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despite an underlying helical tendency
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Amyloid fibers in human semen known as SEVI (semen-derived enhancer of viral infection) dramatically
increase the infectivity of HIV and other enveloped viruses, which appears to be linked to the promotion of
bridging interactions and the neutralization of electrostatic repulsion between the host and the viral cell
membranes. The SEVI precursor PAP248–286 is mostly disordered when bound to detergent micelles, in
contrast to the highly α-helical structures found for most amyloid proteins. To determine the origin of this
difference, the structures of PAP248–286 were solved in aqueous solution and with 30% and 50%
trifluoroethanol. In solution, pulsed field gradient (PFG)-NMR and 1H-1H NOESY experiments indicate that
PAP248–286 is unfolded to an unusual degree for an amyloidogenic peptide but adopts significantly helical
structures in TFE solutions. The clear differences between the structures of PAP248–286 in TFE and SDS indicate
electrostatic interactions play a large role in the folding of the peptide, consistent with the slight degree of
penetration of PAP248–286 into the hydrophobic core of the micelle. This is another noticeable difference
between PAP248–286 and other amyloid peptides, which generally show penetration into at least the
headgroup region of the bilayer, and may explain some of the unusual properties of SEVI.
+1 734 764 3323.
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1. Introduction

Viral attachment to the surface of the target cell is the first and
almost always the most difficult step in the virus life cycle [1]. The
short-half life of almost all viruses in solution (~6 h for HIV) ensures
that a productive infection can only be achieved if a significant
number of viral particles adhere to the cell surface in a relatively
narrow time window upon exposure [2]. The vast majority of viruses
lack the opportunity to initiate infection due to the low occurrence of
successful virus–cell encounters and the short time window available
for infection; it has been estimated for the HIV virus that only
approximately 1 in 100 to 1 in 1000 replication competent virions are
able to establish infection in cell-free culture [3]. Because of the low
efficiency of the viral adhesion process, cofactors that increase the
efficiency of viral adhesion to target cells can drastically increase this
ratio by allowing the virus to gain a successful beachhead before the
invasion of the cell.

The ubiquity of semen in the sexual transmission of the HIV virus
makes it a natural place to look for such cofactors. One such cofactor is
PAP248–286 (PAP: prostatic acid phosphatase, sequence GIHKQ-
KEKSRLQGGVLVNEILNHMKRATQIPSYKKLIMY), a peptide fragment
of prostatic acid phosphatase, a protein abundant in human semen
[4]. Incubation with PAP248–286 dramatically reduces the viral load
necessary to establish a persistent infection, lowering the threshold
needed from several million virions to less than 10 [4]. The exact
mechanism by which PAP248–286 enhances the infectivity of the HIV
virus is unknown but is believed to enhance viral adhesion to host cell
prior to receptor-specific binding by reducing the electrostatic
repulsion between the membranes of the virus and the target cell
[5,6]. It is noteworthy that similar degrees of enhancement have been
detected in the unrelated XMRV virus as well as multiple strains of
HIV, indicating the effect is likely not dependent on a particular
receptor [7,8].

PAP248–286 is inactive in the monomeric state and must first
aggregate to form the active SEVI (semen enhancer of viral infection)
form to promote viral infection [4,6,9]. While many species of
aggregated PAP248–286 appears to be active, PAP248–286 is most active
in the form of large aggregates with the characteristic β-sheet
conformation of amyloid proteins [4,10]. Since the cross β-sheet
structural motif is common to all amyloid proteins but the ability of
amyloid fibers from other proteins to enhance viral infection is minor
in comparison to SEVI fibers from PAP248–286, a structural under-
standing of SEVI and its precursors at the atomic level is necessary to
understand its mechanism of action [4,11].
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Table 1
Statistical information for the PAP248–286 structural ensemble in TFE.

30% TFE 50% TFE

Distance constraints
Total 412 550
Intra-residual 178 199
Inter-residual 234 351
Sequential (i − j=1) 132 175
Medium (i − j=2, 3, 4) 99 171
Long (i − j≥5) 3 5

Structural statistics
Violated distance constraints 0 1
Violated angle constraints 0 0
RMSD of all backbone atoms (Å)
Gln259–Thr275 0.49±0.17 0.31±0.12
RMSD of all heavy atoms (Å)
Gln259–Thr275 1.32±0.27 1.02±0.25

Ramachandran plot
Residues in most favored region (%) 74.4 86.8
Residues in additional allowed region (%) 24.1 13.2
Residues in generously allowed region (%) 1.5 0
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Towards this end, we previously solved the high-resolution 3D
structure of the SEVI precursor peptide PAP248–286 in a membrane
mimicking environment (sodium dodecyl sulfate (SDS) micelles)
using NMR spectroscopy in an attempt to understand the mechanism
bywhich SEVI promotes the bridging of viral and host cell membranes
[12]. The structure of PAP248–286 was found to be unusually disordered
compared to the micelle-bound structures of other amyloidogenic
proteins that are also natively unfolded in solution like SEVI [13–18].
This finding is significant because highly disordered proteins have
increased interaction volumes relative to more ordered, compact
proteins and are particularly efficient at promoting multiple weak
interactions between binding partners such as those necessary to
promote reversible membrane binding and association with endo-
cyotic nucleation factors [19–21]. If the unusual amount of confor-
mational flexibility present in the monomeric membrane-bound
PAP248–286 is also retained in the larger SEVI aggregates [21], it may
explain to some degree the unique ability of SEVI to enhance infection
of enveloped viruses.

In an attempt to determine if the disordered state of the SDS bound
monomer is an intrinsic property of the PAP248–286 peptide or is a
consequence of specific interactions with the SDS micelle, we have
solved the structures of PAP248–286 both in solution and in 30% and
50% trifluoroethanol, a solvent that promotes helix formation by a
different mechanism than SDS and lipid bilayers. Our results show
that PAP248–286 is disordered to a greater extent than most other
amyloid proteins in solution, which typically have some degree of
transient structure which restricts the degrees of freedom in the
native state and assists in aligning aggregation prone regions [22]. We
also found that, in contrast to the disordered structure present in
solution and in SDS micelles, PAP248–286 folds into a well-ordered
amphipathic helix in TFE (trifluoroethanol) solutions. This finding
suggests that the disordered conformation found in SDS micelles is
the result of the strong electrostatic binding of PAP248–286 to the
surface of the micelle and the superficial penetration of PAP248–286
into the interior and is not an intrinsic property of the peptide
sequence.

2. Materials and methods

2.1. Pulsed field gradient NMR spectroscopy

PAP248–286 obtained from Biomatik (Toronto, Ontario, purity 95%)
was first disaggregated using a TFA (trifluoroacetic acid)/HFIP
(hexafluoroisopropanol) mixture and lyophilized as described in
[12]. For each sample, 0.489 mg of disaggregated PAP248–286 was
dissolved in 500 μL of 50 mM potassium phosphate buffer with
100 mM NaCl prepared from 90% D20/10% H20 at either pH 7.4 or pH
6.1 to make a final concentration of 219 μMpeptide. 1H NMR diffusion
measurements were carried out at 499.78 MHz using the stimulated
echo (STE) pulsed field gradient (PFG) pulse sequence with squared
gradient pulses of constant duration (5 ms) and a variable gradient
amplitude along the longitudinal axis [23]. Typically, 32 transients
were recorded for each spectra. To assay possible time-dependent
aggregation behavior, the PFG-NMR experimentwas repeated on each
sample every 2 h for a total of 12 h. Typical acquisition parameters
used in NMR experiments were as follows: a 90° pulse width of 23 μs,
a spin echo delay of 10 ms, a stimulated echo delay of 150 ms, a
recycle delay of 5 s, a spectral width of 10 kHz and 4048 data points. A
saturation pulse centered at the water frequency was used for solvent
suppression. Radio frequency pulses were phase cycled to remove
unwanted echoes. All spectra were processed with an exponential
multiplication equivalent to a 5 Hz line broadening prior to Fourier
transformation and were referenced relative to tetramethylsilane
(TMS). The gradient strength was calibrated (G=3.28 T m−1)
from the known diffusion coefficient of HDO in D2O at 25 °C
(D0=1.9×10−9 m2 s−1) [24].
2.2. 2D NMR data collection and processing

NMR samples containing TFE were prepared from lyophilized
PAP248–286 as described in [12] and dissolved to a concentration of
1.2 mM in 20 mM phosphate buffer at pH 7.5 containing 10% D2O and
either 30 or 50% d2-trifluoroethanol (TFE). The NMR sample for
PAP248–286 in aqueous solution was prepared similarly except the pH
was 6. For each sample, 2D 1H-1H TOCSY (total correlation spectros-
copy) and 2D 1H-1H NOESY (nuclear Overhauser enhancement
spectroscopy) spectra were recorded in the phase sensitive mode by
quadrature detection at 25 °C (TFE samples) or 37 °C (solution sample)
using a 900 MHz Bruker (Billerica, MA) Avance NMR spectrometer
equippedwith a triple-resonance z-gradient cryogenic probe optimized
for 1H-detection. CD spectra were taken to confirm the absence of a
conformational change in solution over the temperature range
25–45 °C (see Fig. S1 in Supplementary information). The TOCSY
spectra were acquired using 512 t1 points, a 80 ms mixing time, and
16 scans while the NOESY spectra were acquired using 512 t1 points, a
300 ms mixing time, and 32 scans. A recycle delay of 1.5 s was used for
both experiments. The WATERGATE pulse sequence was used for
suppression of the water signal [25]. All spectra were zero-filled in
both dimensions to yield matrices of 2048×2048 points. Proton
chemical shifts were referenced to the water proton signal at 4.7 ppm.
The backbone and side-chain resonances of the peptide were assigned
from the TOCSY and NOESY spectra using a standard approach
described elsewhere [26]. All 2D spectra were processed using
NMRPIPE and TopSpin softwares and analyzed using SPARKY [27,28].

2.3. Structure calculation

NOE cross-peaks were integrated within SPARKY and converted
into upper distance bounds using the CALIBA routine within CYANA.
The final list included 412 total NOE restraints for the 30% TFE sample
(178 intra-residual, 132 sequential, 99 medium range and 3 long
range NOEs) and 550 NOE restraints for the 50% TFE sample (199
intra-residual, 175 sequential, 171 medium range and 5 long range
NOEs) (see Table 1). The dihedral angle restraints used in the CYANA
structure calculation were directly calculated from the medium range
NOE constraints [29]. These restraints were then used to generate an
ensemble of 100 low-energy conformers for each sample using the
standard simulated annealing in torsion space protocol. During the
first round of structure calculation, only the unambiguous long-range
NOE constraints were used to generate a low-resolution fold for the
structure. Assignments of the remaining ambiguous NOE cross-peaks
were made in an iterative fashion by applying a structure-aided
filtering strategy in further rounds of structure calculations [30]. Eight



Fig. 2. Alpha proton chemical shift index (CSI) plot for PAP248–286 in aqueous solution
(50 mM KPi, pH 6). CSI values were calculated by subtracting residue-specific mean
chemical shifts for the random coil state from experimental chemical shifts. Continuous
stretches of residues (3 ormore) with a CSI either≤− 0.1 or≥ 0.1 indicate a propensity
for secondary structure formation. Except for a small continuous stretch of residues
(V262-V264) with a positive CSI indices indicating possible nascent β-sheet formation,
the CSI values are consistent with a disordered peptide.
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thousand annealing steps in total were used for each sample. From
these 100 conformers, the 10 lowest energy conformers were selected
and visualized using MOLMOL [31].

3. Results

3.1. PAP248–286 is significantly unfolded and exclusively monomeric when
freshly dissolved in solution

Most amyloidogenic peptides that are commonly considered to be
unstructured are actually in conformational equilibrium with a more
ordered state that is frequently an important intermediate along the
aggregation pathway, although the exact type of metastable second-
ary structure varies from peptide to peptide and is dependent on
other factors such as the temperature and the peptide sequence. NMR
spectra of amyloidogenic peptides in the monomeric state have
several features in common that support the formation of transient
structure in solution. First, the chemical shift and J-coupling values of
amyloid peptides considered to be natively unfolded in solution
typically deviate from the chemical shift values expected from
random coil conformations [32–36]. The degree to which the chemical
shifts deviate from the expected random coil values also frequently
correlates with the amyloidogenicity of the sequence, suggesting that
the formation of a metastable structure can drive amyloid fiber
formation [32,36–38]. This finding is reinforced by 15N relaxation
measurements indicating regions of reduced mobility in natively
unfolded amyloidogenic peptides consistent with the formation of
secondary structure [40,41]. The frequent observation of strong
sequential (i, i+1) but not medium (i, i+3 or i+4) or long-range
NOEs (i, i+≥5) indicate secondary structure in these regions is likely
to be transient rather than stable [32,39].

By contrast, the 2D 1H-1HNOESY spectra ofmonomeric PAP248–286 at
pH 6 has a significant spectral overlap due to poor chemical shift
dispersion (Fig. 1). Although individual residues showpositive chemical
shift deviations consistent with the formation of transient β-sheet
formation (Fig. 2), the effect is not consistent across consecutive residues
and is therefore very likely to reflect differences in the electrostatic
environment of the nuclei, rather than the formation of nascent
secondary structure. The weak NOE cross-peak intensities apparent in
the spectrum also indicate a significant degree of mobility in the
structure, consistent with poorly defined or absent secondary structure.

Pulsed field gradient (PFG) NMR was employed to further probe
the nature of the monomeric peptide in solution. A magnetic field
gradient applied in PFG-NMR attenuates the signal of larger and hence
more slowly diffusing molecules less than that of smaller and faster
diffusing ones, allowing quantitative measurement of the hydrody-
Fig. 1. The finger print region of 2D 1H-1H NOESY spectra of PAP248–286 in aqueous solutio
dispersion of peaks in this region indicates PAP248–286 is disordered in solution.
namic radius of the molecule from a plot of the signal intensity versus
the applied gradient strength. Fig. 3 shows the 1D 1H spectra of
PAP248–286 in the absence of a magnetic field gradient. In Fig. 4, the
decay in intensity is plotted as a function of the gradient strength for
PAP248–286 at pH 7.4 after incubation for 2 and 12 h, and for pH 6.1
after 2 h. The very high degree of linearity in all the samples indicates
that all the PAP248–286 solutions are monodisperse on the millisecond
timescale and not undergoing a conformational exchange which has
been observed for Aβ1–40 [42]. Further evidence for the monodisper-
sity of the sample can be seen from the intensity decay of individual
resonances. All peaks in the spectra of PAP248–286 were found to decay
at the same rate. A characteristic broad resonance near 0 ppm arising
from slowly diffusing oligomers found in the PFG-NMR spectrum of
IAPP and Aβ1–40 is conspicuously absent in the PAP248–286 sample
[42,43]. The relatively high signal intensity apparent in the spectrum
also suggests that, in contrast to the amyloidogenic IAPP and Aβ1–40

peptides [42,43], the majority of the PAP248–286 molecules are
tumbling rapidly and the signal is not significantly broadened by
conformational exchange. No changes in the aggregation state are
observable after 12 h of incubation at 37 °C, as shown by the very high
degree of similarity between the 2 and 12 h traces in Fig. 4A.

The hydrodynamic radius of PAP248–286 measured by PFG-NMR is
1.6 nm at 37 °C at both pH 7.4 and 6.1. This value is consistentwith the
peptide being in the monomeric state, although a compact small
n (50 mM KPi, pH 6, 42 °C) showing NOE connectivities among Hα nuclei. The lack of

image of Fig.�2


Fig. 3. 1H NMR of 215 μM PAP248–286 at 37 °C in 50 mM sodium phosphate buffer,
100 mMNaCl. The red arrow indicates the peak used for further analysis. Differences in
the diffusion constant calculated from other peaks were negligible (data not shown).
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oligomeric state cannot be ruled out on the basis of the hydrodynamic
radius alone. However, other pieces of evidence argue for the peptide
being exclusively in the monomeric state. In particular, the complete
lack of secondary structure in the peptide and the lack of any change
in the aggregation state over time argue against peptide self-
association. The hydrodynamic radius of PAP248–286 is similar to that
reported for the non-amyloidogenic rat variant of the 37 residue IAPP
peptide (1.4 nm) and highly denatured peptides of similar size
(~1.8 nm) but larger than the amyloidogenic human version of the
IAPP peptide (0.81 nm) and Aβ1–40 [42–44]. The value is therefore
Fig. 4. (A) Normalized stimulated-echo intensity decays from STE (stimulated-echo)
PFG 1H NMR spectra 215 μM PAP248–286 at 37 ° C in 50 mM sodium phosphate buffer,
100 mM NaCl pH 7.4 obtained after 2 h incubation and 12 h incubation. The slope
corresponds to a hydrodynamic radius of 16 nm for both species. (B) The corresponding
decays for PAP248–286 in 50 mM sodium phosphate buffer at pH 7.4 and pH 6.1.
consistent with a significantly unfolded monomeric PAP248–286
peptide, with a larger relative hydrodynamic radius of many other
natively unfolded amyloidogenic peptides and proteins.

3.2. PAP248–286 adopts helical structure in trifluoroethanol/water
mixtures

The structure of PAP248–286 in SDS micelles is also largely
disordered, although substantially more NOE connectivities exist
and the chemical shift index indicates regions of stable or metastable
secondary structure (V262-H270 and Y280-I284) [12]. The lack of
structure in the SDS bound form is unusual as most unfolded peptides
(as opposed to proteins) adopt a helical secondary structure when
bound to SDS. Several reasonsmay explain the lack of helical structure
in the membrane-bound form of PAP248–286. One possibility is that
helical states of PAP248–286 are intrinsically disfavored, and PAP248–286
is therefore unable to adopt them under any circumstances. Another
possibility is that while PAP248–286 can adopt helical structures, it does
not do so due to the environment of the SDS micelle. To test this
possibility, we obtained 2D 1H-1H NOESY and 2D 1H-1H TOCSY and
NMR spectra of PAP248–286 in trifluorethanol/water mixtures that are
known to promote the formation of α-helices in peptides.

Unlike the poorly dispersed spectra that is apparent when
PAP248–286 is dissolved in buffer, the 2D 1H-1H NOESY spectra of
PAP248–286 in 30% and 50% TFE solution display numerous, well-
resolved cross-peaks, with a significant degree of spectral dispersion
in the amide proton region. The degree of spectral dispersion is an
indication of at least a partial degree of secondary structure
throughout the peptide (Fig. 5), in contrast to the largely unstructured
SDS bound conformer. Inter-residual dαHNH(i, i+3), dαHNH(i, i+4), and
dαHβH(i, i+3) NOE connectivities along with negative chemical shift
indices provide further evidence for helical structure in the central
region of the peptide (Figs. 6 and 7). In 30% TFE the central helical
region extends from Q259-A274 with remainder of the peptide at the
C- and N-terminal ends in a largely disordered conformation (Fig. 8),
as shown by the absence of dαHNH(i, i+3), dαHNH(i, i+4) NOE
connectivities at the ends of the molecule and the lack of a
consistent positive or negative trend in the chemical shift values
when compared to random coil values. At a higher concentration of
TFE, the helical propensities of PAP248–286 are more pronounced. In
50% TFE, the central helical region is extended at the C-terminal end,
encompassing Q259-I284, with a pronounced kink caused by P278.
In addition, the N-terminal end shows signs of helix formation, as
indicated by the K251-L256 dαHNH(i, i+3) NOE connectivities and
negative chemical shift index values in this region.

4. Discussion

4.1. Structured intermediates are typically found in the misfolding
pathway of amyloid proteins

Amyloid fibers are difficult to form from a completely disordered
state due to the low probability that multiple aggregation prone
segments will align in the correct orientation required for the precise
self-assembly of the very ordered amyloid fiber [22,45]. Because it is
unlikely that a totally unfolded proteinwill find the proper contacts to
nucleate the formation of the amyloid fiber, some degree of residual
structure in the monomeric protein is essential for amyloid fiber
formation in natively unfolded proteins and peptides [46]. Specifical-
ly, it has been proposed by Uversky et al. that natively unfolded
amyloid proteins conform to the pre-molten globule state, a
denatured state that is characterized by some degree of compactness
and residual structure but less than the molten globule state, from
which it is separated by an all-or-none phase transition [47]. A
conformational transition to a structured intermediate has therefore
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image of Fig.�4


Fig. 5. The finger print region of 2D 1H-1H NOESY spectra of PAP248–286 in (A) 30% TFE and (B) 50% TFE showing NOE connectivities among Hα nuclei. The dispersion of peaks in this
region in both spectra indicates PAP248–286 is relatively well folded in both media.
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been proposed to be a critical step in the amyloidogenesis pathway for
many natively unfolded proteins [46,48].

Structured intermediates have been directly observed for a
number of natively unfolded amyloid peptides and proteins [49,50].
It is important to note that it is not essential that such an intermediate
have the β-sheet conformation of the final amyloid product, merely
that stable ormetastable contacts are formed in the intermediate state
that are unlikely to occur in a completely unfolded protein. In fact,
helical structures in particular are common amyloidogenic inter-
mediates [48]. This finding is of particular interest as helical structures
are apparent when natively unfolded amyloid proteins bind to
Fig. 6. Alpha proton chemical shift index (CSI) plot for PAP248–286 in 30% TFE (gray) and 50%
shifts for the random coil state from experimental chemical shifts. Continuous stretches
conformation. The CSI for residues in red were not determined due to poor resolution for t
membranes, which are known to be strong inducers of amyloid
formation for many proteins [51].

4.2. NMR results reveal that monomeric PAP248–286 is unusually unfolded
in solution

The PFG-NMR results indicate that PAP248–286 is significantly, but
not completely, unfolded in the monomeric state in solution. More
specifically, the degree of compaction of themonomer is less than that
of other amyloidogenic proteins of similar size that are considered to
be natively unfolded but more than that of completely unfolded
TFE (black). CSI values were calculated by subtracting residue-specific mean chemical
of residues (~3 or more) with a CSI≤−0.1 indicate a propensity for an α-helical

hese residues.
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Fig. 7. A summary of NOE connectivities for PAP248–286 in 30% TFE (A) and 50% TFE (B). Weak, medium, and strong cross-peaks are represented as lines of increasing thickness.
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denatured proteins. The 2D 1H-1H NOESY spectrum of PAP248–286 in
solution is also consistent with this analysis, as shown by the lack of
detectable NOEs and the poor chemical shift dispersion suggestive of
Fig. 8. High-resolution NMR structures of PAP248–286 in (A) 30% TFE and (B) 50% TFE,
compared to the structure obtained in 200 mM SDS (C) from [12] and the PAP248–286
segment in the crystal structure of prostatic acid phosphatase (D) from [66]. In TFE
solutions, the protein adopts a largely α-helical structure that differs substantially from
the largely disordered structure that exists in SDS micelles or in aqueous solution but is
similar to the conformation PAP248–286 adopts in the crystal structure of the full-length
protein.
an unstructured peptide. Significantly, while medium and long range
NOEs are generally not detected for other natively unfolded
amyloidogenic peptides [32], chemical shifts and 15N relaxation
measurements often give an indication of transient secondary
structure [32,35,41].

The lack of transient secondary structure in PAP248–286 in solution
may correlate with the difficulty of nucleating formation of the SEVI
amyloid form. While PAP248–286 will fibrillize readily at high
concentrations with orbital shaking [4–7,9,52], it will not fibrillize
without agitation of the sample [52]. Agitation is believed to enhance
fibrillization by variety of mechanisms, including by breaking up of
off-pathway aggregates [53], enhancing the diffusion of large on-
pathway intermediates [53], and by increasing the rate of secondary
nucleation by breaking existing fibers to provide new nucleation sites
[54]. Agitation may also induce secondary structure by increasing the
rate at which PAP248–286 molecules contact the air/water interface
[55]. The need for agitation for PAP248–286 to form amyloid fibers may
indicate nucleation of the disordered PAP248–286 monomer is
energetically unfavorable to an unusual degree, consistent with the
hypothesis that acquisition of transient secondary structure is a
prerequisite for amyloid nucleation.
4.3. The disordered membrane-bound structure of monomeric PAP248–286
is unlike that of other amyloidogenic proteins

PAP248–286 is also mostly disordered when bound to SDS micelles,
with two regions of nascent structure (an α-helix from V262-H270
and a dynamic α/310 helix from S279-L283) which may serve as
nuclei for further aggregation as the sequences of these regions are
predicted to be highly amyloidogenic. Disordered structures are
unusual for membrane binding peptides, most of which adopt
α-helical [13–18] or, less commonly, β-hairpin structures [56] initially
upon binding. As the membrane-bound structure of PAP248–286 is so
different from other natively disordered amyloidogenic peptides, a
link may exist between the unique structure of membrane-bound
PAP248–286 and the unique ability of PAP248–286 in the amyloid SEVI
form to enhance HIV infectivity. Specifically, the conformational
flexibility of membrane-bound PAP248–286 would enhance the
effective radius of capture for incoming viruses, if the conformational
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flexibility of the monomer is preserved to some degree in the amyloid
form, as has been observed for other amyloid peptides.

4.4. The disordered structure of membrane-bound structure of
monomeric PAP248–286 is driven by electrostatic factors

The structure of a membrane-bound peptide is determined by a
fine balance between hydrophobic and electrostatic factors [57]. Both
factors are involved in peptide binding to SDS due to the amphiphilic
properties of the SDS molecule; however, the exact degree to which
each factor is manifested is dependent on the actual sequence of the
peptide. The marked difference between the membrane-bound
structure of PAP248–286 and those of other amyloidogenic peptides
implies the factors stabilizing PAP248–286 membrane binding are
markedly different from those of other peptides.

Organic solvents such as TFE are useful in dissecting the relative
importance of these factors. Trifluoroethanol solutions present a
simpler system than SDS micelles and lipid bilayers in which a variety
of hydrophobic and electrostatic interactions compete for influence.
The mechanism by which trifluoroethanol promotes secondary
structure is not completely understood, but is thought to involve
either preferential interactions of TFE with the folded state or the
displacement of water from the surface of the peptide [58–60]. Both
processes have the effect of strengthening internal peptide hydrogen
bonds at the expense of solvent-peptide interactions, an effect
multiplied by the tendency of fluorinated alcohols to cluster together
on the surface of the peptide [59,61]. The low dielectric constant of
TFE also plays a role in stabilizing secondary structure by strength-
ening hydrogen bonds [61,62], although it has been observed that
hydrophobic interactions present in the native protein are not
significantly disrupted [59]. Studies with many polypeptides suggest
the induction of secondary structure by TFE is not indiscriminate but
rather reflects the underlying local conformational biases of the
peptide [58,63].

Several characteristics of TFE solutions, such as the strengthening
of peptide–peptide hydrogen bonds at the expense of peptide–solvent
ones and a low dielectric constant, are also reflective of the
hydrophobic interior of lipid bilayers [64]. For this reason, TFE has
been frequently used as a model of lipid membranes [65,66].
However, there are significant differences between TFE solutions
and lipid bilayers that must be considered. One of the most important
differences lies in the microstructure of the medium. TFE solutions are
uniform in all directions while lipid bilayers have a hydrophobic
interior and a polar and charged region near the surface. This
difference is important in the binding of amphipathic peptides, as
charged residues can interact with the charged surface of the bilayer
while, simultaneously, hydrophobic residues can interact with the
interior of the bilayer if the distribution of residues is favorable. A
comparison between the structures determined in TFE and those
determined in bilayers or micelles can therefore establish the effect
the intrinsic conformational bias of the primary sequence on the final
structure and, by inference, the relative contribution of electrostatic
and hydrophobic factors in binding.

PAP248–286 is significantly more helical in TFE solutions than in
either SDS or aqueous solutions. While only two short regions of helix
are detected in SDS micelles (an α-helix from V262-H270 and a
dynamic α/310 helix from S279-L283), most of the central region of
the peptide is in anα-helix conformation in 30%TFE (Q259-A274) and
all of the peptide except for the C-terminal end is in an α-helix
conformation in 50% TFE. The high degree of helicity of PAP248–286 in
TFE solutions suggests that the lack of structure in SDS is not due to an
intrinsic conformational bias against helix formation in PAP248–286 but
rather due to the unique environment of the SDS micelle and, by
inference, the unique environment of negatively charged lipid
bilayers. As mentioned above, one important difference between
TFE and SDS micelles is the absence of an anisotropic environment in
TFE solutions that can stabilize the amphipathic nature of a peptide.
PAP248–286 folds into an amphipathic helix in both 30% and 50% TFE.
The structure of PAP248–286 in 50% TFE is very similar to structure of
the PAP248–286 sequence in the crystal structure of the full-length PAP
protein, in which a long C-terminal helix (G260-I277) is connected to
a shorter N-terminal helix (K251-R257) by a short loop (Fig. 8D) [67],
possibly due to the similarities of the dielectric constants of TFE and
the interior of the protein. This finding suggests the disordered
structure of PAP248–286 in SDS is a direct result of the strong binding of
PAP248–286 to the surface of the micelle where it is stabilized by salt
bridges from positively charged residues to the negatively charged
headgroup of SDS.

Several lines of evidence argue for an unusual involvement of
electrostatic interactions in PAP248–286 membrane binding. PAP248–286
does not bind to the zwitterionic detergent DPC and does not
penetrate into the interior of the SDS micelle as has been seen for
other amyloid peptides [12]. The elimination of the membrane
permeabilizing activity of PAP248–286 by an increase in ionic strength
is also in agreement with the superficial attachment of PAP248–286 to
the membrane surface by electrostatic interactions [68]. The minimal
impact on the phase transition of the gel-to-liquid crystalline of
liposomes when PAP248–286 is incorporated suggests the hydrophobic
core of the bilayer is unaffected by PAP248–286 binding, arguing against
hydrophobic factors having a dominant role [68].

All of these findings are dissimilar to other amyloid peptides,
which typically insert fairly deeply into the lipid bilayer when in the
form of monomers or small oligomers [69–74]. The importance of
electrostatic interactions, as opposed to hydrophobic interactions, in
PAP248–286 membrane binding is mirrored by their importance in
determining the degree to which the SEVI amyloid form enhances
infectivity of the HIV virus. A mutant form of SEVI in which the
cationic Lys and Arg residues were mutated to Ala failed to enhance
HIV infectivity to any degree, despite forming amyloid fibers [5].
Likewise, polyanionic polymers such as heparin compete for binding
to SEVI with themembrane of the HIV virus to a degree determined by
the amount of sulfonation of the polymer [5]. While electrostatic
factors are not the only factors involved in the SEVI-HIV interaction as
the cationic polymer surfen eliminates SEVI-HIV binding without
disaggregation of the SEVI amyloid fibers [6], they are likely to be
dominant in determining the nature of both the structure and binding
mode of PAP248–286 in the monomeric state. The unusual concentra-
tion of positively charged residues in PAP248–286 relative to other
amyloidogenic peptides may explain the greater dominance of
electrostatic interactions over hydrophobic ones [75], and, by
inference, PAP248–286 unusual potency in enhancing viral infectivity.

Supplementarymaterials related to this article can be found online
at doi:10.1016/j.bbamem.2011.01.010.
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