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ABSTRACT: Humanin (HN) is a recently identified neuroprotective peptide able to inhibit neurotoxicity
induced by various insults which can be related to Alzheimer disease (AD) as well as to cell death induced by
other stimuli. Previous CD and NMR studies demonstrated that HN adopts an unordered conformation in
water, aR-helix conformation in 30%TFE, and a β-sheet structure in PBS. Furthermore, other studies clearly
indicated HN as a secreted peptide, able to prevent neuronal cell death caused by amyloid β (Aβ) derivatives.
Although Aβ was found to interact with neuronal membranes, currently there is not experimental evidence
unveiling HN interaction with membranes. In this paper a spin labeling technique coupled with electron
paramagnetic resonance (EPR) and circular dichroism (CD) has been used to study the structure and
dynamics of HN in solution and for the first time in the presence of model cerebral cortex membranes (CCM).
We have demonstrated that HN has a great tendency to aggregate even at low concentrations in water
solutions at different ionic strengths and monomerizes in the TFE apolar environment. We also showed that
HN slightly perturbs model CCM at the surface assuming a clear β-sheet conformation. In addition, HN
increases the fluidity of the bilayer core without penetrating into the membrane.

Humanin (HN)1 is a neuroprotective peptide of 24 amino acids
able to antagonize neurotoxicity in neuronal cells and primary
cultured neurons elicited by various Alzheimer’s disease (AD)
relevant insults, including AD-linked mutant genes and amyloid
β (Aβ) peptide derivatives (1, 2). It was suggested that HN is
secreted from the cells (2) and may exert its neuroprotective
activity through interactions with secreted factors or putative
cell-surface receptors linked to tyrosine kinases (3-6). It has
been demonstrated thatHN is able to interact with the 40 aa form
of Aβ (Aβ40) and to affect Aβ aggregation dynamics and
morphological features (7). In 2004, Ying et al., investigating
the neuroprotective activity of secreted HN, demonstrated that

the G-protein-coupled receptor FPRL1 shares both the 42 aa
form of Aβ (Aβ42) and HN, and it was suggested that HN may
exert its neuroprotective effects by competitively inhibiting the
access of Aβ to FPRL1 (8). Therefore, HN could protect neurons
by exerting different functions, expected for its potential of
binding different molecules on cell membranes (7).

The amphiphilic 40 and 42 residue peptides, Aβ40 and Aβ42,
have been identified as the major components of senile plaques in
patients with AD. They originate by proteolytic processing of a
much larger amyloid precursor protein (APP) anchored in the
brainmembrane. Themembrane release ofAβ peptides following
this enzyme cleavage and their accumulation at the membrane
surface is thought to be one of the first steps of membrane-
associated Aβ fibrillogenesis and neurotoxicity (9). Despite their
different aggregation properties and role in disease, the two
peptides homogeneously co-mix in amyloid fibrils, suggesting
that they possess the same structural architecture (10). Although
a number of putative surface receptors for Aβ peptides have been
described in the literature (11), a direct interaction with mem-
brane components is thought to be a seed for the formation of
toxic amyloid fibers (9, 12-14). A conformational transition of
peptides is necessary for fibril formation (9, 15).

Despite the HN capability to inhibit toxicity induced by
AD-related insults in neurons, it was demonstrated that HN
exerts a protective effect also on nonneuronal cells when they are
exposed to AD-related cytotoxicity (16). Further investigations
showed that HN possesses a wide spectrum of action (17).
Moreover, it has been demonstrated that HN is able to interact
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with intracellular proteins such as Trim11 (18) and the three
proapoptotic factors Bax (19), Bid (20) and BimEL (21), thus
suggesting that intracellular mechanisms are also possible (16).

While extensive studies have been carried out on the biological
function of HN, only a few structural studies were performed.
These were done in acidic conditions and at concentrations far
away from the effective levels. Structure-function analyses
suggested that HN acts as a multimer and that specific mutations
disturbing self-dimerization affect the neuroprotective activity
(17). CD experiments revealed that both HN and its analogue
HNG (S14G mutant), 1000-fold more active, are disordered in
acidic water solution independently from concentration while
adopt a β-sheet conformation in PBS at neutral pH (22, 23). On
the other hand, one of the most active HN derivatives, AGA
(C8R)HNG17 (1000-fold more active than HNG), was reported
to fold in β-sheet also in water (24). This evidence suggested the
tendency of the peptide to hydrophobically interact with other
structures as well as with itself. NMR studies performed in 30%
TFE at pH ∼3 and millimolar concentration showed that both
HN and HNG undergo to conformational transition assuming
an R-helix secondary structure (25, 26).

Here a spin labeling technique coupled to EPR spectroscopy
and CD is used to study the solution structural properties of HN
at physiological pH and micromolar concentrations.

The spin labeling technique has been successfully used to study
structural features and the dynamics of soluble as well as
membrane proteins (10, 27-38). These studies gave further help
in understanding the mechanism through which antimicrobial
peptides (AMP) kill bacteria exploiting the nature of peptide/
membrane interaction (31-34). Recent studies indicate that this
strategy is also well suited for studying amyloid fibrils (10, 35-37).

Compared to other spectroscopic techniques, EPR takes
advantage from its sensitivity, thus permitting the study of
systems even in the low micromolar range.

The main purpose of this paper is the elucidation of the
influence of HN on cerebral cortex membranes (CCM) in order
to help the understanding of the mechanism of action of
this neuroprotective peptide. Additionally, we also wanted to
investigate HN structural properties in different conditions by
operating at physiological pH and micromolar HN concentra-
tions, thus getting closer to HN effective doses (1-10 μM) (17).

EXPERIMENTAL PROCEDURES

Materials.HNwas purchased fromVWR International SRL
(Milano, Italy). MOPS (4-morpholinepropanesulfonic acid)
and trifluoroethanol (TFE) were from Sigma-Aldrich (St. Louis,
MO). The methanethiosulfonate spin label, MTSSL (1-oxy-
2,2,5,5-tetramethylpyrroline-3-methyl methanethiosulfonate)
was obtained from Toronto Research Chemicals (North York,
Ontario, Canada). 1-Palmitoyl-2-oleoylphosphatidylcholine (PC),
1-palmitoyl-2-oleoylphosphatidylethanolamine (PE), 1-palmitoyl-
2-oleoylphosphatidylserine (PS), galactocerebroside (Cer), sphin-
gomyelin (SM), cholesterol (Ch), monosialoganglioside GM1
(GM1) and n-PCSL (1-(n-doxylpalmitoyl)-2-stearoylphosphati-
dylcholine; n = 5, 7, 12) spin labels were obtained from Avanti
Polar Lipids (Alabaster, AL).
Peptide Spin Labeling and Purification. Peptides used in

this work were HN (MAPRGFSCLLLLTSEIDLPVKRRA)
and its spin-labeled derivative (HNSL). The native peptide was
solubilized in 50 mM MOPS, pH 6.8, to get a 2 mg/mL solution
(0.75 mM), aliquoted for subsequent use, and stored at 253 K.

For spin labeling, native HN containing a native cysteine in
position 8 was incubated overnight at 277 K under agitation with
a 5-fold molar excess ofMTSSL spin label. To remove unreacted
spin label, peptide was purified by reverse-phase high-perfor-
mance liquid chromatography on a 10 μm, 4.6 mm � 250 mm
C12 column (Vydac, Hesperia, CA) using a linear gradient of
10-80% acetonitrile/0.1% trifluoroacetic acid (TFA) in water/
0.1% TFA over 60 min. The spin-labeled peptide (HNSL) was
then lyophilized, solubilized in 50 mM MOPS, pH 6.8, at a final
concentration of 1 mM, aliquoted, and stored at 253 K until use.
The stability of the spin label attached to the peptide was
periodically checked by HPLC.
Model Cerebral Cortex Membrane (CCM) Prepara-

tion.Model CCM were prepared in agreement with the compo-
sition of cerebral cortex membrane lipids as already described
and reported in Table 1 (9). Lipids in the desiredmolar ratio were
dried down from chloroform stock solutions under a stream of
nitrogen gas and then dried overnight under vacuum. The
resulting lipid film was hydrated by the addition of 50 mM
MOPS, pH 6.8, to give a concentration of 50 mM phospholipid.
Large unilamellar vesicles (LUVs) of model cerebral cortex
membranes were prepared by freeze-thawing this lipid
suspension five times, followed by extrusion through 200 nm
polycarbonate membrane filters using a miniextruder syringe
device (Avanti Polar Lipids). Final lipid concentration was
measured by the method of Stewart (39). LUVs containing
1 mol% of 5-, 7-, or 12-PCSL were prepared as described above.
HN stock solution was added to membranes in an appropriate
ratio and incubated for 30 min at room temperature.
CD Spectropolarimetry. CD spectra of HN in the range

250-190 nm were recorded on a Jasco J715 spectropolarimeter
using 1 mm quartz cells, 1 nm bandwidth, 0.2 nm resolution, 1 s
response, and an average of 10 scans for each spectrum. The CD
spectrum of the spin-labeled HN was recorded and compared
with that of unlabeled peptide, and the two spectrawere identical.
CD spectra of HN with CCM were obtained, subtracting the
blank composed by the same amounts of CCM.
EPR Spectroscopy. X-band EPR measurements were

performed on anElexsys E-500 spectrometer (Bruker,Germany).
Fifteen microliters of HNSL samples was loaded in quartz
capillaries (0.84 mm o.d. � 0.6 mm i.d.) sealed at one end. All
spectra were acquired using a 10 dB attenuation. Scan width was
100 G, and the acquisition parameters were chosen to improve
the signal-to-noise ratio without generating line broadening.

The apparent correlation time τc was determined according to (29)

τc ¼ ð0:65� 10-9ÞΔH0”½ðA0=A-1Þ1=2 -1��
where ΔH0 is the peak-to-peak width of the center line in gauss, A0

is the amplitude of the center line, and A-1 is the amplitude of the
high-field line.

Table 1: Composition of Real and Model Cerebral Cortex Membranes

cerebral cortex lipid (w/w %) CCM-lipid (mol %)

PC 13.9 14

PS 8.0 7

PE 23.9 24

SM 8.0 4

Ch 13.3 26

Cer 14.3 15

GM1 8.75 4

plasmalogen 9.94



5028 Biochemistry, Vol. 48, No. 22, 2009 Pistolesi et al.

All the measurements were repeated three times from inde-
pendent samples to calculate standard errors.

RESULTS

HNBehavior in Solution. EPR spectra ofHNSL in aqueous
solution at different ionic strengths are shown in Figure 1A. The
three narrow lines present in the spectra indicate the presence of a
population of peptides in which the spin label is undergoing rapid
isotropic motion with a correlation time of about 0.2 ns,
indicative of peptide in a random coil conformation as confirmed
by the CD spectrum (see Figure 2, trace A). Addition of NaCl
results in the appearance of an extensively exchange-broadened
line underlying the EPR spectrum, as indicated by the asym-
metric baseline and decreased signal amplitude (Figure 1A). This
single broadened line might arise from pronounced spin-spin
interaction due to peptide self-association that brings spin-
labeled sites into close proximity. Moreover, the nearly identical
100 and 250 mM NaCl spectra are consistent with a stable
equilibrium between random coil peptide and oligomers or
aggregates (three sharp lines and a single broadened line,
respectively). Salts are known to stabilize aggregates if they are
formed by hydrophobic forces or electrostatic repulsion, while
the opposite effect is obtained if salt bridges are involved.
We found that 100 mM NaCl concentration is enough to
induce the formation of a stable aggregate which no longer
dissociates at higher ionic strengths. These findings rule out the
possibility of a salt bridge stabilized aggregate and support
hydrophobic forces and/or electrostatic repulsion factors as the
basis for aggregation. The effect of urea on aggregate stability has
been also examined (Figure 1B). Urea is known to increase
nonpolar side-chain solubility while maintaining the hydrogen-
bonding capability of aqueous solvents. Addition of 10 mM urea
leads to a destabilization of the aggregate where only a small
percentage of the characteristic single broadened line due to
aggregation is maintained and spectral amplitude is increased.
This is also consistent with the peptide monomerization in the
presence of urea confirming the hydrophobic nature of the
aggregate.

In Figure 2 CD spectra of 50 μM HN in different conditions
are shown. In aqueous solution (Figure 2, trace A), the CD
spectrum shows a strong negative peak at 197 nm, indicative of a
disordered peptide. On addition of 30% TFE (Figure 2, trace B),
the negative band is shifted to 206 nm, a second negative band
shows up at 222 nm, while a positive peak is present at 190 nm.
These changes are indicative of a conformational transition

between unordered and helical conformation. CD spectra of
HNwith 250 mMNaCl (Figure 2, trace C) show a negative band
shifted to 212 nm and resemble a β-sheet conformation which is
probably in equilibrium with a random coil structure, as was
previously found in PBS (high ionic strength medium) for the
mutated peptides HNG (S14G mutation) (22) and AGA(C8R)
HNG17 (24). In fact, the negative peak is located at 212 nm,
which is comprised between the typical negative peaks for
unordered and β-sheet structures, 196 and 216 nm, respectively
(see also Figure 9 below). This result is consistent with the two-
component EPR spectra reported above for HNSL in 250 mM
NaCl (Figure 1).

It is worth noting that CD spectra of 50 μM HN in 10% and
15%TFE (Figure 2, inset) are very similar in line shape to that of
HN in 250 mM NaCl, although the negative band is shifted
exactly at 216 nm. Then, below 30% TFE, HN adopts a β-sheet
conformation and the isodichroic point at about 210 nm indicates
a simple two-state equilibrium between R-helix and β-sheet
secondary structures.

The further helical content increase observed upon addition of
98% TFE (Figure 2, trace D) in respect to 30% TFE may be
explained as a more pronounced helicity of the peptide or
oligomerization.

FIGURE 1: EPR spectra of HN in the presence of different concentrations of NaCl (A) and urea (B). The solutions contained 50 mM MOPS,
pH 6.8, and 50 μMHNSL.

FIGURE 2: CD spectra of 50 μM HN in (A) 50 mM MOPS, pH 6.8,
(B) 30% TFE, (C) 250 mM NaCl (dotted line), and (D) 98% TFE.
Spectrum C was recorded above 200 nm because of technical
problems with salts. Inset: CD spectra of 50 μM HN in 10% TFE
(triangles) and 15% TFE (circles). The 30% TFE CD spectrum
(squares) is also shown for comparison. The pH was 6.8.
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To investigate if aggregation occurs in an aqueous environ-
ment, EPR spectra in water solutions at different ionic strengths
were recorded at increasing HNSL concentration (Figure 3).
In the absence of NaCl (Figure 3A), the central line amplitude
linearly increases until the critical concentration of 65 μM and
raises only slightly at higher peptide concentrations. In the
presence of 100 mMNaCl (Figure 3B), the critical concentration
for aggregation decreases to 35 μM. Above this value, the mI(0)
line amplitude linearly increases with increasing amounts of
HNSL, indicating a constant contribution of spin-spin interac-
tion to intensity (31). These results suggest that HN has
the tendency to form aggregates and/or oligomers in aqueous
solution, and at higher ionic strengths aggregation is even more
pronounced. These data, in combination with the CD spectrum
described above, indicate that β-sheet conformation found for
HN in 250 mM NaCl (Figure 2, trace C) could be related to an
aggregate.

Figure 4A shows EPR spectra of HNSL in the presence of
increasing volumes of TFE. From 5% to 15%TFE a three sharp

line component with a correlation time below 0.6 ns overlaps with
very broad single line, suggesting an equilibrium between mono-
meric unfolded peptide and an exchange-broadened aggregate.
Interestingly, CD spectra of HN in the presence of 10%and 15%
TFE (see inset inFigure 2) showing a negative band at 216 nmare
typical of a β-sheet structure. Then, the broadened line could
be associated to β-sheet aggregated HN. In the 20-30% TFE
range the spectra reflect the presence of a folded species with no
evidence for aggregation.

Correlation time analysis upon TFE addition (Figure 4B)
reveals two different slopes. Between 5%and 30%TFE, τc (of the
monomeric species) rapidly increases (i.e., motion decreases).
The increase of τc value probably reflects an increased folding
of the monomer in the 5-30% TFE range. At 30% TFE, the
τc value (about 0.65 ns) is consistent with the presence of a
monomer in a foldedR-helical conformation, as also indicated by
the CD spectrum of HN (Figure 2, trace B). Also, diluting the
spin-labeled HNwith a 6-fold native peptide does not change the
spectral shape (data not shown).

FIGURE 3: Signal amplitudes of themI(0) resonance line ofHNspectra in the functionof peptide concentration. PanelA refers toHNSL in50mM
MOPS, pH 6.8, and panel B is relative to HNSL in 100 mM NaCl solution. Standard errors were calculated from three independent
measurements.

FIGURE 4: (A) EPR spectra of 50 μMHNSLwith different concentrations of TFE. (B) Correlation times vs TFE percentages for 50 μMHNSL.
Standard errorswere calculated from three independentmeasurements. (C)EPR spectra of 50μMHNSL in 98%TFE (straight line) and of 50μM
HNSL in 98% TFE plus 350 μM native HN (dotted line).
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As the TFE concentration is increased from 30% to 98%, the
EPR lines broaden and the calculated τc continues to increase,
albeit at a lower rate than below 30% TFE (Figure 4B). The
changes seen from 30% to 98% TFE may reflect an increasing
percentage of a folded, apparently compact, species that is more
R-helical than the species found at 30%TFEor the presence of an
aggregate and/or oligomer. In Figure 4C the EPR spectrum of
HNSL is overlapped with that of HNSL diluted with a 6-fold
molar excess of nativeHN.No spectral changes are detected, thus
excluding aggregation-dependent broadening. This is consistent
only with an increased helicity of the peptide. In other words, the
protein is rapidly exchanging between a more flexible (found at
30% TFE) and a more compact (found at 98% TFE) monomer
conformation. This explanation is consistent with CD data. As
noted above, the CD spectrum of HN in 98% TFE (Figure 2,
trace D) represents a greater R-helical content as compared to
30% TFE.

To further validate the formation of an aggregated form below
30% TFE, the EPR signal amplitude was analyzed in the
presence of different spin-labeled/native HN ratios. In fact, if
the aggregate contains more than one spin-labeled monomer, the
spin labels can interact by electron dipole-dipole interaction or
by Heisenberg exchange, leading to a significant drop in signal
amplitude. Thus, diluting the spin-labeled monomers in the
aggregate with native HN should induce an increase in signal
amplitude of three line spectra. Figure 5 shows the dependence of
the mI(0) resonance line amplitude on the molar ratio between
native and spin-labeled HN (N, mol/mol) in the presence of 10%
TFE. Signal amplitude increases by adding increasing amounts
of native HN up to a ratio of about 1:1.5 (HNSL:HN), while
above N = 1.5 the central resonance line amplitude remains
constant. More interestingly, signal amplitude increases until the
molar ratio of 1:1.5, which corresponds to about one spin-labeled
monomer and one native monomer, or in other words to a dimer
or oligomers formed by dimers. These data confirm the presence
of a very stable oligomer in which the spin labels are in close
contact.

Motional restriction also plays a role in producing a broad-
ening in the resonance lines. Diluting the spin labels in the
putative aggregate, together with the elimination of spin-spin
interaction, should allowobservation of themotional behavior of
the spin label in the aggregate. In Figure 6, HNSL spectra diluted
with native peptide in the presence of 10% TFE are represented.

Based on the data reported in Figure 4C, a 6-fold excess of native
HN was chosen to ensure the elimination of any dipolar broad-
ening contribution. We have previously shown that, in the range
from 5% to 15% TFE, EPR spectra are characterized by an
aggregate associated with the single broadened line and that the
stoichiometry of the aggregate is that of a dimer. Here the single
broadened line (see Figure 6, gray line) has virtually disappeared,
leaving in its place an immobilized species (see Figure 6, black
line) corresponding to the motionally restricted aggregate which
is always in equilibriumwith unfolded peptide (three sharp lines).
As reported in Figure 4A, when the TFE concentration is further
increased, the immobilized species continues to diminish, and
at 30% TFE the peptide is completely monomeric.
Effect of HN on Model Cerebral Cortex Membranes

(CCM). Phospholipid bilayers are structurally more compact
on the surface and more fluid in the core due to different packing
conditions. EPR spectra of CCM spin labeled in positions 5, 7,
and 12 (see Figure 7) reflect this pattern. In going from the surface
to the interior the major hyperfine splitting (2Azz) becomes
smaller, meaning that the rotational motion of the spin label
increases from position 5 to position 12. It is worth noting that
the line shape of the three spectra is typical of a single immobi-
lized population of spins (only one component), although at
different freedom degrees depending on the position in the alkyl
chain. The presence of cholesterol in our model membranes leads
to a higher degree of ordering also in the hydrophobic interior of
the bilayers. This is the reason why even the 12-PCSL-CCM is
characterized by an order parameter of about 0.65.

To assess the effects of HN binding on the lipid phase of the
bilayer, we examined the motional parameters for spin-labeled
CCM (Figure 8). For 5-PCSL, a plot of the motional parameter
2ΔAzz as a function of the peptide to lipid ratio suggests a slight
decrease in motion (i.e., an increase in 2Azz) with increasing
concentration of bound peptide. A similar trend is observed for
7-PCSL, although changes are smaller than for 5-PCSL. For
12-PCSL increasing concentrations of peptide lead to a small
increase in rotational freedom (i.e., the hyperfine splitting 2Azz

decreases) as if the presence of HN induced a rising of the fluidity
in the core of the bilayer while a higher density on the surface.
These results indicate that perturbation of bilayer lipid motional
dynamics upon accumulation of bound HN is observed across
the entire length of the membrane with opposite effects on the
surface and in the hydrophobic region, and even those effects are
minimal. The stoichiometry of the interaction can be estimated
by extrapolation of the increase in 2ΔAzz, on initial tight binding,

FIGURE 5: Dependenceof themI=0 resonance line amplitudeon the
molar ratio (N mol/mol) of native and labeled HN (HNSL) in the
presence of 10%TFE. In each sampleHNSL concentrationwas kept
constant at 50 μM while the concentration of native HN was
increased.

FIGURE 6: Comparison between 50 μM HNSL in 10% TFE alone
(gray) and with a 6-fold molar excess of native HN (black). Samples
contained 50 μM HNSL, 300 μM native HN, and 50 mM MOPS,
pH 6.8. Scan width = 100 G.
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to the saturation value of 2ΔAzz. This yields a stoichiometry of
about 1:25 peptide to lipid molar ratio.

Stated that HN presence on the model CCM does not
significantly perturb the bilayer except only slightly the surface,
we investigated also HN structural properties in the presence of
CCM by CD (see Figure 9). In the presence of increasing
amounts of CCM lipids, HN undergoes a conformational
transition from random coil structure to a well-defined β-sheet
arrangement characterized by a positive band at 196 nm and a
negative band at 219 nmof comparablemagnitude.While the line
shape remains exactly the same, the amplitude of the CD spectra
diminishes while going to increasing peptide to lipid ratios. This
finding could be related to a change in HN structure upon
addition of bigger amounts of CCM or to a change in the
oligomerization state. Since no shape changes are observed, the
secondary structure of HN bound to membranes is clearly
conserved over all of the studied ratios. Thus, the amplitude
decrease could to be due to the loss of the aggregation state.

DISCUSSION

In this study, the neuroprotective HN peptide has been
thoroughly investigated in a variety of experimental conditions

showing its great variability in secondary structure and aggrega-
tion states.

Previous CD and NMR studies have shown that HN is
monomeric and unfolded in water (23, 25), in the apolar solvent
TFE it adopts an R-helix conformation reaching its maximum
helicity at 30% TFE (25), while it assumes a β-sheet structure in
PBS at high HN concentrations (370 μM) (23). Interestingly,
the ability of HN and its derivatives to assume a β-sheet
conformation has been related to their neuroprotective activity
(24). However, HN was found to adopt an R-helix secondary
structure when associated to the hydrophobic pocket of the
proapoptotic protein Bid (40).

We found that 50 μMHN in aqueous solution is in a random
coil conformation and undergoes a conformational transition
when 30% TFE is added. In addition to these findings the
existence of an aggregated form of HN in TFE has been also
demonstrated. The presence of an aggregate, represented by the
single exchange-broadened line is evident in the concentration
range of 5-15% (Figure 4A). This feature completely disappears
when 30% TFE is added, thus suggesting that in an apolar
environment HN is folded in a monomeric form, converging
to achievements of previous CD studies performed in acidic
solutions (25). The existence of an aggregated form of HN has
been also demonstrated at high ionic strengths. TheCD spectrum
of HN with 250 mM NaCl revealed the secondary structure of
this aggregate. Thus, we concluded that at high ionic strengths
HN is in equilibrium between an unstructured and a β-sheet
structured conformation.

Notably, in this study, HN interaction withmodel membranes
has been investigated by using spin labeling EPR combined with
CD measurements. All data were recorded at physiological
pH and at HN micromolar concentrations, thus getting closer
to the HN effective dose (1-10 μM) (17).

The EPR spectroscopy of spin-labeled lipids has proven to be a
most useful means of studying protein-lipid interactions with
peripheral as well as integral proteins in membranes. By coupling
EPR with CD spectroscopy, we were able to monitor the
variation in secondary structure of HN following its interaction
with membranes.

Liposomes used in this work constitute a more complex system
compared tomodel membranes commonly used for peptide-lipid

FIGURE 8: 2ΔAzz dependence in outer splitting of spin-labeled CCM
on increasing HN/CCM molar ratio for 5-PCSL (circles), 7-PCSL
(squares), and 12-PCSL (triangles). 2Azz values for 5-, 7-, and
12-PCSL without peptide are 60, 58, and 52 G, respectively. The
expansion of the 0.0-0.2 peptide/lipid molar ratio region with the
corresponding standard errors has been reported in the inset.

FIGURE 7: EPR spectra of 5-, 7-, and 12-PCSL in model CCM.
The scan width is 100 G.

FIGURE 9: CD spectra of 50 μM HN in the presence of different
molar ratios of CCM. HN in 50 mM MOPS, pH 6.8 (squares),
1:25 HN/CCM (circles), 1:50 HN/CCM (up triangles), and
1:100 HN/CCM (down triangles). The CD spectrum of 50 μM
HN in 250 mMNaCl (gray) is reported for comparison.
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interaction studies (27-29, 32-34). The lipid composition of our
model membranes was very similar to CCM (9) except for the
absence of plasmalogen due to its instability in our experimental
conditions. However, it has been reported that levels of plasmalogen
in AD CCM are reduced (41).

It has been suggested that HN may exert its neuroprotective
function in extracellular environment through interactions
with secreted factors or putative membrane receptors (2-6)
or by competing with Aβ peptide in the binding to FPRL1
receptor (8). Furthermore, recent studies have shown that the
interaction of Aβ and lipids plays an important role in the
pathogenesis of AD. For instance, the fibrillogenic properties
of Aβ are in part a consequence of the composition of the
membrane in which it resides, its peptide sequence, and its
mode of assembly (42). The presence of Ch andGM1 in neuronal
membranes was shown to be crucial for fibrillogenesis and
neurotoxicity (9, 43, 44). The negatively charged sialic acid
of GM1 was stated to be the anchoring point of Aβ to the
surface of the membrane that favors fibril formation. In the
presence of GM1, Aβ is hypothesized to undergo a conforma-
tional transition from an R-helix to a β-structure leading to fibril
formation (9).

By examining the motional parameters of the 5-PCSL and
7-PCSL lipids tested, the outer hyperfine splitting, 2Amax, is
greater for the HN-bound membranes than for the free lipid
membranes, while for 12-PCSL a little decrease in 2Amax has
been observed when HN is present. As the increase in 2Amax is
related to a more ordered and decreased fluidity, and the
opposite for decreasing values of 2Amax, we observed that
HN induces a motional decrease on the surface of CCM
caused by superficial accumulation and at the same time
causes a little increase in fluidity in the core region. The
values of 2ΔAzz are less than 2 G for all of the peptide/lipid
molar ratios examined and are in agreement with the values
reported in the literature for other nonpenetrating peptides
like R-synuclein (45), truncated R-synuclein (46), and others
(47). Furthermore, HN binds to CCM assuming a β-sheet
conformation structure, as is shown in Figure 9. This feature
is also marked in the more potent derivative of HN, AGA-
(C8R)HNG17, which assumes a β-sheet structure also in
water solution (24). Notably, we found that the stoichiometry
of HN-membrane lipid interaction is about 1:25. As in our
model membranes GM1 is present as 4%mol, we may assume
that HN and GM1 are present at 1:1 molar ratio. Based on
that, a possible interaction of HN with GM1 might be
hypothesized. Thus, HN can exert its neuroprotective activity
interacting with the same molecular target of Aβ on the cell
membranes. It has been also demonstrated that HN is able to
interact with Aβ, preventing Aβ neurotoxic effects through
morphological and functional alterations of the peptide (7).
These different evidences indicate that HN could exert its
neuroprotective function by binding different molecules on
cell membranes.

In conclusion, HN may play a variety of different
roles thank to its ability to change conformation. It is able
to bind hydrophobic pockets of proteins as an R-helical
monomer (40), but when located on liposomes mimicking
the plasma membrane, it assumes a clear β-sheet secondary
structure.

Our work is an additional confirmation of HN structural
versatility and might contribute to clarify the multiple roles and
mechanisms of HN neuroprotection.
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