Figure 5.2.10 -Configuration of the system when C8 has moved to the surface of the bilayer (panel
A). Snapshots selected from the trajectories (panel B-E). C8 is displayed in cyan, carbon atoms of
POPC are coloured in green, oxygen atoms in red, nitrogen atoms in blue and phosphorous in
orange, water molecules are omitted. In panel D, hydrogen bonds are indicated in red, hydrophobic
interactions in black. In panel E, water molecules in the headgroup region of the leaflet in contact

with the peptide are shown.

In total, during the simulations, C8 is in contact with atoms belonging to 24-30
different POPC molecules, although, typically, the peptide binds 8-10 POPC molecules
simultaneously. Peptide binding induces a decreasing of 0.5-1 nm” of solvent accessible
surface for POPC oxygen and nitrogen atoms, which is likely to be due to their
involvement in the lipid-peptide H-bonding. At the same time MD results indicate an
increase of 2-4 nm” of the solvent accessible surface for POPC carbon atoms. This last
result has to be interpreted as an increase of exposure to the solvent of the carbon atoms
present in the lipid headgroup (i.e., those of glycerol and choline group). A snapshot
showing water molecules in the lipid headgroup region is reported in Figue 4.2.10E. Water
molecules form a network of hydrogen bonds with the oxygen atoms of glycerol and
choline groups and hydrate carbon atoms. No water molecules are found in the acyl chain
region. POPC bilayer thickness, with and without the presence of C8, is reported in Table

4.2.4.
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POPC molecules POPC molecules in POPC molecules in

-starting contact with C8 contact with C8 upon
conformation before the binding  the binding
P-P thickness (nm)
4.12° 4.00-4.03 (+0.02) 3.60-3.71 (£0.03)

“The value of bilayer thickness in absence of the peptide, measured as the average distance between
the phosphorous atoms of the upper and lower leaflets of POPC, is in agreement with previous
computational[14] and experimental[15] studies.

Table 4.2.4 - POPC bilayer properties obtained by MD simulations.

By comparison of these values, it can be concluded that the C8 binding provokes a
thinning effect of 3-5 A. The local reduction of the bilayer thickness induced by the
peptide is confirmed by visual inspection of the trajectories and also suggested by Figure
4.2.10, where the formation of a hollow on the bilayer surface can be detected. MD
simulations also show that peptide binding to the bilayer surface reflects in the
microstructuring and dynamics of the lipid molecules. The calculated order parameters of
the lipids in direct contact with the peptide compared with those of the other lipids

constituting the bilayer are reported in Figure 4.2.11A.
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Figure 4.2.11 - Calculated order parameters for POPC palmitic chains in direct contact with C8
(circle) and for those not in contact with the peptide (triangle) (panel A). Calculated order
parameters for POPC palmitic chains of the leaflet in direct contact with the peptide (circle) and for

those of the opposite side of the bilayer (triangle) (panel B).
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For POPC molecules in contact with C8, calculated values are slightly higher in
magnitude (indicating more order in the system), particularly for the last atoms of the chain
(n = 8). Similar results have been obtained comparing the root mean square deviations of
POPC molecules in the presence and in the absence of the peptide. Interestingly, a slightly
different effect of peptide binding on the two monolayers is also observed. Inspection of
Figure 4.2.11B shows that, in the peptide-bound leaflet, acyl chain mobility is slightly
higher close to the interface (n = 2, 3) and somewhat lower in more internal region (n > 7).

In order to have a direct comparison between NR and computational results, the
experimental scattering length density profile, p(z), of the two analyzed systems, using
thickness values obtained by MD simulations, has been calculated (Figure 4.2.12). The

results of this analysis confirms a close correlation between NR and MD data.
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Figure 4.2.12 — Comparison between the scattering length density, p(z), profile of pure POPC (A)
and POPC with C8 (B) bilayers, obtained by experimental (continuous line) and computational
(dotted line) data. The thickness of the chains region, headgroups and interacting peptide layers has
been estimated from the MD simulations as follows atoms of the: the chains region thickness has
been calculated as the average distance between the carbons in a to the carboxylic groups of the
lipid acyl chains of the two opposing leaflet. The headgroups layers thickness has been calculated
by subtracting the thickness of chains region to the average distance between the nitrogen atoms of
the choline groups of the two opposing leaflets. The thickness of the interacting peptide layer has
been calculated as the average distance between the peptide atoms closest and farthest to the lipid

headgroups.
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The experimental strategy set up for this study has proved to be extremely
informative of the miscrostructure and dynamics of complex systems such as lipid
membranes interacting with peptides/proteins. Particularly, MD simulations have been
found to be a valuable tool to rationalize all the experimental results obtained by Neutron
Reflectivity, CD, ESR and fluorescence spectroscopy. The findings of the present
investigation could help in shedding light on the mechanism through which viral
glycoproteins help to overcome the energetic barrier inherent with the fusion between the
target cell plasma membrane and the viral envelope, and particularly on the role played by
the MPER protein domain in the process. The experimental data suggest that lipid bilayer
destabilization could be a consequence of the asymmetric perturbation of the bilayer that
starts with an increased hydration of lipid headgroups coupled to an increase of lipid
ordering in the leaflet exposed to the approaching viral glycoprotein. In particular, since
water organization at membrane interface has been proposed to control the fusion
dynamics [14], the increment of bilayer hydration could be a fundamental part of role

played by the MPER fusion protein domain during the process.
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4.3 Role of lipid composition on the C8-membranes interaction

Subsequently, a study on the effect of cholesterol (CHOL) and sphingomyelin (SM)
presence on the C8-POPC bilayers interaction was realized. Supported Lipid Bilayers
(SLBs) and Multi-Lamellar Vesicles (MLVs), composed by POPC and CHOL at different
weight content (from 0 to 30%)and by POPC, SM and CHOL at 1:1:1 weight ratio, were
analyzed by a combined experimental approach, performing NR and ESR measurements.

First, lipid bilayers composed by POPC:CHOL at different weight ratio (90:10,
80:20 and 70:30) and POPC:SM:CHOL at 1:1:1 weight ratio were characterized by NR
and ESR measurements, in order to obtain micro-structural information depending from
the different lipid composition.

NR characterization was performed using D,O, SMW and H,O as isotopic contrast
solvents. The experimental curves are shown in Figure 4.3.1A-D and the parameters used
to fit the curves simultaneously from all the contrasts are given in Table 4.3.1. For all lipid
systems, a five box model was found to best fit the data. The first two correspond to the
silicon block and to the thin solvent layer interposed between the silicon surface and the
adsorbed bilayer. The three other boxes describe the lipid bilayer, which is subdivided in
the inner headgroups, the hydrophobic chains, and the outer headgroups layers.For all
considered bilayers, a model without the water layer between the substrate and the bilayer
gave a worse fit to the data. For POPC headgroups, p[Js equal to 1.86 x 10 A while for
the acyl chains is equal to -0.29 x 10® A[11]. For CHOL p{lis equal t00.22 x 10° A?.
In the case of SM, p[ Jwas estimated to be equal to ~1.60 x 10 A~ for the headgroups and
to ~-0.29 x 10 A”for the acyl chains. Thus the parameters obtained from the best fit
procedure are the thickness and the roughness of each box plus the solvent content

expressed as volume percent (see Table 4.3.1).

130



6 6
(A) ; (B) s
1 4 -1 o 4
< <
@ 3 % 3
2 2 2 2 3 2
1 1
o
- 0
%7 i< 3
¢ © L)
— o
—
4 | T 4]
ER 5
.
-6 —

PO A2
Log R

005 0.10 015 02 0.05 0.10 4 015 0.20
Q/A? QA

Figure 4.3.1 - Neutron Reﬂectivity profiles (points) and best fits (continuous lines) corresponding
to bilayers of (A) POPC:CHOL 90:10 wt/wt, (B) POPC:CHOL 80:20 wt/wt, (C)POPC:CHOL
70:30 wt/wt and (D) POPC:SM:CHOL 1:1:1 wt/wt/wt bilayers in (e) D,O, (m) SMW and (¢) H,O

solvents. The insetsshow the p profiles for the lipid bilayers in D,O.

The presence of cholesterol influences the overall thickness of the lipid bilayer. In
fact, it increase proportionally with the cholesterol content varying from 44 + 1 A, obtained
for the pure POPC bilayers [8], to 50 + 1 A obtained in the case of 30% wt/wt content. In
particular, the presence of cholesterol causes an increase of the thickness of the
hydrophobic region, going from 28 + 2 A (pure POPC) to 33 + 2 A. In addition, the p
values corresponding to this region increase with the cholesterol content, from -0.29 to -
0.11 x 10® A2 This evidence is a clear confirm that cholesterol has a tendency to
positioning in the hydrophobic core between the phospholipids chains. Then, a small
increase of the solvent content in the headgroups region is observed, probably due to the

different chains packing density related to the presence of cholesterol in the bilayer.
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Finally, for all bilayer systems, the roughness values were similar to those obtained
for the corresponding silicon bare. In the case of the lipid bilayer also containing SM, a
total thickness of 49 + 1 A, a roughness equal to that obtained for the silicon surface and a
solvent content in the headgroups region of 40% and 44% + 10 for the inner and outer
polar layers, respectively, were obtained. p[ s equal to -0.11 x 10 A for the acyl chains
region, confirming the presence of cholesterol in this domain, while the p value for the
headgroup region was equal to 1.7 x 10° A, that is a medium value between the theoric
ones corresponding to phosphatidylcholine and myelin groups which form the headgroups
polar layers.

ESR investigation was realized incorporating phosphatidylcholine spin-labeled on
the different positions of the sn-2 chain (n-PCSL, with n = 5, 7, 10, 14) in the lipid
bilayers. Analysis of n-PCSL’ spectra for all lipid samples was realized determining the
outer hyperfine splitting (2Amax). ESR spectra of 5-PCSL, which presents the nitroxide
group close to its hydrophilic headgroup, are shown in Figure 4.3.2. They show clearly
defined axially anisotropic lineshapes, with a value of the outer hyperfine splitting, 2Aax,
equal to 52.5 = 0.1 G for the pure POPC. Increasing the cholesterol content, the 2Aax
values increase with it up to a value of 56.7 = 0.1 G. The same effect was observed for the
ESR spectra (not shown) of 7 and 10-PCSL, which also present anisotropic lineshapes,
althoughlower thanthat observed for the SPCSL spectra (see reported in Table 4.3.2). We
also investigated lipid bilayers including phosphatidylcholine spin labeled on the 14 C-
atom of the sn-2 chain (14-PCSL), in which the nitroxide group is positioned close to the
terminal methyl region of the chain. The corresponding spectra are shown in Figure 4.3.3.
In this case, a narrow, three-line, quasi isotropic spectrum is obtained for POPC and
POPC:CHOL 90:10 samples, as shown in Figure 4.3.3A-B. The higher isotropy of the 14-
PCSL spectrum with respect to that obtained for 5-PCSL indicates a flexibility increase in

segmental chain mobility in going from the polar headgroups to the inner hydrophobic
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core, which is a characteristic hallmark of the liquid-crystalline state of fluid phospholipid

bilayers.
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Figure 4.3.2 — ESR spectra of 5-PCSL in lipid bilayers of pure POPC (A), POPC:CHOL at weight
ratios of 90:10 (B), 80:20 (C), 70:30 (D) and POPC:SM:CHOL (E) in absence (continuous lines)
and presence (dashed lines) of C8 peptide.
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Figure 4.3.3 — ESR spectra of 14-PCSL in lipid bilayers of pure POPC (A), POPC:CHOL at 90:10
(B), 80:20 (C), 70:30 (D) weight ratios and POPC:SM:CHOL (E) in absence (continuous lines) and
presence (dashed lines) of C8 peptide.

Increasing the cholesterol content, a second component appears in the ESR spectra,
as shown in Figure 4.3.3C-E. This second component is resolved in the outer wings of the

spectra and corresponds to spin-labeled lipid chains whose motion is restricted. In addition,
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the 2Aax values are much higher than those calculated for 14-PCSL spectra in pure POPC

and POPC:CHOL 90:10 bilayers.

2A4,10/G
n-PCSL POPC POPC:CHOL | POPC:CHOL | POPC:CHOL | POPC:SM:CHOL
90:10 80:20 70:30
5-PCSL | 52.5+0.1 | 53.5+0.1 55.1+0.1 56.7+0.1 56.4+0.1
7-PCSL | 50.5+0.1 | 52.1+0.1 54.4+0.1 56.2+0.1 55.7+0.1
10-PCSL | 47.7+£0.2 | 48.5+0.2 50.2+0.2 52.8+0.2 514+0.2
14-PCSL | 32.6+0.3 | 329+0.3 40.6 +0.2 41.7+£0.2 40.8+0.2
after the C8 addition
5-PCSL | 549+0.1 | 55.7+0.1 57.5+0.1 57.0+0.1 59.6 0.1
7-PCSL | 52.8+0.1 | 543+0.1 55.5+0.1 56.0+ 0.1 59.3+0.1
10-PCSL | 50.0+0.2 | 49.8+0.2 50.7+0.2 52.6+0.2 53.7+0.2
14-PCSL | 34.0+0.3 | 33.1+0.2 41.1+£0.2 41.5+£0.2 42.5+0.2

Table 4.3.2 - Outer hyperfine splitting, 24,,,,, values of n-PCSL in POPC, POPC:CHOL and
POPC:SM:CHOL bilayers in absence and presence of C8 peptide.

These results indicate that high concentrations of CHOL produce a strong effect on
the lipid packing of phospholipids chains, reducing their mobility also in the terminal
methyl region. This evidence confirms that CHOL causes, in the POPC bilayer, a transition
from the liquid-disorder phase (L4) to the liquid-ordered phase (L,). In the case of bilayers
formed by POPC:SM:CHOL, a similar situation was observed. The reduced mobility
involves the 14PCSL spin-label and the spectrum also presents the second component,
even though it is less evidence of that observed for POPC:CHOL 70:30 bilayer, as
demonstrated by 2A,.x values reported in Table 4.3.2.

The effect of the presence of C8 peptide in the bilayer was studied by measuring

NR curves of the fully hydrogenated lipids to which the peptide with deuterated Trp
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residues was added. Four contrasts, D,O, 4MW, SMW and H,0O, were used and the NR

curves are shown in Figure 4.3.4A-D.
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Figure 4.3.4- Neutron Reflectivity profiles (points) and best fits (continuéus lines) corresponding
to bilayers of (A) POPC:CHOL 90:10 wt/wt, (B) POPC:CHOL 80:20 wt/wt, (C)POPC:CHOL
70:30 wt/wt and (D) POPC:SM:CHOL 1:1:1 wt/wt/wtbilayers with C8-ds,0btained in (e) D,O,
(A)4MW, (m) SMW and (¢) H,O solvents. The insets show the p profiles for the bilayers in D,0.

In the case of POPC:CHOL 90:10 and POPC:CHOL 80:20 bilayers, an additional
layer with respect to the case of pure lipid models was necessary to obtain a good curves
fitting. This layer prominently consists of the peptide interacting with the bilayer leaflet
and it was characterized by a p/ Jvalue equal to 3.66 x 10° A, which corresponds to the
theoric value of the deuterated peptide [8]. For both lipid bilayers, the p of the external
headgroups layer varies from 1.86 x 10°® A to ~2 x 10° A?, indicating that the presence
of the peptide effectively perturbs the outer hydrophilic region of the two considered

membranes. In contrast, no variations were observed in the p values corresponding to the
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hydrophobic region and inner headgroup layer. The values of all parameters optimized in

curves fitting are also reported in Table 4.3.1.

POPC:CHOL interfacial layer | thickness (A) % solvent roughness (A)
90:10 mol/mol content
water 3+1 100 3+1
inner headgroups 6+1 30£10 3+1
chains region 30+1 - 6+1
outer headgroup 7+1 22410 4+1
with C8 water 3+1 100 3+1
inner headgroups 6+1 30+10 3+1
chains region 30+1 - 6+1
outer headgroup 5+1 36=10 4+1
interacting peptide 5+1 60+10 5+1
POPC:CHOL interfacial layer | thickness (A) % solvent roughness (A)
80:20 mol/mol content
water 3+1 100 3+1
inner headgroups 7+1 40+£10 3+1
chains region 31+1 - 5+1
outer headgroup 71 35+10 3+1
| with C8 | water 31 100 3+l
inner headgroups 7+1 30£10 3+1
chains region 31«1 - 7+1
outer headgroup 5+1 20+10 5+1
interacting peptide 5+1 75+10 3+1
POPC:CHOL interfacial layer | thickness (A) % solvent roughness (A)
70:30 mol/mol content
water 3+1 100 8+1
inner headgroups 9+1 35£10 5+1
chains region 33+1 - 5+1
outer headgroup 8+1 44+10 7+1
| with C8 | water 341 100 81
inner headgroups 9+1 30£10 6+1
chains region 33+1 - 5+1
outer headgroup 8+1 35+10 7+1
POPC:SM:CHOL | interfacial layer | thickness (A) % solvent roughness (A)
1:1:1 content
water 5+1 100 5+1
inner headgroups 8+1 40+10 3+1
chains region 31+1 - 7+1
outer headgroup 10£1 44+10 4+1
with C8 water 5+1 100 5+1
inner headgroups 8+1 33£10 6+1
chains region 30=+1 - 7+1
outer headgroup 71 42+10 5+1
interacting peptide 5+1 80+10 4+1

Table 4.3.1 - Parameters derived from model fitting the reflectivity profiles for pure the lipid

bilayers and after C8-ds,; addition.
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Interestingly, the thickness and the solvent content of the model box of external
headgroups layers are different with respect to the pure lipid bilayers.In particular, the
thickness values of both layers corresponding to the polar headgroups slightly decrease
from 7 £ 1 to 5 + 1 A, while the thickness of the additional peptide layer presents a
thickness of 5 + 1 A. The more evident variations are observed for the solvent content
values of outer headgroups layers that dramatically increase with respect the cases of pure
lipid bilayers. This increase is directly related to the peptide binding which effectively
perturbs the external bilayer structure. In contrast, no changes occurred for the chains and
inner headgroups layers, indicating that the interaction involves only the external bilayer
leaflet in which the peptide adsorbs on the membrane surface.

In the case of POPC:CHOL 70:30, the best fit of NR profiles required only five
model boxes and no particularly changes were observed in the values of all fitting
parameters. This is a clear evidence that no interaction occurs between the considered lipid
bilayer and C8 peptide. It is probably due to the particular bilayer micro-structural
properties induced by the high content of cholesterol, which inhibits the membrane-peptide
interaction.

Finally, NR profiles corresponding to the POPC:SM:CHOL bilayers were analyzed.
Different changes were caused by the peptide addition. First, an additional layer with
respect to the case of pure lipid models was necessary to obtain a good curves fitting. It
consists of the peptide (p/ /= 3.66 x 10° A?). As observed for the bilayers with the lower
content of cholesterol, the pof the external headgroups region increase to value ~2 x 10°
A, indicating an effect of C8 presence. Also in this case, no variations were observed in
the pvalues corresponding to the hydrophobic region and inner headgroup layers.The
thickness of external headgroups layer decreases from 10 + 1 to 7+ 1 A, while its value for
the layer corresponding to the peptide presence is equal to 5 = 1 A. This is an evidence of a

surface interaction of the peptide. No significant changes occur in the solvent content and
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roughness. Finally, no variations of fitting parameters corresponding to the inner bilayer
leaflet, indicating that the membrane-peptide interaction involves only the external surface.

C8-membrane interaction was also investigated by ESR measurements. 5-PCSL
spectra for the considered lipid systems were shown in Figure 4.3.2 (dashed lines). Figure
4.3.4 shows the dependence of the outer hyperfine splitting, 2A,.x, on chain position, n, for
the n-PCSL spin-labels in lipid membranes, with and without C8 peptide. For
POPC:CHOL 90:10 bilayers, in the presence of C8, the characteristic flexibility gradient
with chain position of the fluid lipid bilayer membranes is preserved, but 2Ap. is
increased at 5 and 7 chain positions by the same extent (~2.2 G). For the 10-PCSL
spectrum, a slight 2A,x increase was observed while, for what concerns the spin-label
presenting the nitroxide in a deeper position, 14-PCSL, no particular changes in the ESR
spectrum were caused by the C8 addition (see Figure 4.3.3B). This is evidence that the
peptide binds solely at the membrane surface and does not penetrate appreciably into the
membrane interior. ESR results confirm that the only external bilayer leaflet was involved
in the interaction with the peptide and that its surface association does not influence the
phospholipids chains mobility, probably as a consequence of cholesterol presence which
induces a higher order in the hydrophobic region.

Similar results were obtained in the case of POPC:CHOL 80:20 bilayers. In fact,
also in this case, an increase of 2A,.x of 5-PCSL and 7-PCSL spectra was obtained while,
for 10-PCSL and 14-PCSL, the same behaviour of the previous lipid system occurred. For
POPC:CHOL 70:30 bilayer, no significant changes in all spin-labels spectra were caused
by the C8 peptide addition, indicating no membrane-peptide interaction. This result
suggests that the presence of an high content of cholesterol influences the bilayers micro-
structural properties so as to inhibit the interaction with the peptide. Finally, the
POPC:SM:CHOL lipid bilayers are considered. In the presence of CS8, significant

perturbations in the spectra of all spin-labeled lipids are found. In particular, anhigh
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increase of 2A,,x values was detected, as shown in Figure 4.3.4, indicating an interaction

between the peptide and lipid bilayers.
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Figure 4.3.4 - Outer hyperfine splitting, 2A..x, of n-PCSL in bilayers of POPC:CHOL at 90:10
(A), 80:20 (#), 70:30 (e) and POPC:SM:CHOL (m) as a function of the nitroxide position, n, on
the phospholipid acyl chains in absence (solid points) and presence (open points) of C8 peptide.

These results suggest that the presence of sphingomyelin determines specific micro-
structural properties of the membrane which favor the interaction with the peptide,

confirming the idea of the a specific role of the lipids on influencing biological processes.
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4.4 Interaction of the MPER domain of HIV gp41 with lipid bilayers
After the investigation on the behaviour of the peptide deriving from the MPER
domain of FIV gp36, the attention was focused on the mechanism of action of the MPER
domain of the HIV gp41 in the presence of biomembranes with different lipid composition.
Preliminarily, POPC membranes incorporating phosphatidylcholine spin-labeled on
the n C-atom of the sn-2 chain (n-PCSL) were investigated. ESR spectra of n-PCSL are

showed in Figure 4.4.1 (solid lines).
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Figure 4.4.1 - ESR spectra of n-PCSL in POPC bilayers, in the absence (solid line) and in the

presence (dashed line) of 1:1 wt/wt peptide.
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In the case of 5-PCSL, which presents the nitroxide group close to the hydrophilic
headgroup, the spectrum shows a clearly defined axially anisotropic lineshape. Spectra of
7-PCSL and 10-PCSL spin-labels also have an anisotropic lineshape, but this character is
less evident as the nitroxide group is located close to the terminal methyl region of the
chain. In fact, in this case of 14-PCSL a three-line, quasi-isotropic spectrum is obtained,
see Figure 4.4.1 (lower spectrum, solid line). The higher isotropy of the 14-PCSL spectrum
with respect to that obtained for 5-PCSL indicates a flexibility increase in segmental chain
mobility in going from the polar headgroups to the inner hydrophobic core, which is a
characteristic hallmark of the liquid-crystalline state of fluid phospholipids bilayers.

Association of the peptide to the phopholipid bilayers causes a significant variation
in the ESR spectra of spin-labeled phospholipids. Particularly, the spin-labels presenting
the nitroxide group in the positions n =5, 7, 10 present a clearly 2A,,x increase, as shown
in Figure 4.4.1 (dotted lines). Strikingly, for what concerns the 14-PCSL, the presence of
the peptide causes the appearance of a second component in the ESR spectrum, see Figure
4.4.1 (lower spectrum, dotted line).This second component is resolved in the outer wings
of the spectrum and corresponds to spin-labeled lipid chains whose motion is restricted.
This is a feature already encountered for all the peptides and proteins which stably inserts
in the lipid bilayer, such as integral membrane proteins [13]. The slow motional
component is due to spin-labeled lipids participating to the “annular” structure surrounding
the guest molecule, while the fluid component is due to relatively unperturbed spin-labels
in bulk lipid. It is interesting to consider that in the case of peptides which adsorb on the
membrane surface, we observe only an increase of 2A,.x value but no anisotropy in the
spectrum of 14-PCSL [4].

All 2A.x values corresponding to the ESR spectra of n-PCSL in pure POPC
bilayers in the absence and in the presence of peptide are reported in Table 4.4.1. Figure

4.4.2 shows the dependence of the outer hyperfine splitting, 2An.x, on chain position for
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the n-PCSL spin-labels in fluid POPC membranes, with and without the peptide. The
values determined in the presence of the peptide are all greater than those determined in its
absence, and they are approximately constant at about 56 + 0.3G. In the case of 14-PCSL
spectrum, the second minimum is not well definited so the 2A,,,x is not determinated to

avoid a very large experimental error.
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Figure 4.4.2 - Dependence on spin-label position, 7, of the outer hyperfine splitting, 2A.x, of the
n-PCSL phosphatidylcholine spin labels in POPC membranes in the absence (open circles) and
presence (solid circles).of 1:1 (wt/wt) peptide.

24 ,4x (G)
n-PCSL
POPC POPC POPC:SM:CHOL POPC:SM:CHOL
+ Peptide + Peptide

5-PCSL | 524+03G | 56.1+£03G 55.6£0.1G 59.5+0.1G
7-PCSL | 51.6+03G | 554+£03G 529+0.1G 59.9+0.1G
10-PCSL. | 48.7+£03G | 554+03G 488+0.1G 59.4+0.1G
14-PCSL. | 33.5+03G — 40.1+£0.1G 53.0+£0.1G

Table 4.4.1 - 2A,,,x values of n-PCSL in POPC and POPC:SM:CHOL bilayers in the absence and

presence of the peptide, obtained from ESR measurements.
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To better explore the effect of the peptide interaction on the bilayer structure,
spectra of 5-PCSL at 0.5:1 and 0.2:1 wt/wt peptide/lipid ratios were also recorded. The
values of 2Anax are showed in Figure 4.4.3. A careful analysis of the figure suggests that
the 2An.x stabilizes to value of 56G at the 0.6:1 wt/wt peptide/lipid ratio. From this
saturation value, it was estimated that one peptide molecule interacts with two POPC
molecules. This value is much lower than that obtained by the same method for peptides
derived from gp36 of FIV. This can be interpreted as being due to the different modes of
interaction (insertion of the peptide against its surface adsorption), and/or to the peptide
autoaggregation. This second hypothesis is supported by an extensive literature showing

the formation of a trimers.
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Figure 4.4.3 - Dependence on peptide/POPC ratio of the outer hyperfine splitting, 2A,,.x, of the 5-
PCSL.

The second lipid system studied is a liposomal suspension consisting of POPC, SM

and CHOL at 1:1:1 wt/wt/wt ratio. This lipid mixture is used as a model of domains of
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hard cell membrane, commonly referred to as lipid rafts, which are characterized by a very
high content of cholesterol and sphingomyelin. In this case, the spectra of all spin-labels

present a clear anisotropy, as showed in Figure 4.4.4.
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Figure 4.4.4 - ESR spectra of n-PCSL in POPC:SM:CHOL bilayers, in the absence (solid line) and

in the presence (dashed line) of 1:1 wt/wt peptide.

The evidence that the spin-label 14-PCSL presents a restriction of its motion
freedom is due to fluid liquid crystalline order of the lipid bilayer which is much more
rigid than the pure POPC bilayer. The corresponding 2A,.x values are summerized in
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abundant. The effect of the peptide is similar to the case previously studied. In fact, we
find the same effect of reducing the size of the aggregates with respect to original
liposomal system. The difference between the sizes of the aggregates can be noted also at
the macroscopic level: the solution containing the peptide appears clear, differently from
the solution containing only the lipid suspension.

These results indicate a strong destabilizing effect of the MPER domain on lipid
systems: it causes a order loss in the lipid bilayers which also influences the mesoscopic

organization.
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4.5 Interaction of peptides deriving from different domains of HSV-1

gH and gB glycoproteins with lipid membranes

The attention was then focused on the beahvior of different peptides corresponding
to the known membrane interacting regions of HSV-1 fusion glycoproteins gH and gB,
namely gH626-644, gH776-802, gB168-186 and gB632-650 [13]. The peptide sequences
are indicated in Table 4.5.1. In particular, gH626-644 has been previously identified as the
putative fusion peptide of gH [17], while gH776-802 corresponds to the pre-
transmembrane domain of gH and has been shown to interact significantly with liposomes
and thus to be involved in the fusion process [18]. gB168-186 of HSV gB has been
identified by other methodologies as a fusion peptide [19], while gB632-650 has also been
previously shown to interact with membranes and to have a significant inhibitory activity
[20]. As control peptides we used the fusion peptide of HIV and melittin, a cationic
antimicrobial peptide; the HIV fusion peptide was selected to determine the behaviour of a
peptide able to stably interact with membranes at a certain depth, while melittin was

selected as being responsible of the formation of pores through the bacterial membrane.

Name Sequence

HSYV peptides

gH626-644 GLASTLTRWAHYNALIRAF
gH776-802 STALLLFPNGTVIHLLAFDTQPVAAIA
gB168-186 VTVSQVWFGHRYSQFMGIF
gB632-650 PCTVGHRRYFTFGGGYVYF

Control peptides

gp41-FP AVGIGALFLGFLGAAGSTMGARS
melittin GIGAVLKVLTTGLPALISWIKRKRQQ

Table 4.5.1 - Peptide sequences
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The ESR spectroscopy, by using phosphatidylcholine spin-labeled at different
positions, n, in the sn-2 chain (n-PCSL, n = 5, 7, 10, 14) incorporated in PC/CHOL
membranes (55/45 w/w), in the presence of the peptides. Preliminarily, the spectra in the
absence of the peptides were also registered. Inspection of Figure 4.5.1 shows that all the
spectra present a clearly defined axially anisotropic lineshape, an evidence that, due to the

high cholesterol content, the PC/CHOL bilayer is in the liquid-ordered state.
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Figure 4.5.1 — ESR spectra of n-PCSL positional isomers in PC/CHOL membranes in presence
(solid line) and absence (dashed line) of gH626-644.
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In an attempt to quantitatively analyze the spectra, the order parameter, S, was

calculated according to the relation:

S = (Z|_TL) a_N

- [4.5.1]
(T,,-T,) ay

where 7, and T, are two phenomenological hyperfine splitting parameters which can be

determined experimentally for each spin-labeled phospholipid as shown in Figure 4.5.1
(note that 27/ =27 —1.6). T _andT, are the principal elements of the real hyperfine
splitting tensor in the spin Hamiltonian of the spin-label, which can be measured from the

corresponding single-crystal ESR spectrum and are reported in the literature (7, =6.1 G
and 7 =32.4 G).a,and a;, are the isotropic hyperfine coupling constants for the spin-label

in crystal state and in the membrane, respectively, given by:

aN zé(T'zz +2]:(x)

, 1
@ =5 (T +2T.)

The isotropic hyperfine coupling constant is an index of the micropolarity

experienced by the nitroxide, and the a,/ay ratio in eq. 4.5.1 corrects the order parameter
for polarity differences between the crystal state and the membrane. Both S and a]

decrease progressively with increasing n, as the spin-label position is stepped down the
chain toward the center of the membrane, see Figure 4.5.1. The S variation is an evidence
of the flexibility gradient in segmental chain mobility, indicating that the lipid bilayer
presents a relatively rigid surface and rigid interior. The a) decrease is related to the
polarity gradient, indicating that the hydrophobicity increases as the nitroxide group moves
to the center of the bilayer. Association of peptides to the lipid bilayer causes significant
variation in the ESR spectra of spin-labeled phospholipids. As an example, Figure 4.5.2

gives the ESR spectra of n-PCSL in PC/Chol bilayer membranes, in the presence and
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absence of gH626-644 at a lipid:peptide molar ratio of 10/1. The presence of the gH626-
644 induces slight but significant changes in the spin-labels ESR spectra, which are mainly
detectable from the low- and high-field components position and lineshape.In an attempt to
quantify these evidences, the S and a;, values were determined Figure 4.5.2 shows the
dependence of these parameters on chain position, n, for the n-PCSL spin labels in

PC/Chol membranes, in the absence and in the presence of the peptides. In all cases, the

flexibility and polarity gradients with chain position of the lipid bilayer membranes are

preserved.
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Figure 4.5.2 — Dependence on spin-label position, 7, of the isotropic hyperfine coupling constant,
ay; (panel A, left-hand ordinate), and of the order parameter, S (panel B, left-hand ordinate), of the
n-PCSL n PC/CHOL in the absence (bold line) and in the presence of gH626-644 (o), gH776-802
(0), gB168-186 (A), gB632-650 (0), melittin (V), or gp41-FP (), T=25 °C. Variation of aj
(panel A, right-hand ordinate), and S (panel B, right-hand ordinate) with respect to the unperturbed
bilayer, on adding gH626-644 (m), gH776-802 (e), gB168-186 (A ), gB632-650 (4), melittin (V)
or gp41-FP (.d) to the membrane.
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Concerning ay, it appears that its value is only marginally affected by the peptides,

1.e., no evident variation in the local polarity is detectable. In contrast, inspection of the
panel A of the figure reveals significantly different behaviour of the lipid chain mobility in
the presence of the various peptides. In the same figure the S variation with respect to the
value determined in the absence of any peptide, AS, is also reported. In the case of gH776-
802, addition of peptide does not significantly affect the S value at any chain position. In
the case of gB168-186, AS decreases - almost tending to zero - with increasing n. gH626-
644 causes an increase in S to a comparable extent at all chain positions. The perturbations
due to gB632-650 increase with ». This indicates that the increase in lipid packing density,
which is induced by insertion of gH626-644, and even more by that of gB632-650,
propagates down the chain more effectively than for the other peptides.

It is interesting to compare these results with those obtained for the two reference
peptides, namely gp41-FP and melittin. In the case of gp41-FP, the spin-labels presenting
the nitroxide group in position n=5,7,10 present a clearly detectable S increase, as shown in
Fig. 4.5.2. Strikingly, for what concerns the spin-label presenting the nitroxide in a deeper
position, 14-PCSL, the presence of gp41-FP causes the appearance of a second component
in the ESR spectrum, see Figure 4.5.3. The second component is resolved in the outer
wings of the spectrum and corresponds to spin-labelled lipid chains whose motion is
restricted. This is a feature already encountered for all the peptides and proteins which
stably inserts in the lipid bilayer, such as integral membrane proteins. The slow motional
component is due to spin-labelled lipids participating to the ‘“annular” structure
surrounding the guest molecule, while the fluid component is due to relatively unperturbed
spin-labels in bulk lipid. Thus, we can conclude that gp41-FP deeply inserts into the lipid
bilayer. A similar experimental evidence has been found by Curtain et al. for the same

peptide in egg yolk phosphatidylcholine [21]. In this context, it is relevant to note that the
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same authors, by analysing ESR spectra of spin-labelled gp41-FP in lipid bilayers,

concluded that the membrane-bound peptide could self-aggregate [22].
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Figure 4.5.3 — ESR spectra of 14-PCSL positional isomers in PC/CHOL membranes in the absence
(A) and presence of gH626-644 (B), gB632-650 (C) and gp41-FP (D). Arrows indicate the position

of the second, more immobilised, spectral component.

In presence of melittin, the S increases to a comparable extent at all chain positions,
similarly to that already reported in the literature by using different lipid bilayers [23].
However, no second component in the ESR spectra can be observed, at any » position of

the spin label acyl chain. This evidence has been found in all cases where peptides or

156



proteins interact with the more external part of the bilayer, inducing a lipid chain
perturbation that propagates to the inner part of the membrane [24]. Interestingly, these
results are similar to those obtained for the C8 peptide derived from MPER region of the
FIV gp36, which induces a destabilization of lipid bilayers [1,4], thus supporting the view
that ESR alone is unable to discriminate between lytic and membranotropic domains.

Analysis of Figure 4.5.3 shows that, while gH626-644 only causes an enlargement
of the spacing between the two more external signals, i.e. a S increase, in the case of
gB632-650 the appearance of a shoulder at low field and of a broad minimum at high field
suggest a behaviour more similar to that of gp41-FP. Thus, these experimental evidences
indicate that gH626-644 interacts with the lipid bilayer being located in the more external
part of it. In contrast, gB632-650 deeply penetrates in the bilayer, stably inserting into its
inner region.

A tryptophan residue naturally present in the sequence of a protein or a peptide can
serve as an intrinsic probe for the localization of the peptide within a membrane. Peptides
gH626-644 and gB168-186 contain a tryptophan residue in the middle of the sequence; in
particular it is the 9" residue in gH626-644 and the 7™ residue in gB168-186. The
fluorescence emission of a tryptophanresidue increases when the amino acid enters amore
hydrophobic environment, and togetherwith an increase in quantum yield, the
maximalspectral position is expected to be shifted toward shorterwavelengths (blue shift).
Figure 4.5.4 shows thefluorescence emission spectra of the peptidesgH626-644 and
gB168-186 uponinteraction with PC/Chol vesicles. In both caseschanges in the spectral
properties of the peptides were observed, suggesting that the tryptophan residue of the two
peptides are located in a less polarenvironment upon interaction with lipids.

Furthermore, the position of the peptides inside the bilayer can be investigated by
measuring the relative quenching of the fluorescence of the trp residue by the probes

11,12-Br-PC, 9,10-Br-PC and 6,7-Br-PC, which differ in the position of the quencher
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moiety along the hydrocarbon chain and permit to establish the depth of the peptide in the
membrane by comparing the quenching results obtained with each of them. 6,7-Br-PC is a
better quencher for molecules near or at the interface, while the other two are better probes
for molecules buried deeply in the membrane. With both peptides the largest quenching of
tryptophan fluorescence was observed with 11,12- Br-PC vesicles (Table 4.5.1). Slightly
less quenching was observed with 9,10-Br-PC, and 6,7-Br-PC. These results indicate that,

upon binding to vesicles, the peptides were inserted into the membrane bilayer.

Peptides
Lipid gH626-644 ¢B168-186
PC/Chol 100 100
6,7-BrPC/Chol 84+5 66+7
9,10-BrPC/Chol  68+3 76+8
11,12-BrPC/Chol  64+4 51+6

The fluorescence is reported as a percentage of the fluorescence in PC/Chol,
standard deviations are calculated on three independent measurements

Table 4.5.1 - Fluorescence intensity of peptides in bromolipid vesicles

Since the structural conformation of peptides has been shown in many cases to
correlate with fusogenic activity, and to understand whether secondary structure induction
contributes to the initial stages of peptide binding, the secondary structure of the four HSV
peptides and of the two control peptides in buffer and in PC/Chol 55/45 SUVs was
determined by CD spectroscopy. As reported in literature [25], fusion peptides may change
their secondary structure at different peptide/lipid ratios, in particular, they may show a
beta and/or oligomeric structure at high peptide/lipid ratios, while they may assume an o-
helical structure at low peptide/lipid ratios.

The secondary structure measurements for each peptide were thus performed at two
different peptide/lipid ratios; in particular, we used a molar ratio of 0.1 (low peptide/lipid

ratio) and a ratio of 0.5 (high peptide/lipid ratio). The ratio of 0.5 was tested because in this
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condition we could clearly evidence a high fusion activity for all the peptides. All the
spectra shown in Figure 4.5.5 for the 6 peptides are indicative of the formation of
substantial secondary structure in PC/Chol. The melittin shows an helical spectrum in

buffer and at both ratios with minima at 222 nm and 208 nm.
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Figure 4.5.5 — Circular dichroism spectra of peptides in buffer and in PC/CHOL at different
peptide/lipid (mol/mol) ratios.

The spectra for the peptide gp4l1-FP is consistent with the formation of a
predominantly -sheet conformation at high peptide/lipid ratios and an helical structure at

low peptide/lipid ratios, as already reported for this peptide at the same ratios [25]. The
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spectra for the peptide gH626-644 is consistent with a predominantly a-helical
conformation. All the other peptides show spectra consistent with a predominantly 3-sheet
conformation in the condition tested.

The ratio of the ellipticities at 222 nm and 208 nm can be utilised to distinguish
between monomeric and oligomeric states of helices [26]; when the ratio 02,,/6,03 equals
about 0.8, the peptide is in its monomeric state, and when the ratio exceeds the value of 1.0
is in its oligomeric state. The data reveal that the ratio 0,,,/0,0s for melittin is 1.3 in buffer,
is 1.1 at a peptide/lipid ratio of 0.1 and is 0.96 at 0.5, clearly indicating that the
monomer/oligomer equilibrium is shifted toward the oligomeric state. The ratio 0,2,/0,08
for gH626-644 is 0.67 at a peptide/lipid ratio of 0.1 and is 0.85 at 0.5, clearly indicating

that the monomer/oligomer equilibrium is shifted toward the monomeric state.
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4.6 Interaction of gH626-644 and gB632-650 peptides deriving from gH

and gB glycoproteins with biomembranes

As demonstrated by the previous experiments, the peptides gH626-644 and gB632-
650, deriving from HSV-1gH and gB glycoproteins, interact strongly with lipid bilayers
andare the most fusogenic fragments of the native proteins. For this reason, our interest has
focused on the mechanism of action of these two peptide in the presence of membranes
with different lipid composition [27].

Because the peptide-lipid interaction can depend upon the state (gel or fluid phase)
of the lipid bilayer, we performed a systematic temperature dependence. The samples
investigated were phosphatidylcholine spin-labeled on the 5-C atom of the sn-2 chain (5-
PCSL) incorporated in DMPC membranes, and correspondingly spin-labeled
phosphatidylglycerol (5-PGSL) in DMPG membranes, in the presence and absence of the
peptides gH626-644 or gB632—650. Selected ESR spectra from the zwitterionic lipid
samples are shown in Figure 4.6.1; significant perturbations by the peptides are detected
(compare solidand dashed lines). Figure 4.6.2 shows the temperature dependencesof the
outer hyperfine splitting, 24max, of 5-PCSL inDMPC membranes and of 5-PGSL in DMPG
membranes.For DMPC alone (Figure 4.6.2A, solid line), a sharp decrease in 24y,
isevident at ca. 25 °C, corresponding to the increase in lipidchain mobility on transition
from the gel to the fluid phaseof the DMPC bilayer. Addition of 1:1 wt/wt peptide
(gH626-644 or gB632—-650) with respect to lipid significantly affects the trend in 24 max
with temperature. Particularly inthe fluid membrane phase, 24y« is larger in the presence
ofpeptide than in its absence, i.e., the mobility of the spin-labeledchains is decreased by
interaction of the peptidewith the membrane. The effect is stronger for the gB632-650
peptide (dotted line) than for the gH626—644 peptide (dashed line). Furthermore, the

cooperativity ofthe DMPC chain-melting transition is reduced, while itsposition remains
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approximately the same. Also in this respect,the effect of gB632—650 is stronger than that

of gH626—644.
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Figure 4.6.1 - ESR spectra of 5-PCSL in dimyristoyl phosphatidylcholine bilayer membranes, in
the absence (continuous line) and presence of 1:1 wt/wt gH626-644 (dashed line) or gB632-650
(dotted line) peptide, at the temperatures indicated.

Figure 4.6.2B shows the behavior of DMPGmembranes in the presence and
absence of the gH626—-644 and gB632—650 peptides. The chain-melting transitionof the
charged lipid (at 22-24 °C) is less sharp than that ofzwitterionic DMPC and becomes

almost undetectable in thepresence of the peptides. In the gel phase,the outer hyperfine
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splittings are less affected by the peptides, whereas in the fluid phase, areduction of the
spin-label mobility is very evident, particularlyin the case of interaction with the gB632—
650 peptide (dotted line). Comparison of Figure 4.6.2A and 4.6.2B indicates that the lipid
chain perturbation by interaction with the peptides is stronger for the anionic lipid than for

the zwitterionic lipid.
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Figure 4.6.2 - Temperature dependence of the outer hyperfine splitting, 2A,,.x, of 5-position
phospholipid spin labels in phospholipid membranes in the absence (continuous line) and presence
of 1:1 wt/wt gH626—644 (M, dashed line) or gB632-650 (@, dotted line) peptide. (A) 5-PCSL in
dimyristoyl phosphatidylcholine bilayer membranes and (B) 5-PGSL in dimyristoyl
phosphatidylglycerol bilayer membranes.

Figure 4.6.3 shows the increase in outer hyperfine splitting, 2AA4y,,x, of the 5-
position spin-labeled lipids in DMPC and DMPG membranes with increasing peptide
(gH626—-644 or gB632-650) concentration. In all cases, a typical saturation binding is
registered. The extent of change in 24,,,x depends on the lipid, and for both peptides is
higher in DMPG than in DMPC. On the other hand, the peptide/lipid weight ratio at which
a constant value of 24, is reached is not dependent on the particular lipid.

The peptide/lipid ratios at which binding saturates are ~0.5 and ~0.8 wt/wt for
gH626-644 and gB632—-650, respectively. These values correspond to ca. 2 and 1 wt/wt

lipid/peptide ratios. The stoichiometry of the interaction can be estimated by extrapolation
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of the increase in 2AA .y, On initial tight binding, to the saturation value of 2A4,x, as is
shown in the figure. This gives a value of ~15 lipids per bound gH626—644 molecule, and
~5 lipids perbound gB632—650 molecule. These values are likely to be upper estimates

because of a possible nonlinear dependence of 2AA4 .« On peptide binding.
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Figure 4.6.3 - Dependence of the increase, 2AA,.,, in outer hyperfine splitting of S-position
phospholipid spin labels at 30 °C on the peptide/lipid ratio for gH626-644 (M, dashed line) or
gB632-650 (@, dotted line) peptides.(A) 5-PCSL in dimyristoyl phosphatidylcholine bilayer
membranes, and (B) 5-PGSL in dimyristoyl phosphatidylglycerol bilayer membranes.

Perturbation of the ESR spectra from spin-labels at different positions, 7, in the sn-
2 chain of the lipid by binding the gH626-644 or gB632-650 peptide was also
investigated. Figure 4.6.4 gives the ESR spectra of the n-PCSL phosphatidylcholine spin-
label positional isomers in fluid DMPC bilayer membranes (7 = 30 °C), in the presence
and absence of the peptide at a peptide/lipid ratio of ~1 wt/wt. In the absence of peptide,
the outer hyperfine splitting decreases progressively with increasing n, as the spin-label
position is stepped down the chain towards the center of the membrane. As opposed to the
clearly defined axially anisotropic spectra that are obtained for 5-PCSL towards the polar

headgroup end of the chain, a narrow, three-line, quasi-isotropic spectrum is obtained for
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14-PCSL that is positioned close to the terminal methyl region of the chain. This flexibility
gradient in segmental chain mobility is a characteristic hallmark of the liquid-crystalline

state of fluid phospholipid bilayers.
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Figure 4.6.4 - ESR spectra of n-PCSL positional isomers of spin-labeled phosphatidylcholine in
fluid-phase dimyristoyl phosphatidylcholine bilayer membranes, in the absence (continuous line)

and presence of 1:1 wt/wt gH626—644 (dashed line) or gB632—650 (dotted line) peptide, at 30 °C.

Binding of the gH626—644 or gB632—650 peptide significantly affects the spectra
of all spin-label positional isomers. In the presence of gH626—-644, the outer hyperfine

splitting is increased at all spin-label chain positions, although the line-shape remains
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qualitatively similar. Figure 4.6.5 shows the dependence of the outer hyperfine splitting,
2Amax, On chain position, n, for the n-PCSL spin-labels in fluid DMPC membranes, with
and without a saturating amount of bound peptide. The gH626-644 and gB632-650
peptides increase 24, to roughly the same extent for the n = 5, 7 and 10 positions,
whereas the increase in 2A4y,,x of 14-PCSL is smaller for the gH626-644 peptide and
greater for the gB632—650 peptide. This profile of perturbations in 24, indicates that the
increase in lipid packing density, which is induced by surface association of the peptide,

propagates down the acyl chains.
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Figure 4.6.5 - Dependence on spin-label position, 7, of the outer hyperfine splitting, 2A.x, of the
n-PCSL phosphatidylcholine spin labels in fluid-phase membranes of DMPC, in the absence
(continuous line) and presence of 1:1 wt/wt gH626—-644 (M, dashed line) or gB632-650 (@, dotted
line) peptide. T =30 °C.

In the case of the gB632-650 peptide, a second, more motionally restricted
component appears in the spectra of spin labels positioned toward the terminal methyl end
of the chain (10-PCSL and even more clearly for 14-PCSL). This is evidence that the

peptide penetrates appreciably into the membrane interior [28].
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We also investigated DMPC membranes containing cholesterol (CHOL) at 20%
wt/wt. ESR spectra of n-PCSL in DMPC/CHOL lipid samples without peptide at 30 °C are
shown by the solid lines in Figure 4.6.6. Inspection of this figure shows large changes with
respect to the spectra for DMPC membranes without cholesterol that are shown by the

solid lines in Figure 4.6.4.
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Figure 4.6.6 - ESR spectra of n-PCSL positional isomers of spin-labeledphosphatidylcholine in
dimyristoyl phosphatidylcholine bilayer membranes containing 20 wt% cholesterol, in the absence
(continuous line) and presence of 1:1 wt/wt gH626—-644 (dashed line) or gB632—650 (dotted line)
peptide, at 30 °C.

CHOL increases the spectral anisotropy, also for spin labels that are located deep in
the bilayer inner core. This can be ascribed to the CHOL-induced transition of the bilayer

from the liquid-disordered to the liquid-ordered state. Addition of 1:1 wt/wt gH626—644 or
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gB632-650 peptide with respect to total lipid clearly perturbs the spectra of 5-PCSL in
DMPC/CHOL membranes, gH626—644 (Figure4.6.6, dashed line) being more effective
than gB632-650 (Figure4.6.6, dotted line). Interestingly, a different behavior is observed
for the spectra of spin-labels further down the chain. Whereas gH626—-644 perturbs the
spectra of 5-PCSL and 7-PCSL in DMPC/CHOL membranes (Figure 4.6.6), the spectra of
10-PCSL and 14-PCSL appear to be almost unperturbed. In contrast, perturbations by
gB632-650 at 1:1 wt/wt with respect to lipid are evident for all label positions throughout
the chain. These observations reflect the quantitative trends in the outer hyperfine splitting,
2A4,4x, Which are shown in Figure 4.6.7, and indicate that the gB632—-650 peptide (dotted
line) penetrates appreciably into the DMPC/CHOL membrane interior, while the gH626—

644 peptide (dashed line) adsorbs at the surface.
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Figure 4.6.7 - Dependence on spin-label position, 7, of the outer hyperfine splitting, 2A.x, of the
n-PCSL phosphatidylcholine spin labels in membranes of DMPC containing 20 wt% cholesterol, in
the absence (continuous line) and presence of 1:1 wt/wt gH626—-644 (M, dashed line) or gB632—
650 (@, dotted line) peptide. T =30 °C.

The selectivity of interaction of different lipids with the gH626—644 or gB632—650

peptide bound to DMPC membranes was determined by using probe amounts of lipids spin
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labeled at the 5-C atom of the sn-2 chain [45,46]. Table 4.6.1 gives the values of the outer
hyperfine splitting, 24max, for the spin labels at 30 °C, in the presence and absence of 1:1
wt/wt peptide. For all spin-labeled lipids tested, 24.x is greater for peptide-bound
membranes than for membranes of the lipid alone. The increase in 24, differs, however,
for the two peptides and for the different spin-labeled lipids. This reflects a selectivity of
interaction of both gH626—644 and gB632-650 with the different lipid polar head groups.
Table 1 gives the increase, 2AA4 ., in outer hyperfine splitting for the peptide-bound
membranes, relative to that for peptide-free membranes. For both peptides, the increase in
2Amax 1s larger for spin-labeled lipids with anionic head groups (5-PGSL, 5-PASL, 5-
PSSL) than for those bearing a zwitterionic head group (5-PESL and 5-PCSL).
Furthermore, it is interesting to observe that, for each spin label, 2A4 .« 1s greater with the

gB632—-650 peptide than with the gH626—644 peptide.

spin label 2A4,4¢ (G) 2AA,.4¢ (G)?

DMPC DMPC+ DMPC+ DMPC+ DMPC+

gH626-64 ¢gB632-650 gH626-64 gB632-650

5-PCSL 50.8 54.1 56.4 3.3 5.6
5-PGSL 52.1 55.8 583 3.7 6.2
5-PASL 523 56.1 58.4 3.8 6.1
5-PESL 52.4 55.8 58.2 34 5.8
5-PSSL 53.0 56.7 59.7 3.7 6.7

*AAqy 18 the difference in 4,,,, with and without peptide.

Table 4.6.1 - Outer hyperfine splittings (2A,.,x) of phospholipid probes, spin labeled at the fifth
position of the sn-2 chain, incorporated in DMPC bilayers with and without the gH626-64 or
gB632-650 peptides at 30 °C.

Using the Wimley-White octanolscale [37], transfer of the gH626-644 and gB632-

650 peptides from water to the hydrocarboncore of the membrane is predicted to be

strongly disfavored energetically. In contrast, transfer of both peptides from water to the
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polar-apolar interface of the membrane is predicted to be energetically favorable. On the
Wimley-White interfacialhydropathy scale, the free energy of transfer from water iSAGiranse
= 8.7 kJ mol™ for gH626-644 and AGipanss = -13.5 kJ mol™! for gB632-650, if the N and C
termini are charged and the peptides are in a random conformation. These values
areaugmented by an additional -14.1 kJ mol™, if the N and Ctermini are electroneutral. A
further -1.7 kJ mol'per residue should be added when helix formation on surface
association ofthe peptides is taken into account [30]. As found below from CD data, this
additional contribution is needed only in the case of gH626-644 interacting with DMPG
bilayers, or with DMPC bilayers at high peptide/lipid ratio. In an a-helical conformation,
gH626-644is predicted to have ahydrophobic moment of uy = 20.52 kJ mol™” on the
interfacialscale, with the moment directed toward the tyrosine, Y637, of the peptide
sequence. Summarizing, the free energy of transfer of gH626-644 from water to the
membrane interface is predicted to lie within the range: AGiyunss = -8.7 to -54.5kJ mol'l,
while the corresponding value for gB632-650 lies within -13.5 and -27.5kJ mol ™.

The secondary structure of the gH626—644 (Figure 4.6.8) and gB632—650 peptides
in buffer and bound to sonicated liposomes was determined by CD spectroscopy. As
reported in the literature [25], fusion peptides can change their secondary structure at
different peptide/lipid ratios. In particular, they may show a beta and/or oligomeric
structure at high peptide/lipid ratios, whilst assuming an o-helical structure at low
peptide/lipid ratios. The secondary structure measurements were therefore performed at
two different peptide/lipid ratios; specifically, we used molar ratios of 0.1 (low
peptide/lipid ratio) and of 0.5 (high peptide/lipid ratio). The 0.5 mol/mol peptide/lipid ratio
was used because we observed high fusion activity for both peptides at this molar ratio.All
the CD spectra shown for gH626-644 indicate formation of substantial helical structure
with DMPG, at low peptide/lipid ratios, whereas the spectra of this peptide with DMPC

and DMPC/CHOL indicate a random conformation. At high peptide/lipid ratio, a gH626-
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644 tendency to assume a helical conformation is evident also with DMPC, while inclusion

of cholesterol in the bilayer formulation keeps the peptide in a random conformation.
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Figure 4.6.8 — CD spectra of gH626-644 10 uM (A) and 50uM (B) in LUV of DMPC (o), DMPG
(A) and DMPC containing 20wt.% cholesterol (H), T=30°C.

The ratio of ellipticities at 222 nm and 208 nm can be used to distinguish between
monomeric and oligomeric states of helices. When the ratio 6,2,/0,03 equals about 0.8, the
peptide is monomeric, and when the ratio exceeds 1.0 it is oligomeric. The 0,2,/0,¢s ratio
for gH626-644 in DMPG is ~0.7 at low peptide/lipid ratio and ~0.9 at high ratio indicating
that, with increasing peptide concentration, the monomer/oligomer equilibrium shifts from
the monomeric to the aggregated state for this peptide associated with DMPG. In contrast,
in DMPC liposome the peptide does not show a self-aggregative tendency.

The CD spectra of gB632-650 are not shown because we observed a strong
tendency of the peptide to aggregate under all conditions tested here, and consequently we
were unable to obtain a reproducible CD spectrum.
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In conclusion, this studyhas indicated that both gH626-644 and gB632-650 peptides
interact with lipid bilayers, perturbing the local lipid packing. The mechanism of
interaction depends on the specific peptide: gH626-644 tends to localise close to the
bilayer hydrophilic surface, indirectly perturbing the acyl chain packing and dynamics,
while gB632-650 penetrates deeply into the bilayer.The different behaviour is also
confirmed by the peptide-lipid titration. Each molecule of gH626-644 interacts with a
maximum of 15 lipids. On a per-residue basis, this value corresponds to ~0.8 lipids per
amino acid, a stoichiometry typical of apeptide-surface adsorption. In the case of gB632-
650, a single peptide molecule interacts with a smaller number of lipids (~5), as is
expected in the case of peptide penetration in a transverse membrane orientation. Such a
low value suggests possible association between gB632-650 molecules interacting with the
bilayers, thus explaining the problems encountered in registering CD spectra in
liposomes.Both peptides induce a stronger perturbation in packing and dynamics of
negatively charged bilayers, relative to those of zwitterionic lipids.In particular, ESR
results indicate a significant selectivity of different lipids for interaction with the peptides.
The lipid selectivity pattern for interaction with the gH626-644 peptide in DMPC is in the
order: PA = PG = PS > PE = PC, and that for the gB632-6509 peptide is PS > PG = PA >
PE = PC. Thus, both peptides interact preferentially with anionic lipids. Moreover, the
gB632-650 peptide shows a significant selectivity for the phosphatidylserine
headgroup.Also inclusion of cholesterol in the bilayer membrane affects the lipid chain
ordering. These changesdo not appear to change the ability of the gB632-650 peptide to
penetrate deeply into the bilayer. In contrast, in the presence of cholesterol, the membrane
perturbation by the gH626-644 peptide is limited to the more external layer.

Within this scheme, the experimental results obtained with the two most fusogenic
fragments of gH and gB suggest that the mechanism of action of these two glycoproteins is

modulated by the phospholipid bilayer properties and composition.
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4.7 Characterization of the membrane interaction of the two fusion

loops of glycoprotein B from HSV-type I

The association of the two peptides, gB168-186 and gB254-270, with lipid bilayers
was investigated by analysing changes in ESR spectra of spin-labeled phospholipids. The
samples investigated were phosphatidylcholine spin-labeled at different positions, 7, in the
sn-2 chain (n-PCSL, n = 5, 7, 10, 14) incorporated in DOPC/CHOL membranes (60:40
mol/mol), in the presence of the peptides. Preliminarily, the spectra in the absence of the
peptides were registered. Inspection of Figure 4.7.1 (solid lines) shows that all the spectra
present a clearly defined axially anisotropic lineshape, an evidence that, due to the high
cholesterol content, the DOPC/CHOL bilayer is in the liquid-ordered state. In an attempt to
quantitatively analyse the spectra, the outer hyperfine splitting, 2Am.x, was calculated. The
2Anax variation, shown in Figure 4.7.2, is an evidence of the flexibility gradient in
segmental acyl chain mobility, indicating that the lipid bilayer presents a rigid surface and
relatively fluid interior.

Association of peptides to the lipid bilayer causes a significant variation in the ESR
spectra of spin-labeled phospholipids. In Figure 4.7.1, ESR spectra of 5-PCSL and 14-
PCSL in DOPC/Chol bilayers, in the presence of gB168-186, gB254-270 and gB168-
186:¢gB254-270 mixture at a lipid:peptide weight ratio of 1:1 are also reported. The
presence of two peptide induces significant changes in the spin-label ESR spectra, which
are mainly detectable from the low- and high-field component position and lineshape. In an
attempt to quantify this evidence, the 2A,,x values were determined. Figure 4.7.2 shows
the dependence of these parameters on chain position, n, for the n-PCSL spin-labels in
DOPC/Chol membranes, in the absence and in the presence of the peptides. In all cases,
the flexibility gradient with the chain position of the lipid bilayer membranes is preserved.
However, inspection of the figure reveals a significantly different behaviour of the lipid

chain mobility in the co-presence of the two peptides.
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Figure 4.7.1 - ESR spectra of 5-PCSL and 14-PCSL spin-labels in DOPC/Chol membranes in the
absence of peptides (solid line) and in the presence of gB168-186 (dotted line), gB254-270 (dashed
line) and gB168-186 -gB254-270 mixture (dashed-dotted line).

In fact, addition of gB168-186 or gB254-270 significantly reduces the 2A,.x value
of 5-PCSL. In both cases, no changes in the spectra of the spin-labels bearing the nitroxide
group in the more interior positions were observed. Strikingly, addition of the gB168-
186:gB254-270 mixture results in a strongly 2A,.x decrease for all the considered spin-

labels. These results show a synergistic effect of the peptides in perturbing the bilayer
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microstructure in that only in the presence of both of them the increase of segmental
mobility propagates along the whole acyl chains. Thus, the contemporary interaction of
both peptides with the lipid membrane surface effectively perturbs the local order and

dynamics of the lipid leaflet they come in contact with.
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30 ‘ | |
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n-PCSL

Figure 4.7.2 - Dependence on spin-label position, 7, of the outer hyperfine splittings, 2A ..., of the
n-PCSL in DOPC/Chol bilayers in the absence (0) and in the presence of gB168-186 (m), gB254-
270 (@) or gB168-186: gB254-270 (A ) at T=25 °C.

In this study, the role played by the two fusion loops of HSV-1 gB in the
mechanism of membrane fusion has been investigated [31]. In particular, their ability to
interact with the membrane bilayer, alone or used in equimolar concentrations,were
investigated by ESR spectroscopy. These two fusion loops constitute a structural
subdomain wherein key hydrophobic amino acids form a ridge that is supported on both

sides by charged residues. The two charged residues located on both sides of the ridge

175



represent a novel feature of viral fusion peptides and probably enhance the ability of the
hydrophobic residues to interact with target membranes and to function in fusion.

The two peptides separately do not appear to be able to insert deeply into target
membranes, while our liposome studies show that the peptides, when used together, have
the ability to significantly destabilize the bilayer; thus being surely involved in the
insertion of gB into cholesterol enriched membranes. The peptides associate with
cholesterol containing liposomes, suggesting that the cholesterol dependence of the fusion
process is not necessarily because of the protein receptor in rafts, but because cholesterol
itself enhances insertion of the fusion loops. The presence of cholesterol in the membrane

bilayer is likely to facilitate peptide/peptide interactions inside the membrane.
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4.8 Interaction of gH625 peptide from HSV-1 with lipid membranes

The nineteen residues peptide gH625 was identified as a membrane-perturbing
domain in the gH protein of Herpes simplex virus type I, which interacts with biological
membranes, contributing to the merging of the viral envelope and the cellular membrane
[13,32]. An experimental investigation on the action mechanism of this peptide in the
presence of biomembranes was realized performing NR and ESR measurements. Lipid
bilayers of POPC and POPC:SM:CHOL 1:1:1 wt/wt/wt were considered in order to
discriminate a role of different lipid composition in modulating the peptide-membrane
interaction.

First, lipid bilayers in the absence of peptide were characterized by NR using DO,
SMW and H,O as isotopic contrast solvents. The experimental curves are shown in Figure
4.8.1A-B and the parameters used to fit the curves simultaneously from all the contrasts are

given in Table 4.8.1.
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Figure 4.8.1 — Neutron Reflectivity profiles (points) and best fits (continuous lines) corresponding
to bilayers of (A) POPC and (B) POPC:SM:CHOL 1:1:1 wt/wt/wt bilayers in () D,O, (m) SMW
and (#) H,O solvents. The insets show the p profiles for the lipid bilayers in D,0O.

For both systems, a five box model was found to best fit the data. The first two
correspond to the silicon block and to the thin solvent layer interposed between the silicon

surface and the adsorbed bilayer. The three other boxes describe the lipid bilayer, which is
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subdivided in the inner headgroups, the hydrophobic chains, and the outer headgroups
layers. The theoretical scattering length density, p, was calculated through

p(z)=2n,(z)b, where n(z) is the number of nuclei per unit volume and 5, is the
j

scattering length of nucleus ;.

In this case of POPC, p of the lipid headgroups is equal to 1.86 x 10° A while
the p of acyl chains is equal to -0.29 x 10° A [11]. These values were kept constant
during the data analysis, since their optimization was found to give no fitting improvement.
Thus the parameters obtained from the best fit procedure are the thickness and the
roughness of each box plus the solvent content expressed as volume percent. Inspection of
Table 4.8.1 indicates that the overall thickness of the bilayer is 43 + 1 A and the solvent

content is 35% + 10 for both headgroups layers.

POPC interfacial layer | thickness (A) | % solvent | roughness (A)
water 3+1 100 3+l
inner headgroups 7+1 35+10 5+1
chains region 29+1 - 6+1
outer headgroup 7+1 35410 7+1
+ gH625 water 3+1 100 3+1
inner headgroups 5+1 14£10 5+1
chains region 28+1 - 3+l
outer headgroup 4+1 35£10 4+1
interacting peptide 6=+1 84+10 3+l
POPC:SM:CHOL water 5+1 100 4+1
inner headgroups 7+1 23+10 4+1
chains region 34+1 - 5+1
outer headgroup 7+1 22+10 7+1
+ gH625 water 5+1 100 4+1
inner headgroups 5+1 32+10 4+1
chains region 37+1 - 9+1
outer headgroup 9+1 40+10 8+l

Table 4.8.1 - Parameters derived from model fitting the reflectivity profiles for pure lipid bilayers
and after the addition of gH625 peptide.
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In the case of the lipid bilayer also containing SM and cholesterol, a total thickness
of 48 + 1 A and a solvent content in the headgroups region of ~22% + 10 for the inner and
outer polar layers were obtained. pis equal to -0.11 x 10 A~ for the acyl chains region,
confirming the presence of cholesterol in this domain, while the p value for the headgroup
region was equal to 1.7 x 10 A For both considered bilayers, a model without the water
layer between the substrate and the bilayer gave a worse fit to the data. These NR results
are in agreement with those previously presented (paragraphs 4.3 and 4.4) about the
membrane-C8 peptide interaction [8].

The effect of gH625 peptide in the bilayers was studied by measuring the neutron
reflectivity curves of the fully hydrogenated pure POPC and POPC:SM:CHOL mixture to
which the peptide was added. Four contrasts, D,O, 4MW, SMW and H,0, were used and

NR curves are shown in Figure 4.8.2.
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Figure 4.8.2 — Neutron Reflectivity profiles (points) and best fits (continuous lines) corresponding
to bilayers of (A) POPC and (B) POPC:SM:CHOL 1:1:1 wt/wt/wt bilayers in the presence of
gH625 peptide in (@) D,O, (m) SMW and (¢) H,O solvents. The inset shows the p profile for the
lipid bilayers in D,O.

Data from peptide-interacting POPC bilayer were fitted by an additional layer with
respect to the case of pure lipid model. This layer prominently consists of the peptide

interacting with the outer bilayer surface; the peptide p was calculated as previously
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indicated and is equal to 1.9 x 10° A™. Interestingly, in order to obtain a good curves
fitting, the p values of all membrane layers are not changed while the other parameters of
the various boxes are different with respect to the POPC bilayer. In particular, the
thickness and roughness of the outer hydrophilic layer decrease of ~3A, indicating that
gH625 peptide interacts with the membrane surface, perturbing only the external region.
The values of all parameters optimized in curves fitting are reported in Table 4.8.1.

Then, NR profiles corresponding to the POPC:SM:CHOL bilayer in the presence of
gH625 was analyzed. Different changes were caused by the peptide addition. In this case, a
good curves fitting was obtained without the additional layer, but varying all parameters
related to the hydrophobic and hydrophilic layers. In particular, p changes were observed
for the hydrophobic region and the outer headgroups region. In the first case, p increases to
value ~0.36 x 10 A, while for the hydrophilic layer it becomes equal to ~1.9x10° A=,
No changes in pvalues were observed for the inner hydrophilic region. These evidences
indicate that the peptide strongly interacts with the lipid membranes, partially penetrating
in the hydrophobic core. In addition, for both hydrophobic and outer hydrophilic regions
the thickness of increases of ~4A, confirming the peptide insertion, while roughness values
undergo only a slight variation. The gH625 addition also causes an increase of the solvent
content in the external headgroup layer, while no changes in the solvent content for the
acyl chains region was observed. Finally, for the inner hydrophilic layer a small decrease
of the thickness and a slight increase of the roughness was detected, indicating that the it
was slightly perturbed although the gH625 peptide does not interact with it. All this
changes are well shown in Table 4.8.1.

The membrane-peptide interaction was also investigated by ESR measurements,
incorporating phosphatidylcholine spin-labeled on the different positions of the sn-2 chain
(n-PCSL, with n = 5, 7, 10, 14) in the lipid bilayers. n-PCSL spectra of POPC and

POPC:SM:CHOL membranes in the absence and presence of peptide are shown in Figures
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4.8.3 and 4.8.4, respectively. Considering the lipid bilayers without the peptide, it is
possible to observe that 5-PCSL spectra show a clearly defined axially anisotropic
lineshape (Figures 4.8.3 and 4.8.4, continuous lines). Spectra of 7-PCSL and 10-PCSL
spin-labels also have an anisotropic lineshape, but this character is less evident as the
nitroxide group is located close to the terminal methyl region of the chain. In fact, in this

case of 14-PCSL a three-line, quasi-isotropic spectrum is obtained.
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Figure 4.8.3 — ESR spectra of n-PCSL in POPC bilayers in the absence (solid line) of peptide and
in the presence (dotted line) of gH625 peptide.
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The higher isotropy of the 14-PCSL spectrum with respect to that obtained for 5-
PCSL indicates a flexibility increase in segmental chain mobility in going from the polar
headgroups to the inner hydrophobic core, which is a characteristic hallmark of the liquid-
crystalline state of fluid phospholipids bilayers. In both cases, the addition of gH625
peptide causes significant variations in the n-PCSL’s spectra although in different ways,

see Figures 4.8.3 and 4.8.4 (dotted lines).
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Figure 4.8.4 — ESR spectra of n-PCSL in POPC:SM:CHOL bilayers in the absence (solid line) of
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peptide and in the presence (dotted line) of gH625 peptide.
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Analysis of n-PCSL’ spectra was realized determining the outer hyperfine splitting
(2Amax). Figures 4.8.4 and 4.8.5 show the dependence of the 2A,,,x on chain position, n, for
the n-PCSL spin-labels in lipid membranes, with and without gH625 peptide.

In the case of POPC membranes, the addition of peptide causes a 2A,x decrease
for 5, 7 and 10-PCSL, as shown in Figure 4.8.5, which is of the same extent (~1.5 G). For
the 14-PCSL spectrum, that is the spin-label presenting the nitroxide in a deeper position,
no changes in the ESR spectrum were caused by the gH625 addition (Figure 4.8.4, dotted
line). This is evidence that the peptide binds solely at the membrane surface and does not
penetrate appreciably into the membrane interior, causing a major fluidity of the lipid

bilayers.
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Figure 4.8.5 - Dependence on spin-label position, 7, of the outer hyperfine splitting, 2A,.x, of the
n-PCSL phosphatidylcholine spin labels in membranes of POPC, in the absence (@, continuous
line) and presence of 1:0.5 wt/wt gB625 (O, dotted line) peptide.

In contrast, the addition of gH625 peptide to the POPC:SM:CHOL membranes

causes an increase of 2A.x values for all spin-labels (see Figure 4.8.6). In particular, it is
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increased at 5, 7 and 10 chain positions by the same extent (~1.2 G). For the 14-PCSL, a
more significant change was observed in the ESR spectrum which present an evident
anisotropic lineshape and a 2A,,« increase equal to 4.3 G. This is evidence that the peptide

interacts strongly with the membrane, partially penetrating into the bilayer interior.
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Figure 4.8.6 - Dependence on spin-label position, 7, of the outer hyperfine splitting, 2A,.x, of the
n-PCSL phosphatidylcholine spin labels in membranes of POPC:SM:CHOL, in the absence (@,
continuous line) and presence of 1:0.5 wt/wt gB625 (O, dotted line) peptide.

In conclusion, this study has permitted to discriminate the mechanism of action of
the gH625 peptide in the presence of lipid membranes. In particular, experimental results
have demonstrated that the lipid composition is fundamental to drive the membrane-
peptide interaction, and particularly that the presence of lipid rafts favours the peptide

insertion.

184



4.9 Clickable functionalization of liposomes with the gH625 peptide from

HSV-1 for intracellular delivery

Recently, great attention has been devoted to the study of hydrophobic peptides that
efficiently traverse biological membranes, promoting lipid-membrane reorganizing
processes, such as fusion or pore formation andthus, involving temporary membrane
destabilization andsubsequent reorganization. The previously studied gH625 peptide was
considered as a potential transporter of liposomes loaded with anticancer drugs, such as
doxorubicin. It was used to decorate liposomes, loading doxorubicin, by using a post-
aggregation strategy based on click-chemistry [33]. This procedure consists in the
preparation of liposomes containing accessible azido functions on their external surface
and subsequently in the coupling of the azido functions with alkyne moieties present in the
peptide derivative, accordingly to click chemistry procedures.

The positioning of the coupled peptide relative to the liposome surface was
investigated by ESR, using peptides modified according to a site-directed spin-labeling
approach [33]. To this aim gH625-Pra analogues, labeled with the TOAC radical group
through a site-directed spin-labeling approach, were used. ESR spectra of the free labeled
peptides dissolved in HEPES buffer consist of three narrow lines (see Figure 4.9.1), typical
of an unstructured peptide with few constraints on the motion of the reporter group.
Subsequently, the labeled peptides were chemically linked to the DOPG/(C18),L-Nj
liposomes by following the same procedure used for the parent unlabeled peptide,
obtaining four suspensions of functionalized liposomes. The analysis of their ESR spectra,
reported in Figure 4.9.1, gives information on the positioning of the gH625 relative to the
surface of the liposome to which it is linked. In all cases a clearly defined axially
anisotropic line shape is observed, indicating that the reporter group, wherever positioned
along the peptide sequence, assumes a well defined orientation relative to the bilayer. This

behavior indicates that the peptide does not protrude in the aqueous medium surrounding
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the liposome, in which the label would have assumed a much higher mobility freedom, but

rather interacts with the surface of the lipid bilayer.

A

A62SK(TOAC)-Pra

A635K(TOAC)-Pra

A639K(TOAC)-Pra

A643K(TOAC)-Pra
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Figure 4.9.1 - ESR spectra of TOAC peptides linked to DOPG/(C18),L-N; liposomes. An EPR
spectrum of the free peptide A639K(TOAC)-gH625-Pra in aqueous buffer is also shown.

Analysis of the figure shows that the spectrum anisotropy decreases in going from
A643K(TOAC)-gH625 to A628K(TOAC)-gH625, indicating that the peptide segments
closer to the C-terminus, which is chemically linked to the lipid, are more strictly oriented

relative to the bilayer. This evidence can be easily quantified by measuring the outer

186



hyperfine splitting, 2Am.x, Which is a reliable and easy-to- perform estimate of the
segmental chain mobility. 2A.x 1s defined as separation, expressed in Gauss, between the
low-field maximum and the high-field-minimum of the spectrum, and tends to increase
with increasing the restriction in the label mobility. Figure 4.9.2 shows that, as the label
position is moved from position 628 to 643, 2A,.x increases. This evidence suggest thatthe
peptide does not insert in the bilayer hydrophobic core, but rather remain adsorbed on its

surface remaining exposed to aqueous environment.
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Figure 4.9.2 - Dependence on spin-label position along the peptide sequence of the outer hyperfine

splitting, 2A .., of TOAC peptides linked to DOPG/(C18),L-Nsliposomes.
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4.10 Membrane charge dependent states of the B-amyloid fragment

AP(16-35) with differently charged micelle aggregates

AB(16-35) peptide represents the hydrophobic central part of B-amyloid peptide,
which is implicated in aggregation/disaggregation processes. In fibril structural models, it
represents the repetitive unit of P-amyloid peptide aggregates and was found to be
specifically linked to antibodies. A great deal of evidence implicates the plasma membrane
in processes leading to the misfolding and aggregation of [-amyloid peptides.
Accordingly, AP peptides have been extensively analyzed in membrane-mimicking
systems that are characterized by different complexities and compositions. Although all
evidence shows that membrane charge is a critical factor in modulating the conformational
behavior of amyloid peptides, the exact definition for the role of charge in affecting
conformations of amyloid peptide is controversial. Some data suggest that net negative
charge is essential in favoring the presence of peptide monomers. Some others indicate that
negatively charged membranes could catalyze the transition of A-peptide to -
conformation and aggregation.

In this contest, a study on the behavior of AB(16-35) in pure SDS micelles and in
mixed DPC/SDS 90/10 w:w micelles, in response to their negative charge modifications,
was realized by an ESR investigation [34]. Two complementary series of experiments by
randomly including spin-labeled peptides and spin-labeled lipids in micelle aggregates.For
the formed experiment, spin labeled peptides, including AB(16-35)-MTSL“™™, AB(16-
35)G25C-MTSL,or AB(16-35)-MTSLN"™(II, III, and IV, respectively, in Figure 4.10.1),
were dissolved in the appropriate amount of aqueous buffer or micellar solution to obtain a
0.2 mM peptide concentration. The peptide/surfactant molar ratio was set to 1:100. Thus, in
these experiments, the effect of micelles on the ESR spectrum of labeled peptides was

observed. In the latter series of measurements, the spin probes 5-doxylstearic acid and 16-
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doxylstearic acid (5-DSA and 16-DSA, respectively) were inserted into micellar
aggregates at a 1:100 probe/surfactant mole ratio (surfactant concentration 20 mM). The
effect of unlabeled peptides AB(16-35), at a 1:10 peptide/surfactant mole ratio, on their
ESR spectrum was monitored. In both series of experiments, the samples were
deoxygenated and successively sealed in 1.00 mm i.d. quartz capillaries in a nitrogen
atmosphere.

AB(16-35) Amyloid Peptide and the MTLS labeled Name
derivatives
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Figure 4.10.1 - Aminoacid sequence of AB(16-35) (I), AB(16-35) bearing MTSL spin label at the
C- terminus (II), in the middle of the sequence (III) and at the N-terminus (IV).

In both cases, cyclic nitroxides were used as spin-labels due to their remarkable
stability and to the localization of the spin density on the NO moiety, which allows to
extract a great deal of information on the label solubilization site from the ESR spectrum.
Indeed, because of the coupling between the electron spin and the nuclear spin of the
nitrogen atom, the ESR spectrum of a cyclic nitroxide presents three lines (see Figure
4.10.2). The spacing between them corresponds to the nitrogen isotropic hyperfine

coupling constant, Ay, which increases with the polarity of the medium in which the
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nitroxide is embedded. Furthermore, a detailed analysis of the lines’ amplitudes allows to
obtain the nitroxide correlation time, tc, which depends on the label rotational mobility, as
determined by the microenvironment viscosity and/or by specific interactions. From a
qualitative viewpoint, narrow lines (low t¢) indicate that the label is quite free to rotate,
while broad lines (high 1¢) indicate that the motional freedom is reduced. Broadening is

usually much more evident for the line at high field [35].

o BN T I BN ]
3490 3500 3510 3520 3530 3540
B/G

Figure 4.10.2 - Experimental (continuous line) and simulated (dotted line) EPR spectra of AB(16-
35), labeled at the C terminus, in phosphate buffer (A) and in SDS solution (B).

ESR spectra of all spin-labeled peptides were acquired in phosphate buffer, SDS,
and DPC/SDS (90:10) micellar solutions. In all cases, the expected three hyperfine lines
were observed. This is evidence that no peptide self-aggregation took place. If this were
the case, then spin-spin interactions would have provoked the collapse of the three lines,

1.e., the appearance of a single very broad line [36].
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Furthermore, in all the systems considered here, ESR spectra showed narrow lines
indicative of an isotropic fast motion. This is despite the fact that a slight, but significant
broadening, due to the interaction between spin-labeled peptides and micelles, was evident

(see spectrum B in Figure 4.10.2 with respect to spectrum A).

AN /G 1c x 10" /s
AB(16_35)Cterm
phosphate buffer 16.19 £ 0.02 1.8£0.2
SDS 15.32 £0.02 33+0.3
DPC/SDS 90:10 16.10 £0.02 32+0.3
AB(I 6_35)Nterm
phosphate buffer 16.20 = 0.02 1.7£0.2
SDS 15.81 £0.02 2.8+0.3
DPC/SDS 90:10 15.68 £0.02 3.1+0.3
AB (16-35)G25C-MTSL
phosphate buffer 16.21 +£0.02 1.7+0.2
SDS 15.26 £0.02 3.7+0.3
DPC/SDS 90:10 15.92 £0.02 42+03
5-DSA
SDS 15.07 £0.04 17+2
SDS-AB(16-35) 14.96 £ 0.04 28+3
DPC/SDS 90:10 14.48 £0.04 27+3
DPC/SDS- AB(16-35) 14.39 £0.04 30+£3
16-DSA
SDS 15.15+£0.04 6.7+0.6
SDS-AB(16-35) 15.09 £0.04 128+1.3
DPC/SDS 90:10 14.68 £ 0.04 10.5+1.0
DPC/SDS- AB(16-35) 14.74 £ 0.04 10.7+ 1.1

Table 4.10.1 - Nitrogen coupling constant, Ay, and spin label correlation time, t¢, measured by
ESR experiments on either spin-labeled AB(16-35) in phosphate buffer, SDS and DPC/SDS
micelles or doxyl stearic acids in SDS andDPC/SDS micelles, in the absence and in the presence of

AB(16-35).

Consequently, spectral analysis was carried out according to the classical theory of
motional narrowing for ESR lines [37]. Ay and tc values for AB(16-35)-MTSL "™ (1),
AB(16-35)G25C-MTSL (III) and AB(16-35)-MTSLN™™ (IV) in the various systems

analyzed in the present work are shown in Table 4.10.1.
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In phosphate buffer, no difference was found between values for the three spin-
labeled peptides. Thus, the environment in which the nitroxide label is embedded did not
depend on its positioning along the peptide chain, indicating that the whole molecule was
fully exposed to the aqueous medium. Overall, significant changes in the ESR parameters,
owing to the presence of SDS or DPC/SDS micelles, were evident. Particularly, the tc
value increased, a consequence of a decrease in the label mobility. This evidence indicates
peptide interactions with the micellar aggregates to occur. The whole peptide was involved
in the interaction, as the three spin-labeled peptides showed comparable t¢ changes, even
though a slightly higher tc increase was found for AB(16-35)G25C-MTSL. At the same
time, the decrease in Ay indicates that spin-labels were embedded in a less polar
microenvironment with respect to the aqueous medium. Specifically, as far as DPC/SDS
micelles are considered, the extent of the Ay reduction is quite low (from 0.1 to 0.5 G) for
all the three spin-labeled peptides. Consequently, these evidences suggest a shallow
insertion of the whole peptide in the mixed micellar aggregates (see Figure 4.10.3). In
contrast, AP(16-35)-MTSL“™™(II) and AP(16-35)G25C-MTSL (III) presented a more
pronounced Ay decrease in SDS micelles (~1 G). This suggests a deep penetration of the
second half of the AB(16-35) sequence in the SDS micellar apolar core, with the N-
terminus being more exposed to the external medium (see Figure 4.10.3).

To see whether the interaction with AB(16-35) influenced the microstructure of
SDS and DPC/SDS (90:10) micelles, ESR measurements on micellar solutions in the
presence and absence of the peptide were performed. Spin labels used for this experiment
were 5-doxylstearic acid (5-DSA) and 16-doxylstearic acid (16-DSA). The former
provided information on the micellar layer just below the external surface, while the latter

gave information on the interior of the micellar hydrophobic core.
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Figure 4.10.3 - Schematic rappresentation of AB(16-35) orientation on SDS (left) and DPC/SDS
(right) micelles. The portion of AB(16-35) spanning from the middle to the C-terminus is partially
embedded in SDS micelles (left). Embedding of AB(16-35) is reduced in DPC/SDS, (right).
Spectroscopic parameters obtained from these spectra are shown in Table 4.10.1. In
both micellar systems, the tc value was higher for 5-DSA than for 16-DSA. In other
words, the motion of 5-DSA was slower than for 16-DSA. This indicates a flexibility
increase in segmental chain mobility when going from surfactant polar headgroups to the
inner hydrophobic core of micelles. The presence of AB(16-35) caused significant effects
on SDS micelles. In fact, for both spin-labeled surfactants, t¢ significantly increased. The
reduction of the label mobility is a clear evidence of the insertion of the peptide, or of a
segment of it, into the micellar core, since the local structuring of the alkyl chain tends to
be more ordered in proximity of a guest molecule [1,4]. In contrast, the spectra of both spin
labels in DPC/SDS mixed micelles were almost unaffected by the presence of AB(16-35),
indicating no significant insertion of the peptide into the micelle interior. Thus, evidences
obtained using spin-labeled lipids are in perfect agreement with those obtained with spin-
labeled peptides, and support the peptide-micelle relative positioning proposed in Figure

4.10.3.
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4.11 Role of B-sheet breaker peptides in preventing AP self-aggregation
An attractive therapeutic strategy for Alzheimer’s disease is the inhibition of the
soluble B-amyloid aggregation using synthetic B-sheet breaker peptides capable of binding
AP but unable to become part of a -sheet structure. One of this is a 5-residue synthetic -
sheet breaker peptide, iABSp, which was found to be able to inhibit and disassemble
amyloid fibrils in vitro [38]. Since the early stages of the A aggregation process are
supposed to occur close to the neuronal membrane, it is strategic to define the iABS5p
positioning with respect to lipid bilayers and to clarify the interplay between iAB5p and

AB. These studies were realized by ESR spectroscopy [39,40].

4.12 Interaction of a B-sheet breaker peptide with lipid membranes

First, the iAB5p positioning in biomembranes was investigated by ESR experiments
[39]. Two sets of experiments were performed. In the first one, spin-labeled [-sheet
breaker peptides iAB5p-SLN™ or iAP5p-SL“™ were dissolved in the appropriate amount
of aqueous buffer or liposome solution. Thus, in these experiments the effect of the
liposomes on the ESR spectrum of the spin-labeled peptide was observed. In the second set
of measurements spin-labeled phosphocholines, 5-PCSL and 14-PCSL, were inserted in
the liposome aggregates at a 1:100 spin label/phospholipid mole ratio and the effect of
unlabelled 1ABSp peptide on their ESR spectrum was monitored.

The ESR spectra of the two spin-labeled peptides were acquired in phosphate buffer
at pH=7.4, DOPC and DOPC/CHOL (80:20 wt/wt) bilayers. In phosphate buffer, both
ESR spectra show the typical lineshape of isotropic fast motion, indicating that the whole
Nierm)

molecule is fully exposed to the aqueous medium (see Figure 4.12.1A for iAB5p-SL

According to the classical theory of motional narrowing of ESR lines, the nuclear spin
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state dependence of the width of the nitroxide hyperfine line, AB, is described by the

formula:

AB = A + B mi+ C my (4.12.1)

where mj is the nitrogen nuclear spin quantum number. As reported in literature [35], the
values of 4, B, and C can bedetermined by means of a least-squares fitting routine
ofexperimental spectra using Eqn (4.12.1). In turn, their values allowcalculation of the
isotropic nitrogen hyperfine coupling constant, Ay, and the tumbling correlation time of the

spin-probe, 7.

(A)

(B)

AH(0)

——

A(0)
RO

l I l I l I l I l
3450 3475 3500 3525 3550
B/G

Figure 4.12.2 - ESR spectra of iAB5p-SL™™: (A) in phosphate buffer, (B) in DOPC membranes
(peptide to lipid ratio 1.3:100 mol/mol) and (C) slow motion signal, obtained by subtracting
spectrum A, multiplied by the weighting factor 0.3, from spectrum B.
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These parameters furnish information about the local physicochemical properties of
the label. Particularly, Ax depends on the polarity of the medium in which the nitroxide is
embedded, whereas 7¢ variations clearly show changes in the probe rotational mobility, as
determined by the microenvironment viscosity and/or by specific interactions.

For iAP5p-SLN™ in phosphate buffer we found Ax=16.13+£0.02G and
7=(5.6£0.2)x10” s. These values are remarkably close to those found for iAB5p-SLE™
(An=16.1240.02 G and 7=(5.7+0.3)x107 s).

The presence of DOPC liposomes strongly affects the ESR spectra of both spin-
labeled peptides. In this case a complex lineshape characterized by the superposition of
two signals is observed (see Figure 4.12.2B for iAB5p-SLN™): a fast motion spectrum,
similar to that obtained for the peptide in buffer, and a slow motion spectrum. This
evidence indicates that the spin-labeled peptide is distributed in two populations of which
the first one is composed by unperturbed molecules dissolved in the aqueous medium, and
the second one directly interacts with the phospholipid bilayer. By subtracting the peptide
spectrum in buffer from that in DOPC bilayers, we obtained the isotropic slow motion
spectrum shown in Figure 4.12.2C.

In the case of slow motion spectra, the theory on which Eqn (4.12.1) is based does
not hold anymore, so that we analyzed this spectrum by graphically estimating 4Ax and 7.

Particularly, the apparent correlation time 7= was determined according to [41]:

7 =(0.65 x 10°) AHy [(Ao/A-1)"* - 1] (4.12.2)

whereAH, is the peak-to-peak width of the center line in Gauss, A4y is the amplitude of the
center line, and 4., is the amplitude of the high-field line.
For the spectrum reported in Figure 4.12.2C, we obtained Ax=14.58+0.02 G and

7c=(1.9+0.2)x10"® s. The decrease of An, when compared to that obtained from the
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spectrum registered in buffer, indicates that the label is embedded in a less polar
microenvironment. At the same time, the increase of 7 indicates that the label motion is
hampered. Practically identical results were obtained for iAB5p-SL“™ (spectra not

shown).
In the presence of DOPC/CHOL bilayers, the ESR spectra of the two spin-labeled
peptides show an even more complex lineshape (see Figure 4.12.3B for iAB5p-SLN™)

given by the overlap of a fast motion spectrum of unperturbed molecules with an

anisotropic slow motion spectrum.

(A)

(B)

| | | | |
3450 3475 3500 3525 3550

B/G

Figure 4.12.3 - ESR spectra of iAB5p-SLN™: (A) in phosphate buffer, (B) in DOPC/CHOL
membranes (peptide to lipid ratio 1.3:100 mol/mol) and (C) slow motion signal, obtained by

subtracting spectrum A, multiplied by the weighting factor 0.6, from spectrum B.
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Subtraction of the spectrum in buffer from the experimental one results in the
anisotropic spectrum shown in Figure 4.12.3C. For anisotropic spectra, evaluation of
magnetic and diffusive parameters, analogue to Ax andz, is an extremely difficult task.
For this reason, analysis of this spectrum was realized determining the outer hyperfine
splitting (24max) value. This parameter, obtained by measuring the difference between the
low-field maximum and the high-field minimum, through a home-made, MATLAB-based
software routine, is dependent on both the amplitude (i.e., order) and rate of chain
rotational motion, and is therefore a useful parameter for characterizing dynamics of
molecules deeply inserted in phospholipid membranes. By analyzing Figure 4.12.3C, we
found 24,,,=51.7£0.2 G. Also in this case, very similar results were obtained for iAB5p-
SLE™ (spectra not shown).

ESR spectroscopy allows to quantitatively estimate the partition coefficient of the
labeled peptides between the lipid bilayer and the aqueous medium. The binding process

can be described by the equilibrium [42]

P+L=PL (4.12.3)

where P and L stand for peptide and lipid, respectively. Consequently, it is possible to

define the apparent partition coefficient:

_ [PL]

= 4.12.4
" [P]IL] ( :
Eqn (4.12.4) can be easily rearranged as:
Xb = KappCf (4 125)
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whereX;, is the molar fraction of bound peptide per lipid and Cr is the free peptide
concentration. Thus, K., can be determined as slope of the linear trend obtained by
plotting Xy vs. Cr. Deviations from linearity of this graph indicate a cooperative peptide
binding, i.e., strong interactions among the bound peptides. Methodology for obtaining
Kapp from ESR measurements is well established [43]. The fraction of bound peptide, f;, is

calculated according to the relation:

CARD), — A,
A1), - A,

Jo (4.12.6)

whereA(-1)r and A(-1)x are the peak-peak amplitudes of the high-field (M; = -1) line for the
peptide free in solution and in the considered liposomal sample, respectively. A(-1)y is the
amplitude of the high-field line for a fully bound peptide. Cr and Cy, the concentration of
membrane-bound peptide, can be calculated from f, and the known [P]. Finally, X;, can be
calculated as the ratio of C, and [L]. Application of the method requires various
measurements to be conducted at different peptide to lipid ratio.

In Figure 4.12.4 the trends of X, vs. C; for iAB5p-SLN™ in DOPC and
DOPC/CHOL liposomal samples are reported. In both cases a linear trend is obtained, i.e.,
no cooperativity in peptide binding is evident. The K, values are 62+2 M and 3241 M
for iAB5p-SLN™ in DOPC and DOPC/CHOL bilayers, respectively.

As a complementary part of this research, we investigated the interaction between
the unlabeled peptide 1ABSp and DOPC or DOPC/CHOL bilayers incorporating spin-
labeled phosphatidylcholines. Analysis of spin-labeled phosphatidylcholines’ spectra was
also realized determining the outer hyperfine splitting (24max) values, which are reported in

Table 4.12.1.
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Figure 4.12.4 - Binding isotherms obtained for iAPSp-SLN™ in: DOPC (full circles) and
DOPC/CHOL bilayers (open circles).

2Amax /G
5-PCSL

DOPC 51.9+0.1
DOPC/iABS5p 53.3+0.2
DOPC/CHOL 53.5+0.1
DOPC/CHOL/iABS5p 56.0 £0.2
14-PCSL

DOPC 32.9+0.1
DOPC/iABSp 32.7+0.1
DOPC/CHOL 33.7+0.2
DOPC/CHOL/iABS5p 374402

Table 4.12.1 - Outer hyperfine splitting, 24,,.x, values of 5-PCSL and 14-PCSL in DOPC and
DOPC/CHOL bilayers in the absence and in the presence of iAB5p.

The ESR spectrum of 5-PCSL in DOPC bilayers, shown in Figure 4.12.5 (lower
spectrum, solid line), presents a clearly defined axially anisotropic lineshape, with a value
of the outer hyperfine splitting, 24,.x, equal to 51.9+£0.1 G. We also investigated DOPC
bilayers including phosphatidylcholine spin labeled on the 14 C-atom of the sn-2 chain

(14-PCSL), in which the nitroxide group is positioned close to the terminal methyl region
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of the chain. In this case a narrow three-line, quasi-isotropic spectrum is obtained, see
Figure 5 (upper spectrum, solid line). The higher isotropy of the 14-PCSL spectrum with
respect to that obtained for 5-PCSL indicates a flexibility increase in segmental chain
mobility in going from the polar headgroups to the inner hydrophobic core, which is a

characteristic hallmark of the liquid-crystalline state of fluid phospholipid bilayers.

14-PCSL

Nomo R, dv L oy S

S-PCSL ,

~
~r

A i WV Y

| | | |
3475 3500 3525 3550

B/G

Figure 4.12.5 - ESR spectra of 5-PCSL and 14-PCSL positional isomers of spin-labeled
phosphatidylcholine in DOPC bilayers in the absence (solid line) and in the presence (dashed line)
of 1:1 wt/wt iABSp peptide.
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The association of B-sheet breaker peptide with lipid membranes can be detected by
the perturbation of the chain mobility of spin-labeled lipids, by using ESR spectroscopy as
found for classical water-soluble peripheral membrane proteins and derived peptides
[51,52]. Addition of 1ABSp peptide to pure DOPC bilayers, at a 8:100 mol/mol ratio,
significantly affects the 5-PCSL spectrum, see Figure 4.12.5, dashed line. In fact, the
peptide causes a slight but significant 24,.x increase (from 51.9+£0.1 G to 53.3+0.2 G), i.e.,
the mobility of the spin-labeled chains decreases by interaction of the peptide with the
membrane. In contrast, the addition of iABS5p to pure DOPC bilayers does not cause any
change in the 14-PCSL spectrum, as shown in Figure 4.12.5.

We also investigated DOPC bilayers at 20% wt/wt concentration of CHOL, in
absence and in the presence of the peptide. The 5-PCSL and 14-PCSL ESR spectra in
DOPC/CHOL bilayers are shown in Figure 4.12.6 and the corresponding 24, values are
reported in Table 4.12.1. Cholesterol induces a 24, increase for both spin-labels. It is
interesting to observe that the 14-PCSL spectrum keeps a quasi-isotropic lineshape, an
evidence that, despite a certain stiffening, at the considered cholesterol content, the
DOPC/CHOL bilayer is still in the liquid disordered state.

Addition of peptide at a 8:100 mol/mol ratio significantly affects the 5-PCSL
spectrum. Indeed, the peptide causes a slight 24,,,,x increase (from 53.5+0.1 G to 56.0+0.2
G), i.e., the mobility of the spin-labeled chains decreases by interaction of the peptide with
the bilayer. The effect of the addition of peptide on the 14-PCSL spectra in DOPC/CHOL
bilayers is shown in Figure 4.12.6. In this case a clearly anisotropic spectrum is obtained,
as opposed to the quasi-isotropic spectrum obtained in peptide absence. This is particularly
revealed by the appearence of a second high-field minimum. The 24,,x trend confirms
what is inferred from the spectra. Indeed, the presence of the peptide causes a significant
2Amax increase with respect to that registered in its absence (from 33.7+0.2 G to 37.4+0.2

(), indicating that the peptide is deeply inserted into the lipid bilayer.
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Figure 4.12.6 - ESR spectra of 5-PCSL and 14-PCSL positional isomers of spin-labeled
phosphatidylcholine in DOPC/CHOL bilayers in the absence (solid line) and in the presence

(dashed line) of 1:1 wt/wt iABSp peptide.

These experimental results indicate that the presence of CHOL has a significant
influence on the iABSp/bilayers interaction. When iAB5p is inserted into the DOPC/CHOL

membrane environment, two differently abundant populations result evident. Peculiarly,
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the fraction of molecules interacting with lipid bilayer is characterized by an anisotropic
slow motion spectrum, opposed to the quasi-isotropic spectrum obtained in the absence of
CHOL. Furthermore, the presence of CHOL enhances the changes in the 5-PCSL spectrum
due to the presence of the peptide. This evidence indicates that the peptide is still able to
penetrate the bilayer and that CHOL and peptide exert a synergistic rigidifying action on
the bilayer structure. At the same time, in the co-presence of CHOL and peptide the 14-
PCSL spectrum shows that the iAB5p peptide is inserted deeply into the lipid bilayer.

In conclusion, the experiments show that the B-sheet breaker peptide 1ABS5p is
partially localized in phospholipid bilayers. In the framework of the model according to
which early stages of AP peptides self-aggregation occur close to the membrane surface,
this B-sheet breaker localization could be strategic for its anti-aggregative activity. The
membrane fluidity, modulated by the CHOL amount, is critical to drive the positioning of

1AB5p peptide at the membrane interface.
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4.13 The iABSp B-breaker peptide regulates the interaction of the AB(25-
35) fragment with lipid bilayers through a cholesterol-mediated

mechanism.

Association of the i1ABSp and AP(25-35) peptides with lipid bilayers was
investigated by analysing changes in ESR spectra of spin-labeled lipids [40]. Two sets of
ESR experiments were performed. In the first one, the samples investigated were
phosphatidylcholine spin-labeled at different positions, n, in the sn-2 chain (n-PCSL, n
=5,12) incorporated in membranes of DLPC:CHOL 80:20 wt/wt, in the absence and in the
presence of AP(25-35), iABSp, or both. In the second set of measurements, a radical
analogue of CHOL, 3B-doxil-5a-cholestane, was used in order to directly investigate the
cholesterol behavior in the systems.

The 5-PCSL and 12-PCSL spectra in the investigated lipid/peptide(s) mixtures are
shown in Figure 4.13.1 and Figure 4.13.2, respectively. The former spin-label presents the
nitroxide reporter group close to the hydrophilic lipid headgroup, while in the latter one the
nitroxide group is positioned close to the terminal methyl group. In DLPC:CHOL bilayers,
the spectra of both spin-labels present a clearly defined axially anisotropic lineshape, see
Figure 4.13.1A and Figure 4.13.2A, an evidence that, due to the high cholesterol content,
the membrane is in the liquid-ordered state. These ESR spectra were quantitatively
analyzed by the determination of the acyl chain order parameter, S, and the isotropic

hyperfine coupling constant, a; , which is an index of the micropolarity experienced by the
nitroxide. The S and ay values reported in Table 4.13.1 show that, in the absence of any

added peptide, the DLPC:CHOL bilayers are characterized by a decrease of both the
micropolarity and the local acyl chain ordering in going from the polar headgroups to the
inner hydrophobic core of the bilayer. Particularly, the S reduction indicates that, even in

the presence of CHOL, the gradient of segmental chain mobility in DLPC bilayers is
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preserved. The a; decrease is related to the polarity gradient, indicating that the

hydrophobicity increases as the nitroxide group moves to the center of the bilayer.

(D)

3460 3480 3500 3520 3540 3560
B/G

Figure 4.13.1 - ESR spectra of 5-PCSL in bilayers of DLPC:CHOL at 80:20 weight ratio: (A) in
the absence of peptides; (B) in the presence of AB(25-35); (C) in the presence of iABSp and (D) in
the presence of AB(25-35) and iAB5p at equimolar ratio.

Association of peptides to the lipid bilayer causes significant variations in the ESR
spectra of spin-labeled phospholipids. Particularly, the anisotropy of the 5-PCSL spectrum
clearly increases in samples containing AB(25-35), see Figure 4.13.1B and Figure 4.13.1D,

while the effect of iABSp alone is much lower. In contrast, the 12-PCSL spectrum is much
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more affected by iABSp, alone or in combination, than by AB(25-35), see Figure 4.13.2C

and Figure 4.13.2D. The S and aj, values are collected in Table 4.13.1. Below, they are

commented separately for each peptide or peptides combination.

(A)

B)
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Figure 4.13.2 - ESR spectra of 12-PCSL in bilayers of DLPC:CHOL at 80:20 weight ratio: (A) in
the absence of peptides; (B) in the presence of AB(25-35); (C) in the presence of iAB5p and (D) in
the presence of AB(25-35) and iABSp at equimolar ratio.

First, addition of AP(25-35) causes a clear S increase of 5-PCSL spectrum, with
respect to that registered in the peptide absence, while the S value of 12-PCSL decreases.

Moreover, ay of 12-PCSL spectrum also decreases indicating a reduction of the local
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polarity. These evidences indicate that AB(25-35) interacts with the external region of
DLPC:CHOL bilayers, only partially penetrating in hydrophobic inner core. At the same
time, this peptide causes a re-positioning of cholesterol closer to the hydrophilic external
layer,making the inner part of the lipid acyl tail more flexible than in the presence of
cholesterol alone [44].

Addition of 1AB5p causes a slight S increase for 5-PCSL, while a much stronger
effect is observed for 12-PCSL. The « is marginally affected by this peptide, i.e., no
evident variation in the local polarity is detectable. The acyl chains tend to assume a more

ordered local structure in the vicinity of guest molecules: consequently, these evidences

suggest a deeper penetration of iAB5p in the bilayer with respect to AB(25-35).

S ay, /G

5-PCSL

DLPC:CHOL 0.58+£0.01 | 15.2+0.1
DLPC:CHOL+AB(25-35) 0.73+0.01 | 154+02
DLPC:CHOL+AB5p 0.62+£0.02 | 154+0.1
DLPC:CHOL+AB(25-35)+HAB5p 0.72+0.02 | 15.4+0.2
12-PCSL

DLPC:CHOL 0.38+£0.02 | 142+0.1
DLPC:CHOL+AB(25-35) 024+0.01 | 12.8+0.1
DLPC:CHOL+AB5p 0.45+0.02 | 143+0.1
DLPC:CHOL+AB(25-35)+AB5p 0.52+0.01 | 14.3+0.1

Table 4.13.1 - The order parameter, S, and the isotropic hyperfine coupling constant, ay of 5-

PCSL and 12-PCSL in lipid bilayers of DLPC:CHOL at 80:20 weight ratio, with and without
APB(25-35) peptide, in the absence and in the presence of the B-sheet breaker iAB5p.

Finally, in the presence of both AB(25-35) and iABSp peptides, the S value for 5-
PCSL is nearlyequal to that obtained in the case of DLPC:CHOL bilayers containing
APB(25-35) peptide alone. This evidence suggests that AB(25-35) location relative to the
bilayer is not affected by iABSp. Interestingly, for 12-PCSL an § value significantly higher
than that registered in in the presence of AB(25-35) or iAB5p alone is found. The increase
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in the order parameter indicates that not only iAB5p remains deeply inserted in the bilayer,
but also that this peptide inhibits the cholesterol re-positioning observed in samples
containing AP(25-35) alone.

Complementary information on the effect of the peptides on the CHOL positioning in
the bilayer has been obtained by using 3-doxil-5a-cholestane as spin-probe. Figure 4.13.3
shows ESR spectra of the 33-doxil-Sa-cholestanein DLPC:CHOL bilayers, in absence and
presence of AB(25-35), iABSp, or their equimolar mixture. All the spectra present an
almost isotropic slow-motion lineshape. A quantitive analysis of these spectra was realized
by determining the isotropic nitrogen hyperfine coupling constant, a'y, and the tumbling
correlation time of the spin-probe, 7, . These parameters furnish information about the local
physicochemical properties of the label. In particular, 7, variations clearly show changes

in the probe rotational mobility, as determined by the microenvironment viscosity and/or

by specific interactions. ¢ values were determined according to [41]:

7 = (0.65 x 10”°) AHy [(Ao/A.1)"* - 1] (2)

where AH is the peak-to-peak width of the center line in Gauss, Ay is the amplitude of
the center line, and 4., is the amplitude of the high-field line. All the a'y and z_values are

reported Table 4.13.2.

ay /G . x107 /s
DLPC:CHOL 21.01+ 0.01 | 2.7+0.1
DLPC:CHOL+AB(25-35) 2335+ 0.02 | 7.8+0.2
DLPC:CHOL+ARB5p 20.61+ 0.01 | 5.2+0.1
DLPC:CHOL+AP(25-35):iAp5p 2049+ 0.01 | 5.0+0.1

Table 4.13.2 - The isotropic hyperfine coupling constant, a’y, and the correlation time, 7, of the

3B-doxil-5a-cholestane in lipid bilayers of DLPC:CHOL at 80:20 weight ratio, with and without
APB(25-35) peptide, in the absence and in the presence of the 3-sheet breaker iABSp.
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In the presence of AP(25-35), a'increases indicating that the nitroxide reporter

group experiences a more polar environment with respect to that found in the absence of

peptide. At the same time 7, increases, indicating that the motion of the spin probe

molecules is hampered by a more viscous and structurally ordered microenvironment. Both
evidences agree in suggesting that, in the presence of AB(25-35), CHOL molecules move
towards the more external region of the bilayer. This part of the bilayer is more hydrated

[36] and stiffer with respect of the inner core, as discussed above.

(D)

0 T T T T ]
3460 3480 3500 3520 3540 3560
B/G

Figure 4.13.3 - ESR spectra 3B-doxil-5a-cholestane spin-label in bilayers of DLPC:CHOL at
80:20 weight ratio: (A) in the absence of peptides; (B) in the presence of AB(25-35); (C) in the
presence of iAB5p and (D) in the presence of AB(25-35) and iAB5p at equimolar ratio.
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In the presence of iAB5p, a'y slightly decreases indicating a deep insertion of
CHOL in the bilayer. This evidence indicates that CHOL tends to position close to iABSp
peptide, which solubilizes in the inner core of DLPC:CHOL bilayers. The presence of the
peptide has a rigidifying effect on the bilayer, which causes the concomitant 7, increase,
which however is much lower than that observed for AB(25-35). Finally, a behavior

similar is observed in the co-presence of AP(25-35) and iABSp, indicating that the -

breaker peptide plays a major role in determining the CHOL positioning.

ol

@ — phospholipid 0 cholesterol 4 AB(25-35) < iApSp

Figure 4.13.4 - Schematic representation of DLPC:CHOL bilayers containing the AB(25-35)
peptidein the absence (A) and in the presence of iABSp peptide (B).

In conclusion, ESR results presented above show that iABSp influences the AB(25-
35) interaction with the bilayer through a cholesterol-mediated mechanism, although the
two peptides do not directly interact in the membrane environment. Indeed, AB(25-35)
causes a crowding of CHOL in the more external region of the bilayer (Figure 4.13.4A).
As a consequence, this region becomes stiffer, causing the amyloid fragment expulsion to

the external medium and favouring the subsequent fibrillation process. The addition of the
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1AB5p withholds cholesterol, which tends to place close it, in the inner hydrophobic core of
the bilayer. This results in a more fluid bilayer external region, thus disfavoring AB(25-35)
release (Figure 4.13.4B). In this context we would like to emphasize the CHOL
involvement, at molecular level, in finely-tuned membrane processes. Finally, these results
indicate that iABSp peptide prevents the AB(25-35) exit from the lipid membrane, that is
the first step of the AP aggregation process, suggesting a possible mechanism through
which membrane-buried [-breaker could help in hampering the p-amyloid self-

aggregation.
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CONCLUSIONS

In this work, a physico-chemical characterization of lipid membranes and a
study of their interaction with peptides involved in important biological processes have
been performed by an experimental approach combining different experimental techniques,
mainly ESR spectroscopy and Neutron Reflectivity.

The attention has been focused on the biomembranes microstructural properties, as
determined by the molecular geometry and charge distribution of the various lipid
components. In details, the Ilipid systems investigated in this work were: 1.
lysophosphatidylcholine micellar aggregates; ii. POPC and DOPC phospholipid
membranes in the presence of cholesterol; iii. POPC membranes containing
polyunsaturated phospholipids and iv. liposomes formed by lipopolysaccharides. Although
the considered systems presented many differences in terms of components and
composition, the driving forces ruling the aggregation process and the properties of the
resulting aggregates had a common origin: hydrophobic attraction among the apolar
moieties, and electrostatic repulsion among the charged moieties. Steric constraints also
play a fundamental role. As a result of the comparative study, the relationship between the
aggregates microstructure and their mesoscopic arrangement has been highlighted.

Subsequently, the interaction of peptides with lipid membranes has been
investigated. Peptides deriving from the membrane-proximal external region (MPER) of
the gp36 and gp41 glycoproteins of Feline and Human Immunodeficiency Viruses,
respectively, have been studied in the presence of biomembranes with different lipid
composition. Furthermore, peptides deriving from different membranotropic domains of
gH and gB glycoproteins of the Herpes simplex virus — type 1, which are considered

decisive in favoring the fusion process, have been studied. Finally, two B-amyloid

217



fragments and one peptide inhibitor of the amyloid self-aggregation have been analyzed in
the presence of biomimicking systems.

In all these cases, the main interest has been addressed to the comprehension of the
specific mechanism of lipid-peptide interactions and, at the same time, to the role played
by the lipid composition in influencing directly or indirectly these interactions. Using
different physico-chemical techniques it was possible to realize a broad investigation of the
all systems described above, obtaining complementary informations. ESR and NR
experiments have furnished many details about the biomembranes microstructure and on
its variations induced by the presence of different lipids and of peptides. DLS and SANS
measurements have permitted to investigated the mesoscopic structure of the lipid
aggregates and, finally, CD and spectrofluorimetric investigations have been allowed the
direct monitoring of the peptide behavior and conformational changes in the presence of
lipid systems.

The combination of these techniques allowed to highlight, in all the considered
systems, the fine interplay between protein/peptides and lipids. Indeed, lipids affect
peptides conformation and at the same time, peptides perturb lipid packing and dynamics.

Finally, the presented results shed light on the specificity of the lipid components in
determining the bilayer biophysical properties and in modulating their interactions with
proteins and peptides, supporting the lipid relevance in all the membrane-related biological

Processes.
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APPENDIX

Al Electron Spin Resonance spectroscopy

Al.1 Introduction

Electron Spin Resonance (ESR) spectroscopy, or Electron Paramagnetic Resonance
(EPR), is a powerful technique for the investigation of paramagnetic species, including
organic radicals, inorganic radicals, and triplet states. The basic principles behind ESR are
very similar to the more ubiquitous NMR spectroscopy, except that ESR focuses on the
interaction of an external magnetic field with the unpaired electron(s) in a molecule, rather
than the nuclei of individual atoms [1]. ESR has been used to investigate kinetics,
mechanisms, and structures of paramagnetic species and along with general chemistry and

physics, has applications in biochemistry, polymer science, and geosciences.

Al.2 Basic theoretical principles

As known, a molecule or atom has discrete (or separate) states, each with a
corresponding energy. Spectroscopy is the measurement and interpretation of the energy
differences between the atomic or molecular states. With knowledge of these energy
differences, the identity, structure, and dynamics of the sample under study can be
investigated. It is possible to measure these energy differences, AE, because of an
important relationship between AE and the absorption of electromagnetic radiation.

According to Planck's law, electromagnetic radiation will be absorbed if:

AE = hv (A1.2.1)

where h is Planck's constant and v is the frequency of the radiation. The absorption of

energy causes a transition from the lower energy state to the higher energy state.
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The energy differences studied in ESR spectroscopy are predominately due to the
interaction of unpaired electrons in the sample with a magnetic field produced by a magnet
[1]. This effect is called the Zeeman effect. Because the electron has a magnetic moment, it
acts like a compass or a bar magnet when you place it in a magnetic field, B. It will have a
state of lowest energy when the moment of the electron, p, is aligned with the magnetic
field and a state of highest energy when p is aligned against the magnetic field. The two
states are labeled by the projection of the electron spin, Mg, on the direction of the
magnetic field. Because the electron is a spin 'z particle, the parallel state is designated as
M; = - %2 and the antiparallel state is Mg = + 2. From quantum mechanics, the most basic

equations of ESR is obtained:

E = gupBoMs = =% gupBo (A1.2.2)

and
AE =hv = g},LBB() (A123)

g is the g-factor, which is a proportionality constant and equal to 2.0023 for most
samples, but which varies depending on the electronic configuration of the radical or ion.
up is the Bohr magneton, which is the natural unit of electronic magnetic moment.

Eqgs. A1.2.2 and A1.2.3 suggest that the two spin states have the same energy in the
absence of a magnetic field and that the energies of the spin states diverge linearly as the
magnetic field increases. In addition, without a magnetic field there is no energy difference
to measure and the measured energy difference depends linearly on the magnetic field.
Because the energy differences between the two spin states can be changed by varying the
magnetic field strength, there are alternative means to obtain spectra. It is possible to apply
a constant magnetic field and scan the frequency of the electromagnetic radiation as in
conventional spectroscopy. Alternatively, it is possible to keep the electromagnetic

radiation frequency constant and scan the magnetic field. A peak in the absorption will
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occur when the magnetic field tunes the two spin states so that their energy difference

matches the energy of the radiation. This field is called the field for resonance.

i

absorption

Figure A1.2.1 - Variation of the spin state energies as a function of the applied magnetic field [2].

The field for resonance is not a unique fingerprint for identification of a compound
because spectra can be acquired at several different frequencies. Being independent of the
microwave frequency, the g-factor g = hv/(ugBy) is much better for that purpose. Notice
that high values of g occur at low magnetic fields and vice versa.

Measurement of g-factors can give us some useful information; however, it does
not tell us much about the molecular structure of our sample. Fortunately, the unpaired
electron, which gives the ESR spectrum, is very sensitive to its local surroundings. The
nuclei of the atoms in a molecule or complex often have a magnetic moment, which
produces a local magnetic field at the electron. The interaction between the electron and
the nuclei is called the hyperfine interaction. It gives us a wealth of information about our
sample such as the identity and number of atoms which make up a molecule or complex as
well as their distances from the unpaired electron.

Figure A1.2.2 depicts the origin of the hyperfine interaction. The magnetic moment

of the nucleus acts like a bar magnet and produces a magnetic field at the electron, B;. This
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magnetic field opposes or adds to the magnetic field from the laboratory magnet,

depending on the alignment of the moment of the nucleus.

B,

Electron E Nucleus

R

E Nucleus

Electron

Figure A1.2.2 - Local magnetic field at the electron, By, due to a nearby nucleus [2].

When B; adds to the magnetic field, we need less magnetic field from our
laboratory magnet and therefore the field for resonance is lowered by B;. The opposite is
true when B; opposes the laboratory field. For a spin 2 nucleus such as a hydrogen
nucleus, it is possible to observe that the single ESR absorption signal splits into two

signals which are each B; away from the original signal, as shown in Figure A1.2.3.

Figure A1.2.3 - Splitting in an ESR signal due to the local magnetic field of a nearby nucleus [2].
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If there is a second nucleus, each of the signals is further split into a pair, resulting
in four signals. For N spin 1/2 nuclei, 2" ESR signals will be generally observed. As the
number of nuclei gets larger, the number of signals increases exponentially. Sometimes

there are so many signals that they overlap and we only observe the one broad signal.

A1.3 ESR instrument

An ESR spectrometer is composed by four fundamental elements: 1. a
monochromatic microwave source; ii. a waveguide for guiding the microwave power to the
sample; iii. a cavity designed to ensure a proper coupling between the sample and the
incoming wave; iv. a detector for microwave power to detect the response of the sample to
microwave irradiation. A schematic drawing of an ESR spectrometer is represented in

Figure A1.3.1.
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Figure A1.3.1 — Schematic representation of an ESR spectrometer.

The magnetic field is generated by an electromagnet, usually water-cooled, which
is able to provide a stable and uniform field in the area where the sample is placed. The

microwave source can be a gunn diode or a klystron; in both cases, a microwaves beam is
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generated at a fixed frequency between 9 and 10 GHz (X-band). This generated microwave
beam go to the sample is sent through the waveguide. The cavity, in which the sample is
placed, is at the center of the two magnetic field poles and receives the microwaves
through the waveguide. The cavity is designed in order to get inside a regular distribution
of the magnetic field lines generated by the electromagnetic radiation coming from the
source and perpendicular to the static magnetic field generated by a solenoid. Finally, the
“consoles” is the interface between the spectrometer and the user from which it is possible
to make all the settings and set the parameters for the spectra recording.

Samples for ESR can be gases, single crystals, solutions, powders, and frozen
solutions. For solutions, solvents with high dielectric constants are not advisable, as they
will absorb microwaves. For frozen solutions, solvents that will form a glass when frozen
are preferable. Good glasses are formed from solvents with low symmetry and solvents
that do not hydrogen bond. A sample is usually placed in a quartz tube, which is the
material devoid of paramagnetic impurities, of 3-5 mm in diameter that is inserted into the
cavity and secured in place by the media. The side walls of the resonant cavity are coils
that modulate the amplitude of the signal, usually at a frequency of 100 kHz, generating

the first derivative of the absorption curve (Figure A1.3.2).

—_—

Absorption

Detector current

| First Derivative
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&

Figure A1.3.2 — The effect of the modulation in the ESR signal (on the left) and an example of first

and second derivative ESR spectrum (on the right).
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Al.4 Application of ESR spectroscopy in biophysics

ESR technique is very used in biophysical studies, although all biological systems
possess no intrinsic paramagnetism and hence in the unlabeled state do not give rise to a
spectrum. For this reason, the introduction of a stable free radical (“spin-label”) in the
samples allows to use ESR spectroscopy to study specific enviroments, for example
biological membranes [3]. The spin-label, which is invariably used, is the nitroxide radical,
which has a three-line nitrogen hyperfine structure whose splitting varies with the
orientation of the magntic field relative to the nitroxide axes. The two classes of nitroxide
spin-labels which are used in membrane studies aro those derived from the oxazolidine and
the piperidine or pyrrolidine rings. In both cases the nitroxide group is flanked by
quaternary carbon atoms, protecting the radical from disproportionation reactions, which
accounts for the high stability. Generally, these spin-labels are used to probe the biological
molecules, allowing to also study the no paramagnetic systems. Consequently, by using
spin-labeled substances, ESR spectroscopy provides to be a fruitful experimental approach
to the study of the interactions between peripheral as well as integral proteins and
membranes. Both the proteins and the lipids can be labeled, so that the systems can be

studied by different “points of view”.
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A2 Neutron Reflectivity

A2.1 Introduction

Neutron Reflectivity (NR) is a powerful technique for the probing of surface
structures and buried interfaces on the nanometer length scale [4]. This technique involves
shining a highly collimated beam of neutrons onto a planar surface and measuring the
intensity of reflected radiation as a function of angle or neutron wavelength. For biological
systems it presents the advantage that light elements as H, C, O, and N are strong scatterers
and different isotopes of the same element have different scattering lengths so that isotopic
substitution may be used to highlight different parts of the interface. In addition, the
possibility of measuring at different contrasts allows for the application of more suitable
multilayer models to interpret the adsorption data with a good degree of confidence. Data
from all profiles are fitted simultaneously, and this reduces the uncertainty in the structural
parameters to the fraction of nanometer scale. It represents a powerful method to provide
structural details in lipid bilayers and in their interaction with proteins or peptides [4]. For
biophysics studies, a great advantage is represented by the possibility to use very small
sample quantity (<10°g) and it is suitable for work with expensive or rare macromolecules.

While specular reflection (angle of incoming beam equal to angle of reflected
beam) gives information in the direction perpendicular to the interface, the lateral structure
of the interfacemay be probed by the nonspecular scattering measured at reflection angles
different from the specular one [5]. This technique is widely used with x-rays while there
are far fewer data in the neutron case due to the smaller intensity of neutron beams. An
example relevant in biophysics where the neutron technique has been applied is the off-
specular scattering from highly oriented multilamellar phospholipid membranes [6]. For
this reason, neutron reflection is much used for studies of surface chemistry, including
lipids, proteins, surfactants, polymers and mixtures adsorbed at liquid/fluid and solid/fluid

interfaces. It is also used to study the surface magnetism, for example ultrathin Fe films,
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magneticmultilayers, superconductors and solid films, as Langmuir—Blodgett films, thin
solid films, multilayers, polymer films [7].

Since many biological processes occur at interfaces, the possibility of using neutron
reflection to study structural and kinetic aspects of model as well as real biological systems
is of considerable interest. However, the number of such experiments so far performed is
small. The reason for this is probably because it is well known that the most effective use
of neutron reflection involves extensive deuterium substitution and this is not usually an
available option in biological systems. This problem may be partially solved by

deuteriating other parts of the interface [8].

A2.2 Basic theoretical principles

In a neutron reflectivity experiment, the specular reflection at the silicon/water

interface, R, is measured as a function of the wave vector transfer, ¢:

q—4—7rsin9 (1.2.1)
P 2.

where A is the wavelength and @ the angle of the incoming beam to the surface. R(g) is

related to the scattering length density across the interface, p(z), by:

167°
R(q)=—
q

/3(6.7)|2 (1.2.2)

where b(q )is the one dimensional Fourier transform of p(z):
plg) = [ exp(~igz)p(z)dz (1.23)

p(z) being a function of the distance perpendicular to the interface (Figure 2.2.1). p is

related to the composition of the adsorbed species by:

p(z)= Zﬂj(Z)b, (1.2.4)
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where n}.(z)is the number of nuclei per unit volume andb]. is the scattering length of

nucleus ;.

SILICON

y ,F
q.

Z

WATER

Figure 2.2.1 — Reflection of an incident beam from two flat interfaces; K; and K, are the incident
and reflected wave vectors; qz is the component of the momentum transfer perpendicular to the

interface.

The scattering lengths of the constituent fragments of any species adsorbed at the
surface are the fundamental quantities from which the interfacial properties and
microstructural information on the lipid bilayer are derived. Measurement of a sample in

different solvent contrasts greatly enhances the sensivity of the technique [4].

A2.3 NR measurements

The basic features of a reflection experiment are: i. a radiation source; ii. a
wavelength selector (or choppers); iii. a system of collimation; iv. the sample and v. a
detection system. The production of neutrons requires either a nuclear reactor, where a
continuous neutron beam is produced by nuclear fission, or a pulsed source, where a pulsed
beam is obtained when a burst of high-energy protons or electrons from a particle
accelerator hits a heavy nucleus. In both cases, neutron energies are too high for structural
or dynamical studies and are reduced in a moderator tank where the neutrons are

repeatedly scattered losing energy at each collision until thermal equilibrium is reached.

228



Thermal neutron energies are of the order of kzT where T is the temperature of the water
moderator and kz the Boltzmann constant. Neutrons can interact with nuclei via nuclear

forces or with the magnetic moment of unpaired electrons.

A2.4 Neutron reflectometers

A specular NR experiment measures the reflectivity as a function of the wave
vector perpendicular to the reflecting surface, q,. The measurement can be made by
varying either or both the glancing angle of incidence 6 and the neutron wavelength A.
Generally, the different mode is related to the type of the neutron sorce. Indeed, in most
nuclear reactors, measurements are usually made at a fixed value of A using long
wavelength neutrons and a 6(reflection angle)-26 (detector angle) scan. Wavelength
selection may be achieved by Bragg scattering from a crystal monochromator or by
velocity selection through a mechanical chopper. The resolution in such measurements is
determined by both angular, A0, and wavelength, A4, spread. In contrast, at spallation
sources time-of-flight instruments (TOF) operate at fixed # and the range of momentum
transfer results from the different wavelengths that comprise a polychromatic neutron
beam. The values of ¢ are determined from the time of arrival of each neutron as a function
of its wavelength, the shorter wavelengths neutrons arriving first, so that each pulsegives
information over the whole g range. The relative resolution 4g/gq is dominated by the
angular divergence A6 of the beam and is therefore constant over the measurement of the
reflectivity profile. However the actual resolution Ag varies widely over the whole range.

Two important examples of reflectometers are D17 and FIGARO instruments at the
Institut Laue-Langevin (ILL) in Grenoble (France).

The reflectometer D17 has already proved to be an excellent tool for investigating
surfaces and interfaces in the realms of physics, biology and chemistry. The instrument has

two modes of operation, time-of-flight and monochromatic, the latter incorporating the
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polarised-neutron optinon [9]. Both modes are flexible in the wave-vector-transfer (q)
resolution. The loosest resolution required to resolve the sample structure can be chosen
(and hence the highest flux), enabling the lowest reflectivities and hence the widest g-range

to be measured. Figure A2.4.1 shows a simplified layout of the instrument.

D17 SIDE VIEW IN TOF MODE D17 TOP VIEW IN MONOCHROMATIC MODE

DOUBLE CHOPPERS  COLLIMATION SLITS MULTI - DETECTOR

A1+ TR e | EVACMTED DETECTR TUBE
I ——— ATTENUATORS
| CHOICE OF MONOCHROMATORS % "

W =] X
FOCUSING SUPERMIRROR GULE / | s \\

) Y ﬁ

=y —— =

I =\ V- — BEAMSTOP
!
< 1. 34— MONITOR
MONOCHACMATCR (removed in TOF mode)
MAXIMUM BEAM HEIGHT AT CHOPPERS

SAMPLE FOSITION =TOMM | stopped in monochromatic mode)

Figure A2.4.1 - Layout of D17 showing the two modes of operation [9].

Starting with a vertical guide implied that, with the aid of focusing, the instrument
would only be optimised for a horizontal reflection plane (vertical samples). Due to the
focusing the white beam flux at the sample position is 9.6x10° n/s/cm”. The complication
of having both monochromatic and TOF modes was justified by the specific advantages of
each case and that neither option would adversely affect the other. TOF allows
continuously variable resolution and as an entire order of magnitude in q can be measured
simultaneously in less than a minuite, kinetic studies are possible. On the other hand a
monochromatic beam is far easier for magnetic experiments (no g-dependent polarisation
efficiency) and is the most efficient in that the peak flux is used for each point in q.

Fluid Interfaces Grazing Angles ReflectOmeter (FIGARO) is a new world-class
neutron reflectometer, designed to deliver a complementary range of features to the
neighbouring reflectometer D17, which is optimised for vertical surfaces [9]. In Figure

A2.4.2 a schematic representation of FIGARO and its principal components is shown [10].
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Figure A2.4.2 - Schematic of the instrument highlighting the following primary components: (A)
frame overlap mirrors, (B) chopper assembly, (C) deflector mirrors, (D) collimation guide, (E)

collimation slits, (F) beam attenuator, (G) sample position and (H) area detector [10].

Important strengths lie in its high flux, its versatility to tune flux, ¢ range,
resolution and instrument geometry for any given experiment, and its expanding range of
sophisticated sample environments. The stable reactor source and very fast data acquisition
at low g makes the instrument particularly suited to kinetic studies. For example, useful
kinetic measurements as short as 1s have been successfully fitted in user experiments, and
the product of scattering length density and thickness for compositional analysis of
adsorption layers at the air/water interface can be determined to high precision in less than
one minute. Data acquisition over the full ¢ range can be done with just two incident

angles in minutes and rarely requires more than one hour [10].

A2.5 Background subtraction

As ¢, increases the noise level increases since not all the neutrons detected are from
specular reflection. At high values of q, the reflectivity is very small and most of the beam
passes into the subphase (e.g. water) where it is scattered either incoherently or by multiple

diffraction. A proportion of this scattering enters the detector with the specular reflection

231



and contributes a background, which has to be subtracted from the profile. There are other
sources of background related to the environment of the sample and the components of the
reflectometer, although the incoherent scattering from the sample itself is the major source.
The principle of background subtraction is the same in every reflectometer. On zero
or one-dimensional detectors, the off specular scattering at each incident angle is measured
and subtracted from the profile. This may be done by rotating the detector to higher and
lower angles, averaging the two measurements and subtracting the resulting profile from
the reflectivity. In the case of solid/liquid samples, the background is high because of the
incoherent scattering of the liquid and the scattering from Teflon and aluminium which
constitute the cell used for a NR experiments, and usually a maximum of six orders of

magnitude in reflectivity are measured [4].

A2.6 Data analysis

As introduced in the Section 3.10, the method of analysis often used for specular
reflection data involves the construction of a model of the interface that may be represented
by a series of parallel layers of homogeneous material. Each layer is characterized by a
scattering length density, p, a thickness, d, a solvent volume fraction, and an interfacial
roughness, o, which are used to calculate a model reflectivity profile. The calculated profile
is compared to the measured profile and the quality of the fitting is assessed either visually
or by using y” in theleast-squares method. There are different fitting programs, as AFIT or
MOTOFIT programs [11,12]. They allows the simultaneous analysis of reflectivity profiles
from the same sample in different water contrasts, characterizing each layer by varying the
defined parameter until the optimum fit to the data is found. In particular, in a solid/liquid
experiment the solid medium and the liquid solution are considered as having infinite
thickness and have a fixed scattering length density. The adsorbate may form a single layer

or a more complicated structure on the surface. By variation of p and for each layer, the
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calculated profile may be compared with the measured profile until the optimum fit to the
data is found. Although any one profile may not provide a unique solution, the use of
different isotopic contrasts together with the physical and chemical constraints of the
system can usually ensure that an unambiguous model of the interface is obtained.

Contrast variation relies on the fact that the different nuclei scatter neutrons with
different amplitude, and sometimes, as in the case of protons and deuterons, with opposite
phase. By using a combination of hydrogenated and deuteriated materials the reflectivity
profile of a system can be substantially changed while keeping the same chemical structure
at the interface. It is also possible, by adjustment of the H/D ratio, to prepare solvents
which are contrast matched to the medium through which neutrons pass before reaching
the interface, that is the bulk solid in a solid/fluid experiment or air in a liquid/air
experiment [5]. The water contrasts more commonly used are: i. H,O with p = —0.56 x
106 A_z; ii. SMW (silicon-matched water), a mixture of H;O and D,O with the same
refraction index for neutrons as bulk silicon, with p = 2.07x 10° A_z; 1. 4AMW, a mixture
of H,0 and D,O with p=4 x 10° A and iv. D,O, with a p= 6.35 x 10° A, The
contrast between the solid (or air) and the solvent is then zero, giving a reflectivity profile
arising only fromthe interfacial region. From the value of the scattering length density of

the layer information about its composition is obtained.
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