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Abstract

In this study, simulation challenges intuitive models of “flexible” and “rigid” generation two
triazine dendrimers as it pertains to solution conformation and conformation on binding DNA or
SiIRNA sequences. These results derive from structural and energetic analyses of the binding
events. Simulations of the rigid structure reinforce the role of the constrained piperazine linker in
positioning the peripheral groups at significant distance from each other and the core of the
dendrimer. In contrast, the flexible dendrimer, characterized by triethyleneglycol-like linkers,
collapses in solution. On binding DNA and siRNA, these conformations are largely retained. The
rigid dendrimer undergoes reorganization of peripheral groups to generate a large number of
contacts to the nucleic acid. In contrast, the flexible dendrimer, originally conceived to create
multivalent interactions with nucleic acids, generates only a few contacts and collapses further.
This paper provides unique insight in the role played by molecular flexibility in the binding
phenomenon.

Introduction

Chemical intuition and simple back-of-the-envelope calculations provide useful molecular
descriptors including adjectives like “flexible” and “rigid”. Such terms are especially
common when discussing the linking domains between divalent ligands. Lately, flexibility
and rigidity parameters were listed as one of the five critical nanoscale design parameters
(CNDPs; i.e., size, shape, surface chemistry, flexibility/rigidity, and architecture) that must
be taken into account in the exploration of the behavior of well-defined nanoscale building
blocks such as dendrimers.! Indeed, these terms create useful mental imagery for what may
likely be occurring in binding ligand interactions with either multiple primary sites or
primary and secondary sites on a complex biological target. It seems reasonable to assume
that linker flexibility would enhance the binding avidity of ligands due to the ability to more
readily adopt conformations that allow for interactions with the binding site. Indeed, this
effect has been observed by Frey et al. who showed that multiple bonds between the ligand
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and the target reduce the binding by 50% as compared to ligands attached by only a single
bond.2 However, other studies have described an alternative scenario. Krishnamurthy et al.
have suggested that linker flexibility has negligible effect on the avidity of ligand binding.3
This study was corroborated by Handl et al., wherein they observed only minor
improvements to binding using more flexible linkers. VVagner et al. have shown that binding
avidity is enhanced using more rigid linkers as compared to the more flexible analogues.®

Intuition is further compromised when the constructs are multivalent and the number of
atoms involved in ligand/target binding becomes large. As it pertains to dendrimers and
other globular macromolecules, we have been content to consider these structures as hard
spheres at suitable generation numbers.® In many cases, this assumption is unsuitable: the
onset of interesting biological activities of these structures occurs at low generations before
the hard-sphere model is relevant. Furthermore, the equilibrated conformations of
dendrimers have been shown to be dramatically influenced by the flexibility of the linking
groups of the monomer units. Flexible dendrimers have been shown to adopt a dense core
structure due to backfolding,”~2 while this is not observed for the rigid analogues.10-12
Furthermore, the structure of dendrimers in solution has been shown to be independent of
concentration, unlike the linear polymer analogues.12 In this context, the descriptors “rigid”
and “flexible” might adequately refer to local structure but do not necessarily communicate
global structure for dendrimers.

Interest in the use of triazine dendrimers to deliver nucleic acids to cells led to the
examination of a family of dendrimers that were described (perhaps naively) as “rigid”,
“semi-rigid”, and “flexible”. Initially, we hypothesized that rigid dendrimers would engage
in limited contacts with nucleic acid, positioning only a limited number of cationic groups
near phosphates to engage in productive electrostatic interactions, as shown in Scheme 1.
The framework of the “rigid” dendrimer would necessitate that other potential binding
cationic amines with binding potential would be arrayed into solution. In contrast, the
mental model for the “flexible” dendrimer comprised a fluid molecule that advantageously
placed a large number of cationic amines in close proximity to the anionic phosphate
backbone. The initial libraries of dendrimers were designed to include cationic amine groups
linked by seven atoms, -CH,CH,-CH,NCH,CH,CH»-, a linker that was hypothesized to be
both innocuous and would afford an opportunity to place two amines such that they could
interact with a single phosphate group or perhaps neighboring phosphate groups.

The impact that composition had on the biological and physicochemical properties of these
dendrimers was validated in a number of assays, including overall transfection efficiency,
toxicity (determined using both MTT and hemolysis assays), zeta potential, complex size,
and the ability to exclude ethidium bromide.1415 The molecular bases for differences in
these characteristics was not entirely clear, which prompted the use of computation to
provide a better foundation for intuition and to guide the design of triazine dendrimers in
future transfection studies. Here, we examine two dendrimers using simulation. The
nomenclature is preserved from our initial reports. The “rigid” dendrimer, G2-5, is a second
generation molecule that displays 12 cationic amines and 6 hexyl chains. The second
generation, “flexible” dendrimer, F2-1, displays 12 cationic amines and 12 hydroxyl groups.
These molecules are shown in Scheme 2. We chose to start with these two dendrimers
because they vary in a number of different properties, including core scaffolding and
functionalization on the periphery.

A universal color scheme is adopted throughout the manuscript.F2—-1 was hypothesized to
be flexible based on the ethyleneglycol chain (yellow). In contrast, G2-5 was envisioned to
be more rigid due to the limited conformations allowed by the piperazine ring (yellow). The
bifurcated cationic peripheral group was envisioned to be capable of interacting with
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multiple phosphate groups either within a single strand or by bridging a groove.
Additionally, two different auxiliary binding groups, a hexyl group and a diol, are probed
(red).

The multivalent recognition of DNA and siRNA by these macromolecules is strictly related
to their structural flexibility. In fact, their multivalency is represented by the ability to orient
and use their surface charges in a cooperativel® way to bind nucleic acids with high affinity
and reducing the entropic cost of the process.1”-18 To understand how molecular flexibility
affects the interactions with nucleic acids, we created models of these triazine dendrimers in
complex with DNA and siRNA in 1:1 ideal ratio. This was already considered a reliable
model of binding in our previous work!? and a suitable method to explore the details of
binding.

In summary, we find that simulation challenges most of these preconceived intuitions of
binding.

Materials and Methods
DNA and siRNA Sequences

Dendrimers

DNA was modeled using a 21-base double strand in B-form. The length matches the siRNA
sequence referred to as GL3. The dendrimers modeled are smaller than these sequences, and
accordingly, these dimensions are a reasonable compromise of binding phenomenon in 1:1
ratios and computational investment. A similar strategy has been employed earlier to model
dendritic spermine derivatives.19 The sequences of siRNA are 5'-UCG AAG UAC UCA
GCG UAA G dTdT-3"and 3'-dTdT AGC UUC AUG AGU CGC AUU C-5'. The sequence
of DNA strands are 5'-TCG AAG TAC TCA GCG TAA GTT-3"and 3'-AGC TTC ATG
AGT CGC ATT CAA-5".

The dendrimer structures synthesized were composed of different residues: a central core

(CEN), the variable linker (LIN), a peripheral triazine (PER), auxiliary groups (END), and
surface charged ligands (POS) each with a +1 charge, making the global dendrimer charge
+12 at neutral pH. Parameters for these residues were calculated with ab initio techniques.

Molecular Dynamic Simulations

All simulations and data analyses were performed with the AMBER 10 suite of programs.2°
The force field parameters for these residues were obtained using the antechamber module
of AMBER 10. The G2-5 and F2-1 dendrimers were solvated in a TIP3P water box,2!
extending 12 A from the solute in three dimensions. A suitable number of counterions were
added to neutralize the system using the /eap module of AMBER 10, and overlapping water
molecules were removed. The resulting systems, which contained the dendrimer, ions, and
water, were first minimized and then equilibrated by running 10 ns NPT molecular
dynamics simulations.

After the equilibrated dendrimers were obtained (Figure 2), the water molecules and
counterions were removed and G2-5 and F2-1 molecules were then placed in close
proximity to the major grooves of DNA and siRNA. Both complexes were again solvated
with a water box extending 12 A from the solute. The proper number of cations was added
to reproduce system neutrality, followed by the inclusion of additional NaCl to achieve the
correct experimental salt concentration in relation to the volumes of the corresponding water
box. Overall, four molecular systems were prepared: G2-5 or F2-1 in complexation with
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either DNA or GL3 siRNA at an ionic strength of 150 mM NaCl. Table 1 summarizes the
main characteristics of the simulated systems.

All the molecular systems were minimized and then equilibrated at 300 K by 50 ps
molecular dynamics under NVT conditions. This stage was followed by a density
equilibration run (50 ps) under NPT conditions. The production dynamic lasted for 15 ns
under periodic boundary condition at 300 K and 1 atm using a time step of 2 fs, the
Langevin thermostat, and a 10 A cutoff. To treat long-range electrostatic effects, the particle
mesh Ewald?2 (PME) approach was adopted, and the SHAKE algorithm23:24 was used to
constrain all bonds involving hydrogen atoms.

All of the molecular dynamics (MD) simulations were carried out using the sanderand
pmemd module within the AMBER 10 suite of programs, and the parm99all-atom force
field by Cornell et al.2> working in parallel on 128 processors of the Rosa Cray XT5
calculation cluster of the CSCS Swiss National Supercomputer Centre of Manno
(Switzerland).

Energetic and Structural Analyses

All energetic analyses for each molecular system were performed by taking 200 unbound
dendrimer and DNA/siRNA snapshots from the equilibrated phase of a single 15 ns MD
trajectory. The ligand/receptor binding free energy, AGyjing, Was calculated using the
molecular mechanics/Poisson-Boltzmann surface area method (MM-PBSA),28 as shown in
eq 1.

AGpina=AHpina — TASpina (1)
A}Ibind:A-Eint‘f’Ac;sol 2

The enthalpic contribution was calculated by summing the in vacuo gas-phase energies
(AEgas = AEgje + AEyqw) and the solvation free energies (AGsoly = AGpp + AGyp).27

The Poisson-Boltzmann (PB) approach?® was used to calculate the polar component of
A Ggqpy, While the nonpolar contribution to the solvation energy was calculated as AGyp =
Y(SASA) + B, in which y = 0.00542 kcal/AZ, B = 0.92 kcal/mol, and SASA is the solvent-
accessible surface area estimated with the MSMS program.2? To compute the entropic
contributions (- 7AS), the normal-mode3C analysis was applied to 100 MD frames.

As described in more detail in further sections, the individual contribution to the
polynucleotide binding of each dendrimer residue was assessed by further processing the
MD frames, using the mm_pbsa.p/ script of AMBER 10 to decompose the total interaction
energy on a per-residue base.

The ptrajmodule of AMBER 10 was used to process the dynamic trajectories to obtain
relevant geometric data of all the complexes (i.e., root-mean-square deviations (rmsd), radii
of gyration, and radial distribution functions (RDF)).

Results and Discussion
Solution Phase Structures of F2—-1 and G2-5

As a starting point for the study, the solution phase structures of F2—-1 and G2-5 were
calculated in a cubic periodic water box containing a suitable number of Na* and CI~ ions to
guarantee neutrality and to achieve 150 mM salt concentration, an environment that mimics
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physiological solution. Computation provided radius of gyration (/y) profiles and radial
distribution functions (RDF) that showed that the behaviors of F2-1 and G2-5 are notably
different.

The radius of gyration £y as defined by eq 3 is not a true measurement of the molecular
radius. Instead, it is the average distance between each atom and the center of mass of the
structure considered.

1 N
RgZZNZ(Tk - rmean)2 3)

k=1

Based on a recent study, it has been observed that the length of the linker groups between
monomer units of a dendrimer have little effect on the dendrimer conformation. In a good
solvent, the linker groups effectively behave as unperturbed blobs that rearrange only to
minimize excluded volume interactions.3! However, these trends differ from the structural
changes observed for the dendrimers investigated in this study. While the rigidity of G2-5 is
reflected in a flat /7 plot over the solution phase simulation, F2-1 undergoes significant
reorganization. This reorganization of the flexible dendrimer is captured in both the final
structure and calculated radius of gyration, as shown in Figure 2 (the original 7 plots
available in the Supporting Information). Here, the /&y value observed for G2-5 is calculated
to be 13.5 A, almost identical to the value observed for the starting structure and consistent
with a rigid framework. In contrast, F2—1 reorganizes by collapsing from an initial, extended
structure measuring 25 A to a compact equilibrated globule of 10.7 A, corresponding to a
significant reduction in radius of gyration.

The final equilibrated solution energies calculated for F2-1 and G2-5 (-8.9 and —4.4 kcal
mol~1, respectively) reflect the differences in intrinsic rigidity of these two structures. The
highly flexible linkers of F2-1 collapse near the core, creating a barrier between the external
solvent and the hydrophobic triazine unit. On the other hand, the intrinsic rigidity of G2-5
precludes collapse: only minor adjustments of surface groups are observed. This inability of
G2-5 to reorganize explains why the energy of the equilibrated configuration of F2-1 in salt
solution is almost two times lower as that of G2-5 in the same conditions.

The radial distribution functions (RDFs) plot the number of atoms belonging to both the
dendrimer and the solvent molecules at specific distances from the center of mass of the
dendrimer at each simulation step. The results are shown in Figure 3. The curves reported
are average values for the RDFs along the last 2 ns of the equilibrated dynamic and, thus,
represent the density of atoms in space with respect to time. It is worth noting that high
peaks in a certain zone of these graphs correspond to areas of high atomic density and low
atomic mobility. The trace for G2-5 suggests “molecular porosity”. That is, the center of
mass of the dendrimer shows an area of high atomic density at 2-3 nm from that falls off
rapidly, as well as a clustering of peripheral groups represented as broad peaks appearing
from 10-18 nm. This nonuniformity in peak height in the RDF profile suggests a difference
in the ability of the two regions to readily vibrate. The rigid core region is forbidden from
free vibrations in comparison to the oscillations that occur at the periphery of the dendrimer.
In contrast, F2—1 plots slope consistently, with a dense center-of-mass structure having high
atomic density observed at small radii. Here, the RDF plots are very close to the one typical
of PAMAM dendrimers reported by previous modeling studies.32-33 Differences in structure
are also revealed by accessibility of solvent molecules to the center of mass. G2-5 reveals
porosity with the sharp increase in water density observed at 3 nm. Solvent density is largely
uniform throughout. In contrast, solvent is more excluded from F2-1 by the PEG-like
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linkers. This trend is shown by the gradual onset of solvation, presumably due to a largely
inaccessible center of mass.

Interactions with DNA and siRNA

We rely on the data obtained from ethidium bromide exclusion assays to anchor our
intuition on nucleic acid binding. Experimentally, the binding of G2-5 and F2-1 to DNA
was estimated using an ethidium bromide (EthBr) exclusion assay. In this assay, 4 ug of
herring testes DNA was complexes with increasing amounts of dendrimer and diluted to a
final volume of 280 uL. Following a 20 min incubation period, the complexes were treated
with 20 uL of 0.1 mg/mL ethidium bromide solution, and intercalation-induced fluorescence
was quantified using a fluorescence plate reader. The results of this assay are reported as
both a Csg, which represents the concentration of dendrimer require to exclude 50% of
EthBr, and converted mathematically to a CEsg, which represents the M/ Pratio required to
exclude 50% of EthBr. The results are shown in Table 2.14.15

Ethidium bromide intercalation occurs when the DNA is not “protected” by dendrimer.
Increased ethidium bromide intercalation at a given DNA concentration corresponds to
lesser DNA binding by the dendrimer. Accordingly, lower Csq and CEsgg values reflect more
effective DNA binding. Defining “more effective” unambiguously is difficult: in these
studies, “more effective” could be reflected either in binding constant or size of the footprint
of the dendrimer on the DNA.

For the purpose of modeling, equilibrated solution phase structures of free G2-5 and F2-1
were taken as a starting point for the creation of all the complexes. Dendrimer—nucleic acid
complexes were assembled by placing the dendrimer in close proximity to the major groove
of the nucleic acid of interest and immersing the structure in the periodic water cube in
presence of salt ions to reproduce neutrality and a 150 mM salt concentration.

As expected, the interaction between the dendrimer and the nucleic acid structure result in
no significant changes in the conformation of the oligonucleotide. This result follows trends
observed in previous reports, which illustrate that the adsorption energy between a small
cationic nanoparticle (R~ 15 A) and a polyelectrolyte are not large enough to overcome the
bending rigidity of the electrolyte.3* However, while the minimized structures of dendrimer
and nucleic acid preserve the gross equilibrated confirmations of both the starting materials,
more subtle differences emerge. Figure 4 shows the different behaviors of G2-5 and F2-1
upon binding to DNA and siRNA. The rigidity of G2-5 places the cationic peripheral
groups at a greater distance from the center of mass, promoting interactions with a larger
area of the nucleic acid. This “footprint” is reflected in data collected from ethidium
bromide titrations (Table 2). “Rigidity” is manifest in this structure: it can be thought of as a
rigid molecular chassis with charged terminal units attached to the surface that reorient
slightly to interact with the nucleic acid target. Similar reorganization occurs with the
peripheral groups of F2-1, but the initial hypothesis that the flexible tethers would provide a
more fluid and expanded binding domain is not borne out in these computations (Figure 1).
Instead, F2—-1 largely maintains a tight, globular domain when exposed to polynucleotides,
in analogy, for instance, to the classical PAMAM dendrimers.

Modeling the Binding Affinity of Dendrimers toward Nucleic Acids

To better understand these models, we performed energetic and structural analyses of the
complexes. Moreover, we analyzed G2-5 and F2-1 dendrimers also for binding to siRNA to
understand the effect of a different nucleic acid on the behavior of these molecules. Table 3
summarizes the free energies of binding of the dendrimers with the nucleic acids of interest
(either DNA or siRNA). In all cases, association is promoted by favorable enthalpic
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interactions at an entropic penalty. Presently, there appears to be no relationship between
either dendrimer composition or nucleic acid and the magnitude of the gain or penalty.
Perhaps surprisingly, the relative rigidity of G2-5 does not communicate fewer entropic
penalties in light of fewer enthalpic interactions, nor does the flexible F2—1 show enhanced
enthalpic gain at the cost of entropic penalty. Table 3 reports the energetic values
normalized over the number of primary binding groups (i.e., the 12 cationic amines of each
dendrimer) to afford direct comparisons with other systems and to explore the ability of each
structure to use effectively its active groups. For calibration, spermine-decorated dendrons3®
considered “ultra high affinity binders”19 showed similar albeit slightly higher normalized
binding energy values of about -7 to -8 kcal mol~2, while values for PAMAM dendrimers
currently under investigation are slightly lower.

Binding reflects a compensation between enthalpy and entropy as might be expected. The
entropic penalties assessed in orienting cationic surface groups toward the negatively
charged phosphate atoms in either DNA or siRNA is rewarded with favorably binding
interactions. The high affinity of each charged group of G2-5 for SiRNA corresponded to an
enthalphic gain of —12.8 kcal mol~1 and an entropic penalty of +5.7 kcal mol=1. Conversely,
the low affinity of each charged group of F2-1 for DNA is due to a low enthalpic gain of
-8.4 kcal mol™1 at the consistent entropic cost of +4.7 kcal/mol.

Table 3 shows that, while G2-5 reports high affinity, F2—1 shows a consistently lower
affinity for both ligands. The loss in affinity is given by the decrease in the favorable
enthalpic term (AHhing) of G2-1 and F2-1 of ~25% in DNA and ~40% in siRNA binding.
However, due to the higher rigidity of DNA, the entropic cost required to F2-1 for a
successful binding with DNA is higher than for SiRNA (+4.7 vs +3.5 kcal mol™1
respectively), and this produces a lower per-charge affinity (A Gpjing is —3.7 and —4.5 kcal
mol~1 if F2-1 is binding DNA and siRNA, respectively). These data indicate that the
enthalpic contribution to binding is strongly electrostatically driven in these binding
phenomena, F2-1 is not able to effectively use the potential of its charged amines.

Radii of Gyration

An additional layer of insight is offered by examining the radii of gyration of these
complexes, which has been averaged over the last 2 ns of simulation. Table 4 reports the
radii of gyrations (/) for complexes (dendrimers+oligonucleotides), DNA/SiRNA
molecule, dendrimers, and for the positive surface ligands (POS), as well as shows the
difference between the /7, of POS residues and the dendrimer, which is expressed as a
percent (%var).

These values provide some insight into the level of reorganization in these globular
structures. The Ay values calculated for the polynucleotides in the presence and absence of
dendrimer are largely unchanged, suggesting that within these simulations, the structure of
the polynucleotide is not grossly affected. The radius of gyration, A, reports the average
distance between each atom and the center of mass of the macromolecule, which is not
necessarily the core as depicted in a 2-D representation. We refer to this value loosely as
“size” for the purpose of discussion. Our intuition is impacted in two ways by this data.
First, the changes in “size” of the macromolecules on binding can be assessed by comparing
the A of the native, unbound macromolecule and the bound species. Second, the changes in
“conformation” of the macromolecules upon binding can be assessed by comparing the Ay
of the dendrimer and simply that of the cationic end groups: that is, a large difference
between Ay of whole dendrimers and surface ligands (%var) means a high degree of
orientation of external charged groups extended toward the external salt solution or toward
distant anionic groups. Based on results from previous studies, in which PAMAM
dendrimers were shown to expand noticeably to optimize electrostatic interactions with
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DNA,36 we expected that the Ry for G2-5 and F2-1 would increase to improve binding
interactions and that there would be little difference between the £ of the macromolecule
and that of the cationic end groups, suggesting that there dendrimers were orienting the
charged groups on the periphery toward the oligonucleotides.

The data suggests that rigid G2-5 dendrimer does not undergo significant changes in radii
(which we correlate to gross orientation) on binding to either DNA or siRNA based on the
similarity in radii (13.5 A for the unbound G2-5 vs 13.1 A and 14.1 A for G2-5 complexed
with DNA and siRNA, respectively). Indeed, similar binding strategies might be
hypothesized. However, while F2-1 does not undergo significant conformation changes on
binding DNA (10.7 A unbound vs 10.4 A bound), it does reorganize on binding siRNA (R
9.6, indicating 10% change). This difference is likely due to the higher flexibility of SIRNA
strands, which are able to partially adapt to the small F2-1. During binding F2-1 is thus
allowed to collapse further and to maintain about the same enthalpic affinity than versus
DNA at a reducing the entropic penalty of ~33% (Table 3). On binding either DNA or
SiRNA, the variability between end group /y and global /&y for G2-5 is small (%var ~ 3-6).
Conversely, the %var of F2-1 (~18-21) reflects reorganization. Here, the flexibility of PEG-
like core is used to obtain a better orientation.

Radial Distribution Functions

The radial distribution profiles calculated over equilibrium structures for the last 2 ns of
simulation suggests how the structures may behave in space over time. Specifically, the
analysis provides clues as to how the atomic density varies about the center of mass. As in
these plots, sharp peaks correspond to a large number of atoms confined both spatially and
temporally. Broad features correspond to less confined, rapidly reorganizing domains
(although we hesitate to say “flexible” based on our usage of this term). The discussion is
subdivided by macromolecule in the following sections.

Macromolecule G2-5—The four plots shown in Figure 5 describe G2-5 interactions
with DNA (A,C) and siRNA (B,D) for all atoms (A,B) and for select atoms (C,D). The
profiles in the top row reveal that bound G2-5 behaves similar to free G2-5 in solution,
which was shown previously by the blue curves in Figure 3. That is, the distribution function
reveals the “porosity” signature described earlier, whereby a sharp peak represents a dense
core and a broader feature between 10-20 A reveals more rapidly reorganizing peripheral
groups.

The second row of traces shows the distribution profiles for the cationic groups (blue) and
phosphates of the nucleic acids (pink). With DNA, sharp features at 4 and 7 A for N and P
atoms, respectively, reveal that one interaction occurs near the center of mass. Conceptually,
we consider this an anchoring interaction, characterized by low mobility, because it is
present in the same zone across the entire simulation. The tailing of the pink trace is
expected: the nucleic acid is longer than the macromolecule. With siRNA, the pattern and its
translation is consistent, but no interactions are occurring near the center of mass as
indicated by the lack of sharp peak at distances less than 10 A. However, the curves
superimpose to create “binding space” at distances 10-15 A from the center of mass,
indicating a uniform binding without preferential binding spots.

Macromolecule F2—1—The radial distribution functions of F2-1 interacting with DNA
and siRNA are shown in Figure 6. As before, the top traces reveal that the general
morphology has not changed significantly from the unbound forms: the dendrimer, as shown
in Figure 3 (blue curve) remains a dense core structure. The broadening visible upon siRNA
binding reflects the hypothesized swelling of the molecule. The lack of good overlap
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between cationic nitrogen atoms of the dendrimer and phosphorus atoms of nucleic acid is
evident from the distances between the electrostatic groups. Unlike the favorable distance
translation of 3-4 A observed for G2-5, the greater distances between binding groups
suggests that interaction is more transient and involves more dynamic processes. Both the
graphs related to F2-1 binding DNA and siRNA show poor superposition between blue and
pink profiles, indicating a different dynamic behavior of N and P atoms. Interestingly,
Figure 6¢ shows a zone, between 15 and 22 A, with nearly perfect N and P curve
superposition. This low density zone is actually a high mobility binding zone, characterized
by few binding spots composed by single N atoms of the dendrimer and P atoms of DNA
that are strongly vibrating in the same way. The entire (albeit low) binding affinity between
F2-1 and DNA arises from this domain. However, the superposition in any zone of these
RDF graphs is very low, indicating that the binding is punctuated and discontinuous.

Energetic Insight in the Binding

The simulations provide an opportunity to dissect additional detail on the molecular bases
for binding. For this analysis, the dendrimers were divided into core domains (CEN, LIN,
and PER residues) and surface cationic and auxiliary, neutral groups (POS and AUX,
respectively). In the case of G2-5, the neutral AUX group was a single hexyl chain. For F2—
1, the AUX groups are alcohols. The total interaction energies between dendrimers and
oligonucleotides were divided to describe the interaction energy by residual base. This
strategy allows for the calculation of the contribution that each residue gives to the binding
affinity. The energetic components reported in Table 5 describe the differences between the
energy of the dendrimer/DNA complex (Ecompiex) and the sum of the energies of dendrimer
and DNA taken separately (Egendrimer * £EDNA)- A Negative £ value indicates the tendency of
the dendrimer and DNA (or siRNA) have to form a complex according to eq 4.

E:Ecomplex - (Edendrimer+EDNA) “

Gas-phase nonbond interaction energies (£qqs) for each residue are composed of electrostatic
and van der Waals in vacuo contributions (&gl and Eyqw, respectively) according to eq 5.

Ega‘s =FEeletEvdw (5)

The in vacuo gas-phase energy for each residue (£gss) is then corrected for solvation effects
to give the total energy, E, Using the generalized Born3” method that is available in the
mm_pb-sa.pl script of AMBER 10, as the Poisson—Boltzmann method is not practical for
decomposition calculations.

As predicted by intuition, the cores (CEN, LIN, and PER residues) of the dendrimers make
no significant energetic contributions to binding (the Supporting Information tabulates
contributions for all residues). Similarly, no benefit is derived, indeed only penalty, from
other hydrophobic portions (AUX) of these molecules including the hexyl tails of G2-5
(Eiot ~ 0 kcal mol™1). Any peripheral group that links triazine to either cationic nitrogen or
hydroxyl (i.e., the -N(CH,CH>CH2X), groups of the peripheral triazine) typically costs 0—
3.5 kcal/mol for each group. Thus, binding derives solely from interactions between the
phosphate backbone and terminal POS groups. The potential binding affinity between the
hydroxyls and DNA is largely negated by the costs of the linker displaying them. Table 5
summarizes the energetic contributions of the surface POS groups.

These calculations show that cationic groups can be categorized either as engaged or
disengaged from interactions with the polynucleotide. Energies for engaged groups are
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considerably high. Disengaged groups contribute nothing energetically as both distance and
ions in solution effectively screen these interactions. For example, disengaged groups POS
5-POS 6 and POS 7-POS 8 of G2-5 have no binding efficiency toward DNA. Instead, they
act as an umbrella (Figure 7A), shielding the more crucial, binding residues from ion
interference: this behavior has been observed in other structures.1®

We can count the number of productive enthalpic interactions (5ot < —5.0 kcal mol™1)
between dendrimer and target nucleic acid. G2-5 makes seven cationic contacts (POS 1, 2,
3,9, 10, 11, and 12) with DNA, while F2-1 makes only four contacts (POS 1, 3, 7, and 10).
Interestingly, when a peripheral group of G2-5 makes contact with DNA, both cationic
amines are engaged. In contrast, only one of the two available cationic groups of peripheral
groups in F2-1 make contact with DNA, albeit more strongly. This difference in binding
geometry appears to be due to the interactions between the hydroxyls of the AUX (partial
negative charge) and POS terminal groups of F2-1, wherein both hydroxyls capture one
cationic group: the AUX groups of G2-5 are hexyl chains. Fewer contacts with siRNA are
recorded for both dendrimers: G2-5 makes five contacts (POS 1, 2, 5, 6, and 8), which
typically involve both cations of a peripheral group, while F2-1 makes three contacts (POS
7, 8, and 10). In average, F2-1 is less able to use productively its charged POS groups, as
evidenced by the average F; value (—4.5 kcal mol~! for G2-5 vs ~-3.0 kcal mol~2 for F2—
1, a 50% of difference). All of these interactions are captured in Figure 7.

It is worth noting that, for F2-1+siRNA complex, significant binding energy derives from
the POS 7-PQOS 8 branch. However, the phosphate group does not sit symmetrically in the
binding site and produces a nonuniformity in the siRNA and dendrimer vibrations. The red
oval in Figure 7D identifies a hydrophobic patch of F2—1 that remains exposed to SiRNA.
This zone of hydrophobic interaction correlates with the high pink peak in the RDF of
Figure 6D at the distance of about 7 A. Binding is not uniform, but characterized by a single
point that acts as a “hinge” between F2-1 and siRNA. Moreover, because the vibrations of
dendrimer and nucleic acids are different, this peak relates to low mobility P atoms that
create vibration conflicts with F2—1 branches during the complex oscillation. Due to its
compact conformation in solution, F2-1 forms with nucleic acids a binding that is
completely different from the one of G2-5. In fact, F2-1 binds with DNA and siRNA as an
external body, and thus, the product of binding is a compound of two molecules attached by
single points. This makes binding less topologically uniform and dynamically stable. On the
other hand, G2-5 maintains a high uniformity in binding due to its open conformation. In
this way, by distributing uniformly the binding between multiple contact points, G2-5 is
able to use its active sites with extremely high effectiveness, vibrating uniformly in complex
with both DNA and siRNA.

Conclusions

In this modeling, differences in peripheral groups and core flexibility lead to quantifiable
differences in the energetic of binding as well as different conformational responses within
the macromolecule. These models offer a starting point for rationalizing the difference that
is observed experimentally when G2-5 and F2-1 are used to bind to DNA or siRNA.

The F2-1 structure was expected to engage polynucleotides of DNA and siRNA by
extending its long and flexible PEG-like branches to maximize the number of productive
interactions between cationic groups pendant and the anionic target. Indeed, the converse is
true: the flexible linkers facilitate collapse of the structure protecting it from the external salt
solution resulting in a reduction in the radius of gyration. The molecule assumes a spherical
shape with a compacted core and strong orientation of the surface groups toward the ions in
solution, the typical configuration assumed by PAMAM dendrimers. During binding with
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oligonucleotides, this conformation does not change much, and F2-1 binding focuses on
single binding points characterized by high binding strength. This inability to compensate
for the low number of interactions resulted from the binding site conformation and a
nonuniformity in molecular vibration resulted in less stable binding. On the other hand, G2-
5 maintains a conformation that is more optimized to bind to oligonucleotides despite having
a molecular conformation originally less stable in solution, the rigid hydrophobic core
remained exposed to water and ions. Energetically, it appears that G2-5 binds DNA and
SiRNA equally well, making, on average, more contacts with the polynucleotide than F2-1.
In contrast, F2—1 binds less efficiently. The structure of F2—-1, originally designed to gain
flexibility, resulted in a more compacted and rigid sphere-like conformation while in
solution that minimized contacts with the nucleic acid. Interestingly, the binding with
SiRNA is favored over DNA due to the higher rigidity of DNA and to the consistent
curvature of siRNA, the GL3 molecule can partially adjust on F2-1, reducing the entropic
cost and thus enhancing binding (gain in A Gyjng 0of >20%).

In this study, modeling is shown to be an ideal instrument to support the intuitive conception
and the design of new binding agents. We believe that the results reported in this paper will
give a new point of view in the binding mechanism with nucleic acids, highlighting the
direct relationship that exist between structure and functionality of these binding agents.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Initial structural conformations of G2-5 (A) and F2-1 (B) molecules. The central core,
CEN, residue is colored in green, the variable linkers, LIN, in yellow, peripheral triazines,
PER, in blue, auxiliary, AUX, in red, and positive groups, POS, in native color.
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Figure 2.

Equilibrated structures of G2-5 (A) and F2-1 (B) and corresponding Ay values, expressed
in Angstroms (A). The dendrimer residues are represented using the same color scheme as in
Figure 1. Water molecules and couterions have been omitted for clarity.
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Figure 3.

Radial distribution profiles (RDF) of G2-5 (A) and F2-1 (B). RDF are reported for
dendrimer (G2-5 and F2-1: blue) and water (WAT: pink). Distances from the center of
mass of the dendrimers are expressed in Angstroms.
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Figure 4.

Front view snapshots taken from the dynamic simulations of G2-5+siRNA (A) andF2—
1+DNA (B). Dendrimers are colored by atoms except for CEN residues, colored in green,
and POS surface groups, colored in red. Na* and CI~ ions are purple and green spheres,
respectively. GL3 siRNA and DNA are represented respectively as yellow and purple solid
ribbon. Water molecules are omitted for clarity and only those counterions in close
proximity to the complexes are shown.
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Figure 5.

Radial distribution functions of G2-5 with DNA (A,C) and siRNA (B,D). The top traces
(A,B) show the profile for all atoms of dendrimer (blue) and nucleic acid (pink). The bottom
traces (C,D) show peripheral cations (blue) of the dendrimer and phosphorus atoms (pink) of
the nucleic acid. Distances from dendrimer center of mass are expressed in Angstroms.
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Radial distribution functions of F2—1 with DNA (A,C) and siRNA (B,D). The top traces
(A,B) show the profile for all atoms of dendrimer (blue) and nucleic acid (pink). The bottom
traces (C,D) show peripheral cations (blue) of the dendrimer and phosphorus atoms (pink) of
the nucleic acid. Distances from the dendrimer center of mass are expressed in Angstroms.
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Figure 7.

Snapshots of dynamics simulation of (A) G2-5+DNA, (B) F2-1+DNA, (C) G2-5+siRNA,
and (D) F2-1+siRNA. Within the dendrimer CEN is shown in yellow, LIN, PER, and AUX
are colored using typical atom conventions, and the surface charged POS in red and green
for G2-5 and F2-1, respectively. Each POS residue is identified by a numerical index.
Water molecules and hydrogens are omitted for clarity, and only those counterions in close
proximity to the complexes are shown. DNA and siRNA are represented as solid ribbons
colored in gray and pink, respectively.
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Flexible dendrimer interacts Rigid dendrimer interacts
productively and extensively less productively with target.
with target.

2 The color scheme is preserved throughout.

Scheme 1.
Theoretical Binding Model for Flexible and Rigid Dendrimers with DNA?
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“The color scheme is preserved throughout the computational models with the core shown in green, the variable domain (rigid or flexible linker) in
yellow, the peripheral triazine in blue, the cationic groups in native color, and the auxiliary binding group (either hydroxyl or alkyl chains) in red

Scheme 2.
Dendrimers Used in this Study Include the “Rigid” G2-5 and “Flexible” F2-1¢
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Table 1

Main Features of the Molecular Systems Simulated in this Work

Page 22

total number of

N
complex dendrimer charge  polynucleotide charge® V(\)A(ﬁ;:; ?Ig))(lﬂ ::;n gr_r:;:zb waternrl;g?sgglgz atosn;:t;rrlnthe
G2-5+DNA +12 341024 62 10726 34052
G2-5+siRNA +12 324649 60 10189 32439
F2-1+DNA +12 304587 54 9371 30324
F2-1+siRNA +12 290165 52 9048 29053

aBoth 21 base-pair DNA and siRNA have an overall charge of —40 because the terminal nucleotides do not carry a charge in the model.

b L - . N~
The total amount of counterions is the sum of the Na* and CI™ atoms required for system neutralization of the systems and reproduce the 150 mM

ionic concentration.
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Table 2

Experimental Data for the Binding of G2-5 and F2-1 to DNA, as Determined by EthBr Displacement Assaya

dendrimer  C.,° ("\M) 150 MM NaCl  CEq,” 150 mM NaCl

G2-5 2 0.5
F2-1 11 2.9

aHigher Cs0 and CEgQ values represent less effective binding of the dendrimer to DNA.
bC5o represents the concentration (in nM) of dendrimer required to displace 50% of the EthBr ([DNA Base] = 1 pM, [EthBr] = 1.26 uM).

CCE50 represents the charge excess (ratio of protonatable nitrogen atoms on the dendrimer to deprotonatable phosphate groups on the DNA) at
which 50% of EthBr is displaced.
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Table 3

Free Energies of Binding Normalized per Charged Amine, Expressed as the Sum of the Enthalpic and
Entropic Contributions”

dendrimers AHping ~TASping AGhping

G2-5+DNA -106+0.7 +39%1.0 -6.7
G2-5+GL3  -128+1.0 +57%16 -7.1
F2-1+DNA -84+06 +47+0.7 -3.7
F2-1+GL3 -8.0+06 +35+0.6 -4.5

a . . _
Energies are expressed in kcal mol 1
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Radius of Gyration (Rg, Eq 3) of the Complex, as Composed by Dendrimer and Oligonucleotide, of the Single
Nucleic Acid (DNA or siRNA), the Whole Dendrimer, the Surface Charged Groups (POS Residues), and the

a
%var Index

systems Ry complex (&)  Rg, DNA and siRNA (A) Ry, dendrimer in complex (&)  RGENP (&)  %var
G2-5+DNA 21.3 21.0 131 13.9 5.7
G2-5+siRNA 19.3 19.1 14.1 14.6 34
F2-1+DNA 21.0 20.9 10.4 12.7 18
F2-1+siRNA 20.0 19.5 9.6 12.1 21

a o ) . " . " .
All Rg are measured in A. The native dendrimers show radii of gyration of 13.5 and 10.7 A, respectively, for G2-5 and F2-1.
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Table 5

Energetic Contributions of POS Groups to Binding”

G2-5+DNA F2-1+DNA  G2-5+siRNA F2-1+siRNA

residueb No. Etotc and Etotc and Emtc and Etotc and

POS 1 -99 -45 -51 -3.0 -6.3 -45 -01 -31
POS 2 =50 -0.2 -6.8 -0.2
POS 3 -78 -14.7 -0.5 -0.3
POS 4 44 -0.1 -0.5 -0.4
POS 5 =03 -0.2 -8.8 -4.0
POS 6 -02 -0.1 -16.8 -0.9
POS 7 -02 -7.1 -13 -9.8
POS 8 -0.2 -0.4 -6.9 -11.1
POS 9 -56 -0.1 -3.3 -0.9
POS 10 -72 -8.2 -2.2 -9.2
POS 11 =57 -0.2 -0.3 -04
POS 12 -70 -0.3 -0.3 -0.3
total POS 53.5 36.3 53.8 37.6

aFor each complex, the energetic contribution (Eot) of all POS residues, the mean values calculated on all POS groups, and the total POS
energetic value are reported. Each POS ligand is identified by residue numbers (No.). POS residues that belong to the same branch are coupled in

the table. All energies are expressed in kcal mol~1.
b . . . .
Energetic values are reported for the most interacting (POS) residues only.

c . . .
FEtot represents the per residue total energy after correction for solvation.

dThe mean Eot value (avg) is calculated over all the POS active groups.
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