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Abstract

We performed molecular dynamics (MD) simulations of multiple copies of poly-L-lysine (PLL) and
charged polyamidoamine (PAMAM) dendrimers in dimyristoylphosphatidylcholine (DMPC)
bilayers with explicit water using the coarse-grained model developed by Marrink et al. (J. Chem.
Theory and Comput. 2008, 4, 819). Membrane disruption is enhanced at higher concentrations and
charge densities of both spheroidally shaped dendrimers and linear PLL polymers, in qualitatively
agreement with experimental studies by Hong et al. (Bioconjugate Chem. 2006, 17, 728). However,
larger molecular size enhances membrane disruption and pore formation only for dendrimers and
not for the linear PLL. Despite more intimate electrostatic interactions of linear molecules than are
possible for spheroidal dendrimers, only the dendrimers were found to perforate membranes,
apparently because they cannot spread onto a single leaflet, and so must penetrate the bilayer to get
favorable electrostatic interactions with head groups on the opposite leaflet. These results indicate
that a relatively rigid spheroidal shape is more efficient than a flexible linear shape in increasing
membrane permeability. These results compare favorably with experimental findings.

INTRODUCTION

Because the targeting of nanoparticles and polymers to cell membranes shows promise for
biomedical applications, such as antitumor therapeutics and drug delivery,l'5 the interactions
between membranes and nanoparticles have been widely studied.6-18 Polyamidoamine
(PAMAM) dendrimers are among the best candidates due to their controlled mass, water
solubility, and surface functionality. 19,20 The interactions of these with membranes have been
studied, for example, by the group of Banaszak Holl, Orr, Baker, and coworkers, using in
Vitro enzyme assays and atomic force microscopy (AFM). These studies have shown that
charged G5 and G7 dendrimers can, respectively, expand existing holes, and initiate hole
formation in lipid bilayers.21'23 They found that dendrimer size, concentration, and terminal-
acetylation significantly affect pore formation in lipid bilayers, effects that were confirmed by
our previous molecular dynamics (MD) simulations2%23 and by the mesoscale
thermodynamic modeling of Ginzburg and Balijepalli.13

The interactions of membranes with cationic polymers such as linear poly-L-lysine (PLL),
branched polyethylenimine (PEI), and ring-containing diethylaminoethyl-dextran (DEAE-
DEX) were studied experimentally by Hong et al.26 Although in these studies the
hydrodynamic radius of the PEI used was smaller than that of DEAE-DEX, the PEI polymer
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induced greater membrane permeability than did DEAE-DEX, apparently due to the high
charge density of the former. These results suggested that polymer size does not affect
membrane permeabilization as much as charge density does. 6 However, although the linear
molecule PLL also has an order of magnitude higher charge/monomer ratio than does either
the ring-shaped DEAE-DEX or charged spheroidal G5 dendrimers, Hong et al. showed that
all three of these molecules, at similar concentrations, produced similar levels of enzyme
leakage out of cells, polymer internalization into cells, and transport of small dye molecules
into and out of cells.Z0 These results suggest that, for a given charge/monomer ratio, spheroidal
molecules or nanoparticles may be more efficient at increasing membrane permeability than
are linear polymers. More recently, however, Leroueil et al.!1 found that cationic polymers
and nanoparticles with higher surface areas induce more nanoparticle-lipid disruption.1 1 This
finding seems to conflict with the above-mentioned results of Hong et al.20 that indicated little
effect of polymer size on membrane permeability. This might be because in Leroueil et al.ll
surface areas were compared for molecules of different shapes (linear, branched, ring-
containing, and spheroidal), rather than comparing molecules of the same shape but different
size. For example, they found that a short linear peptide (MSI-78), with a relatively low surface
area, disrupts membranes more weakly than do large spherical or branched molecules with
larger surface areas. Thus, the relative effects of size and shape (or surface area) cannot be
determined from these studies alone. Apparently conflicting experimental results might be
resolved by considering separately the effects of polymer size and shape on pore formation. It
is quite possible that pore formation is controlled not by any single factor, but by a combination
of charge density, size, concentration, and shape.

To investigate this, we here describe coarse-grained (CG) MD simulations of the interaction
of PLL with a dimyristoylphosphatidylcholine (DMPC) bilayer and compare these results with
those for spheroidal dendrimeric molecules. Results for PLL were obtained from new
simulations reported here, while those for dendrimers were obtained by extending previous
160 ns simulations of un-acetylated (charged) G5 and G7 dendrimers in DMPC bilayers out
to 240 ns. We compare membrane curvature and electrostatic interactions of PLL with those
for dendrimers as a function of charge density, size, and concentration. The results are
rationalized in terms of the effect of shape anisotropy on membrane curvature.

METHODS

All simulations and analyses were performed with the GROMACS3.3.2 simulation
package27 with the “MARTINI” CG force field developed by Marrink et 211.,28’29 which we
downloaded from http://md.chem.rug.nl/~marrink/coarsegrain.html. A cutoff of 12 A was
used for van der Waals interactions. With use of the standard shift function of
GROMACS?2 in which both the energy and force vanish at the cutoff distance, the LJ potential
was smoothly shifted to zero between 0.9 and 1.2 nm to reduce the cutoff noise. Although
electrostatic interactions in the CG MARTINI force field are ordinarily parameterized by using
acutoff of 12 A with a shift function, our previous work showed that long-range electrostatics
needs to be included to simulate pore formation induced by dendrimers. Fortunately, we
showed that inclusion of long-range electrostatic interactions does not significantly change the
area per lipid and lateral diffusion coefficients in a CG DMPC bilayer.25 (The areas per lipid
had been matched to experimental values through optimization of the CG LJ parameters in the
absence of long-range electrostatics,28-30 and so large changes in area/lipid produced by
inclusion of electrostatic interactions would have necessitated re-optimizing the LJ
parameters.) Therefore, electrostatic interactions were modeled using a combination of a short-
range el?’e{:trostatic interaction with a cutoff of 12 A and particle mesh Ewald summation
(PME).
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The temperature was maintained at 310 K by applying a Berendsen thermostat in the NPT
ensemble.32 A time step of 20 fs was used, and the coordinates were saved every 20 ps for
analysis. Note that because of the smoothing of the potentials in the CG model, diffusive motion
is faster than in atomistic simulations and so the effective time sampled in CG simulations is
3-6 times larger than in atomistic simulations, and hence the effective simulation time step is
approximately 80 fs. Hereafter all simulation times reported in this paper are effective times,
which are taken to be four times longer than the normal simulation time.

Equilibration of a CG poly-L-lysine

Atomic coordinates of 128, 146, and 256-residue poly-L-lysine (respectively, called PLL128,
PLL146, and PLL256) were generated using Swiss-Pdb Viewer.33 Atomic coordinates were
converted to the CG coordinates, and topologies of the CG PLL model were generated for the
coil structure using scripts available from the same website above. In brief, for lysine
monomers, within MARTINI, a CG lysine consists of a polar bead, an apolar bead, and a
charged bead, which respectively represent backbone, side chain carbon, and side chain amino
groups. Backbone beads of the CG PLL are connected by a weak harmonic potential Vg (R)

1
with an equilibrium distance Rppg = 0.350 nm (Voond (R) = > Kbond(R — Rpona)”, where Kpond
=200 kJ mol! nm™2), and a weak harmonic angle potential with an equilibrium angle 6 =

127° (Vangie (¢) :I;K:mglc{m“ (6) — cos (8)F, where Kangle = 25 kJ mol ™). For interactions
between a backbone bead and a side chain bead, Rpgq = 0.330 nm, Kpopg = 5000 kJ mol ™!
nm2, 6 = 100° (backbone-backbone-side chain), and Kangle =25 kJ mol ! were used. For
interactions between side chain beads, Ryong = 0.280 nm, Kpong = 5000 kJ mol™! nm™2, 9 =
180° (backbone-side chain-side chain), and Kyygje = 25 kJ mol ! were used.

To model PLL as a random coil, appropriate harmonic bonding and angle potential energy
functions (but, no dihedrals) were used, which are also already parameterized for peptides with
random coil structure within MARTINI. Each PLL was simulated for 500 ns in explicit CG
water with enough counterions (128, 146, and 256 C1I™ for PLL128, PLL146, and PLL256,
respectively) to achieve electroneutrality, and the last 180 ns of the trajectory was used for
analysis.

Equilibration of poly-L-lysine with a DMPC bilayer

The final configurations of PLL molecules simulated in water were used as the initial
configurations of the PLL-bilayer system. Multiple copies (four, eight, and 16 for PLL128;
four for PLL256) of the equilibrated PLL128 and PLL256 were added to the bilayer systems
equilibrated in our previous work.23 The center of mass of each PLL was positioned a distance
of 5-6 nm above the center of bilayer. The final system included multiple PLL molecules, 8192
DMPC molecules, ~290000 CG waters (which is equivalent to ~1160000 real waters), and
enough counterions (512, 1024, or 2048 C17) to neutralize the system in a box of size 50 x 50
x 18 nm?3 (Table 1 and Figure 1). After several steps of energy minimization, PLL and the
bilayer were positioned-restrained with a force constant of 1000 kJ mol™! nm™2, and an
equilibration run of 400 ps was performed. After the restrained equilibration, an unrestrained
equilibration run was performed for 200 ns, and the last 40 ns of the trajectory was used for
analysis. In addition to simulations of PLL in DMPC bilayers, simulations of the G5 or G7
dendrimer-bilayer systems, which in our previous work2> had been simulated for 160 ns and
showed bilayer deformation or hole formation, were extended up to 240 ns under the same
simulation conditions as earlier (Table 1). Parameterization and verification of the CG
dendrimer model were described in our previous work. 2423
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RESULTS AND DISCUSSION

Simulations of a coarse-grained PLL

To verify our CG model for PLL, root-mean-squared end-to-end distances were calculated and
compared with values from experiments. Experimentally, Brant and Flory obtained a
characteristic ratio, C, of 8.6 + 0.9 for PLL in aqueous 1M NaBr (0 condition).34 Here, C,,
=<R®(/ Npl 2 where <R2>( is the mean square unperturbed distance between the polymer
chain ends, np is the degree of polymerization, and |, is the fixed distance of 3.80 A between
the a-carbons of the trans peptide repeating units in the chain. In good solvents, due to the
excluded volume effect, the linear dimensions of a PLL coil of molecular weight 115,000
Daltons exceed by a factor of 1.33 the theta dimension.34 This swelling effect, present in good
solvents, is a well-known phenomenon in polymer solutions and can be modeled using the
Flory expression for the so-called swelling coefficient a, which is the ratio of the radius of
gyration in a good solvent to that of a polymer of the same length in a theta solvent. A theta
solvent is a solvent in which the chain takes on a random walk configuration, i.e., in which

there is no swelling. The Flory expression is : @ — ff3:§2:KN /2,35 where K is a constant
and N is the number of residues. Using the factor of 1.33 expansion for a molecular weight
115,000 chain, we can obtain the constant K, and then compute the swelling coefficient for
any chain length. Thus, we obtain the root-mean-square end-to-end distances of PLL128,
PLL146, and PLL256 of, respectively, 154 + 15, 166 + 17, and 226 + 23 A.In Figure 2, our
simulations show that end-to-end distances fluctuate but otherwise do not change
systematically after 320 ns, and their autocorrelation functions yield decay times below 50 ns,
indicating that PLL are equilibrated within the simulated time scales. In Table 2, root-mean-
square end-to-end distances calculated from our simulations PLL128, PLL146, and PLL256
are respectively 162 + 49, 159 + 53, and 296 + 47 A which are in agreement within the error
bars with the above predictions based on experimental data, indicating that our CG PLL models
successfully represent the random coil structure of PLL.

The effect of polymer size and concentration on bilayer curvature and pore formation

Multiple copies of the equilibrated PLL.128 and PLL256 were simulated near a DMPC bilayer
for 200 ns. These PLL-bilayer systems are named “PLL128-4”, “PLL128-8”, “PLL128-16",
and “PLL256-4”, where the first and second numbers describe the number of lysine residues
per PLL and the number of PLL molecules, respectively (Table 1). To compare the behaviors
of these linear molecules with those of spheroidal ones, we also extended the G5 and G7
dendrimer-bilayer systems up to 240 ns. In our previous work, membrane curvature or pore
formation was observed only in the systems including one or four charged G7 dendrimers, or
16 charged G5 dendrimers, whereas charged dendrimers at lower concentration and neutral
dendrimers did not cause pore formation or membrane curvature. 29 Here, we extend
simulations that showed membrane curvature or pore formation, namely “G5-16”, “G7-1", and
“G7-4”, where the first and second number describe the dendrimer generation and number of
dendrimers, respectively.

Figure 1 shows snapshots from the beginning (left and middle image) and end of all the
simulations (right image). Final configurations show that the bilayer is deformed for PLL128-8
and PLL128-16, but not for PLL128-4, indicating that PLL concentration affects membrane
curvature, which was also observed in the dendrimer-bilayer systems of our previous work.
25 Figure 3 shows that radii of gyration averaged over PLL molecules in each system change
at the beginning of the simulations, but do not change much over the rest of the simulation
time, indicating that the PLL molecules in the bilayers have at least reached a local equilibrium
within the simulated time scale. In the extended dendrimer-bilayer simulations, the membrane
curvature and pore formation observed within the first 160 ns remain relatively unchanged
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over the extended 80 ns. Figure 4 shows the time dependence of the bilayer height, defined as
the maximum distance between glycerols of DMPC along the direction of the bilayer normal.
In G7-4, the bilayer height drastically increases with time after the beginning of the simulation
and then reaches an apparent steady-state value at around 180 ns. A rapid increase in the bilayer
height was also observed in G7-1 and G5-16; however for G5-16, the bilayer height eventually
decreases and reaches a much lower value at around 180 ns, indicating that at high
concentrations the smaller dendrimers ultimately induce less bilayer curvature at steady state
than do the larger ones. Also, for G7-1 the bilayer height eventually decreases to a value almost
as low as that for G5-16 at 240 ns, indicating that a sufficiently high dendrimer concentration
is important for deforming the bilayer.

For the systems shown in Figure 4, the bilayer height of PLL128-8 is much greater than that
of PLL128-4, consistent with the concentration effect that we found in the G7 dendrimer
systems. The bilayer heights of PLL.128-4 and PLL256-4 were the same to within statistical
error, indicating that the size of linear polymers has much less effect on membrane curvature
than does that of spheroidal dendrimers. For PLL-bilayer systems, pore formation was not
observed even in PLL128-16, which has the highest concentration of PLL molecules. Note that
PLL128-16 and G5-16 have the same number of positive charges per molecule as well, and
G5-16 showed pore formation in our previous work.<~ However, PLL molecules in PLL128-16
did not insert into the bilayer at any time during the simulation, indicating that insertion of PLL
cannot be captured even at this high concentration. To see if PLL-induced pore formation can
be observed in small bilayer systems (PLL:lipid ratio of 1:512), we simulated a single PLL.128
and a single G5 dendrimer in a small 512-DMPC bilayer for 400 ns. Note that G5-16 (16 G5
dendrimers with 8192 lipids) has dendrimer:lipid ratio of 1:512, and showed pore formation
in our previous work.<~ Consistent with this, a single G5 dendrimer inserted into the 512-
DMPC bilayer in our previous work.24 However, a single PLL128 did not insert into the small
512-lipid bilayer, consistent with the simulation of PLL128-16 in a large 8192-lipid system,
since they have the same ratio of 1:512, confirming again that insertion of PLL cannot be
observed at this high concentration. In Figure 5, the bilayer tails in G5-16, PLL128-4,
PLL128-8, PLL128-16, and PLL256-4 are more disordered than in the pure bilayer, and those
in PLL128-8 and PLL128-16 are more disordered than in G5-16, PLL128-4, and PLL256-4.
This indicates that although no pore formation occurred in PLL128-8 and PLL128-16 over our
simulation time scale, leakage or even pore formation could well eventually occur in both of
these systems, as is observed in experiments.

Difference in the charge interactions resulting from different molecular shapes

In addition to size and concentration, it has been shown in many experimental studies?1-22
that the charge of nanoparticles or polymers is important for pore formation. Our previous work
showed that electrostatic interactions between anionic phosphate groups of the bilayer and
cationic terminals of the dendrimer play an important role in pore formation.2> To compare
the electrostatic effects of PLL and dendrimers, we computed the radial distribution functions
(RDF's) of DMPC phosphate groups of all lipids of both leaflets of the bilayer around the side
chains of PLL in PLL128-8, and around terminals of the dendrimer that had inserted or had
adsorbed but remained un-inserted into the bilayer in G5-16. In Figure 6, although PLL128
and the G5 dendrimer have the same number of positive charges per molecule, the RDF for
the side chains of PLL128 has a much higher peak at ~0.5 nm than does that of terminals of
the un-inserted dendrimers. From the cumulative RDF, we find that there are around 0.27
phosphates in the first coordination shell (<5.11°\) for the side chains of PLL128, while there
are around 0.14 phosphates for terminals of the un-inserted G5 dendrimers, indicating that
PLL128 has stronger electrostatic interactions with lipid headgroups than does the G5
dendrimer. This is expected, since most charged residues of linear polymers are accessible to
the lipid headgroups, which is not the case for the charged terminals of a spheroidal dendrimer.

J Phys Chem B. Author manuscript; available in PMC 2009 March 17.
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Thus, linear polymers can have stronger electrostatic interactions with a bilayer than can
spheroidal dendrimers. Despite this, pore formation was observed in G5-16, but not in
PLL128-8. Interestingly, the RDF value for the inserted dendrimers is very close to that for
PLL128, which is much higher than that for the un-inserted dendrimers. This result can be
explained by noting that since a dendrimer cannot spread onto a single leaflet like PLL can, a
dendrimer has to penetrate the bilayer to have strong favorable electrostatic interactions with
head groups on the opposite leaflet, and so achieve comparable numbers of such interactions
as PLL already has on a single leaflet. These results indicate that linear structures show a weaker
tendency for pore formation because they can interact stably with a single leaflet.

The effect of molecular shape on membrane permeability

As discussed above, the weaker size effect of PLL, the smaller membrane curvature, and
absence of pore formation, despite the stronger electrostatic interactions of PLL, might be
explained by the difference in shape between the linear and spheroidal polymers. To quantify
the effect of the molecular shape on the bilayer curvature, we computed the aspect ratios, |/
Ix and 11y, where I, ly, and Iy are principal moments of inertia, ordered such that 1, > 1y, > Iy,
and obtained from these the relative shape anisotropy, k2 (kZ = 1 — 31,/112, where | and |, are
the first and second invariants of the radius of gyration tensor (I1= ly+ly +15, o=y Iy +ly

I A4l 1,). A linear array of skeletal atoms is characterized by k2 = 1, while a molecule with
tetrahedral or higher symmetry is characterized by k2 = 0.30 we previously computed those
values for G5 dendrimers, and the aspect ratios, |7/ly and I7/ly, were 1.2~1.3 and 1.2~1.5, and
relative shape anisotropies were 0.01, indicating that dendrimers are spheroidal with modestly
ellipsoidal shape.?’7 When interacting with bilayers, this spherical shape of dendrimers is still
retained throughout the entire simulation.

Table 3 shows that 1/1y and 1 /1y of PLL128 are 1.1 and 7.3, respectively, and the 2 value is
0.16, indicating that, not surprisingly, PLL is much more planar than are dendrimers. The |/
I, and «2 values of PLL256 (14.5 and 0.20, respectively) are higher than for PLL128, showing
that PLL256 is more anisotropic than PLL128. When interacting with bilayers (PLL128-4,
PLL128-8, and PLL256-4), those values vary from one PLL molecule to the next. However,
the aspect ratios and anisotropies of some PLL molecules in PLL128-8 are much lower than
for PLL256-4, and all molecules in PLL256-4 retain their high aspect ratios and anisotropies.
The higher aspect ratio of PLL in PLL256-4 may impede membrane curvature, although the
total number of charges in PLL256-4 is same as those in PLL128-8. These results indicate that
spheroidal polymers increase the bilayer curvature more than linear ones do. Note that although
for PLL128-4 each molecule has a relatively low aspect ratio and anisotropy, the bilayer does
not bend, while membrane curvature is prominent in PLL128-8, showing again the effect of
concentration on the membrane curvature.

Experimentally, by measuring enzyme leakage induced by DEAE-DEX, PEI, PLL, and
charged G5 dendrimers, Hong et al. showed that PEI, which has the greatest charge density,
induces much more membrane permeability than do DEAE-DEX, PLL, or G5 dendrimers,
although the hydrodynamic radius of the DEAE-DEX studied (M\,=608321) is larger than that
of the PEI (MW:269O77).26 Therefore, Hong et al. suggested that (1) the size of the polymer
does not seem to markedly affect its ability to induce membrane permeability, and (2) charge
interactions are important for membrane permeability. However, although PLL has an order
of magnitude higher charge per unit molecular mass than do DEAE-DEX and charged G5
dendrimers, the observed difference in enzyme leakage induced by these molecules was not
remarkable, suggesting that (3) spheroidal (dendrimers), branched (PEI), or ring-containing
(DEAE-DEX) structures are more effective, for a given charge density, than are linear polymers
(PLL) in increasing membrane permeability. Our previous work25 showed that larger
dendrimers induce more membrane curvature and pore formation than do smaller ones, in
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agreement with experimental studies.21-23 However, in our simulations of PLL interacting
with the bilayer, a larger PLL size does not increase membrane curvature or pore formation,
in agreement with experimental observations by Hong et al.,26 as described above. These
results suggest that the size of spheroidal polymers can significantly affect membrane curvature
and pore formation, but the size of linear polymers cannot. However, for both PLL and
dendrimers, we found that a higher concentration induces greater membrane curvature or, for
dendrimers, pore formation, which agrees with experimental observations,26 suggesting that
high concentration is an important factor regardless of the polymer shape. We previously
showed that charged dendrimers can insert into the bilayer, but neutral dendrimers cannot,
again in agreement with experimental studies.2! Also, strong electrostatic interactions between
cationic terminals of the dendrimer and anionic phosphate groups of the bilayer were found to
be very important for pore formation. However, in the PLL-bilayer systems having differently
sized PLL but the same total charges (PLL128-8 and PLL256-4), membrane curvature was
observed only in the system with less anisotropic PLL polymers (PLL128-8), suggesting that
the shape of charged polymers is a key factor controlling membrane curvature and permeability.

CONCLUSIONS

Coarse-grained molecular dynamics simulations of multiple copies of poly-L-lysine (PLL) and
charged polyamidoamine (PAMAM) dendrimers in a DMPC bilayer were performed to
investigate the effects of molecular shape on membrane curvature and pore formation. Our
simulation results indicate that cationic polymer or dendrimer-induced membrane disruption
and pore formation are influenced by multiple properties of the polymers or dendrimers. Higher
charge density and concentration induce more membrane disruption for both linear PLL and
spheroidal shaped dendrimers, in qualitatively agreement with experimental studies.21-23,
26 However, we find that larger size leads to more disruption for spheroidal polymers, but not
for linear ones. Also, although the flexible linear polymer PLL has more intimate electrostatic
interactions with the head groups of the bilayer, rigid spheroidal polymers induce more
membrane curvature and pore formation because they cannot exhaust their favorable
electrostatic interactions through attachment to a single leaflet, while flexible linear polymers
can. These results suggest that a relatively rigid spheroidal shape is more efficient than a
flexible linear shape in increasing membrane permeability. This seems to be in agreement with
experiments.
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Figure 1.

Snapshots of the top view (left image) and side view (middle image) at the beginning (0 ns)
and the side view at the end (200 ns for PLL, 240 ns for dendrimers, right image) of all
simulations. Gray dots represent particles (PLL or dendrimers), and green dots represent
headgroups of the DMPC bilayer. The explicit water, DMPC tails, and ions are omitted for
clarity. Note that side views show only one cross section of the system and cannot capture all
PLL or dendrimers. The images were created with VMD.38
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(a) End-to-end distance and (b) its autocorrelation function (C(t)) for PLL128, PLL146, and

PLL256, as functions of time.
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Figure 3.
Radii of gyration averaged over all PLL molecules of each PLL-bilayer simulation as a function
of simulation time.
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Figure 4.
Bilayer height, defined as the maximum distance between glycerols projected along the bilayer
normal, as a function of time for the dendrimer-bilayer systems (top) and PLL-bilayer systems
(bottom).
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Figure 5.

Order parameters of DMPC tails in the pure bilayer, G5-16, PLL256-4, PLL128-4, PLL128-8,
and PLL128-16, averaged over the last 40 ns. GLYC designates the bead for glycerol in DMPC,
and C1 through C3 are beads for the tails.
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Figure 6.

Radial distribution functions of anionic DMPC phosphate groups with respect to the cationic
side chain of PLL in PLLLL128-8, and the cationic terminals of dendrimers inserted or un-inserted
into the bilayer in G5-16, averaged over the last 40 ns.

J Phys Chem B. Author manuscript; available in PMC 2009 March 17.



Page 15

Lee and Larson

¢z 'Suone[nus snoiaaid Jo (su )9]) pua 9y) WOIJ PIPUI)XS 1M SUOHB[NWIS dSAY],
M
ore 618 14 IS Lo
ore T618 I (459 LD
(reproxoyds)
orT 618 91 8T1 17D Townpusq
00¢ 2618 4 95T ¥-9STT1d
002 2618 91 8zl 91-8C1'T1d
00T 618 8 8zl 8-8C1T1d .
(a1qrxayy “revury)
00T 618 4 8zl 7-8CIT1d aursf-T-A10d
srowAjod Jmodouwr J3d
(su) aumy Sa[nadjow Jo "oN sagaeyd .3 Jo *oN
uonemnuig Um.-ZQ
: : Jo *oN
JOWILIPUIP J0 T
‘suonenuwis Jo 1s1
I alqeL

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

J Phys Chem B. Author manuscript; available in PMC 2009 March 17.



1duosnuely Joyiny Vd-HIN 1duosnuely Joyiny Vd-HIN

1duosnue Joyiny Vd-HIN

Lee and Larson

Table 2

Root-mean-square end-to-end distance ( (R? 20), averaged over the last 180 ns.
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0
Simulation Experiment34
PLL128 162 +49 154+ 15
PLL146 159 £53 166 + 17
PLL256 296 +47 226+23
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