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ABSTRACT: G4 PAMAM dendrimers with each of the 64 termini grafted with
zero to three histidine (His) residues followed by an end-grafted arginine (Arg)
were simulated at two levels of protonation to mimic their electrostatic charges at
pH S and 7. Arg is cationic at both pH values, and His is cationic only at pH 5. The
simulations were carried out with a coarse-grained (CG) dendrimer force field that
had previously predicted sizes and pH-dependent transitions between dense-core
and dense-shell structures that were in agreement with experiments and all-atom
simulations. In the work reported here, conjugation with Arg alone slightly
increases the size of the dendrimer-conjugate complex at both pH S and 7 relative

§  More histidine:
L, dense-core structure

More histidine:
larger size

to that of the unmodified G4 dendrimer. Additional conjugation with His (pK, of

~6.0), and with Arg again at the dendrimer terminals, does not change the complex size at pH 7 (at which His is neutral) relative to
that with Arg alone, but at pH S (at which His is cationic), the addition of His does increase dendrimer size, showing that increased
charge increases dendrimer swelling. The increased size may increase the cytotoxicity of the dendrimer at pH S. Also, His
conjugation induces a dense-core structure at pH 7 but does not change the dense-shell structure already present at pH S in the G4
dendrimer without amino acid conjugation. This indicates that the conjugation of His residues densifies the inner cavity of the
dendrimer core at pH 7, leaving less room for other agents, and thus likely to lower drug encapsulation efficiency. These simulations
suggest important possible effects of peptide conjugation on cytotoxicity and encapsulation efficiency at different pH, which need to

be confirmed by experiments.

B INTRODUCTION

Polyamidoamine (PAMAM) dendrimers are uniformly hyper-
branched structures to which surface terminal groups can readily
be added.”* Because of their controlled mass, surface function-
ality, and good water solubility, they have great potential for bio-
medical ap}l)lications such as drug delivery and antitumor thera-
peutics.’ " To improve their efficiency in these applications,
dendrimers have been often modified, for example, by acetylating
the cationic surface terminals to reduce cytotoxicity and non-
specific binding.”>** Also, conjugation with poly(ethylene
glycol) (PEG) has been shown to reduce the cytotoxicity as well
as increase the water solubility and circulating lifetime of
dendrimers in the bloodstream because PEG chains sterically
shield the dendrimer-encapsulated molecules."*~'” To increase
the specificity of targeting, ligands for certain receptors have
been grafted to the dendrimer surface,'® allowing the dendrimer-
conjugate complexes to successfully target specific cancer cells in
vitro and in vivo.>"?

Besides these methodologies, conjugation of peptides to the
dendrimer surface also significantly improves transfection effi-
ciency. Choi et al. found that the arginine-conjugated PAMAM
dendrimers (PAMAM-Arg) show much higher gene-transfection
efficiency than do the unmodified PAMAM dendrimers.”® The
increased charge of PAMAM-Arg only slightly increases cytotoxicity,
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leading to great potential of this component as a drug or gene
carrier. Recently, different numbers of histidine (pK, of 6.0),
which is neutral at pH 7 and cationic at pH S, were conjugated to
PAMAM-Arg with Arg at the terminus, leading to even higher
efficiency of the gene transfection into the cell nucleus than with
PAMAM-Arg.*' As a stage in the delivery to the cell nucleus,
dendrimers are carried by the lysosome at pH ~S§; thus, the
effects of peptide conjugation on cytotoxicity and transfection
efficiency at different pH values need to be understood. Since
many experiments and simulations have shown that conforma-
tional and electrostatic properties of the dendrimer significantly
modulate cytotoxicity and the efficiency of encapsulating drugs
(or hydrophobic compounds),”> > the size and internal struc-
ture of the dendrimer—peptide complex should be examined
as a function of pH. This information can be obtained more
easily from simulations than from experiments. Many simulation
studies have revealed the atomic-scale structure and d_/ynamics of
dendrimers and their interactions with polymers,” > polyelec-
trolytes,*® % and lipid bilayers.”**>~** However, the conforma-
tional properties of the peptide-conjugated dendrimers and their
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Table 1. List of Simulations

no. of charges

no. of conjugates

dendrimer amines

name pH histidine arginine tertiary (interior) primary (surface) histidine arginine total
G4-7 7 64 64
G4-R7 7 64 128 128
G4-HR7 7 64 64 128 128
G4-HHR7 7 128 64 128 128
G4-HHHR7 7 192 64 128 128
G4-5 S 62 64 126
G4-RS S 64 62 128 190
G4-HRS N 64 64 62 64 128 254
G4-HHRS S 128 64 62 128 128 318
G4-HHHRS S 192 64 62 192 128 382

interactions with lipid bilayers have not yet been studied through
computation.

As a step toward understanding the effect of the peptide
conjugation on cytotoxicity and the efficiency of encapsulation
and transfection, we here report coarse-grained (CG) molecular
dynamics (MD) simulations of dendrimers conjugated with
varying numbers of histidine and arginine each at two levels of
protonation, corresponding to the electrostatic charge on these
residues at pH S and 7. The size and internal structure of the
dendrimer-conjugate complex are examined by calculating radii,
radial distribution functions, and densities of the dendrimer,
water, and counterions. We find that the size and internal
structure of the dendrimer depend on both conjugation level
and pH, suggesting important effects of these parameters on
dendrimer cytotoxicity and encapsulation efficiency.

B METHODS

All simulations and analyses were performed using the
GROMACS4.5.3*' ™ simulation package with the “MARTINI”
CG force field (FF) developed by Marrink et al.**~*® The CG
dendrimer FF has been previously optimized by our group to
represent the experimentally measured and theoretically calcu-
lated size and internal structure of PAMAM dendrimers at
different pH values.”®*” In particular, this FF captured the
transition from dense-core to dense-shell structure that occurs
as pH is lowered, as observed in recent scattering experiments
and all-atom simulations. For the peptide conjugates, we used the
MARTINI amino-acid FF developed by Marrink et al.** This CG
model lumps a few (3 or 4) heavy atoms into each CG bead. For
example all three atoms (2 carbons and a nitrogen) of the
backbone of each amino acid residue are lumped into a single
bead, and the arginine and histidine side chains are represented
by two and three beads, respectively. The MARTINI amino
acid FF has been successfully used for protein—protein and
protein—membrane interactions, although for each secondary
structure, such as helix, extended (S-sheet), bend, turn, and
unstructured (random coil), different sets of bond, angle, and
dihedral potentials need to be imposed on the CG beads to
describe the secondary structure of the protein. In this
work, backbone beads were modeled using the potentials for
random coils.
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Figure 1. Coarse-grained model for the dendrimer-His-His-His-Arg
(G4-HHHRS) complex at pH S. Gray dots represent G4 dendrimer
beads. Blue and yellow dots represent the amino acid backbones and side
chains, respectively. “P”, “N”, “H”, and “+” respectively designate polar,
neutral, hydrophobic, and cationic beads. At pH 7, cationic beads of His
are replaced with polar beads, leading to no charge for His. Note that the
protonated N-terminal group of the backbone is represented by a
cationic bead. The image was created with VMD.*

We linked all 64 surface-terminals of a G4 dendrimer to the
amino acid conjugates, -Arg, -His-Arg, -His-His-Arg, and -His-His-
His-Arg (Table 1). At pH S, both the tertiary amines of the
dendrimer interior and the primary amines of the dendrimer surface
are protonated, while only the primary amines of the dendrimer
surface are protonated at pH 7. When the dendrimer is conjugated
with amino acids, its surface charges (primary amines) are removed.
Figure 1 shows the schematic structure of the G4-HHHR complex
at pH 5. The amino acid backbones are represented by polar beads
except that N-terminal of Arg is modeled by a cationic bead because
of its pK, of ~10. Side chains of amino acids are represented by
polar, neutral, hydrophobic, and cationic beads, depending on the
particular amino acid. Note that Arg is protonated at both pH 5 and
7, while His is protonated only at pH S.

A single dendrimer-conjugate complex was solvated with
~36000 CG waters (representing ~144 000 real waters, since
in the CG model four waters are lumped into a single bead) in a
periodic box of size 16.4 nm/side. Enough counterions were
added to achieve electroneutrality. A temperature of 310 Kand a
pressure of 1 bar were maintained by applying a Berendsen
thermostat in the NPT ensemble.*” The LJ potential was
smoothly shifted to zero between 9 and 12 A. For the Coulomb
potential, a cutoff of 12 A was applied with long-range electro-
statics using particle mesh Ewald summation (PME).*® Simula-
tions were performed for 1 (s with a time step of 20 fs, and the
last 500 ns was used for analyses.
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B RESULTS AND DISCUSSION

We simulated G4 dendrimers with each terminus grafted with
zero to three histidine residues and capped with a single arginine
in water and counterions for 1 us. Table 1 shows the numbers of
conjugates and charges for all simulation systems at pH 5 and 7.
In the names of the simulations, the first number “4” represents
the dendrimer generation number, and the second number “S” or
“7” indicates the pH value. The initials “H” and “R” respectively
represent histidine and arginine conjugates. Thus, “G4-HHHR7”
indicates that the conjugate -His-His-His-Arg is grafted onto the
surface terminals of G4 dendrimers at pH 7. This study is
basically based on the recent report by Yu et al*' in which it
was demonstrated that the conjugation yield of the PAMAM G4
dendrimer with the respective peptides was more than 95% of the
terminal amines.

Effect of the Peptide Conjugation on Dendrimer Size. The
effect of the conjugated His and Arg residues on the radii of
gyration (Rg) and outer radii (R) of the dendrimers and the
dendrimer-conjugate complexes were calculated. The outer radii
were taken to be the root-mean-squared (rms) distance from the
terminal bead of the dendrimer (or Arg residue for the complex)
to the center of mass (COM) of the dendrimer. For dendrimer-
conjugate complexes, we also define the outer radius of the
“dendrimer component” of the complex, where the “dendrimer
component” includes only dendrimer beads (i.e., excludes the
amino acid beads). The “outer radius” of the dendrimer compo-
nent is the rms distance from the terminal bead of the dendrimer
component to the COM of the dendrimer. Figure 2 shows that
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Figure 2. Radii of gyration (R,) of G4-HHR and G4-HHHR complexes
at pH 5 and 7 as a function of time.

the R, values of the dendrimer-conjugate complexes reach
steady-state values at ~400 ns, indicating that simulations are
equilibrated within the simulated time scale. Table 2 and Figure 3
show that dendrimer size increases with conjugation level at pH
5. The R, and R values for G4-HHHRS are higher by ~39% than
those for G4-S, as expected, since this His-, Arg-conjugation
increases the dendrimer charge, leading to dendrimer swelling, as
observed in our previous work on the effect of dendrimer
charge.%’37 AtpH 7, G4-R7 is larger than G4-7, similarly because
of the dendrimer swelling induced by the increased number of
charges, since Arg conjugation adds two charges per Arg (one on
the side chain, and one remains on the backbone since the Arg
backbone is a terminal amino acid), while removing only one
terminal charge from the unconjugated G4. However, addition of
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Figure 3. Average outer radii (R) of the dendrimer-conjugate complex
and its dendrimer component at pH 7 (top) and pH S (bottom). Errors
are within 0.2 A.

Table 2. Radius of Gyration (Ry), Outer Radius (R), and Thickness of the Conjugate Layer of the Dendrimer and the Dendrimer-

Conjugate Complex”

Rg
dendrimer complex

G4-7" 21.7 £ 0.1

G4-R7 22.0 £ 0.1 24.7 £ 0.1
G4-HR7 204 + 0.1 24.1 £ 0.1
G4-HHR7 18.5 £ 0.1 23.0+ 0.1
G4-HHHR7 189 £ 0.1 243+ 0.1
G4-5" 219 £ 0.1

G4-RS 22.6 £ 0.1 257+ 0.1
G4-HRS 232+ 0.1 279 £ 0.1
G4-HHRS 229+ 0.1 28.8 0.1
G4-HHHRS 23.6 = 0.1 30.6 = 0.1

@ All quantities are in A. ” Reference 26.

R

dendrimer complex thickness of conjugates
258 £ 0.1

264 £ 0.1 298 £0.1 3.4
244 £0.1 288 £0.1 44
223401 285+ 0.1 6.2
226 +0.1 30.5 £ 0.1 79
26.1 £0.1

272 %01 30.8 £0.1 3.6
28.0£0.1 324£01 44
27.8 £0.1 33.8£0.1 6.0
28.6 £0.1 362 £0.1 7.6
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Figure 4. Radial distribution functions between the dendrimer-terminal
beads at pH 7.

His residues, which are neutral at pH 7, has almost no effect on
size, as we see in Table 2 for G4-R7, G4-HR7, G4-HHR?7, and
G4-HHHR?7. This is because increased conjugation of His
residues increases the thickness of the conjugate layer on the
dendrimer surface, but also slightly decreases the size of the
underlying dendrimer component at pH 7, leading to an un-
changed complex size overall (Figure 3). Here, the conjugate
thickness is defined as the difference between the outer radius
(R) of the dendrimer component and that of the whole
dendrimer-conjugate complex.

To further examine this effect, radial distribution functions
between the terminals of the dendrimer component were
calculated. In Figure 4, G4-HHR7 and G4-HHHR?7 show higher
peaks than do others, indicating closer distances between den-
drimer terminals, which are caused by the decreased swelling of
the dendrimers with more His residues. These results indicate
that the conjugation of a single Arg increases the particle size and
surface-charge density at both pH 7 and 5, but the conjugation of
His residues increases them only at pH 5. These results suggest
that conjugation of His residues may modulate cytotoxicity and
membrane permeability through dendrimer size effects at pH S,
but not at pH 7.

Effect of the Peptide Conjugation on Internal Structure.
Although His conjugation does not affect the size of the
dendrimer-conjugate complexes at pH 7, it does affect the size
of their dendrimer components, as shown in Figure 3. This result
implies that the internal structure of the dendrimer is affected by
His conjugation. To investigate this, radial density profiles were
calculated. Our previous work showed a dense-core structure
(i.e,, a maximum density at the dendrimer core) for G4, GS, and
G7 at high pH and a dense-shell structure (ie., a minimum
density at the dendrimer core) at low pH, in agreement
with recent scattering experiments and all-atom simulations.*®
Figure S (top) shows that the radial density profiles of the
dendrimer component of G4-HR7, G4-HHR7, and G4-HHHR?7
have higher peaks at the core (S—15 A) than do G4-7 and G4-R7,
indicating a dense-core structure for the former. This is consis-
tent with our earlier observation that increased conjugation of
His residues shrinks the dendrimer component at pH 7. At pH S,
the dense-shell structure shown in Figure S (bottom) is similar
for all the above dendrimer complexes, indicating that the
increased charges from the conjugated His at pH S do not
change the internal structure of the dendrimer, which is already
swollen due to the charges that are present inside the dendrimer
at pH §, so that addition of charged His to the dendrimer surface
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Figure S. Radial density probabilities of the dendrimer component in
the dendrimer-conjugate complex as a function of distance from center
of mass (COM) of the dendrimer.

Figure 6. Snapshots of the cross section of the dendrimer-conjugate
complex at the end (1 us) of simulations. Blue, yellow, and gray dots
represent the amino acid backbones, side chains, and dendrimer beads,
respectively. The explicit water and ions are omitted for clarity.

cannot swell the dendrimer core much further. At pH 7, addition
of neutral His to the dendrimer surface removes the charge of
the dendrimer surface and displaces the terminal charges of
Arg farther from the dendrimer surface, which may reduce
the swelling of the dendrimer component of the dendrimer-
conjugate complex. In Figure 6, snapshots of the cross section of
the dendrimer-conjugate complex show that G4-HHHR7 has a
denser core structure than does G4-R7, while both G4-RS and
G4-HHHRS have a dense-shell structure, consistent with ob-
servations in Figure S.

Effect on the Encapsulation Efficiency and Cytotoxicity.
Drugs or hydrophobic compounds can be encapsulated in the
inner cavity of dendrimer cores and delivered to specific cells. To
investigate the effect of peptide conjugation on encapsulation
efficiency, the densities of water molecules were calculated as a
function of distance from COM of the dendrimer component of
the dendrimer-conjugate complex. In Figure 7, dendrimers with
more His conjugates at pH 7 show lower densities of water,
indicating a smaller inner vacancy in the dendrimer core and a
dense-core structure, as observed in Figures 5 and 6. As the
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Figure 7. Density of water (g/cm®) as a function of distance from COM
of the dendrimer component in the dendrimer-conjugate complex.
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Figure 8. Number of counterion (Cl~) beads as a function of the
distance from COM of the dendrimer at pH S.

distance from COM increases, the density values reach ~1 g/cm®,
confirming that the CG model correctly predicts the density of
pure water. At pH 5, the conjugation of His residues does not
influence the water density in the dendrimer core (0.5—1.5 nm
from COM), indicating a relatively large inner vacancy and a
dense-shell structure, as also observed in Figures S and 6. Heavier
conjugation decreases water density at 2—4 nm from COM,
presumably because of longer conjugates and more counterions.
Figure 8 shows the number of counterions (CI™) as a function of
the distance from the dendrimer COM. There are roughly equal
numbers of ions at the core of each dendrimer, but more ions are
found near the surface of the dendrimer with more conjugates.
These results indicate that at pH S the conjugation of His residues
increases the interaction of the dendrimer surface with counterions
but does not change the internal structure of the dendrimer core.
We note here that the CG model does not have partial charges on
water. To compensate for the neglect of explicit polarization,
screening of electrostatic interactions is done implicitly by assum-
ing a uniform relative dielectric constant (& = 15), which com-
promises between the large € in water and small ¢ in the hydro-
phobic regions. Because of the implicit screening, the interaction
strength of polar substances is underestimated in nonpolarizable
solvents, such as that used in our simulations. Thus, our predicted
ion distribution should be view with caution.

Experimentally, the Arg-conjugated G4 dendrimer has shown
much higher transfection efficiency than does the unmodified
dendrimer.”® Also, although the surface-charge density for the
Arg-conjugated dendrimer is twice as high as for the unmodified
dendrimers, experiments show that the unmodified G4 dendri-
mer and the G4 dendrimer conjugated with -Arg, -His-Arg, -His-
His-Arg, or -His-His-His-Arg show almost the same cytotoxicity
at pH 7.*' Our simulation results show that conjugation by His
does not change the particle size at pH 7, at which His is neutral.
Since the charge density and particle size are important factors
for cytotoxicity,”>***® this suggests that His conjugation may not
affect cytotoxicity at pH 7, which is consistent with experiments.*"
However, at pH S, cationic His residues swell the dendrimer
significantly, suggesting that increased surface charge and particle
size may increase cytotoxicity at pH S. Conjugation of His residues
induces a dense-core structure at pH 7 but does not change the
dense-shell structure of the unmodified dendrimer at pH §,
indicating that at pH 7 conjugation may reduce the vacancy in
the dendrimer interior and lower encapsulation efficiency.

Experimental work should be performed to check these
findings and their implications for the effect of peptide conjuga-
tion on cytotoxicity and encapsulation efficiency as a function of
pH. Also, simulation studies of the interactions between peptide-
conjugated dendrimers and membranes ought to be performed,
which we hope to report on elsewhere.

Bl CONCLUSIONS

G4 PAMAM dendrimers conjugated with different numbers
of His and Arg residues were simulated at pH 5 and 7, mimicked
by different levels of protonation, and using a version of the
MARTINI coarse-grain (CG) force field (FF). This CG den-
drimer FF had already been shown to predict the size and
structural transitions between dense-core and dense-shell struc-
tures of G4, GS, and G7 PAMAM dendrimers at different pH
values, in good agreement with recent scattering experiments and
all-atom simulations. Using this FF, simulations show that the
Arg-grafted dendrimer is slightly larger than the unmodified
dendrimer. The increased particle size and net charges of the Arg-
grafted dendrimer may slightly increase cytotoxicity, as observed
in experiment. As more His residues are conjugated to the Arg-
grafted dendrimer, the net charges and particle size significantly
increase at pH S, but not at pH 7 where His is neutral, suggesting
that the increased surface charges and larger size may increase
cytotoxicity of the dendrimer at pH S. Also, increased conjuga-
tion with His residues induces a dense-core structure at pH 7 but
does not change the dense-shell structure of the unmodified
dendrimer at pH S. These results indicate that increased His
conjugation may result in a reduced free volume within the
dendrimer core at pH 7, and this could reduce encapsulation
efficiency. These findings regarding the size and internal struc-
ture of the peptide-conjugated dendrimer, which possibly mod-
ulate cytotoxicity and efficiency of transfection and encapsula-
tion, motivate further systematic experimental studies.
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