ωD is the 2H Larmor frequency and q is a constant
equal to (3π2/10) χ2, with χ the quadrupolar coupling con-
stant (170 kHz).

According to the well-known simplified formalism of
Lipari and Szabo (1982a, b), the expression of J (ω) can
be written as:

J (ω) = [S2τR/(1+ω2τR
2 )] + (1–S2) τL

where τR is the overall correlation time, τL the correlation
time characterizing the internal motions, and S the order
parameter. The validity of this expression is limited to τL
values satisfying the two following conditions: τL !τR and
ω2τL

2 !1. The overall correlation time was estimated us-
ing a micelle radius of 2.3 nm (Lauterwein et al. 1979) and
the Stokes-Einstein equation

τR= η V/kT

where η is the solvent viscosity, V the micelle spherical
volume (50 nm3), and T the absolute temperature. Accord-
ing to this expression, the overall correlation time is found
equal to 11 ns and 17 ns at 25°C and 12°C, respectively.
Values of τL and S were directly derived from the R1 and
R2 data.

Paramagnetic relaxation enhancement 
of 1H NMR signals

Quantitative description of paramagnetic relaxation en-
hancement (R2P) is usually derived from the Solomon-
Bloembergen equation (Solomon and Bloembergen 1956):

R2P = (K/re
6) [4J (0) + 3J (ωH)]

where re is the average electron-proton distance, K a con-
stant equal to 1.23×10–32 cm6 s–2 for a nitroxide radical
(Gillespie and Shortle 1997), and ωH the proton Larmor
frequency. For small objects such as micelles, the relaxa-
tion time of the free electron (τS) can be neglected (Gilles-
pie and Shortle 1997). As an upper limit, the J (ω) values
were estimated using the correlation times derived from
31P relaxation data.

Materials and methods

DPC synthesis

Dodecylphosphocholine-d38 was obtained from commer-
cially available lauric acid-d23, trimethylamine-d9, and 
2-bromoethanol-d4 (Eurisotop, France) as follows. Dodec-
anol-d25 was synthesized according to the classical route
(Warner and Leitch 1965; Stewart and Kates 1989) from
lauric acid-d23 via its methyl ester which was purified by
liquid chromatography on silica gel (elution with hexane/
diethyl ether 80/20) and reduced with lithium aluminum
hydride-d4. Dodecanol-d25 was purified by liquid chrom-
atography on silica gel (elution with hexane/diethyl ether
50/50); the overall yield for the two steps was 94%. The

condensation of dodecanol-d25 with diphenyl chlorophos-
phate afforded, after catalytic hydrogenation on Pt/C
(10%), dodecyl-d25 phosphoric acid in 80% yield from
lauric acid-d23 (Brown 1979). The intermediate diphenyl
dodecyl-d25 phosphate was purified on silica gel (elution
with dichloromethane) and dodecyl-d25 phosphoric acid
was purified by crystallization from petroleum ether; its
chemical purity was controlled by thin layer chromatogra-
phy (TLC) on cellulose with butan-2-ol/methanol/1.5 N
ammonia water (100/30/20). Choline-d13 bromide was 
obtained in 81% yield from trimethylamine-d9 and 2-bro-
moethanol-d4 (Brown 1979). The product was purified by
crystallization from anhydrous acetone. Choline-d13 p-to-
luenesulfonate was synthesized from the bromide salt and
p-toluenesulfonate silver salt. The product was obtained,
after purification by crystallization from warm acetonitrile
and diethyl ether, in 97% yield from choline d13 bromide.
The condensation of choline-d13 p-toluenesulfonate with
dodecyl-d25 phosphate in pyridine and trichloroacetoni-
trile afforded DPC-d38 (Sasse 1964; Rosenthal 1966). The
final product was purified by liquid chromatography on
silica gel (elution with methanol) and on a resin column
(Aldrich HB-3A IWT TMD-8) (elution with THF/water
70/30), followed by two crystallizations, first in dry ace-
tone then by dissolution in chloroform and crystallization
with dry acetone. The yield for the final step was 82%.
DPC-d38 was analyzed by high-pressure liquid chromatog-
raphy (HPLC) on Zorbax SB C18 with methanol/acetone
60/40 + 5% acetic acid (67%)-water + 5% acetic acid
(33%); column temperature 35°C; detection with evapo-
rating light-scattering detector. The purity was better than
99%. There was only one spot on TLC (cellulose and meth-
anol).

The synthesis of DPC-d25, having a protonated head
group and a deuterated alkyl chain, was obtained from
dodecyl-d25 phosphoric acid and unlabeled choline p-to-
luenesulfonate according to the same experimental condi-
tions as above. The overall yield from dodecyl-d25 phos-
phoric acid was 87%. The chemical purity was better than
99%. HPLC analysis was on Zorbax SB C18 with metha-
nol/acetone 60/40 + 5% acetic acid (67%)-water 100 + 5%
acetic acid (33%); column temperature 35°C; detection by
evaporating light-scattering detector. There was only one
spot on TLC (cellulose and methanol). MS-CI/CH4 m/e
377, the isotopic enrichment measured by MS was 96.5%.

Peptide synthesis

The synthesis of the PMP1 fragment has been described
elsewhere (Beswick et al. 1998). That of the peptide cor-
responding to the C-helix of the annexin I domain 2 was
performed as follows, using 0.5 mmol of p-methylbenzhy-
drylamine resin (p-MBHA). Stepwise elongation was done
using the standard double coupling-capping protocols and
afforded 2.9 g of peptide resin (yield: 93%, average yield
per coupling: 99.6% ). Peptide resin (1.5 g; ~0.25 mmol)
was subjected to the low-high HF cleavage. The crude pep-
tide (640 mg) was directly purified by medium-pressure
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liquid chromatography (MPLC) using a 10–50% linear
gradient of acetonitrile in 0.08% aqueous trifluoroacetic
acid (TFA) (pH 2) for 60 min at a 25 ml/min flow rate. The
purity (>99%) of the peptide was verified on a Nucleosil
5 mm C18 300 Å analytical column, using a 7–40% linear
gradient of acetonitrile in 50 mM ammonium acetate
(pH 6) for 20 min at a 1 ml/min flow rate (Rt: 11.82 min).
Yield: 280 mg (40%). Positive ion electrospray ionization
mass spectra: 2802.56±0.10 Da (expected: 2803.10 Da).

NMR experiments

2H, 13C, and 31P longitudinal (R1) and transverse (R2) re-
laxation rates of DPC micelles were measured on a Bruker
DRX 500 spectrometer at 77, 125, and 202 MHz, respec-
tively, using standard sequences (inversion recovery for
R1, Carr-Purcell-Meiboom-Gill (CPMG) or Hahn echo for
R2). For all samples, 150 mM of DPC were used. Proto-
nated DPC and uniformly (d38) or selectively (d25) deuter-
ated DPC were used for 13C and 2H relaxation experiments,
respectively. Peptide concentration (PMP1 fragment and
annexin I domain 2 fragment) was 3 mM. D2O and H2O
20 mM phosphate buffers were used for 13C and 2H relax-
ation experiments, respectively. Deuterated water was pur-
chased from Eurisotop (France).

1-Palmitoyl-2-stearoyl-(10-doxyl)-sn-glycero-3-phos-
phocholine was purchased from Avanti polar lipids (Ala-
bama, USA). Peptide (PMP1 or annexin fragment) and
spin-labeled phospholipids were cosolubilized in H2O/
D2O 9/1 (20 mM phosphate buffer) containing 150 mM of
perdeuterated DPC micelles. Four different spin-label (SL)
concentrations were used corresponding to relative spin-
label to peptide concentration ratios ([SL]/[P]) of 0.0, 
0.5, 0.85, and 1.2 (with a peptide concentration of 3 mM).
For each peptide, four corresponding NOE spectroscopy
(NOESY) phase sensitive spectra with a mixing time of
100 ms were collected using the same experimental con-
ditions on a Bruker DRX 500 spectrometer. The water res-
onance was suppressed either by presaturation or by using
the “jump and return” (JR) sequence (Plateau and Guéron
1982). Thirty two transients were acquired with a recycling
delay of 1 s. The temperature was kept at 25°C and the pH
adjusted to 5 (PMP1 fragment) or 3 (annexin fragment).

For the conformational study of the annexin fragment,
standard sets of double quantum filtered correlated spec-
troscopy (DQF-COSY), total correlated spectroscopy 
(TOCSY), and NOESY experiments were performed on a
Bruker DRX 500 spectrometer. The peptide (3 mM) was sol-
ubilized in the presence of perdeuterated DPC micelles
(150 mM) in H2O/D2O (9/1) at pH 3 and a set of NMR ex-
periments was recorded at 25°C. Without changing the DPC
concentration (150 mM), the peptide concentration was de-
creased tenfold and NMR spectra were recorded. No differ-
ence was observed between the spectra corresponding to
both peptide concentrations (3 and 0.3 mM), which is in fa-
vor of monomeric species. Chemical shifts were referenced
from the 2,2-dimethyl-2-silapentane-5-sulfonate (DSS) sig-
nal. The water resonance was suppressed either by presatu-

ration or by using the JR sequence. In general, 64 transients
were acquired with a recycling delay of 1 s; 400 increments
of 2K data points were collected for each two-dimensional
(2D) experiment. The mixing times were 72 and 100 ms for
the TOCSY and NOESY experiments, respectively.

Results and discussion

DPC dynamics in the absence of peptide

As shown in Fig. 1, the 13C spectrum of DPC micelles dis-
plays seven well-resolved signals corresponding to the Cγ
and Cα head group carbons and to the C2, C3, C10, C11,
and C12 chain carbons. The longitudinal and transverse re-
laxation rates (R1, R2) of these nuclei constitute a sufficient
data set for characterizing the dynamic behavior of a DPC
micelle. The R1 profile (Fig. 2A) exhibits a plateau region
between Cα and C3 with an average value of 2.8±0.1 s–1

and a continuous decrease from C10 to C12. The plateau
region of the R2 profile (Fig. 2B) extends from Cα to C10
with an average value of 9.0±1 s–1.

We also performed 2H NMR relaxation measurements
on both uniformly (d38-DPC) and selectively (d25-DPC)
deuterated micelles. The use of d25-DPC, having a proto-
nated polar head and a deuterated alkyl chain, allowed us
to determine the relaxation rates of the C1D2 group of the
alkyl chain and those of the CβD2 group whose signals
partially overlap in the d38-DPC spectrum. Table 1 lists the
R1 and R2 values of the resolved deuteron signals. Last, the
R1 and R2 values of the DPC phosphorus were measured
and are reported in Table 2. It is worthwhile noting that,
among the three nuclei studied, the DPC 31P exhibits the
largest R2/R1 ratio (~5 instead of ~3 for 13C and of ~2 
for 2H).
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Fig. 1 13C NMR spectrum of DPC micelles (150 mM, pH 5, 25°C)
in the absence (bottom) and presence (top) of spin-labeled phospho-
lipids (3 mM). The DPC carbon numbering is indicated



From the independent sets of 13C and 2H data, values
of local correlation times (τL) and order parameters (S) at
12°C were estimated (Fig. 3) as described in Theoretical
background. The relaxation data relative to the (C γH3)3
group were not included in this study since they are insen-
sitive to their environment and reflect only the local rota-
tional motion. Figure 3 shows that the τL and S values de-
rived from carbon relaxation data are close to those de-
rived from deuterium relaxation data with, however, sev-

eral significant differences, especially as regard the head
group S values. These discrepancies show the limits of a
too simple motion model. In particular, the simplified 
Lipari-Szabo model does not account for anisotropy effects
although it is well known that, in bilayers, the Cα -Cβ-Cγ
head group segment adopts preferential average orienta-
tions parallel to the membrane surface. According to mo-
lecular simulations (unpublished results), this conforma-
tional feature also stands for DPC micelles. Besides, the
model does not account for cross-correlation effects. At-
tempts to obtain a better agreement between our data us-
ing a more sophisticated model are out of the scope of this
paper and were not undertaken. The τL profile exhibits a
plateau region extending from the Cβ to the C3 position
with an average value of 75 ps. The τL value then contin-
uously decreases from the C10 position and reaches 8 ps
for the terminal methyl group. The DPC order parameters
are found between 0.1 and 0.2 (Fig. 3B). Measurements of
DPC relaxation rates recorded at 25°C give an average τL
value of 50 ps for the plateau region and 5 ps for the ter-
minal methyl group, without any significant change for the
S values.

Dynamic parameters were also derived from the phos-
phorus R1 and R2 data (Table 2). We obtained τL values of
250 ps and 200 ps at 12°C and 25°C, respectively, with an
average S value of 0.25. The τL values derived from the
phosphorus relaxation data are substantially greater than
those obtained from carbon and deuterium relaxation data.
In fact, the phosphate group has a larger volume than a CH2
(CD2) segment, and its molecular reorientation is therefore
slower (Seelig et al. 1981). Furthermore, the phosphate
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Fig. 2 A 13C longitudinal relaxation rate (R1) of DPC carbons in the
absence (black bars) and presence (white bars) of PMP1 fragment,
12°C and pH 5; B 13C transverse relaxation rate (R2) of DPC car-
bons in the absence (black bars) and presence (white bars) of PMP1
fragment, 12°C and pH 5

Table 1 Longitudinal (R1) and transverse (R2) relaxation rates (in
s–1) of DPC deuterons measured at 12°C and pH 5 (experimental 
error±10%). Longitudinal relaxation rate (in s–1) of DPPC deuter-
ons measured at 51°C (Seelig and Seelig 1980)

DPC R1 R2 DPPC R1

(CγD3)3 20 20 (CγD3)3 12
CβD2 35 70 CβD2 26
Cα D2 35 70 Cα D2 33
C1D2 50 150 O-CO-C2D2 43
C12D3 5 8 C16D3 4

Table 2 Longitudinal (R1) and transverse (R2) relaxation rates (in
s–1) of DPC phosphorus (experimental error±5%). Estimated appar-
ent volume of DPC micelles (VA, in nm3)

Experimental conditions R1 R2 VA

pH 5 12°C 1.45 7.75 50
pH 5 12°C + PMP1 fragment 1.39 9.35 65
pH 3 25°C 1.20 5.56 50
pH 3 25°C + annexin fragment 1.26 7.69 80

Fig. 3A, B Local correlation time (A) and order parameter (B) ver-
sus DPC carbon position (12°C, pH 5) deduced from 2H (open sym-
bols) and 13C (filled symbols) relaxation data



groups are involved in the hydrogen bond network of inter-
facial water molecules. In the forthcoming section, we
compare the dynamic behavior of DPC to that of other de-
tergents and of phospholipids.

Comparison with other detergents and phospholipids

We first compared the dynamic behavior of the DPC alkyl
chains to that of sodium dodecyl sulfate (SDS), another de-
tergent commonly used for NMR studies. Using selectively
deuterated SDS and 2H NMR, Söderman et al. (1988a) have
estimated the local correlation times of the two first CD2
groups of the SDS chain and that of the terminal methyl
group at 20°C. τL values of 39 ps and 7 ps were respec-
tively obtained for the first groups (average value) and for
the terminal group. These values are close to those of the
DPC alkyl chains at 25°C (50 and 5 ps, respectively).
Söderman et al. (1988b) have studied the dynamic behav-
ior of another detergent [6-(dimethyleicosylammonio)hex-
anoate] whose structure is closer to DPC than SDS since 
it possesses a zwitterionic polar head. 14N NMR relaxation
rates were measured for the nitrogen atom connecting 
the alkyl chain to the polar head, thus having the same po-
sition as the phosphorus in DPC. A local correlation time
of 175 ps was estimated at 20°C, a value close to that de-
rived from the DPC 31P relaxation times measured at 25°C
(200 ps).

We then compared our data to those obtained for phos-
pholipids in bilayers. Interestingly, we found that the DPC
2H R1 values measured at 12°C are remarkably similar 
to those of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC) bilayers obtained at 51°C and collected by Seelig
and Seelig (1980). For comparison, the R1 values of DPPC
deuterons were added in Table 1. Clearly, there is a marked
analogy between the local dynamics of the DPC segments
at 12°C and those of DPPC at 51°C. In particular, one can
conclude that the dynamic behavior of the DPC head
groups and thus of the DPC interfacial region, at low tem-
perature, is comparable to that of phospholipid interfaces
at high temperature. From the relaxation data of DPPC
chain deuterons measured at 51°C, an average τL correla-
tion time of 80 ps was estimated for the plateau region (See-
lig and Seelig 1980), a value close to that obtained for DPC
at 12°C (75 ps). The DPC order parameters (between 0.1
and 0.2) are also in agreement with the values observed 
for phospholipid bilayers at high temperature (Seelig and
Seelig 1980).

Influence of protein fragments on DPC dynamics

Influence of the PMP1 fragment

Relaxation measurements of DPC phosphorus and carbons
in the presence of the PMP1 fragment were performed. As
shown in Table 2 and Fig. 2A, the peptide has no influence
on the R1 values of both nuclei. In contrast, the 31P R2 and
some of the 13C R2 values significantly increase (Fig. 2B,

Table 2). It is well known that, in contrast to R1, R2 de-
pends on J (0), the spectral density function at zero fre-
quency (see Theoretical background). As a consequence,
R2 is sensitive to variations of both overall and local cor-
relation times whereas R1 depends mainly on local corre-
lation times. Therefore, our results indicate that: (1) the av-
erage local dynamics of a DPC molecule are not affected
by the presence of peptide; (2) the presence of peptide leads
to an increase of the overall correlation time, i.e., of the
apparent volume of DPC micelles. Such an effect has been
observed from diffusion coefficient measurements (Kal-
lick et al. 1995). As already indicated by comparing the
R2/R1 ratios obtained for the various nuclei, the phosphorus
relaxation rates are the most sensitive parameters upon
variation of the overall correlation time. They also consti-
tute the most accurate data because of the 100% natural
abundance and the high gyromagnetic ratio of phosphorus.
We thus used the 31P relaxation rates to estimate the in-
crease of the apparent volume of DPC micelles upon pep-
tide binding. Since the R1 values are insensitive to the pres-
ence of peptide, we assumed that the τL and S values ob-
tained in the absence of peptide are not modified in their
presence. Using these values, an increase from 50 to
65 nm3 was estimated for the apparent micelle volume 
(Table 2) after addition of the PMP1 fragment. The increase
of the micelle volume, ∆V = 15 nm3, is greater than the
volume of the peptide helix of about 5 nm3 (from molec-
ular modeling). Since the volume of a DPC molecule is
about 1 nm3, the difference between ∆V and the helix 
volume corresponds to approximately 10 additional DPC
molecules. This means that a reorganization of the micelle
occurs in the presence of the peptide, i.e., that the aggre-
gation number is increased to match an appropriate
area/volume ratio for accommodating the bound pep-
tide.

Influence of the annexin fragment

Relaxation measurements of DPC phosphorus and carbons
in the absence and presence of the annexin fragment at
25°C and pH 3 were then performed. Under these experi-
mental conditions, the annexin fragment forms a well-de-
fined amphipathic helix bound to DPC micelles (see be-
low). As in the case of the PMP1 fragment, the R1 values
of both nuclei are insensitive to the presence of peptide
(Table 2 and Fig. 4A). Therefore, it can be concluded that
small peptides such as PMP1 and annexin fragments have
no influence on the average local dynamics of DPC mole-
cules at the NMR timescale. The presence of the annexin
fragment increases the transverse relaxation rates (Table 2
and Fig. 4B), with a maximum variation of 40% observed
for the 31P R2. Analysis of 31P R1 and R2 values indicates
that the binding of the annexin fragment leads to an in-
crease of the micelle volume, ∆V, of 30 nm3 (Table 2), a
variation significantly greater than that observed in the
case of the PMP1 fragment. The difference between ∆V
and the annexin helix volume corresponds approximately
to 25 additional DPC molecules.
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Location of peptides in DPC micelles 
using spin-labeled phospholipids

In this section, we show how the location of the PMP1 and
annexin fragments within DPC micelles can be precisely
determined using spin-labeled phospholipids and how
these respective locations can be related to the 31P relaxa-
tion data. Figure 1 displays the 13C spectrum of protonated
DPC (150 mM) in the absence and presence of 1-palmi-
toyl-2-stearoyl-(10-doxyl)-sn-glycero-3-phosphocholine
(3.5 mM). As expected, the spin-labeled phospholipid in-
duces a significant paramagnetic broadening of the alkyl
chain carbon signals, more pronounced for those located
at the end. The relative linewidth increase is about 40% for
the C2 and C3 signals, 50% for C10 and C11, and 60% for
C12. On the other hand, the effect of spin-labeled phos-
pholipids on the polar head carbons is substantially reduced
(linewidth increases of about 25%). The nitroxide radical
is thus on average located near the end of DPC chains, i.e.,
near the “center” of the micelle. In the presence of peptide
(3 mM of PMP1 fragment) the paramagnetic effect on DPC
carbons was found to be quite similar.

Location of the PMP1 fragment

To estimate the location of each aminoacid of the PMP1
fragment with respect to the nitroxide radical, we meas-
ured the paramagnetic relaxation enhancement induced on
each intra-residue (NH-Cα H) cross-peak of NOESY spec-
tra. TOCSY spectra were not used since, during the spin-

54

Fig. 4 A 13C longitudinal relaxation rate (R1) of DPC carbons in the
absence (black bars) and presence (white bars) of annexin fragment,
25°C and pH 3; B 13C transverse relaxation rate (R2) of DPC car-
bons in the absence (black bars) and presence (white bars) of PMP1
fragment, 25°C and pH 3

Fig. 5A, B Part of a NOESY spectrum (500 MHz, 100 ms mixing
time, 25°C, pH 5) of the PMP1 fragment (3 mM) solubilized in 
DPC micelles (150 mM) showing the NH-Cα H correlations in 
the absence (A) and presence (B) of spin-labeled phospholipids 
([SL]/[P] = 1.2)

Fig. 6 Filled symbols: plot of (∆ν (x) – ∆νN)/∆νN versus the rela-
tive spin-label concentration (x) obtained from the Ala18 NH line-
width; dashed line: plot of (Y (x) – YN)/YN versus the relative spin-
label concentration (x) calculated (see text) for the reciprocal vol-
ume of the intra-residue NH-Cα H cross-peak of Ala18; open sym-
bols: experimental plot of (Y (x) – YN)/YN versus the relative spin-
label concentration (x) obtained for the reciprocal volume of the intra-
residue NH-Cα H cross-peak of Ala18



lock period, significant relaxation of transverse magnet-
ization occurs. NOESY spectra were recorded for three 
different spin-labeled phospholipid concentrations, corre-
sponding to spin-label to peptide concentration ratios
([SL]/[P]) of 0.5, 0.85, and 1.2. Figure 5 shows the NH-
Cα H region of a PMP1 fragment NOESY spectrum in the
absence (A) and presence (B) of spin-labeled phospholip-
ids ([SL]/[P] = 1.2). All the 16 resolved intra-residue 
NH-Cα H NOE cross-peaks are labeled. One can clearly
observe that the paramagnetic broadening is far from be-
ing homogeneous and dramatically varies from one resi-
due to another.

A simple method can be used to extract the paramag-
netic contribution from the variations of a given intra-res-
idue NOE cross-peak volume on increasing the spin-label
concentration. However, this method is based on several
approximations which need to be validated. It is thus nec-
essary to first consider the paramagnetic effect on a 1D sig-
nal. In the presence of spin-labeled phospholipids, the
transverse relaxation rate of a proton of a peptide solubi-
lized in micelles can be expressed as:

R2 (x) = R2N + x R2P

where x is the spin-labeled lipid to peptide concentration
ratio ([SL]/[P]), R2N the nuclear transverse self relaxation
rate, and R2P the paramagnetic contribution due to elec-
tron-nucleus interaction. In the PMP1 fragment NMR spec-
trum, the Ala18 NH signal is remarkably isolated from the
other clustered NH resonances (δ = 9 ppm, Fig. 5). The
paramagnetic contribution to its transverse relaxation rate
can thus be easily estimated from 1D spectra by measur-
ing the linewidth at half-height:

∆ν (x) = R2 (x)/π = ∆νN + x ∆νP

Figure 6 shows the plot of (∆ν (x) – ∆νN)/∆νN versus x
for the three spin-label concentrations (filled symbols).
The corresponding slope gives a value of ∆νP/∆νN (= 0.66).

Let now examine how to extract this ratio from the intra-
residue Ala18 NH-Cα H NOE cross-peak. In the linear do-

main (i.e., for short mixing times), the NOE cross-peak sig-
nal S (ω1, ω2) between the NH and Cα H protons is of the
form (Macura and Ernst 1980):

(M0/4) σ τM (R2I/[R2I
2  + (ω1–ωI)

2]) (R2J/[R2J
2  + (ω2–ωJ)

2])

where M0, σ, τM, ωI, and ωJ are, respectively, the equilib-
rium magnetization, the NH-Cα H cross-relaxation rate,
the NOESY mixing time, the NH and Cα H frequencies,
and R2I and R2J are the corresponding transverse relaxa-
tion rates. The cross-peak volume is obtained by integrat-
ing S (ω1, ω2) on a frequency domain defined by two lim-
its in both dimensions, (ω11, ω12) in F1 and (ω21, ω22) in
F2. At the first order 1, the cross-peak volume can be ex-
pressed as:

(M0/4) σ τM (∆ω1∆ω2)/(R2IR2J) 

= M0 σ τM (∆ν1∆ν2)/(∆νI∆νJ)

where ∆ω1 = ω11 – ω12 = 2π∆ν1 and ∆ω2 = ω21 – ω22 =
2π∆ν2. Since, in general, the NH and Cα H protons of a
given residue have similar transverse relaxation rates, 
we may write ∆νI ~∆νJ ~∆ν. Therefore, the intra-residue 
(NH-Cα H) NOE cross-peak volume, V, should be propor-
tional to 1/∆ν2. At this step, it is more convenient to con-
sider the reciprocal volume Y = 1/V, proportional to ∆ν2.
In the presence of increasing amounts of spin-labeled phos-
pholipids, it is also reasonable to assume that a similar par-
amagnetic contribution affects the transverse relaxation
rate of the two neighboring Ala18 NH and Cα H protons.
Given the expression of ∆ν (x) mentioned above, the rela-
tive variation of Y versus x may therefore be described by
the following expression:

(Y (x) – YN)/YN = 2x (∆νP/∆νN) + x2 (∆νP/∆νN)2

where YN and Y (x) are the reciprocal cross-peak volumes
in the absence and presence of a relative spin-label con-
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1 The primitive function of a/(a2 + u2) is Arctg (u/a), = u/a at the
first order

Fig. 7 Plot of (∆νP)–1/6 (see
text) versus residue number ob-
tained at 25°C for the PMP1
fragment (right) and the annex-
in fragment (left) solubilized in
DPC micelles. Filled circles
correspond to the average
(∆ν)–1/6 values calculated for
each group of four consecutive
residues of the helix



centration x, respectively. This expression may constitute
a reasonable approximation providing that a constant inte-
gration window is used for measuring the NOE cross-peak
volume versus x and that the window dimensions are close
to ∆νN in both frequency domains. Its validity has been
tested experimentally as follows.

We calculated the above expression versus the experi-
mental spin-label concentrations using the value of ∆νP/
∆νN derived from the 1D Ala18 NH linewidth variations
(= 0.66, see above). The resulting plot, shown as a dashed
curve in Fig. 6, simulates the expected relative variation
of the reciprocal Ala18 (NH,Cα H) cross-peak volume on
increasing the spin-label concentration, providing that the
approximations we made are suitable. Using an appropri-
ate and constant integration window, we measured the 
experimental (Y (x) – YN)/YN values corresponding to the
Ala18 (NH, Cα H) NOE cross-peak for the three different
spin-label concentrations (x) (open symbols in Fig. 6).
Comparison between the simulated and experimental data
is rather satisfactory. Fitting the experimental data, a value
of 0.62 was found for (∆νP/∆νN), close to that measured
from the 1D spectra (0.66).

(Y (x) – YN)/YN ratios relative to all resolved intra-res-
idue (NH-Cα H) NOE cross-peaks of the PMP1 fragment
were measured for the three spin-label concentrations. For
Ala21, the intra-residue Nβ NOE was used. For each ami-
no acid, the corresponding ratios were then fitted to ob-
tain a value of (∆νP/∆νN). ∆νN was estimated from a sec-
tion of the intra-residue cross-peak in the F2 dimension
of the NOESY spectrum recorded in the absence of spin-
label and a ∆νP value was obtained from the (∆νP/∆νN) 
ratio. Since ∆νP is proportional to (re)

–6 where re is the
average electron-nucleus distance (see Theoretical back-
ground), we report in Fig. 7 the values of (∆νP)–1/6, which
has also the advantage to minimize the experimental er-
rors. Furthermore, we report in Fig. 7 (filled circles) the
average (∆ν)–1/6 value calculated for each group of four
consecutive residues of the helix. This allows us to aver-
age the paramagnetic broadening over residues of a given
helix turn and thus to obtain a profile reflecting only the
orientation of the helix in the micelle. The distribution of
the average values clearly indicates that the helix N-ter-
minus (Ala18) of the PMP1 fragment points toward the
nitroxide radical, i.e., toward the “center” of the micelle,
while the helix C-terminus (Arg33) points toward the
aqueous solution. Interestingly, whereas the lack of me-
dium-range NOEs prevented us from characterizing the
conformation of the Gly34-Phe38 C-terminal segment 
(Beswick et al. 1998), the significant paramagnetic broad-
ening observed for Leu35 and Phe38 (Fig. 7) shows 
that this segment tends to fold back toward the micelle
interior.

Using the quantitative description of ∆νP reported in
Theoretical background, we may locate the helix N- and
C-termini (Ala18 and Arg33) respectively at about 1.3 nm
and 2.1 nm from the “center” of the micelle. This result
provides experimental evidence for our initial suggestion
of a tilted helix axis of the PMP1 fragment in DPC micelles
(Beswick et al. 1998).

Location of the annexin fragment

Proton assignment and determination of the secondary
structure of the peptide corresponding to the C-helix seg-
ment of the annexin I domain 2, solubilized in DPC mi-
celles, were straightforward. As shown by the Hα chemi-
cal shift indexes (Fig. 8A) and NOE data (Fig. 8B), the
Asn31-Asp48 segment adopts a well-defined helix confor-

56

Fig. 8 A Hα proton chemical shift indexes, ∆δHα = δHαobs – 
δHαcoil, obtained for the annexin fragment (3 mM) solubilized in
DPC micelles (150 mM) at 25°C and pH 3. The random coil values
(δHαcoil) were taken from Merutka et al. (1995). B Diagram show-
ing the sequential and medium-range NOE connectivities obtained
for the annexin fragment solubilized in the presence of DPC micelles
at pH 3 and 25°C. Asterisks refer to ambiguous NOEs



mation at pH 3, i.e., when the acidic side-chains are pro-
tonated.

Using the same experimental conditions as for the
PMP1 fragment, NOESY spectra were recorded in the pres-
ence of increasing amounts of spin-labeled phospholipids.
The resulting ∆νP values were found more homogeneous
than for the PMP1 fragment. Figure 7 shows the (∆νP)–1/6

histogram and the average value for each group of four
consecutive residues. The resulting profile is quite close
to that expected for a regular amphipathic helix lying at
the interface between the polar medium formed by the hy-
drated phosphocholine groups and the hydrophobic core
formed by the DPC alkyl chains. All the basic residues
Arg29, Arg35, Arg39, Arg42, and Lys46 point toward the
polar medium (owing to cross-peak overlaps, ∆νP of Lys32
was not measured).

The respective locations of the PMP1 and annexin frag-
ments in DPC micelles can now be related to the results de-
rived from the 31P relaxation data. These results indicated
that the increase of the DPC aggregation number for accom-
modating a bound peptide is significantly greater for the an-
nexin fragment (25 additional detergent molecules) than for
the PMP1 fragment (10 additional detergent molecules).
Such a difference can be readily explained by considering
that the physical constraints imposed on a spherical micelle
for accommodating a helix lying at the interface (annexin
fragment) are greater than those relative to a helix partially
buried in the hydrophobic core (PMP1 fragment).

Conclusion

Multi-nuclear relaxation measurements provided new ex-
perimental evidence showing that DPC micelles constitute
a realistic model of membrane interfaces. We showed that
they also constitute an appropriate system for obtaining a
meaningful insight into peptide location at the interface by
combining the measurement of paramagnetic relaxation
enhancements according to the method reported in this
paper and 31P relaxation data. Furthermore, as illustrated
by the study of the PMP1 fragment, paramagnetic relaxa-
tion data allow us to supply the missing medium-range
NOEs and therefore to complete a standard conformational
analysis of peptides in micelles. Nevertheless, it has to be
kept in mind that the high curvature of DPC micelles may
restrict their use to relatively small peptides or proteins.
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