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ABSTRACT: The structure and membrane interaction of the N-terminal sequence (1-30) of the bovine
prion protein (bPrPp) has been investigated by NMR spectroscopy in phospholipid membrane mimetic
systems. CD spectroscopy revealed that the peptide adopts a largelyR-helical structure in zwitterionic
bicelles as well as in DHPC micelles but has a less degree ofR-helix structure in partly charged bicelles.
The solution structure of bPrPp was determined in DHPC micelles, and anR-helix was found between
residues Ser8 and Ile21. The residues within the helical region show slow amide hydrogen exchange.
Translational diffusion measurements in zwitterionicq ) 0.5 bicelles show that the peptide does not
induce aggregation of the bicelles. Increased quadrupolar splittings were observed in the outer part of the
2H spectrum of DMPC inq ) 3.5 bicelles, indicating that the peptide induces a certain degree of order
in the bilayer. The amide hydrogen exchange and the2H NMR results are consistent with a slight positive
hydrophobic mismatch and that bPrPp forms a stable helix that inserts in a transmembrane location in the
bilayer. The structure of bPrPp and its position in the membrane may be relevant for the understanding
of how the N-terminal (1-30) part of the bovine PrP functions as a cell-penetrating peptide. These findings
may lead to a better understanding of how the prion protein accumulates at the membrane surface and
also how the conversion into the scrapie form is carried out.

Prion proteins are glycoproteins associated with neurode-
generative diseases called spongiform transmissible encepha-
lopathies (TSE) (1) occurring in a variety of mammals. The
most known among these diseases are bovine spongiform
encephalopathy (BSE) in cattle and Creutzfeldt-Jacob
disease (CJD) in humans. The diseases are characterized by
the accumulation of a pathological form of the host-encoded
prion protein (PrP)1 in the infected mammal’s brain (2-4).
Prion diseases can have infectious, sporadic, or familiar
origin (5-7). The disease is associated with the conversion
of the nontoxic cellular form of the prion protein (PrPC) into
the abnormally folded aggregated isoform (PrPSc). These two
forms have very different physical properties. PrPC is
monomeric and easily digested by proteinase K, while PrPSc

forms highly insoluble aggregates and shows a high resis-
tance to proteolytic digestion (8). The cellular trafficking,
turnover, and membrane interactions of PrP have recently
attracted considerable attention, since these processes are
believed to be of crucial importance for the infection as well
as the structure conversion associated with disease (9-12).

The mature form of PrP is a glycoprotein, anchored at the
plasma membrane by a C-terminal glycosyl phosphatidyl-
inosityl anchor, exposing the protein to the extracellular side
(13-15). The effects of membrane interactions on the
structure of PrPs have been the subject of several studies
(11, 12, 16-18).

NMR studies of the solution structure of the mature form
of bovine PrP (residues 23-230) in aqueous solution show
a flexibly disordered N-terminal segment (residues 23-124)
and a globular C-terminal domain extending from residue
125 (19). The basic sequence (residues 23-28) resembles a
nuclear localization sequence (NLS) and appears to have an
important role for internalization of a prion protein via
endocytosis in neurons (10). The N-terminal sequence,
ranging from residue 23 to around residue 100, has been
shown to be responsible for internalization of the entire prion
protein (10, 20, 21). By mutation of one of the Lys residues
in the N-terminal NLS-like sequence (residues 23-28) it was
shown that the internalization by endocytosis was completely
abolished.

The N-terminal segment of newly synthesized PrP contains
a signal sequence (residues 1-22). The N-terminal part
(residues 1-28) of mouse PrP, including the signal sequence,
functions as a cell penetrating peptide (CPP), able to facilitate
the transport of large hydrophilic cargoes through a cell
membrane (22, 23). It has further been demonstrated that
the peptide could adopt a wide range of secondary structures,
ranging fromR-helical in neutral vesicles to mostlyâ-sheet
structure in negatively charged vesicles and that theâ-struc-
ture was associated with aggregated peptides (23). However,
no solution structure has been determined, and it is not clear
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in which way the peptide interacts with the membrane.
During biogenesis at the ER membrane, PrP adopts various

topological forms. It is not yet clear how these forms are
generated, but the N-terminal may, as suggested, have two
separate functions, both targeting and topogenesis (24-27).
One of these forms,CtmPrP, which has been suggested to
play an important role for the pathogenesis for the prion
diseases, has been found to contain an uncleaved N-terminal
signal peptide (28). However, recent results show that scrapie
infection does not affect the quantitative levels of either
CtmPrP or untranslocated (presumably cytosolic) PrP, both
containing an uncleaved signal peptide, thus suggesting that
these two forms are unlikely neurotoxic intermediates in
prion diseases (29), although other studies show that ret-
rotranslocated cytosolic PrP without signal peptide is neu-
rotoxic (30, 31). It is possible that such improperly trafficked
forms of PrP could directly mediate both the infectious and
the structure conversion processes involving the prion
proteins.

The mechanism of action of CPPs is a subject of intense
investigation, both in model systems and in cells. Lately, it
has been argued that more than one mechanism must exist
and that a combination of them is responsible for the
internalization process. In addition to biological processes,
such as endocytosis, an energy-independent mechanism has
been observed, which seems to be dependent on the presence
of basic amino acid residues and on membrane potential (32).

The present study concerns the N-terminal domain (resi-
dues 1-30) of the bovine PrP (bPrPp) and its membrane
interactions. This domain corresponds to the previously
studied mouse PrP (1-28), and like the mouse peptide, bPrPp
is a CPP (to be published). We argue that this N-terminal
peptide, possibly important for the pathogenesis of the prion
diseases, may confer new membrane interaction properties
to PrP: facilitated membrane translocation by CPP activity
may influence infectivity, and membrane-induced structure
conversions may affect the stability of the structure of the
remaining protein and affect membrane integrity. It is
therefore of interest to clarify the molecular details of the
membrane interactions of the peptide. The peptide has the
sequence MVKSKIGSWILVLFVAMWSDVGLCKKRPKP
and includes the NLS-like sequence (residues K25-P30) and
the signal sequence upstream of the NLS sequence. We have
determined the NMR solution structure of bPrPp in a
membrane-mimetic medium with DHPC micelles, and we
have investigated the interactions between the peptide and
the phospholipids in zwitterionic bicelles by a variety of
NMR methods.

MATERIALS AND METHODS

Sample Preparation.The N-terminal sequence (1-30) of
bovine PrP was obtained as a custom synthesis from
Neosystem Laboratories (Strasbourg, France;, immunograde
purity) and was used without further purification. Both
deuterated and undeuterated phospholipids, dihexanoyl-sn-
glycero-3-phosphatidylcholine-d22 (DHPC-d22), dimyristoyl-
sn-glycero-3-phosphatidylcholine-d54 (DMPC-d54), dihexanoyl-
sn-glycero-3-phosphatidylcholine (DHPC), and dimyristoyl-
sn-glycero-3-phosphatidylcholine (DMPC), were purchased
from Avanti Polar Lipids Inc. (Alabaster, AL).

Micelle-containing samples were prepared by dissolving
1 mM bPrPp powder in 100 mM DHPC-d22. The sample

was vortexed and centrifuged and transferred to an NMR
tube. 2H2O (10%) was added for field/frequency lock
stabilization. Between measurements the sample was rapidly
frozen in liquid nitrogen and stored in the freezer. In the
2H2O exchange experiments the sample was lyophilized in
the NMR tube, and 600µL of 2H2O was added. The sample
was inserted immediately after in the NMR spectrometer.
Bicelle samples were produced by mixing 1 M DHPC with
a slurry of DMPC or DMPG/DMPC in H2O to obtain a
sample with a lipid concentration of 17% (w/v) andq )
0.5. In 2H NMR, the q-value was 3.5, but otherwise the
bicelle samples were produced in the same way. Samples
containing bPrPp were produced by dissolving the peptide
in the bicelle solution. The samples were vortexed and
centrifuged until a clear solution was obtained. For the
diffusion measurements the peptide concentration was 1 mM.
Quadrupolar splittings were measured for the bicelles and
for bicelles in the presence of 3 and 6 mM bPrPp.

Spectroscopy.CD spectra were recorded for bPrPp in
aqueous solution, phosphate buffer solution, DHPC micelles,
DMPC/DHPC bicelles (q ) 0.5), and DMPC/DMPG/DHPC
bicelles (q ) 0.5, DMPG/DMPC) 0.25). The CD measure-
ments were made on a Jasco J-720 CD spectropolarimeter
with a 0.01 mm quartz cuvette. Wavelengths from 190 to
250 nm were measured, with a 0.5 nm step resolution and
100 nm/min speed. The response time was 4 s, with 50 mdeg
sensitivity and a 5 nmbandwidth. A PTC-343 controller
regulated the temperature. Spectra were collected and aver-
aged over 12 scans. To interpret the CD spectra the JASCO
program J-700 standard analysis for Windows was used. The
R-helical content was estimated from the amplitude at 222
nm (33), assuming that onlyR-helix and random coil
conformations contribute to the CD spectrum. The peptide
concentration in the samples was determined by light
absorption on a CARY 4 spectrophotometer, using cuvettes
with 1 cm light path. All spectra were baseline corrected. A
molar absorptivity of 11200 M-1 cm-1 at 280 nm wavelength
for two tryptophans was applied. All CD measurements were
recorded at 37°C.

The two-dimensional1H NMR experiments were per-
formed on a Varian Inova spectrometer equipped with a
triple-resonance probe head operating at 800 MHz1H
frequency. The spectral width was 10000 Hz in both
dimensions, and the spectra were collected with 2048 data
points in theω2 dimension and 512 in theω1 dimension.
Before Fourier transformation the data were zero filled to
4096 data points inω2 and 2048 inω1. Two-dimensional
TOCSY spectra (34) were recorded with mixing times of
60 and 30 ms, and the two-dimensional NOESY spectra (35)
were recorded with mixing times ofτm ) 100 ms andτm )
150 ms. Water suppression was achieved with low-power
presaturation or with the WATERGATE sequence (36).
Chemical shifts were referenced to the internal chemical
shifts of the lipids. All spectra were collected at a temperature
of 37 °C. Spectra were processed with the program Felix
(version 2000.1) on a Silicon Graphics O2 workstation.
Amide 1H exchange measurements in DHPC micelles were
performed by recording consecutive NOESY spectra, sepa-
rated by 6 h, during a total period of 48 h. The sample for
the exchange measurements was produced by lyophilizing
a sample prepared in H2O and redissolving it in2H2O.
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The diffusion experiments were recorded using a Varian
Inova spectrometer, operating at 600 MHz1H frequency,
using a triple-resonance probe head. Translational diffusion
experiments were carried out using the modified Stejskal-
Tanner spin-echo experiments with a gradient prepulse (37-
39). The PFG was used with a maximum power of∼60
G/cm. The diffusion measurements for the bicelle and micelle
samples were carried out using fixed time intervals and 30
linearly incremented power levels, from 1/30 to maximum
power. TheT1 delay was set to 0.15 s in measurements on
the bicelle sample and to 0.07 s in the DHPC sample. For
the H2O sample, 30 linearly incremented power levels,
ranging from 1/30 to 1/2 maximum power, were used and
theT1 delay was set to 0.01 s. The accuracy in the diffusion
measurements was improved by correcting for nonlinear
gradients according to Damberg et al. (40). All diffusion
experiments were recorded at 37°C. Diffusion coefficients
can be related to the size and shape of the molecule or
aggregate. The value of the translational diffusion coefficient,
D, is given by the Stokes-Einstein relation:

where RH is the radius of hydration,k is the Boltzmann
constant,η is the viscosity, andFp is the Perrin shape factor.
For an oblate (disk-shaped) object,Fp is given by (41)

in which a is the long axis of the disk andb is the short
axis. This ratio has been related to theq-value of a bicelle
(42, 43), resulting in

where k is the ratio of the headgroup areas of DHPC as
compared to DMPC. For bicelles withq ) 0.5 this results
in Fp ) 1.22.

The 2H NMR experiments were carried out at 61.4 MHz
2H frequency (400 MHz1H frequency) using a Bruker
Avance spectrometer. The spectra were acquired with a
double-resonance probe head using the standard quadrupolar
echo sequenceπ/2-τ1-π/2-τ2-acq (44), whereτ1 ) 50
µs andτ2 ) 40 µs and with aπ/2 pulse width of 14.75µs.
The pulse width was measured at 15°C, where the isotropic
phase of the bicelles prevails. Typically 2048-4096 tran-
sients were accumulated. The data were collected at 25, 30,
37, and 40°C. The temperature was calibrated using a
thermocouple, which was inserted in a regular NMR tube
containing H2O. The magnitude of the measured quadrupolar
splittings (∆) can be related to the segmental order parameter
of the C-2H bond and can be described by an order
parameter,SCD. For a bicelle, aligned with its normal
perpendicular to the static magnetic field, this relation is
given by

in whiche2qQ/h is the quadrupolar coupling constant (∼168
kHz for an alkyl C-2H bond) (45).

Structure Calculation.Distance constraints were generated
from quantifying NOESY cross-peak intensities as described
earlier (46). Cross-peaks were categorized into three different
groups, with upper distance limits of 3.5, 4.5, and 6.0 Å,
respectively, based on their intensities. The upper distance
limits were normalized against known distances. A total of
241 distance constraints (87 intramolecular, 81 sequential,
and 73 medium range) were obtained from the NOESY
spectra withτm ) 100 ms. Structures were calculated with
the program DYANA (47), version 1.5, using torsion angle
dynamics. Standard annealing algorithms were used, and a
total of 60 structures were calculated. A final ensemble of
22 structures was selected, based on their target function and
constraint violations, to represent the solution structure. The
quality of the structure was checked with the program
PROCHECK_NMR (48). Visual analyses of the solution
structures were made with INSIGHT (version 2000; Accel-
rys). The coordinates of the final structure together with the
input constraints have been deposited with the PDB under
accession code 1SKH.

RESULTS

Structure of bPrPp in DHPC Micelles and DMPC/DHPC
Bicelles.CD measurements were performed to establish the
effects of different solvents on the secondary structure of
bPrPp. Figure 1 shows CD spectra for bPrPp in water, bPrPp
in phosphate buffer, DHPC micelles, DMPC/DHPC bicelles,
and DMPG/DMPC/DHPC bicelles. These CD results show
that the structure of the peptide becomesR-helical in both
DHPC and DMPC/DHPC bicelles. The amount of induced
helical structure was estimated from the mean molar ellip-
ticity at 222 nm, and it was seen that bPrPp adopts a similar
amount of helical structure in both membrane mimetics (62%
vs 66%). Interestingly, the same amount of helical structure
is not seen in partly charged bicelles, where instead a fairly
high degree ofâ-sheet structure is observed, consistent with
findings in unilamellar vesicles (49). This is also observed
in both buffer solution and in pure H2O, where the peptide
is mainly in random coil and inâ-sheet conformation.
Although bicelle solution is considered to be a more accurate

FIGURE 1: CD spectra for bovine bPrPp(1-30) in different solvents.
The temperature was 37°C, and the concentration of peptide was
1 mM. The spectra were recorded in water ([), phosphate buffer
(b), 100 mM DHPC micelles (1), DMPC/DHPC bicelles (*), and
q ) 0.5 DMPG/DMPC/DHPC bicelles (DMPG/DMPC) 0.25) (2).

D ) kT
6πηRHFp

(1)

Fp )
x(a/b)2 - 1

(a/b)2/3arctanx(a/b)2 - 1
(2)

a/b ) 1
2
[2 + kq(π + xπ2 + 8k/q)] (3)

∆ ) 3
2(e2qQ

h )SCD(12) (4)
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membrane mimetic than that provided by DHPC micelles,
we used DHPC micelles in the NMR experiments. Bicelles
were first tested; however, the NMR signals were too broad
to obtain reasonable spectra; in fact, most resonances were
absent in the spectra. CD measurements were also carried
out to see that the NMR sample did not aggregate over time,
and it was seen that the sample was stable for at least a period
of 12 days in 37°C.

The 2D NMR spectra in DHPC micelles were of sufficient
quality to obtain high-resolution structural data. Resonance
assignments for the protons were obtained from the TOCSY
spectra recorded withτmix ) 30 ms andτmix ) 60 ms (Figure
2), and sequential assignments were obtained from HN-HN

and HN-HR connectivities in the NOESY spectrum obtained
with τmix ) 100 ms. The secondary1HR chemical shifts were
calculated according to Wishart and Sykes (50), and chemical
shifts characteristic of a helical structure were found for
residues Gly7 through Asp20 (Figure 3a). This indicates a
helical content of about 50%, in good agreement with the
CD results in DHPC. NOE data support the finding of a
helical structure, by characteristic medium-range NOE cross-
peaks ranging from Lys5 to Leu23 (Figure 3b), although the
NOEs were classified as weak at the termini. NOE cross-
peak connectivities could readily be found for the N-terminal
part of the peptide, while very few NOE cross-peaks were
observed for the C-terminus (the NLS-like part).

In all, 241 distance constraints were obtained by quantify-
ing cross-peaks in the NOESY spectrum obtained with the
shorter mixing time (100 ms). A solution structure of bPrPp
was calculated on the basis of the distance constraints, and
the ensemble of 22 structures is shown in Figure 4. Structural
statistics for the ensemble of 22 models are presented in
Table 1. The structure is in good agreement with the data as
the distance violations are small (the average maximum
violation is 0.10 Å) and shows good Ramachandran statistics
with most residues in the allowed regions. On the basis of
analyses of backbone torsion angles and hydrogen-bonding
patterns, anR-helical structure was assigned for residues Ser8
through Val21. A putative hydrogen bond from Asp20 HN
to Met17 O is only present in 11 of 22 structures, but the
regular R-helical hydrogen bond between Val21 HN and
Met17 O is present in 19 structures, indicating a somewhat
irregular helical structure at the C-terminus of the helix.
Furthermore, a kink is seen at Ala16, which shows charac-
teristics of a 310 helix. No long-range constraints were found

in the NOESY spectrum, indicating that the structure consists
of a single helix, flanked by two unstructured termini. The
helical part of the peptide is well determined, with a rmsd
in backbone atoms of 0.26 Å (Table 1).

HN Exchange in bPrPp.The 2H2O exchange experiment
was performed to observe which residues that readily
exchange their HN protons. Seven NOESY spectra withτmix

) 100 ms were recorded with a 6 hinterval to investigate
the time dependence of the2H 2O exchange. After 6 h all
cross-peaks in the HN-HR fingerprint region, except those
belonging to residues Ile10 through Ser19, had disappeared
completely. After 32 h, the cross-peak belonging to Ile10
had also disappeared. The remaining cross-peaks were still
present after 48 h. These results indicate that the peptide
has a stable helical core or that the helix is deeply buried
within the interior of the micelle protecting it from the
solvent.

Position of bPrPp in Magnetically Aligned Bicelles.To
investigate the effect of the peptide on the lipids and how
the peptide is positioned relative to the bilayer,2H NMR
spectra were recorded of magnetically aligned bicelles with
DMPC-d54 with and without the bPrPp. The size of the
quadrupolar splitting is proportional to the order parameter
for the C-2H bond vector of the lipid chain. The DMPC
phospholipid fatty acid chain contains 14 carbons, of which
13 are carrying2H atoms, and all 132H sites of the lipid
chain in the bicelle sample could be identified in the2H
spectrum, although somewhat overlapped (Figure 5). The
spectrum exhibits quadrupolar splittings ranging from 2320
to 19232 kHz, where the largest splitting was assigned to
position 6 in the acyl chain and the smallest to the end methyl

FIGURE 2: Part of the 800 MHz TOCSY spectrum recorded for 1
mM bPrPp in 100 mM DHPC at 37°C. The HN-HR region is
displayed with the assigned residues indicated.

FIGURE 3: Structural data for bPrPp. (a) Secondary HR chemical
shifts. (b) Summary of NOE connectivities originating from
intensities in the 2D NOESY spectra. The residues for which HN-
HR cross-peak intensities are unaffected in the D2O exchange
experiments are also displayed. The cross-peak for Ile10 disappears
after 32 h, indicated by an asterisk (*).
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groups, according to Urbina et al. (51). Spectra with different
amounts of bPrPp, 3 and 6 mM concentration, added to the
bicelle sample containing 186 mM DMPC were subsequently
recorded (Figure 5). It was generally observed that the
peptide had the effect of increasing the quadrupolar splittings,

hence increasing the order parameter (Figure 5). The most
pronounced effects were seen for the outer methylene
splittings, corresponding to positions 5 and 6 in the acyl
chain, while less effect was observed for the methyl group
splittings or the methylene positions at the termini of the
acyl chain. Generally, the quadrupolar splitting is related to
an order parameter,SCD, according to eq 4. This order
parameter is used to describe the increase, or decrease, in
the order of the membrane. Figure 6 shows the order
parameter profile for the chain carbons in DMPC with
different amount of bPrPp added. The largest order param-
eters are observed for positions 4 through 7 in the aliphatic
chain. The increase in quadrupolar splitting for the outer
peaks (from 19232 to 21984 kHz) corresponds to an increase
in the SCD order parameter of 0.022, which is a small but
still significant increase. Similar results have been observed
for helical transmembrane model peptides, which were

FIGURE 4: Solution structure of bPrPp in DHPC micelles as represented by an ensemble of 22 structures. The structures were superimposed
on backbone atoms in residues Ser8-Val21. The helical region, Ser8-Val21, is indicated by a light blue color, while the termini are in
dark blue.

Table 1: Structural Statistics for the Ensemble of 22 bPrPp
Structures in DHPC Micelles Calculated with DYANA

no. of constraints 241
DYANA target function (Å2) (3.0( 2.2)× 10-2

maximum distance violation (Å) 0.10( 0.03
backbone atom rmsd (Å)

all residues 2.87
residues 8-21 0.26

Ramachandran plot regions (%)
most favored 70.5
allowed region 18.2
generously allowed 8.9
disallowed 2.4

FIGURE 5: 2H NMR spectra for magnetically alignedq ) 3.5
DMPC/DHPC bicelles recorded at 40°C. bPrPp was added to the
bicelle sample to obtain the indicated peptide concentration. The
total lipid concentration was 240 mM.

FIGURE 6: Order parameters for the DMPC-d54 fatty acid chain in
magnetically alignedq ) 3.5 DMPC/DHPC bicelles with and
without bPrPp. Order parameters were calculated for DMPC without
bPrPp (b), with 3 mM bPrPp (2), and with 6 mM bPrPp ([). The
order parameters for positions 2, 3, and 8-13 are reported as the
mean value for these sites, due to difficulties in assigning the
positions separately. The dotted line represents the standard
deviation for positions 2, 3, and 8-13.
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interpreted in terms of positive hydrophobic mismatch (52-
54).

Diffusion.Since hardly any signals were observed in the
spectrum of the peptide inq ) 0.5 phospholipid bicelles,
diffusion data were recorded to investigate potential ag-
gregation. The diffusion data are collected in Table 2. Using
Fp ) 1.22 calculated from eq 3, together withT ) 310 K,
and assumingη ) 10-3 kg/ms, one finds that from the
diffusion coefficients for the pure bicelleRH ) 6.41 nm is
obtained, and with the added peptideRH ) 7.15 nm is
obtained. From the value ofRH it is possible to relate to the
dimensions of the bicelle according to the relation of the
volume of a sphere and an oblate ellipsoid:

Thus the dimensions of the bicelle without the peptide, given
by the long axis (a) and the short axis (b), are found to be
a ) 105 Å andb ) 23.8 Å. The figures are reasonable
considering the geometrical aspects of a bicelle, the effects
of a hydration layer, and the possibility for DHPC to exist
as a monomer in solution (55). When the peptide is added,
the dimensions change toa ) 117 Å andb ) 26.6 Å. Since
this is not a radical change in the size of the bicelles, we
conclude that the lack of peptide signals in the bicelle sample
is not due to aggregation of several bicelles to produce large
phospholipid aggregates. We do not observe any significant
loss of lipid signal intensity upon addition of peptide, further
indicating that bicelle aggregation does not occur. The
difference in estimated bicelle dimension may, however, be
a result of several peptides aggregating on the bicelle surface.
One can from the diffusion data estimate the molecular
weight of the bicelle aggregate, and using an average lipid
density of 1000 kg/m3, the concentration of bicelle aggregates
becomes around 0.2 mM. Thus, the peptide:bicelle molar
ratio is 5:1, and most likely several peptides reside within
one bicelle. The diffusion data for the peptide in DHPC
micelles show that the peptide on the average has a slower
diffusion than DHPC, consistent with a certain amount of
DHPC being free in solution (55, 56) while the peptide is
fully bound to the micelles.

DISCUSSION

The N-terminal part of PrP has been suggested to act as a
cell-penetrating peptide (23). It has also been speculated that
this property may in fact be related to the internalization of
the entire protein. In this study we have investigated the
structure of the bPrPp peptide in DHPC micelles and its
effect on DMPC phospholipids in bicelles. The central part

of the bPrPp peptide, ranging from residue Ser8 to Ile21, is
shown to adopt anR-helical structure in DHPC micelles.
There are certain indications that the helical character persists
at both termini, although the NMR data reveal a disordered
structure at both termini. A similar amount of helical structure
is also observed in zwitterionic bicelles, as evidenced by CD
measurements, and it is therefore reasonable to believe that
the structure is similar in the two membrane-mimetic media.
This is in agreement with CD results for the mouse PrP(1-
28) peptide, where a helical conformation dominated in small
unilamellar POPC vesicles (23). The helix does not seem to
possess the amphipathic property, characteristic for cell-
penetrating peptides in general, and the central residues in
the helical structure are more hydrophobic than what is seen
in, for instance, the typical cell-penetrating peptide penetratin.
Bovine PrPp is prone to aggregation, and the structure
induction in the presence of a membrane may well be
correlated with the peptide aggregation propensity. The NLS
sequence at the C-terminus is seen to be unstructured, which
is hardly surprising considering the amino acid sequence of
this part of the peptide. This part of the peptide is from amide
proton exchange seen to be on the outside of the micelle.
This may be important, since it has been shown that this
sequence is largely responsible for the internalization of the
prion protein into cells (24, 57). Thus it would seem that
structure is not an important factor governing the translo-
cation of the peptide but, rather, the details in peptide-
membrane interactions.

The structure in DHPC seems remarkably stable over time,
as only amide proton exchange is observed for the very
terminal residues of the helix (residues Ser8-Ile10 and
Asp20-Val21). This is, on the other hand, likely to be the
result of the peptide residing within the interior of the micelle,
protecting the amide protons from the external solvent, since
the amide exchange rate for residues in a free peptide in
solution is much faster (58, 59). To investigate more
specifically the interaction between the peptide and a
membrane surface,2H NMR spectra ofd54-labeled DMPC
in bicelles were analyzed. The results show clearly that the
peptide affects the membrane order. The effects are not
dramatic, which indicates that the peptide does not disrupt
the bicelle structure in any severe way leading to a phase
change. Considering the relatively low concentration of the
peptide, the changes in quadrupolar splittings are, however,
significant for positions 5 through 7 in the lipid acyl chain.
Transmembrane helices typically have the effect of increasing
the quadrupolar splittings, and thus the order parameter of
the acyl chains, if a mismatch in the helix length and the
hydrophobic bilayer thickness exists (52, 54). In the present
investigation, the helix core contains 14-16 amino acid
residues, which amounts to a helix length of around 23 Å.
The hydrophobic core of the DMPC bilayer is reported to
be 23 Å (60). Depending on the peptide sequence, including
the nature of the amino acids flanking the transmembrane
part, a different amount of bilayer ordering has been observed
(61). Previous investigations of peptides in DMPC bilayers
have, on the other hand, shown that a small decrease in
bilayer order results from peptide interactions with or near
the bilayer interface (62). Thus it seems as if the bPrPp
adopts an orientation that increases the order of the bilayer,
and the absence of amide exchange should therefore mainly
be due to a rigid helical structure, which inserts in a

Table 2: Translational Diffusion Constants Measured for bPrPp and
Phospholipids inq ) 0.5 Neutral Bicelle Solution and in DHPC
Micelle Solution

Dobs(×10-11 m2/s)

sample bPrPpa DMPCb DHPC HDO

bPrPp in neutral bicelles 2.6 5.2
neutral bicelles 2.9 5.5
bPrPp in DHPC micelles 8.8 12.0 246
DHPC micelles 12.7 246

a Based on measurements for the aromatic signals.b Based on
measurements for the methyl signal of the aliphatic chain of the
phospholipid.

RH )xa2b (5)
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transmembrane orientation. This is different to what is seen
for the well-studied cell-penetrating peptide penetratin, which
is seen to reside close to or within the interface or headgroup
region of the membrane (63-65).

To our surprise we did not see any signals in the NMR
spectrum of the peptide inq ) 0.5 bicelles, despite the fact
that the CD data showed a similar induced structure in
bicelles as in DHPC micelles (Figure 1). There could be
several reasons for this. If the peptide undergoes conforma-
tional exchange, exchange broadening of the peaks could
occur, leading to vanishing signals. It is, however, unlikely
that all signals are exchange broadened beyond detection.
No corresponding exchange phenomenon could be observed
for the peptide in DHPC.

The peptide may induce bicelle aggregation to produce a
bicelle-peptide complex that is simply too large, making
the signals in the spectrum too broad to be observed. Finally,
the internal motion of the peptide and/or lipids could
somehow be reduced, again making the signals too broad.
The results of the diffusion measurements show that the
bicelles on average become larger when bPrPp is bound
(Table 2). The long axis of the pure bicelle is estimated to
∼105 Å and the short axis to∼24 Å. When bPrPp is added,
the long axis becomes∼117 Å and the short axis∼27 Å.
The increase in size is not large enough to indicate that
peptide-induced bicelle aggregation occurs. Peptide aggrega-
tion in the bicelle, however, cannot be excluded. Care should,
however, be taken in drawing conclusions about size
estimates for peptide-lipid aggregates from translational
diffusion data, since these estimates have been shown to
differ from results obtained by other means, possible due to
the dependence of the hydration layer (66). Nevertheless,
the increase in size does not seem large enough to indicate
the formation of large phospholipid aggregates in the present
case. The diffusion coefficients are in fact similar in
magnitude to what has previously been observed for pep-
tide-bicelle complexes, in which reasonable NMR spectra
could readily be observed (55, 67).

The 2H quadrupolar splittings of the DMPC acyl chain
deuterons revealed that the peptide has the effect of increas-
ing the order of positions 5-7 in the acyl chains, which, on
the other hand, could very well explain the lack of NMR
signals in small isotropic bicelles. If the peptide adopts a
conformation, and a position, that renders the acyl chains
more immobile, broadening of signals should occur. The fact
that we see no amide exchange within the helical part of the
peptide supports the second hypothesis, that the peptide
adopts a rigid structure in which lack of internal motions
leads to broadening of the resonances beyond detection. This
is somewhat different from what is known about the structure
and orientation of cell-penetrating peptides in general, in that
they normally reside close to the membrane surface and seem
to display high internal mobility within the membrane
mimetic. The sequence of the bPrPp differs from the typical
amphipathic properties seen in, e.g., penetratin and instead
contains a stretch of hydrophobic residues (Ile10-Met17).
This is likely to affect the properties of the bPrPp peptide
as a CPP and make it less benign than, e.g., penetratin in its
membrane interactions. This property could possibly be
related to toxicity coupled to membrane translocation in the
biological effects of bPrP and its potential cargo comprised
of the remainder of the PrP.
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