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ABSTRACT: Pol peptide, an oligopeptide corresponding to the 27 C-terminal amino acids of DNA polymerase
from herpes simplex virus type 1, has recently been suggested to translocate from endosomal compartments
into the cytosol after being intracellularly delivered via a protein carrier. While an acidic environment
was thought to be important for Pol peptide membrane translocation, the mechanism of translocation
remains unclear. To investigate the influence of an acidic environment on the conformational properties
of the peptide and on its propensity to interact with lipid bilayers, we characterized the structure of Pol
peptide at different pH values by both circular dichroism (CD) and nuclear magnetic resonance (NMR)
spectroscopy. The influence of detergent micelles, which mimic biological lipid membranes, on the peptide
secondary structure was also studied. Our CD results indicate that the peptide is in a random conformation
in aqueous solution at both acidic and basic pH, whereas in the presence of dodecylphosphocholine (DPC)
micelles, it assumes a partialR-helical structure which is significantly pH-dependent. An NMR study
confirmed that, in the presence of DPC micelles, a short C-terminalR-helix is present at pH 6.5, whereas
almost two-thirds of the peptide (residues 10-26) fold into an extended amphipathicR-helix at pH 4.0.
The orientation of Pol peptide relative to the DPC micelle was investigated using paramagnetic probes at
both pH 4.0 and 6.5. These studies show that the peptide inserts deeply into the micelle at pH 4.0, whereas
it is more exposed to the aqueous environment at pH 6.5. On the basis of these results, a model which
might explain the mechanism of translocation of Pol peptide from acidic endosomes to the cytosol is
discussed.

A number of natural and synthetic peptides are able to
translocate across various cell membranes and are defined
as translocating peptides or protein transduction domains.
Examples of these peptides are sequences derived from
homeodomains of certain transcription factors, i.e., the
homeodomain-derived peptide denoted “penetratin”, which
corresponds to the thirdR-helix of the Drosophila Anten-
napedia factor (1), as well as so-called Tat-derived peptides
(2, 3) and peptides based on signal sequences (4, 5). Purely
synthetic or chimeric peptides with translocating properties
have also been designed (6).

The mechanisms of translocation for the different trans-
locating peptides are still mostly unknown. For instance, it
is not known whether any particular secondary structure must
be induced to allow translocation, involving a concomitant
transient membrane destabilization. It is clear, however, that
knowledge of the molecular details of the peptide-membrane

interactions is of fundamental importance to understanding
the translocation process.

We recently provided some evidence suggesting that a 27-
mer (Pol peptide) derived from the C-terminus of the DNA
polymerase of herpes simplex virus type 1 (HSV-1),1 when
intracellularly delivered as a fusion product with a protein
carrier, the B subunit ofEscherichia coliheat-labile entero-
toxin (EtxB), is able to translocate from the endosomal
compartment to the cytosol, and then into the nucleus (7)
due to the presence of a functional nuclear localization signal
(8). More recently, it has been reported that the inclusion of
a 10-amino acid segment corresponding to the N-terminus
of Pol peptide, adjacent to a class I epitope conjugated to
EtxB, causes a marked increase in the extent of epitope
presentation into the MHC-I pathway (9). These findings
further suggest that Pol peptide, or part of it, is able to
translocate across lipid membranes.
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We previously observed that Pol peptide progresses into
the late stages of the endocytic pathway and can also reach
the trans-Golgi network (7). We also reported that while
brefeldin A, which disrupts the Golgi apparatus, does not
affect the ability of Pol peptide to accumulate in the nucleus,
both bafilomycin A1 and nocodazole, which affect the late
endocytic pathway (10, 11), inhibit Pol peptide nuclear
localization (7). These observations suggested a role of late
endosomal/lysosomal compartments, the environment of
which is acidic, in peptide trafficking. However, the mech-
anism of translocation of Pol peptide from the lumen of
endocytic organelles remains to be explained. Studies of the
mechanism of internalization of diphtheria toxin have shown
that a pH-dependent perturbation in itsR-helical translocation
domain occurs, permitting insertion into the lipid bilayer (12).
Thus, the requirement for EtxB-Pol entry into acidic
organelles might stem from the need to enter a pH environ-
ment that causes a structural change in Pol peptide, inducing
the subsequent translocation across the membrane.

Pol peptide is part of a 36-amino acid peptide which has
been subjected to detailed structural characterization. Circular
dichroism (CD) spectroscopy and analytical centrifugation
studies revealed that this 36-mer folds into a hairpin-like
structure with partialR-helical character in aqueous solution
(13). Further studies using multidimensional nuclear mag-
netic resonance (NMR) confirmed that the 36-residue peptide
in aqueous solution contains partially ordered N- and
C-terminalR-helices separated by a less ordered region (14).
The 3 Å resolution of the molecular structure of the EtxB-
Pol peptide fusion indicated that the 27-mer, when attached
to the C-terminus of EtxB, is likely disordered (15).
However, none of these studies has investigated whether Pol
peptide undergoes a structural change upon acidification
which could allow interaction with the lipid membrane and
subsequent translocation.

To gain greater insight into mechanisms of Pol peptide
translocation, we analyzed the peptide conformational be-
havior at different pH values by CD spectroscopy. Moreover,
the conformational properties of Pol peptide when associated
with dodecylphosphocholine (DPC) micelles, as a membrane-
mimetic environment, were studied using both CD and NMR
spectroscopy. The results show a significant interaction of
Pol peptide with DPC micelles occurring at pH 4.0 with
concomitant induction ofR-helical structure in the C-terminal
part of the peptide. Finally, the orientation of Pol peptide
relative to DPC micelles was investigated at pH 4.0 and 6.5
using paramagnetic probes (16-doxylstearic acid, 5-doxyl-
stearic acid, and MnCl2). These studies show that the
topological orientation of the peptide relative to the micelle
surface is different at the two pH values.

MATERIALS AND METHODS

CD Spectroscopy.Synthesis of Pol peptide has been
described previously (16). Spectra were acquired for 30-
50 µM solutions of Pol peptide in water or in the presence
of 3.7 mM DPC (Avanti Polar Lipids) micelles, of 10 mM
sodium dodecyl sulfate (SDS, Fluka) micelles, or of small
unilamellar vesicles composed of 5 mM 1,2-dimyristoyl-sn-
glycero-3-phosphoglycerol (DMPG, Sigma) at various pH
values. Peptide concentrations were determined by quantita-

tive amino acid analysis. All spectra were recorded with a
Jasco J-715 spectropolarimeter at 310 K. Quartz cells with
Suprasil windows from HELLMA were used, with optical
path lengths of 0.1 cm. All spectra were recorded in the 190-
255 nm wavelength range, using a 2 nmbandwidth and a 4
s time constant at a scan speed of 20 nm/min. All spectra
are reported in terms of mean residue molar ellipticity [θ]R

deg cm2 dmol-1. Data processing was carried out using a
J-700 software package. The signal-to-noise ratio was
improved by co-adding of at least four scans. To analyze
the secondary structure content of the peptide, three different
methods (17-19) were used. The results provided by all the
methods were consistent with one another in the limits of
the experimental errors.

NMR Spectroscopy.The NMR experiments were per-
formed on a Bruker Avance DMX 600 spectrometer, and
data were processed on an SGI Indy workstation (R5000),
using the XWINNMR software. Data were collected on a
1.3 mM Pol peptide sample in a 50 mM sodium phosphate/
water solution (9:1 H2O:2H2O ratio) and in the presence of
140 mM DPC-d38 (Cambridge Isotope Laboratories) at 310
K. Under these conditions, DPC forms stable micelles. The
NMR experiments were performed at pH 4.0 and 6.5. One-
dimensional proton spectra were acquired with 16 transients
and 32K data points. Chemical shifts were measured relative
to tetramethylsilane, used as an internal reference. For
sequence-specific assignments, DQF-COSY (20), CLEAN-
TOCSY (21), and NOESY (22) spectra were used. The
mixing time for the CLEAN-TOCSY spectra was 70 ms
utilizing a spin-locking field of 10 kHz. In the NOESY
spectra, the mixing period (70 ms) was varied randomly by
(10% to reduce zero quantum coherence contributions. All
two-dimensional experiments were carried out with 512t1
increments of 2K data points and 32-240 scans in the phase-
sensitive manner using the time-proportional phase incre-
mentation method (23). The spectral width was 6000 Hz.
Prior to Fourier transformation, the time domain data were
multiplied by shifted sine-bell functions in theF1 dimension
and Gaussian functions inF2; zero filling to 4K × 1K real
points was employed to increase the digital resolution. In
all experiments, suppression of the water signal was achieved
with the WATERGATE sequence before acquisition (24).
1H chemical shift assignments were obtained using the
standard procedure developed by Wu¨thrich (25).

Structure Calculations.The volume of the NOESY cross-
peaks was calculated and converted to distances using the
isolated spin pair approximation and the cross-peak between
a proton pair of known distance as a reference. The structures
were computed from experimental restraints by using the
hybrid distance geometry-dynamical simulated annealing
method of Nilgeset al. (26) with XPLOR (27). For each of
the experimental situations, 150 structures of Pol peptide
were obtained using simulated annealing molecular dynamics
(SA-MD) calculationsin Vacuo. Of these calculated struc-
tures, 50 passed an acceptance test for bond, angle, and
distance constraints. The criteria used for the acceptance were
root-mean-square deviation (rmsd) for bonds of<0.01 Å,
rmsd for angles of<1°, no distance violation of>0.5 Å,
and dihedral angle violations of<5° which are typical of
well-defined NMR structures. Among the accepted structures,
35 were chosen with the lowest total energy.
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Spin-Probe Experiments.5-Doxylstearic acid (5-DSA) and
16-doxylstearic acid (16-DSA) (Aldrich) were dissolved in
methanol-d3 (Cambridge Isotope Laboratories) to a concen-
tration of 88 mM. Aliquots of these solutions were added to
solutions of Pol peptide and DPC for a final concentration
of 0.69 mM of either spin-probe ([peptide]/[spin-probe])
1.9). MnCl2 was dissolved in H2O before being added to
the sample for a final concentration of 0.19 mM. TOCSY
experiments, with a mixing time of 70 ms, were recorded
under identical conditions before and after the addition of
the paramagnetic probes, and cross-peak intensities in the
fingerprint region were compared. The results are reported
in terms of the remaining amplitude (RA) of the cross-peaks,
defined as

whereA(probe) is the amplitude of the cross-peak measured
when the paramagnetic agent is added andA(0) is the
amplitude in the absence of the paramagnetic agent.

RESULTS

CD Spectroscopy of Pol Peptide at Different pH Values.
Our previous studies aimed at identifying the compartments
involved in the intracellular trafficking of Pol peptide
suggested a potential role of the acidic environment of
endosomal/lysosomal organelles in the translocation of the
peptide from the endosomal lumen to the cytosol (7). Once
in the cytosol, Pol peptide is able to concentrate into the
nucleus due to the presence of a functional nuclear localiza-
tion signal (8). The acidic environment could influence the
conformation of Pol peptide and/or its interaction with the
lipid membrane. Circular dichroism was utilized for a first
characterization of the structural properties of Pol peptide
under different conditions.

The CD spectrum of Pol peptide (AGFGAVGAGA-
TAEETRRMLHRAFDTLA in single-letter code) in aqueous
solution is typical of an essentially disordered structure
(Figure 1A), independent of pH, peptide concentration, and
temperature (data not shown). The CD spectra shown in
Figure 1A indicate that the peptide associates with DPC
micelles, undergoing a conformational transition from a
disordered structure in aqueous solution to anR-helical state
in the presence of DPC micelles, as evidenced by the
characteristic minima at 208 and 222 nm. The maximum
helical content is pH-dependent, and the system is essentially
in a two-state equilibrium, as indicated by the presence of
an isodichroic point at 203 nm (Figure 1A). At acidic pH,
the peptide adopts a higher helical content than at basic pH,
suggesting that the interaction of Pol peptide with micelles
is favored at lower pH values. From the mean molar
ellipticity at 222 nm (-14200 deg cm2 dmol-1 at pH 4.0
and -11000 deg cm2 dmol-1 at pH 8.0), we estimated
R-helical contents of 45% at pH 4.0 and 28% at pH 8.0. A
similar behavior in the peptide secondary structure was
observed at pH 4.0 in the presence of SDS micelles and of
DMPG vesicles (Figure 1B). At pH 7.4, the CD spectra in
DPC and in DMPG are again very similar, while in SDS, a
slightly more ordered conformation is present.

NMR-DeriVed Structure of Pol Peptide at Different pH
Values in the Presence of DPC Micelles.The pH-dependent
structure of Pol peptide was further characterized by two-

dimensional NMR spectroscopy in perdeuterated DPC mi-
celles. The micellar system of dodecylphosphocholine pro-
vides a zwitterionic lipid surface similar to that of membranes,
with the advantage of a rapid reorientation in aqueous
solution compared to the vesicle system, and it is therefore
suitable for standard high-resolution NMR studies. A first
NMR analysis was performed at pH 4.0, near the pH value
of acidic lysosomal vesicular compartments. Fast exchange
of the amide protons impaired their observation at neutral
pH, the pH value of the cytosol environment. For this reason,
the second NMR analysis was performed at pH 6.5, a point
at which detection of the amide protons is still possible and
the conformational transition of Pol peptide is almost
complete, as indicated by the CD studies (inset of Figure
1A). The assignment of proton resonances at pH 4.0 and
6.5 is reported in Tables 1 and 2 of the Supporting
Information.

The analysis of the chemical shift values of the HR protons
relative to their values in a random coil peptide (25) provided
a first estimate of secondary structure (28). A local R-helical
structure is identified by a negative secondary shift. The
results, shown in Figure 2A, indicate the presence of a helical
region extending from residue 11 to residue 25 at pH 4.0
and from residue 13 to residue 24 at pH 6.5. Chemical shift
differences (>0.02 ppm) for the protons of a large number
of residues between pH 6.5 and 4.0 (Figure 2B) suggest a
conformational change in Pol peptide between the two pH

RA ) A(probe)/A(0)

FIGURE 1: CD spectra of Pol peptide. (A) CD spectra of Pol peptide
in aqueous solution and in the presence of DPC micelles (3.7 mM)
at various pH values are reported. The spectra recorded in aqueous
solution are independent of pH and temperature. In the inset, the
residue molar ellipticity ([θ]R, deg cm2 dmol-1) at 222 nm vs pH
is reported. (B) CD spectra of Pol peptide in the presence of SDS
micelles (10 mM) and DMPG vesicles (5 mM) at various pH values
are reported. The peptide concentration was 40µM, and the spectra
were recorded at 310 K.
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values. The largest changes in chemical shift were observed
at both ends of the helix, indicating a possible unfolding of
the extremities at pH 6.5.

Significant changes in the number and magnitude of
medium-range NOEs were also observed between the two
pH values. The NOE correlations are illustrated in Figure 3.
At pH 4.0 (Figure 3A), a continuous pattern ofi-i + 3 and
i-i + 4 and HN(i)-HN(i + 1) NOE connectivities indicates
the presence of anR-helical structure which could begin
around residue 9 and extend to the C-terminal end of the
peptide sequence. The absence of medium-range NOEs
involving the first eight residues is an indication of random
conformation. The NOE correlations at pH 6.5 are reported
in Figure 3B. The lack of medium-rangei-i + 3 NOEs not
only in the N-terminus but also in residues 8-13 is evident.
Numerous medium-range NOEs involving C-terminal resi-
dues 24-27 are also missing which confirms the reduction
of the helical segment at that pH.

The three-dimensional structures of Pol peptide at pH 4.0
and 6.5 were calculated on the basis of a total of 209 NOEs
(92 intraresidue and 117 interresidue) at pH 4.0 and 177
NOEs (92 intraresidue and 85 interresidue) at pH 6.5. A
superposition of the structures at pH 4.0 is shown in Figure
4A. The backbone rmsd for residues 10-26 is 0.23( 0.09
Å. From Figure 4A, it is clear that the first eight residues of
the peptide are completely disordered, while a well-defined
R-helix is present between residues 10 and 26. At pH 6.5,
theR-helix is shorter, extending from residue 15 to residue
24. A superposition of the structures at pH 6.5 is shown in
Figure 4B. The rmsd of the backbone atoms over residues

15-23 is 0.5( 0.2 Å. The averageφ andψ angles recovered
from the calculations are reported in Tables 3 and 4 of the
Supporting Information.

The marked differences between the structures of Pol
peptide at pH 4.0 and 6.5 are principally localized at the
extremities of the helix. The C-terminal part of the molecule
is more disordered at higher pH, and the structure of residues
10-14 at pH 6.5 differs substantially from that observed at
pH 4.0. Specifically, a correlation between T11 Hâ and E13
NH, observed exclusively at pH 6.5, is compatible with a
transient 310-helical conformation present at this pH and
identified in∼30% of the accepted structures. To highlight
the structural differences between conformations at pH 4.0
and 6.5, the ribbon diagram of the two lowest-energy
structures, with the side chains included, is shown in panels
C and D of Figure 4, respectively.

Paramagnetic Broadening Studies.To determine the
position of Pol peptide relative to the DPC micelle at both
pH 4.0 and 6.5, we used spin-probes 5-DSA and 16-DSA
as well as Mn2+ ions (MnCl2) to induce selective broadening
of resonances from amino acids close to the paramagnetic
probes. It has been shown that the13C and1H line broadening
caused by 5-DSA is most pronounced for detergent reso-
nances near the polar headgroup, whereas the effect of 16-
DSA is largest at the apolar end of the carbon chain (29,
30). At low concentrations, Mn2+ primarily affects reso-
nances of water and of the protons on the surface of the
micelle (31). EPR and NMR experiments showed that 60%
of this ion is bound to the phosphate group of the micelle,
while the rest of Mn2+ is free in the solution bulk (E.
Schievano, unpublished results).

A spin-probe concentration of 0.69 mM for 5-DSA and
16-DSA and 0.19 mM for Mn2+ was found to be most
appropriate for optimal, strong, and specific broadening
effects in the spectrum of 1.3 mM Pol and 140 mM DPC
samples. Under these conditions, the ratio of spin-probes to
micelles is smaller than one with an assumed micelle
concentration of 2.3 mM (60 DPC molecules per micelle),
so interactions between spin-probe molecules can be ne-
glected.

All three spin-labels did not change the proton chemical
shifts, indicating that they have little or no effect on peptide
conformation. The weak cross-peak of Ala12, even in the
absence of the spin-probe, prevented an estimation of RA
for this residue.

pH 4.0. The results of the experiments conducted with
Mn2+ are shown in Figure 5A. The cross-peak intensities in
the region from residue 2 to residue 20 of Pol peptide were
not affected (RA> 0.8) by the addition of the salt, suggesting
that the N-terminal disordered part and the first three turns
of the R-helix of Pol peptide are excluded from the bulk
solvent. On the contrary, cross-peak intensities of the last
four residues were completely lost upon addition of Mn2+

(RA < 0.6), indicating an exposure to the solvent of the
C-terminal part.

At pH 4.0, the addition of 5-DSA caused considerable
reduction in the intensity of the HN-HR cross-peaks for
most residues (Figure 5A). Residues 2-10 were all strongly
influenced by the probe, whereas a periodicity in the RA
versus residue number was apparent in the C-terminal helical
segment. The most affected residues (Arg16, Leu19, His20,
Ala22, Phe23, Leu26, and Ala27) are localized on the

FIGURE 2: Secondary chemical shifts of HR vs Pol peptide sequence.
(A) Differences from the random coil chemical shifts of HR for
Pol peptide at pH 4.0 (black bars) and pH 6.5 (white bars) in DPC
micelles at 310 K. The secondary chemical shifts are calculated as
an average value over three residues. (B) Differences between the
HR chemical shifts at pH 6.5 and 4.0.
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hydrophobic face of the helix, whereas the resonances of
the hydrophilic residues on the opposite side of the helix
are only partially reduced by 5-DSA. These results suggest
that the disordered N-terminal portion of Pol peptide is
positioned below the hydrophilic heads of the DPC micelles
and that the helical part lies parallel to the micelle surface
with the hydrophobic face toward the micelle interior.

A similar but less marked effect was observed upon
addition of 16-DSA (Figure 5A). In the N-terminal part of
the peptide, the same residues were affected more by 5-DSA
than by 16-DSA, suggesting that the latter probe is farther
from this region. This effect could be interpreted as a
preference of the hydrophobic disordered segment to remain
just below the surface rather than to be inserted in the core
of the micelle. In theR-helical part of the molecule, also
16-DSA caused a periodic reduction of cross-peak intensities,
with a less pronounced effect than in the case of 5-DSA.
The fact that the cross-peaks of the resonances of the
C-terminal residues were affected by both Mn2+ and 5-DSA
may be attributed to a rapid distribution of these residues
between the interior of the micelle and the water phase. In
Figure 6A, the helical wheel of the segment spanning
residues 10-27 summarizes the effects of both DSA spin-
probes at pH 4.0.

pH 6.5.The results of the experiments conducted in the
presence of Mn2+ (Figure 5B) were remarkably different
from those obtained at pH 4.0. At pH 6.5, almost all cross-
peak intensities were completely lost upon addition of this
spin-probe; the magnitude of the effect rapidly increased in
the first N-terminal residues and was quite pronounced for
the other residues. These data suggest that the peptide is more
solvent-exposed at pH 6.5 than at pH 4.0.

The effect of both DSA spin-probes at pH 6.5, reported
in Figure 5B, was in general weaker than the effect at pH
4.0. The addition of 5-DSA led to a marked reduction of
the cross-peak intensities in the first 10 residues of Pol
peptide, as observed at pH 4.0. On the other hand, the effect
of 5-DSA on residues 13 and 14 was remarkably weaker at
pH 6.5 than the effect observed at pH 4.0. This result is in
line with the change in structure found in this region using
NOE data. In the helical part of the molecule, again, a
periodicity in the RA versus residue number plot is apparent.
The helical periodicity is lost for the last five residues which
were not affected by 5-DSA, in agreement with the loss of
ordered conformation in this region at pH 6.5 as obtained
from structure calculations.

The effect of 16-DSA was weaker and more selective. In
the N-terminal part, only Val6 and Gly7 exhibited a

FIGURE 3: Summary of sequential and medium-range NOESY connectivities of 1.3 mM Pol peptide in 140 mM DPC at 310 K and pH 4.0
(A) and pH 6.5 (B). Peaks are grouped into three classes on the basis of their integrated volumes.
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substantial loss of cross-peak intensity, whereas cross-peaks
of residues up to Thr11 were not modified. The rest of the
molecule was also hardly affected by this spin-probe, and
the helical periodicity was barely present. These data indicate
that, at pH 6.5, Pol peptide is farther from the core of the
micelle than at pH 4.0. In Figure 6B, the helical wheel of
the segment spanning residues 15-24 summarizes the effects
of both 5-DSA and 16-DSA at pH 6.5.

Taken together, these observations suggest that at pH 6.5
Pol peptide is localized at the surface of the micelle with
the N-terminal part immersed just below the surface, whereas
the rest of the molecule is rather exposed to the bulk water.
In the region spanning residues 11-14, a weaker effect of
both DSA spin-probes, paralleled by a stronger effect in the
presence of MnCl2, indicates an increased level of exposure
of these residues to the solvent at pH 6.5 than at pH 4.0.

DISCUSSION

We previously provided some evidence suggesting that a
27-residue fragment (Pol peptide) derived from the C-
terminus of HSV-1 DNA polymerase possesses the ability
to translocate across biological membranes (7). This sug-
gestion was recently supported by another study, reporting
that the inclusion of a 10-amino acid segment corresponding

to the N-terminus of Pol peptide, adjacent to a class I epitope
conjugated to EtxB, caused a marked increase in the extent
of epitope presentation into the MHC-I pathway (9). Previous
studies showing that drugs which neutralize the pH of acidic
organelles inhibit the nuclear localization of Pol peptide

FIGURE 4: Comparison of Pol peptide structure at pH 4.0 and 6.5.
Backbone representation of Pol peptide. (A) Best fit superimposition
of the 35 lowest-energy structures at pH 4.0. The backbone atoms
of residues 9-27 were superimposed. (B) Best fit superimposition
of the 35 lowest-energy structures at pH 6.5. The backbone atoms
of residues 15-23 were superimposed. (C) Backbone ribbon
diagram of one of the lowest-energy structures of Pol peptide at
pH 4.0. (D) Backbone ribbon diagram of one of the lowest-energy
structures of Pol peptide at pH 6.5. These images were generated
with MOLMOL (47).

FIGURE 5: Effect of spin-probes on HN-HR resonances of Pol
peptide at pH 4.0 and 6.5. Remaining amplitude of the HN-HR
cross-peaks in the TOCSY spectra upon addition of 0.69 mM
5-DSA (4), 0.69 mM 16-DSA (9), and 0.19 mM MnCl2 (b) at
pH 4.0 (A) and pH 6.5 (B). Two lines at RA values of 0.8 and 0.6
delimit three ranges of the paramagnetic effect on the cross-peak
intensities. When RA> 0.8, the cross-peak is considered unaffected.
When RA< 0.6, the cross-peak intensity is considered completely
lost.

FIGURE 6: Helical wheel of theR-helical segment of Pol peptide.
Helix projection along the main axis at pH 4.0 (A) and pH 6.5 (B).
The hydrophobic and hydrophilic faces are divided by a black line.
The apolar residues are in italics, and the polar ones are in bold.
The light gray, dark gray, and black sectors in the circular crowns
indicate the RA intervals caused by the effect of 5-DSA (outer
sectors) and 16-DSA (inner sectors).
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indicated that entry into an acidic compartment is essential
(7). However, the mechanism of Pol peptide translocation
from the lumen of endocytic organelles into the cytosol
remains to be explained.

An explanation for the necessity of an acidic environment
could be that it can cause a structural change in Pol peptide
favoring subsequent translocation across lipid membranes.
This already has been reported for other peptides, for
example, the influenza hemagglutinin peptide (32, 33) and
synthetic amphipathic peptides (34-36). Pol peptide is part
of a 36-amino acid segment which has been subjected to
detailed structural characterization (13, 14, 37). However,
none of the previous studies has investigated whether Pol
peptide undergoes a conformational change upon acidifica-
tion which could allow interaction with the lipid membrane
and subsequent translocation.

To test this hypothesis, we characterized the structure of
Pol peptide at different pH values, both in the absence and
in the presence of a membrane-mimicking solvent, i.e., DPC.
In fact, the DPC micelle is considered to be a simple mimic
of the amphipathic environment of a phospholipid bilayer
and of the bilayer-water interface (38). The structure of Pol
peptide in aqueous solution is mostly random, independent
of pH, whereas in the presence of DPC micelles, the peptide
adopts a partiallyR-helical structure. Most interestingly, both
CD and NMR studies demonstrated that there are marked
differences between the structure of Pol peptide bound to
DPC micelles at pH 4.0 and that at pH 6.5. In fact, a short
C-terminalR-helix is present at pH 6.5, spanning residues
15-24, but the first 14 and the last three residues of the
peptide are disordered. As the pH is decreased from 6.5 to
4.0, Pol peptide undergoes a conformational change which
leads to the formation of a longer, well-defined amphipathic
R-helix which includes almost two-thirds of the peptide
(residues 10-26) and presents opposite polar and apolar
faces (see also Figure 6).

The driving force for this pH-dependent conformational
change is likely to be the neutralization of the carboxylate
side chains of Glu13, Glu14, Asp24, and the C-terminal one.
In fact, these acidic residues are positioned at the edges of
the helical stretch. Specifically, the Glu residues are not
included in theR-helix at pH 6.5, while at pH 4.0, they are
and the helix extends three more residues toward the
N-terminus. Theφ and ψ angles of Asp24 are consistent
with anR-helix at both pH values, but the helix is interrupted
at residue 24 at pH 6.5, and continues to the C-terminus at
pH 4.0. Charge neutralization of the carboxyl groups possibly
removes unfavorable interactions between the two consecu-
tive Glu side chains which in turn allows an N-terminal
extension of the helix up to Ala10, in agreement with the
tendency of this sequence to adopt anR-helical structure (39).
In some of the structures resulting from the MD simulations
at pH 6.5, a type IIIâ-turn was detected around the Glu
residues. A close inspection of the sequence reveals the
possibility of side chain-side chain interaction between
Glu13 and Arg16 and between Glu14 and Arg17. Thesei-i
+ 3 interactions stabilize 310-helices and destabilizeR-helices
(40, 41). This observation is consistent with the fact that
only when these interactions are prevented through the
protonation of the carboxylic functions is the presence of
an R-helix observed. As far as the C-terminal region is
concerned, similar arguments involving possible repulsion

of the two carboxylic moieties in the main chain and in the
Asp24 side chain might be proposed. These two groups
would be brought into proximity by the formation of an
R-helix, and this is prevented by unfavorable electrostatic
interactions. In both cases, it is also possible that stronger
solvation of the charged carboxyl groups by the bulk water
prevails over the formation of a regular structure embedded
in the membrane-mimetic milieu. The higher pH could play
a role in assisting the separation of the peptide from the
membrane surface by favoring interactions with the solvent.
Evidence for this can be found in the studies performed in
the presence of paramagnetic probes (Vide infra).

Different effects of amphipathic peptides have been
reported on model membrane systems and on cell mem-
branes. On one hand, insertion of amphipathic peptides
perpendicular to the membrane plane has been observed,
leading to the formation of pores or ion channels (42, 43).
On the other hand, it has been shown that the adsorption of
amphipathic peptides parallel to the membrane surface can
occur with shallow penetration of the hydrophobic face into
the apolar core of the bilayer followed by the formation of
peptidic bundles or monolayers (44). Accumulation can result
in the translocation of the amphipathic peptide by lipid
reorganization that causes transient holes (45), hexagonal HII
phases, or reverse micelle formation (46). These three effects
could occur concomitantly or independently, but all these
different processes suggest an accumulation of the peptide
at the surface of the membrane as a first step. Therefore, it
is possible that the folding of Pol peptide in a partial
amphipathicR-helical structure with opposite polar and
nonpolar faces allows interaction with lipid membranes,
favoring its translocation.

To address this hypothesis, the topology of Pol peptide
relative to the surface and the interior of the DPC micelle at
both pH 4.0 and 6.5 was investigated using paramagnetic
probes, such as Mn2+, 5-DSA, and 16-DSA. These para-
magnetic probes are expected to cause broadening of the
resonances from residues outside the micelle (Mn2+), inside
the micelle but close to its surface (5-DSA), and deeply
buried in the micelle (16-DSA). The dimensions of the
micelles are comparable with those of the peptide, which
may result in a peptide-micelle interaction different from
that of the peptide with the membrane. Nevertheless, the
information about positioning could be useful in understand-
ing the mechanism of translocation of Pol peptide across
membranes. In fact, the micelle has the advantage of
providing a simplified system for dissecting processes
occurring at the lipid-water interface. Figure 7 shows a
schematic picture of the disposition of Pol peptide, relative
to the DPC micelle surface, at pH 4.0 and 6.5, and
summarizes the information from paramagnetic broadening
experiments. The global picture that emerges from these
experiments is that at pH 4.0, the N-terminal disordered part
and the first three turns of theR-helix of Pol peptide are
deeply buried in the micelle, while the last turn of the
C-terminal amphipathicR-helix lies parallel to the micelle
surface with the hydrophobic face toward the interior. At
pH 6.5, Pol peptide is localized at the surface of the micelle,
with the N-terminal part immersed just below the surface
and the rest of the molecule rather exposed to the bulk water.

From these observations, the following model explaining
the mechanism of Pol peptide membrane translocation can

Structure and Topology of a HSV Peptide in DPC Micelles Biochemistry, Vol. 43, No. 29, 20049349



be inferred. Following endocytosis of the EtxB-Pol fusion
protein, Pol peptide passes through different locales of the
endocytic pathway, initially bound to EtxB and later as a
separated component because of proteolytic cleavage from
the fusion protein (7). Entry into acidic late endosomal or
lysosomal organelles might cause charge neutralization by
protonation of the few acidic residues in Pol peptide, i.e.,
Glu13, Glu14, and Asp24, favoring the interaction of the
peptide with the endosomal membrane and therefore the
induction of an amphipathic helical structure which favors
insertion into the lipid bilayer. The contact with a nonacidic
environment on the other side, namely, the cytosolic
compartment, could then cause a significant loss of helical
structure, which decreases the propensity of Pol peptide to
interact with the lipid bilayer, resulting in the release of the
peptide into the cytosol.

The studies presented here could contribute to a better
understanding of the translocation process both of Pol peptide
and, more in general, of other translocating peptides, and
could also open up new opportunities for further exploiting
Pol peptide for the intracellular delivery of immunodominant
epitopes and other heterologous molecules.
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