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ABSTRACT

The histidine-rich amphipathic peptide LAH4 has antibiotic and DNA delivery capabilities. The
peptide has a strong affinity for anionic lipids found in the outer membrane of bacterial
membranes. A role for anionic lipids in release of cationic plasmid-containing complexes has
been proposed previously, and disruption of membrane asymmetry and presentation of
phosphatidylserine (PS) in the membrane outer leaflet is a general feature observed in diseased
mammalian cells. Therefore, to understand the peptide-lipid interactions in more detail, solid-
state NMR experiments on model membranes have been performed. >'P MAS NMR on mixed
phosphatidylcholine (PC)/PS and PC/phosphatidylglycerol (PG) membranes has been used to
demonstrate a strong interaction between LAH4 and anionic lipids. By using deuterated lipids
and wide-line ’H NMR when probing lipid chain order, it is demonstrated that LAH4
preferentially interacts with PS over PC and effectively disorders the anionic PS lipid fatty acyl
chains. In addition, we demonstrate that the efficiency of gene transfer in vitro to different cell
lines is closely related to the degree of disruption of PS acyl chains for four isomers of LAH4.
This work suggests a mechanism of selective destabilization by LAH4 of anionic lipids in the
membranes of cells during transfection with implications for nucleic acid delivery in vivo.
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membrane-associated proteins (1), LAH4, a histidine containing amphipathic helical

peptide has been shown to possess both antibiotic (2) and DNA delivery capabilities (3).
LAH4 is one of a number of membrane-active peptides that display increased affinity toward
anionic lipids (2). Preferential affinity for anionic lipids amongst antibiotic peptides is an
established theme for peptides and seems independent of the secondary structure of the peptide
with either a-helical (4), cyclic B-hairpin (5, 6), and B-sheet (7, 8) topologies demonstrating such
an affinity. This affinity is even harnessed by larger proteins such as an antihemostatic protein
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from a blood-feeding insect (9). A high affinity for anionic lipids allows antimicrobial peptides
from a wide variety of organisms to attack bacterial cell membranes without causing severe
hemolysis. This increased affinity for anionic lipids may have further consequences when
considering interactions between peptides and eukaryotic cells such as peptides display selective
toxicity against transformed eukaryotic cell lines over healthy cells (10—13). This property has
been proposed to be due to a higher proportion of anionic lipids in the membranes of cancer cells
(14). In particular, phosphatidylserine is often expressed in the outer leaflet of human tumor cells
(15) and is a prominent hallmark of apoptotic cells. Exposure of phosphatidylserine (PS) in the
outer membrane leaflet can be identified through its interaction with annexin V (16) and this
interaction has revealed that PS may also be expressed at elevated levels on the surface of T cells
infected with HIV-1 (17).

In addition, in DNA transfection experiments, LAH4 seems to possess a higher degree of activity
on transformed cells as compared with other eukaryotic tissues. The transfection efficiency of
LAH4, as assessed by expression of a luciferase gene, was approximately 2 orders of magnitude
greater for human hepatocarcinoma (HepG2) and transformed HEK 293 cells over mouse
fibroblasts (NIH 3T3) and rabbit aorta smooth muscle cells (Rb1) (3). This relationship suggests
that some feature of the cell membrane from transformed cells may aid DNA transfection, in this
case, by improving the ability of LAH4 to cross or disrupt cell membranes.

For this reason, we have sought to identify how PS and phosphatidylglycerol (PG) may affect the
interaction of LAH4 with model membranes with a view toward further understanding of how
LAH4 performs its DNA transfection role when administered to living cells and its antibiotic
role in disrupting bacterial cell membranes. In particular, we were interested to test whether
there is a role for anionic lipids in mediating LAH4 delivery of DNA, as it has been proposed
that flip-flop of anionic lipids, from the cytoplasmic facing monolayer of endosomal membranes,
neutralizes cationic oligonucleotide carrying complexes causing release of oligonucleotide into
the cytoplasm (18). A first model (19) for how LAH4 delivers DNA to a eukaryotic cell involves
uptake of the LAH4-DNA complex into endosomes. At this stage the peptide is either inserted
into the membrane in a transmembrane orientation or associated with the DNA complex. As the
interior of the endosome becomes more acidic, the peptide interactions with the membrane
change in such a manner that LAH4 adopts an in-plane orientation. This configuration has
previously been shown to exhibit higher antibiotic activity (2) and, therefore, seems more
effective at disrupting the endosomal membrane, and hence, DNA is able to enter the cytosol.
The transmembrane to in-plane transition occurs at approximately pH 6.1 for LAH4 in
phosphatidylcholine (PC) membranes (1) (Fig. 1) as it does for peptide analogs of LAH4 with
comparable transfection efficiency (3). Therefore, we have studied the effect of LAH4 on lipid
vesicles prepared at both pH 7.5 and pH 5 in the presence of PS or PG using nonperturbing
solid-state NMR techniques. Proton decoupled *'P MAS NMR of the phospholipid headgroups
reveals an electrostatic interaction between LAH4 and PS and PG. Wide line *H NMR of chain
deuterated analogs of PS or PC gives a more detailed view of how LAH4 disrupts lipid bilayers
and shows that the PS chain order parameter profiles are more readily disordered by LAH4 than
those of PC. In addition, we prepared LAH4 isomers where the angle subtended by the positively
charged histidine residues at pH 5 was varied, as this angle has been shown previously to
influence the activity of amphipathic peptides (20). We were able to demonstrate a close
relationship between the transfection efficiency of the peptides on cells cultured in vitro, with the
disruption of PS chain order as observed again with wide line ’H NMR of chain deuterated PS.



MATERIALS AND METHODS
Peptide and lipids

The peptides (Table 1) were synthesized using standard FMOC solid-state chemistry on a
Millipore 9050 synthesizer. In crude peptide preparations, a predominant peak was observed
when analyzed by HPLC with acetonitrile/water gradients. During HPLC purification, the main
peak was collected, and the identity of the product confirmed by matrix-assisted laser desorption
ionization (MALDI) mass spectrometry. The lipids 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphatidylcholine (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylserine (POPS), 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylglycerol ~ (POPG), 1-palmitoylgs;-2-oleoyl-sn-
glycero-3-phosphatidylcholine (POPC-d31), 1-palmitoylgs;-2-oleoyl-sn-glycero-3-
phosphatidylserine (POPS-d31) and cholesterol were obtained from Avanti Polar Lipids, Inc.
(Alabaster, AL) and used without further purification. All other reagents were analytical grade or
better.

Sample preparation for solid-state NMR

For solid-state NMR, samples with different lipid compositions were prepared: for wideline *'P
NMR, POPC and POPC/cholesterol; for *'P MAS NMR, POPC/POPS, POPC/POPS/cholesterol,
POPC/POPG; and for “H-echo NMR, POPC-d31/POPC/cholesterol, POPC-
d31/POPS/cholesterol and POPC/POPS-d31/cholesterol. The molar ratios of POPC/POPS,
POPC/cholesterol, POPC/POPG, POPC-d31/POPC/cholesterol, and POPC/POPS/cholesterol
were 85:15, 85:15, 80:20, 70:15:15 and 70:15:15, respectively. Undeuterated POPC was added
in place of POPS in one sample containing POPC-d31 to allow a quantitative comparison of the
two preparations. Approximately 5 mg lipids per sample were dissolved and mixed in
chloroform and dried under rotor-evaporation at room temperature. To remove all organic
solvent, the lipid films were exposed to high vacuum overnight. The films were then rehydrated
with 5 ml of a suspension of LAH4 in 0.1 M Tris and 0.1 M KCI buffer at pH 7.5 at room
temperature. For wideline H NMR experiments, LAH4 was added at 2.5% by mol, whereas for
3'P NMR experiments, samples containing LAH4 at either 0, 2.5, 5, and 10% were prepared. The
samples were briefly sonicated in a bath sonicator to improve exposure of all lipids to the
peptide. Samples were subjected to five rapid freeze-thaw cycles for further sample
homogenization and then centrifuged at 21,000 g for 20 min at room temperature. Previous
determination of a binding constant of 4.2 x 10° (2) for LAH4 and PC vesicles at pH 7.5
indicates that very little peptide will be free in solution after this process. The pellets, containing
lipid vesicles and associated LAH4 were transferred to either Bruker 4 mm or 7 mm MAS rotors
for NMR measurements. Lipid vesicles were also prepared in this way in the absence of LAH4.
After solid-state NMR, measurements were recorded on these samples at pH 7.5, and the pellets
were resuspended in a large excess of buffer (0.1 M Tris-HCI, 0.1 M KCI) at pH 5. The samples
were then sonicated in a bath sonicator for 5 min and again centrifuged as above and loaded into
MAS rotors for further NMR measurements.

Solid-state NMR

Wideline *'P NMR echo spectra were acquired on a Bruker Avance 300 spectrometer equipped
with a 4-mm probe. Proton decoupled *'P echo spectra were acquired at 121.58 MHz using two 6
us 90° pulses and echo delays between 100 and 600 ps, followed by two pulse-phase modulated



(TPPM) heteronuclear 'H decoupling at a field strength of 62.5 kHz. The spectral sweep width
was 25 kHz and the recycle delay and acquisition times were 3 s and 5 ms, respectively. The
temperature was maintained at 298K. Spectra were zero filled to 8k points, and 50 Hz
exponential line broadening was applied during processing. Spectra were referenced externally

to solid NaH,PO4.H,0 at 2.3 ppm (20).

3P MAS spectra were recorded on a Bruker Avance 500 NMR spectrometer equipped with a 4
mm probe. Proton-decoupled *'P MAS spectra were acquired at 202.42 MHz using a 4 us 90°
pulse followed by Spinal64 heteronuclear 'H decoupling at a field strength of 62.5 kHz. The
spectral sweep width was 25 kHz, and the recycle delay and acquisition time were 3 s and 100
ms, respectively. Experiments were performed at MAS spinning frequencies of 8 kHz to resolve
isotropic lines. The temperature was maintained at 298 K. Spectra were zero filled to 32k points,
and no line broadening was applied during processing. Spectra were referenced as above.
Processed spectra were deconvoluted using PeakFit (SeaSolve, San Jose, CA) to obtain the full
width at half height (FWHH) of the overlapping POPC and POPS resonances and also the POPS
chemical shifts.

*H quadrupole-echo experiments (22) for samples containing POPC-d31 were performed at
61.42 MHz on a Bruker Avance 400 NMR spectrometer with a 7 mm MAS DVT probe with a
spectral sweep width of 500 kHz and with recycle delay, echo delay, acquisition time, and 90°
pulse lengths of 0.3 s, 42 ps, 2 ms, and 5 ps, respectively. “H quadrupole experiments for
samples containing POPS-d31 were performed similarly, at 46.10 MHz on a Bruker Avance 300
NMR spectrometer using a 4 mm MAS probe and spectral width of 200 KHz. The temperature
was maintained at 298 K to keep the bilayers in their liquid-crystalline phase. During processing,
the first 40 points were removed in order to start Fourier-transformation at the top of the echo.
Spectra were zero filled to 8k points, and 50 Hz exponential line-broadening was applied.
Smoothed deuterium order parameter profiles were obtained from symmetrized and dePaked “H-
NMR powder spectra of POPC-d31 and POPS-d31 using published procedures (23-25).

DNA retardation assay

The capacity of the LAH4 mutants to interact with plasmid DNA was tested at physiological
ionic strengths (150 mM NaCl). One microgram plasmid DNA (SMD2-LucAITR (7.6 kb)) was
mixed with increasing amounts of peptide in a final volume of 50 ul. Samples (20 ul) were then
electrophoresed through a 1% agarose gel using a Tris-borate-EDTA buffer system, and DNA
was visualized using ethidium bromide staining.

DNA transfection

250,000 human hepatocarcinoma cells (HepG2), 350,000 transformed human embryonic kidney
cells (HEK 293) cells, 100,000 human fetal lung fibroblasts (MRC-5), or 200,000 SV40
transformed MRC-5 cells (MRC-5 V2) (26) per well were plated in 24-well plates one day
before transfection. For all experiments, the final transfection volume was 0.5 ml per well. Four
micrograms of DNA and the desired amount of peptide were each diluted in 100 pl of 150 mM
NaCl. Transfection reagent and DNA solution were mixed and incubated for 15 min at room
temperature. Before adding the complexes to the cells, the mixtures were diluted with serum-free
medium to a final volume of 1 ml. Experiments were done in duplicate (0.5 ml/well). After ~3 h,



the transfection medium was replaced with fresh medium containing 10% serum. Cells were
harvested ~30 h after the beginning of the experiment.

For luciferase activity, cells were harvested in 250 ul of lysis buffer (8 mM MgCl,, 1 mM
dithiothreitol, 1 mM EDTA, 1% Triton X-100, 15% glycerol, and 25 mM Tris-phosphate buffer
pH 7.8). The cell lysate was then transferred into Eppendorf tubes and centrifuged for 5 min at
10,000 g to pellet debris. Luciferase light units were measured in a 96-well plate format with a
luminometer from an aliquot of the supernatant (10 pl). The measurement was done over 10 s
after automatic injection of 50-ul assay buffer (lysis buffer without Triton X-100 supplemented
with 2 mM ATP) and 50 pl of luciferin solution (167 pM in water; Molecular Probes).
Luciferase background was subtracted from each value and the protein content of the transfected
cells was measured by Bradford dye binding using the BioRad protein assay. The transfection
efficiency is expressed as light units/10 s/mg protein, and the values are the means of the
duplicates. Statistical analysis was performed using ANOVA with Bonferroni post hoc t test,
one-tailed.

RESULTS

Wideline *'P NMR is used here to monitor the macroscopic phase behavior of POPC vesicles
with increasing concentrations of LAH4. The *'P NMR line shape of pure POPC in buffer at pH
7.5 is characteristic of randomly dispersed phospholipid bilayers in the liquid crystalline phase
and exhibits a chemical shift anisotropy (CSA) of 47 ppm and a peak corresponding to the ¢, at -
15 ppm (Fig. 2A). Addition of 2.5 mol% L AH4 increases the CSA slightly to 50 ppm, and the 6,
peak is shifted to -12 ppm, while a second rather sharp peak appears at -17 ppm. The spectra
with 5 and 10 mol% LAH4 are characterized by preservation of this -17 ppm intensity, whereas
the low-field intensity disappears. This is indicative of phospholipid bilayers, whose normal is
oriented perpendicular to the magnetic field direction (27). The peaks in the spectra obtained at 5
and 10 mol% LAH4 show small upfield and downfield shifts to -18 and -16 ppm, respectively,
indicating possibly some slight alteration in orientation of the lipids or in the magnitude of the
CSA. Slow spinning speed MAS spectra (1500 Hz, not shown) of the same samples, however,
revealed no large noticeable changes in the CSA. The NMR spectra obtained at higher LAH4
concentrations are characteristic of magnetically oriented POPC bilayers (27), possibly due to
the formation of small disk-like bicelles or perforated sheets (28, 29). The behavior of LAH4 is,
in this respect, similar to that of magainin, which has been shown to have detergent-like
properties (30), although the POPC/LAH4 mixtures do not become optically transparent as is the
case with magainin.

Cholesterol has been shown to reduce the efficacy of the antimicrobial peptide gramicidin S
(31), but is present in eukaryotic membranes which LAH4 is capable of destabilizing (3) and
hence was included here to observe how cholesterol modulates the effect of adding LAH4 to
POPC vesicles. POPC vesicles containing 15 mol % cholesterol are again characteristic of
randomly dispersed phospholipid bilayers in the liquid crystalline phase and exhibit a CSA of 46
ppm (Fig. 2B). Similar spectra are also obtained when LAH4 is added at 2.5 and 5 mol%, which
is in contrast to the spectra obtained in the absence of cholesterol. Only on addition of 10 mol%
LAH4 does the spectrum change to that characteristic of magnetically aligned membranes (Fig.
2B). This reveals that cholesterol maintains the macroscopic phase of POPC membranes at even
quite high concentrations of LAH4. The presence of magnetically oriented membranes may have
serious effects on “H NMR spectra of similar membranes, and hence cholesterol, an important



component of eukaryotic membranes, was included in samples prepared for study by “H NMR as
described below, while a LAH4 concentration of 2.5 mol% is suitable for observing effects of
LAH4 binding on lipids without affecting the overall morphology of the membrane.

A specific view of the potential role of individual lipids in peptide binding can be obtained by
solid-state. NMR by monitoring the properties of >'P nuclei located in each phospholipid
headgroup. In this case, >'P MAS NMR spectra of lipid vesicles allows the effect of LAH4
binding and its transition from a transmembrane to in-plane orientation on PC, PS, and PG lipid
headgroups to be observed. At a relatively high MAS frequency of 8 kHz the *'P CSA is
averaged, leaving only the isotropic chemical shifts of the two phosphorus containing lipids (Fig.
3). This technique allows the isotropic chemical shifts of PC (around -0.5 ppm), PS (around 0.0
ppm), and PG (around 0.5 ppm) to be resolved (Fig. 3A-C). The changes in isotropic shift and
the measured line width (FWHH) can be seen (Fig. 3D—G) as a function of LAH4 concentration
and membrane composition.

The isotropic chemical shift has been shown previously to be a reporter of surface charge with
upfield shifts accompanying an increase in positive charges and vice versa (32). Addition of
increasing amounts of LAH4 causes a trend of upfield shifts of the PC resonances in all samples
at both pH 7.5 and pH 5 (Fig. 3D). Greater upfield shifts are observed for the PS and PG
resonances on addition of LAH4 than the PC resonances at both pH 7.5 and pH 5 (Fig. 3D, E)
with the largest upfield shift being observed for the PS resonance at pH 5 in the sample
containing POPC/POPS/cholesterol (Fig. 3E).

Further information regarding the peptide interaction with lipid head groups can be obtained by
measuring the isotropic resonance line widths. At both pH 7.5 and pHS5, addition of LAH4
causes an increase in the resonance line widths measured at half height (FWHH) (Fig. 3F, G).
Although, with increasing concentrations of LAH4, the macroscopic phase of the phospholipids
vesicles may be altered, and hence interpretation of trends in changes of line widths is difficult, it
is nonetheless possible to compare the relative changes in line width between the zwitterionic PC
and anionic PS and PG lipids. At both pH 7.5 and pH 5, the resonances due to the anionic PS and
PG lipids display a greater increase in line width when compared with zwitterionic PC. This
difference is most marked at pH 5 at which quite dramatic increases in line width for PG and PS
in the POPC/POPC/cholesterol sample are observed even at the low concentration of 2.5 mol%
LAH4 (Fig. 3G). These data indicate that the peptide is interacting more strongly with the
anionic component of the membrane.

As an aside, in the absence of LAH4, the PC and PS line widths for the sample containing
POPC/POPS are already rather broader than those of the other two mixtures. This may be
evidence of an electrostatic line broadening due to the close proximity of the negatively charged
PS head group and the PC. At pH 7.5, this line broadening is initially reduced by the addition of
LAH4 at 2.5 mol% although, as in the other samples, further addition of LAH4 increases the line
widths as expected.

A detailed picture of the effects of LAH4 on the lipid chains is obtained by acquiring wideline
’H echo spectra of the lipid mixes in the absence and presence of LAH4. “H echo spectra are
acquired for hydrated powder samples pelleted by centrifugation from excess buffered solutions,
which allow relatively rapid preparation but, more importantly, this process facilitates control of
the sample pH. The model membranes used in this study contain 15% cholesterol by mole for the



reasons described above, but also because we seek to compare directly the effect of LAH4 on the
order parameter profiles of membranes with and without PS. The presence of PS in the model
membranes causes a major reduction in the maximum splitting from ~33 kHz to around 26 kHz
(33). The maximum splitting is almost completely recovered when cholesterol is also present
and, as such, the direct qualitative and quantitative comparison of order parameters from
membranes with and without PS is more readily achieved in the presence of cholesterol.

When adding LAH4 to POPC-d31/POPC/cholesterol membranes, a slight reduction of the
maximum splitting can be observed at pH 7.5 (Fig. 4A, top), which is propagated through most
of the length of the chain. Although the spectra of peptide-free lipid vesicles are unaltered by a
change in pH, at pH 5 and in the presence of LAH4, a similar small reduction in the size of the
splittings for each chain segment are observed (Fig. 4A, bottom). These data can be compared
with those observed at the higher pH in the smoothed-order parameter profile (Fig. 4B). It can be
seen that the disruption of POPC palmitoyl chain order by LAH4 is very similar at both the high
and low pH.

When POPS is included in the membranes in place of unlabeled POPC, somewhat different
effects on the splittings and hence order parameters can be observed (Fig. 4C). At pH 7.5 the
addition of LAH4 actually causes a slight ordering of the lipid chains, while at pH 5, although
some reduction of the splittings for many chain segments is observed, the order parameter profile
(Fig. 4D) reveals the disruption of chain order to be of a lower magnitude and confined to the
upper half of the lipid chain. Thus the observed disordering of lipid fatty acyl chains in the
deuterated bulk lipid, POPC, appears to be reduced in the presence of POPS.

If the same model membrane is prepared but with the PS lipid chains deuterated as a reporter of
lipid chain order, then the effect of LAH4 binding to the membrane on the anionic component
can be isolated. Wideline *H spectra of POPC/POPS-d31/cholesterol (Fig. SA) show a clear
effect of addition of LAH4. At pH 7.5, little or no effect of adding LAH4 can be observed;
however, at pH 5 a significant reduction of chain order can be observed (Fig. 5B), which is of a
much greater magnitude than that observed with deuterated PC (cf. Fig. 4B, D) and is even
propagated as far down the chain as the final CD; segment (Fig. 5B). This result indicates that
LAH4 is more effective at reducing the order parameters for the lipid chain segments of anionic
PS, reconstituted at 15% of the total lipid, than in PC reconstituted at 70% of total lipid. Further,
experiments performed at pH 4 and also once the sample had been washed and resuspended in
buffer at pH 7.5 (data not shown) showed that no further decrease in chain order occurs at the
lower pH, whereas the spectra of the washed sample was substantially similar to that of the
original spectrum obtained at pH 7.5. These results indicate that the increased chain order
disruption effect at pH 5 is reversible by raising the pH and that the transmembrane to in-plane
transition of LAH4 is key to the large change in the lipid chain order. The nature of the lipid
disruption, which leads to the proposition of the model described below indicates that the peptide
inserts into the membrane and binds around the head group interface region. The exact degree of
penetration of the peptide into the model membranes at pH 5 is not determined here and will be
the subject of future studies.

To study the influence of anionic lipids on the transfection efficiency of cells cultured in vitro,
we prepared isomers of LAH4 with varying angles subtended by the positively charged histidine
residues at pH 5. It has been shown previously in studies of magainin analogs that this angle
determines the degree of interaction with either zwitterionic or anionic lipids and the



permeabilizing activity of the peptides (20). Four LAH4 isomers were prepared with angles of
60° (LAH4-L0), 80° (LAH4-L1), 100° (LAH4-L2), and 180° (LAH4-AL6) (Fig. 6). LAH4-L2
has the same angle as LAH4, however, the histidine at position 14 has been moved to make the
distribution of histidine residues in the helical wheel symmetric and to avoid having histidine
residues at the center of the peptide. The ability of the peptide isomers to disrupt POPS chain
order was assessed as above. The “H spectra obtained at pH 7.5 showed no effect of LAH4
isomer addition, as is the case above with LAH4, but at pH 5 the “H spectra reveal that all four
isomers are capable of disrupting POPS chain order to differing degrees (Fig. 7). LAH4-L1 and
L2 induce the most chain order disruption, while LAH4-LO0 is significantly weaker and LAH4-
ALG6 has only a rather weak effect. Smoothed order parameter profiles obtained from dePaked
spectra confirm this relation and the chain disrupting capabilities of the four peptides can be
compared more easily by calculating the perturbation of the order parameter profiles relative to
POPS-d31 in peptide-free vesicles (Fig. 8A). It can be seen that all four LAH4 isomers perturb
the lipid chains to a similar degree between chain position 2 and 10, toward the lipid head group.
The lower part of the chain, in the hydrophobic core, is much more severely affected and the
differences between the LAH4 isomers become apparent. LAH4-L2 and L1 have a similar effect
on chain order and both disrupt the lower part of the chains more effectively than LAH4-LO0,
while LAH4-AL6 has a much weaker effect.

The transfection efficiency of the LAH4 isomers in delivering a plasmid expressing luciferase
was tested against four cell lines. The relative transfection efficiencies of the peptides against the
four cell lines can be compared (Fig. 8B), and a clear relationship can be observed between the
POPS chain-order disrupting ability (Fig. 8A), and the transfection efficiency of the peptides
(Fig. 8C). LAH4-L1 and L2 are the most efficient transfecting peptides on all four cell lines, and
are indistinguishable statistically from LAH4 or each other (except in the case of MRC-5 cells).
LAH4-LO0 is a noticeably poorer vector and LAH4-AL6 is poorer still with a much reduced
transfection capability against all cell lines except MRC-5 V2 cells. Interestingly, MRC-5 cells
transformed with SV40 virus (MRC-5 V2) have elevated levels of luciferase expression when
compared with MRC-5 cells for all peptides tested and are more tolerant to changes in LAH4
sequence such that statistically valid differences between the peptide transfection levels are not
obtainable for this cell type under the conditions used here.

DISCUSSION

Antimicrobial peptides are known to function by a number of diverse mechanisms (34-36). A
number of antimicrobial peptides, including magainins, have been shown to remain oriented
parallel to the membrane surface and may form a carpet or toroidal lipid-peptide pores when a
high local concentration of peptide is present (37, 38). These mechanisms have been assembled
in a model in which the peptides act in a detergent-like manner and thereby should be described
by a diagram of different phases (39). Previously, a detergent-like disruption of the membrane by
the designed peptide LAH4 (2) has been suggested, analogous to that described for magainin
(30). Although the disruption of the membrane is limited at the peptide concentration used in the
*H studies described here (2.5 mol%), at increasing peptide concentrations approaching 10%, the
formation of a bicellar phase is shown here for liquid crystalline phosphatidylcholine.
Interestingly, the formation of a magnetically oriented membrane at LAH4 concentrations of 2.5
and 5 mol% is inhibited by including cholesterol in the membranes. Because cholesterol is
present in eukaryotic membranes and LAH4 is nonetheless capable of delivering DNA to a
variety of such cells, we have performed solid-state NMR experiments on mixed membranes.



The results presented here demonstrate that LAH4 participates in hydrophobic and electrostatic
interactions with both the zwitterionic and anionic lipid headgroups and that insertion of LAH4
results in reduced lipid chain order in both PC and PS lipids but, at 2.5 mol% peptide
concentration, does not significantly affect membrane organization as evidenced by only limited
alterations in *'P CSA of the bulk lipid when cholesterol is present in the vesicles. The disruption
of chain order in the zwitterionic lipid phosphatidylcholine, observed here by wideline “H NMR,
is rather small and is of a similar magnitude when LAH4 is in a transmembrane or in-plane
orientation. This observation is in agreement with previous work that showed that LAH4-
mediated calcein release from POPC vesicles was virtually independent of pH (2).

A model whereby LAH4 interacts preferentially with PS lipids is strongly supported by wideline
’H experiments of chain deuterated PC in the presence or absence of unlabeled PS. The slight
disruption of the deuterated PC chains by LAH4 described above is largely attenuated when PS
is included in the membrane in place of unlabeled PC. This effect can be explained if LAH4 is
understood to be associating preferentially with PS in mixed membranes and therefore is not
available to interact with the deuterated PC. A preferential affinity for PS might lead to increased
LAH4 insertion into anionic membranes and partially explain the increased antibiotic or
transfection efficiency. Fluorescence analysis of a tryptophan containing LAH4 analog (2)
showed that more LAH4 was associated with phosphatidylglycerol (PG) vesicles than with PC
vesicles. At the same time, the blue shifted emission maximum, concomitant with increased
fluorescence intensity (41) in the presence of PG vesicles suggests the tryptophan residue may
experience a somewhat different environment in the anionic vesicles.

The *'P NMR spectra acquired at a relatively high spinning speed of 8 kHz confirm that LAH4
undergoes an interaction with the lipid headgroups. The observed upfield shifts of the PC
resonance on LAH4 association, albeit small, are consistently observed with increasing LAH4
concentration. The changes in the PS and PG resonance chemical shifts on LAH4 binding is
rather more significant and provides further evidence that LAH4 interacts preferentially with
anionic lipids, particularly at pH 5 when LAH4 adopts a highly charged amphipathic and in-
plane orientation.

Whether or not a significant increase of LAH4 binding follows exposure of PS lipids in the outer
membrane, the wideline “H spectra of chain deuterated PS reveal that a further consequence of
the presence of PS in the membrane is an effective lipid phase separation on binding of LAH4,
manifested as a more efficient disruption of this anionic lipid relative to zwitterionic PC. The
disruption of PS lipid chains can be quite clearly observed in both the NMR spectra and the
calculated order parameter profiles (Fig. 5). The disordering effect is clearly observed when the
sample is buffered at pH 5 and LAH4 has its maximum number of positive charges. The greater
degree of membrane disruption at pH 5 is likely to have important implications for LAH4 in its
role as a nucleic acid vector as biochemical experiments indicate that DNA delivery by LAH4
involves endosomal acidification (3, 19), and hence it is during this phase of the DNA delivery
process that the efficiency and selectivity of LAH4 and its derivatives can be crucial. The high
degree of PS lipid chain disruption when LAH4 adopts an in-plane orientation suggests a
potential mechanism, whereby LAH4 inserts into the membrane and inserts preferentially in the
vicinity of the anionic lipid head group without causing an overall change in the morphology of
the membrane. The resulting increase in the separation of the anionic lipids allows an increase in
mobility of the lipids in the hydrophobic core region, which is reflected in the observed



reduction of order parameter throughout the acyl chain. The disruption of the anionic lipids
causes destabilization of the endosomal membrane and leads to DNA delivery

The close relationship between the transfection efficiency of LAH4 isomers and the POPS chain
disrupting effect provides additional evidence that an interaction between LAH4 and anionic PS
strongly influences the process of DNA transfection. Magainin peptides with a low angle of
positively charged residues have been previously shown to be more effective at inducing release
of dye from anionic PG vesicles, whereas peptides with a large angle were more effective against
zwitterionic PC vesicles (20). The LAH4 isomers were therefore designed on the hypothesis that
if a strong interaction with anionic lipids is important for transfection, then peptides with a low
angle of positively charged residues (LAH4-L0, L1 and L2) would be more efficient transfection
agents than those with a high angle (LAH4-AL6). Our results support this hypothesis and
provide a link between the biophysical evidence of a strong LAH4-PS interaction and the
observation that altering the strength of this interaction is mirrored in the transfection efficiency
against live eukaryotic cells.

It is interesting to note that LAH4-L1 and LAH4-L2 are the most efficient peptides against all
four cell lines tested and LAH4-L1, in particular, has robust transfection efficiency against
MRC-5 cells compared with the other peptides, including LAH4. MRC-5 cells are a
nontransformed cell line, and it is unlikely that any significant degree of phosphatidylserine or
other anionic lipid is exposed on the cell surface. Although there is a similar relationship
between the transfection efficiency and the angle of the positively charged residues in the LAH4
isomers for this cell line, there may be other factors, currently under investigation, that cause
LAH4-L1 to be a more efficient transfection agent against this primary cell line. Our
observations support a mechanism proposed previously, of which one part involves
phosphatidylserine or other anionic lipids crossing the endosomal membrane through lipid flip-
flop and being recruited to the cationic plasmid-containing complex (18). Indeed, the presence of
transmembrane peptides has been shown to induce lipid flip-flop in model membranes, although
phosphatidic acid with a single negative charge was shown to cross the bilayer far more readily
than PS, which carries three charges (42). If PS or other anionic lipids are already present in the
external leaflet of the cell membrane, and hence the internal leaflet of the endosomal membrane,
then this process would be enhanced. MRC-5 V2 cells are MRC-5 fibroblasts that have been
transformed with SV40 virus. MRC-5 V2 cells are found to be much more readily transfected by
all LAH4 isomers when compared with their untransformed precursors. Although the influence
of the surface phosphatidylserine content of the cell lines used in this study on transfection is
being investigated and will be reported elsewhere, the relatively high selectivity of cationic
lactoferrin, which has a net charge of +7 compared with +9 for LAH4 at pH 5, for tumor cells
over healthy tissues (13, 3), has been suggested to be related to the surface exposure of anionic
phosphatidylserine in tumor cells (15). Since increased exposure of anionic phospholipids has
also been described on the surface of tumor blood vessels (43) and HIV-1-infected T cells may
also express elevated levels of surface PS (17), the interrelation of LAH4 and PS or other anionic
lipids may form the basis for selectivity of nucleic acid delivery to a number of tissues with
differing composition. This information therefore has important implications for future studies in
Vivo.



CONCLUSION

The observation that LAH4-mediated transfection of transformed cells was more efficient than
that of healthy tissues (3) lead to the hypothesis that PS or other anionic lipids, which may be
exposed at the cell surface, perform a role in the membrane-disrupting ability of LAH4. The
solid-state NMR experiments conducted here on model membranes demonstrate that LAH4
associates preferentially with the anionic lipids PS and PG and has a far stronger destabilizing
effect on lipid chain order in PS lipids relative to PC. The destabilizing effect has been studied
for LAH4 isomers designed to interact more or less strongly with anionic lipids, and the results
are related to the efficiency of the isomers to transfect cells cultured in vitro. Our study suggests
that PS or other anionic lipids may play an important role in transfection by LAH4 and its
derivatives, with important implications for further application of histidine-containing peptides
as transfection agents both in vitro and in vivo.
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Table 1

Sequence of LAH4 and LAH4 isomers used in this study

Peptide Sequence DNA retarda.ltion,
ug of peptide
LAH4 KKALLALALHHLAHLALHLALALKKA 2.5
LAH4-LO0 KKALLAHALAHLALLALHLALHLKKA 2.5
LAH4-L1 KKALLAHALHLLALLALHLAHALKKA 2.5
LAH4-L.2 KKALLALALHHLALLALHLAHALKKA 2.5

LAH4-AL6 KKALLHLALALLALHAHALALHLKKA 2.5

The histidine residues are marked in bold.



