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Abstract

The complexes formed by DNA and polycations have received a great attention owing to their
potential application in gene therapy. In this study, the binding efficiency between double-stranded
oligonucleotide (dsDNA) and branched polyethylenimine (B-PEI) has been quantified by
processing of the images captured from the gel electrophoresis assays. The central composite
experimental design has been employed to investigate the effects of controllable factors on the
binding efficiency. On the basis of experimental data and response surface methodology, a
multivariate regression model has been constructed and statistically validated. The model has
enabled to predict the binding efficiency depending on experimental factors, such as concentrations
of dsDNA and B-PEI as well as the initial pH of solution. The optimization of the binding process
has been performed using simplex and gradient methods. The optimal conditions determined for
polyplex formation have yield a maximal binding efficiency close to 100%. In order to reveal the
mechanism of complex formation at atomic-scale, the molecular dynamic simulation has been
carried out. According to the computation results, B-PEI amine hydrogen atoms have interacted
with oxygen atoms from dsDNA phosphate groups. These interactions have conducted to the

formation of hydrogen bonds between macromolecules, stabilizing the polyplex structure.

Keywords: DNA, PEI, polyplex, response surface methodology, molecular dynamic simulation

1. Introduction

Gene therapy, a method used to introduce genetic material into cells to treat various maladies
requires specific therapeutic genes and efficient, yet non-toxic gene delivery system.1 Cationic
polymers as non-viral gene delivery systems (vectors) have great potential to create pharmaceuticals

. . 2-4 . .
from nucleic acids.”™ They have less specific immune responses, are generally safer and easy to

design with more flexible structures and chemical properties for various purposes.”® Among

Page 2 of 42



Page 3 of 42

Organic & Biomolecular Chemistry

available cationic polymers, polyethylenimine (PEI), including branched (B-PEI) and linear
polyethylenimine (L-PEI), is the most effective vector for various types of polymeric gene carrier,
and has thus been extensively used for both in vitro and in vivo gene delivery.'>*? One of the most
important properties of PEI is its high cationic charge density. The theoretical ratio of primary,
secondary and tertiary amino groups in B-PEI has been calculated as 1:2:1, respectively,13 and there
is a close relationship between the pH of PEI and the positive charge density on PEL'* Previous
reports have revealed that the PEI protonation degree at physiological pH is 20%.%' Later, other
authors'®'” have determined by both experiments and computations that for linear, star-like and
comb-like PEI, the degree of protonation of amine groups was about 50% at pH=7.4. Recently, a
cost-effective gene transfection by plasmid DNA compaction at pH 4 using PEI has been also
reported.18

Besides plasmid DNA, PEI has also been widely used for the compacting and delivery of
short, 20-25 double-stranded nucleotides for siRNA-mediated or oligonucleotide gene therapy.''*"
22 Although plasmid DNA-based polyplexes are well characterized, it was recently shown that not
all knowledge can be adapted from DNA-based polyplexes to short oligonucleotide-based
polyplexes, as the synthetic sequence is around 250 times smaller and shows a higher
conformational rigidity. Thus, Wagner and co-workers™ have reported a detailed study on the
influence of the various molar masses of B-PEI (0.6, 1.8, 10, 25 kDa) on the stability, formation,
and uptake of siRNA-based polyplexes. It was found that, comparing to plasmid DNA, the optimal
complexation of siRNA and the subsequent delivery into cells required B-PEI with much lower
molecular masses.

Despite the broad interest, the systematic study on the conditions for polyplex formation of
short oligonucleotides and PEI, their characteristics are only partially understood and not yet
investigated in detail. To the best of our knowledge no studies have been performed to model and
optimize the complexation of short oligonucleotides on PEI, including PEI/oligonucleotide ratio and

pH. The design of experiments (DoE) and response surface methodology (RSM) are adequate tools
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to address such issue. These statistical techniques have been widely accepted and applied for
investigation, modeling and optimization of various biotechnological processes.***

In the current work, DoE and RSM has been applied for modeling and optimization of the
complexation process of short 25 nucleotides double-stranded DNA (dsDNA) sequences on B-PEI.
The experimental data for monitoring the complexation were obtained from the agarose gel
electrophoresis assays by comparing unbound dsDNA band intensities determined by devoted

software. In addition, the molecular dynamics simulation has been carried out to uncover the

mechanism of polyplex formation.

2. Materials and methods

2.1. Materials

Branched PEI (B-PEI) with an average molecular weight of 2 kDa was purchased from
Sigma-Aldrich (Munich, Germany). B-PEI was dissolved in mili-Q water and used as a 200 uM
stock solution. All other chemicals (ethidium bromide and sucrose) were purchased from Sigma-
Aldrich (Munich, Germany), agarose base, 10 XTAE were purchased from AppliChem GmbH,
Germany. HPLC purified double-stranded DNA (dsDNA) was purchased from Metabion AG
(Germany), diluted to the concentration of 100 uM and used as stock solution. The sense strand
was: 5’-CAAGCCCTTAACGAACTTCAACGTA-3' and antisense strand was:

S-TACGTTGAAGTTCGTTAAGGGCTTG-3".

2.2. Preparation of polyplexes

The buffers used in binding experiments contained 0.2xTAE (8 mM Tris, 0.4 mM acetic
acid and 0.2 mM EDTA), 50 mM NaCl at correspondingly adjusted pH values. The total volume of
an assay mixture was 15 pl. dsDNA was prepared by annealing of sense and antisense DNA strands
(46,8 uM) in 2.4xTAE (96 mM Tris, 48 mM acetic acid and 2.4 mM EDTA) and 120 mM NaCl.

The samples, containing corresponding dsDNA/B-PEI weight ratios (D/P ratios) and various pH
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values were incubated at 25°C for 1 h prior to gel loading. The testing conditions are detailed in the

experimental design section.

2.3. Agarose gel electrophoresis assay

Binding experiment involved mixing the appropriate amounts of dsDNA and B-PEI under
the desired pH conditions and sample incubation for 1h at 25°C. Sucrose (5 pl with conc. 25% in
water) was added and the samples were immediately loaded onto 1% agarose gel and run at 90 mV
for 60 minutes at room temperature in 1xXTAE buffer (40 mM Tris, 20 mM acetic acid and 1 mM
EDTA). Subsequently, the gels were stained with ethidium bromide for 10 minutes at room
temperature and then photographed. The dsDNA bands were quantified by analysing the gels at the

wavelength of 254 nm using a DNR Bio-imaging system.

2.4. Quantification method

The investigation of the binding affinity of DNA by gel electrophoresis method is essential to
quantify the formation of the polyplexes.® In this work, for the quantification of binding affinity of
the samples, the gel captured images were analyzed by Gel Quant Express software (Fig. 1).
Typically, a gel electrophoresis experiment at a certain pH value contained dsDNA as reference
whose intensity was quantified by the software as 100%, and several (three or four) parallel samples
of a given D/P ratio. To determine the maximum loading capacity of dsSDNA on B-PEI, we have
chosen to form a neutral dsDNA/B-PEI polyplex which did not migrate in gel but is only partially
stained in gel pocket. The average signal intensity value of unbound dsDNA (Fig. 1) was
determined comparing the band intensity of the reference signal and the band intensity of unbound
dsDNA of the sample. If the average value represents the band intensity of unbound dsDNA, than,

the binding efficiency Y (%) has been quantified by:

Y =100-1, (1)
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where 100% denotes the intensity of the reference signal (dsDNA); and /5, (%) is the average
intensity of the bottom spots from lanes in the assay image, representing the amount of the unbound
dsDNA in the sample. The exact value of dSDNA/B-PEI binding efficiency was calculated for each

experiment from an average of minimum of 3 loading samples.

3. Results and discussions

3.1. Experimental design and modeling of the polyplex formation process

Response surface methodology (RSM) is a collection of mathematical and statistical
techniques used for modeling and optimization of the experimental processes.31 This methodology
combines efficiently the design of experiments (DoE) and multivariate regression modeling. The

31-33

theoretical background of RSM can be found in the common textbooks and in some review

articles.***

The aim of RSM is to optimize the values of input variables (factors) to obtain the best
response (output variable) of a process under investigation. Experimental design enables the
studying of the process via simultaneous changing of the levels of factors, resulting in reduced
number of experimental runs comparing with conventional one-variable-at-a-time approach.

In this work, the experimental design was applied to investigate quantitatively the binding
(complexation) process between dsDNA and B-PEI employing three input variables (factors) for the
design of the experiments, i.e. dSDNA concentration, B-PEI concentration and initial pH of
solution. For modeling purpose, the input variables have been converted into the coded variables
ranging from -1 (minimum level) to +1 (maximum level). Such codification enables the
investigation of variables of different orders of magnitude using the same dimensionless scale for
all of the factors.’'***** The relation between actual values of these factors and their coded levels
is summarized in Table 1. The central composite orthogonal design (CCD) was adopted for the

investigation of the complexation process as presented in Table 2. For each run given in

Table 2, the binding efficiency (response) was determined experimentally by gel electrophoresis. To



Page 7 of 42

Organic & Biomolecular Chemistry

this end, agarose gel electrophoresis retardation assay was used to evaluate the binding between
B-PEI and dsDNA sequence at different pH values and various dsDNA/B-PEI ratios (D/P ratios).
The observed values of the response are reported in Table 2. The images of gel electrophoresis
assays for each experimental run are given in the electronic supplementary information (ESI
Fig.S1).

On the basis of experimental data (Table 2), a response surface model was constructed in

31,32,34
d"

terms of coded variables (x;, x, and x;3) using the multivariate regression metho that can be

written as:

Y =46.726—8.371x, +5.869x, —13.309x, —6.662x7 —3.889x7 — 2.769x,, @)

subject to: - < x; <+, a=1.215; Vi=1, 3

The fitted model (Eq.2) involves only the significant coefficients that have been identified by
Student t-test.>'** The importance of each factor was evaluated by calculation of the percentage
effect of each term on the response. The percentage effect (p;) of factors and their interaction was

calculated according to Pareto analysis.*®

x100 i#0 (3)

The results of the percentage effects are illustrated in Figure 2a. Thus, for the complexation
process (between dsDNA and B-PEI), the pH factor had the most important effect (50.78%) on the
binding efficiency, followed by the effect of dSDNA concentration (20.09%). The main effect of the
B-PEI concentration is of 9.87%, and its quadratic effect (B-PEI x B-PEI) is of 12.72%. The
quadratic effect of pH factor is about 4.34%. Likewise, a mutual effect of 2.20% is attributed to the

interaction between B-PEI and pH.
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The multivariate regression model has been validated statistically using the analysis of
variance (ANO\fA).3l’34 The results of this statistical test (ANOVA) are summarized in Table 3.
Since, the P-value is quite low (i.e. P-value = 0.0007), the model is statistically significant. The
value of the coefficient of determination R’ indicates that the model can explain more than 89% of
the data variation. The goodness-of-fits between predicted values and experimental observations are
shown in Figure 2b. Since the data are scattered close to the bisector, the model is a good predictor
for the binding efficiency Y (%), and the parity plot (Fig. 2b) corroborates the ANOVA results
(Table 3). Finally, the multivariate regression model with actual (real) variables has been developed

by the substitution technique and can be written as follows:

Y =—411.534—5.023z, +47.369z, +60.519z, —1.064z> —3.8892> —1.107z,2,  (4)

subject to:

26.33 < (z; = [dsDNA]) < 30.33 (uM); 14.51 < (z,= [B-PEI]) < 20.52 (uM); 5.8 < (z3=pH) < 8.2

On the basis of the multiple regression model (4), the response surfaces and contour-lines
maps are plotted (Figs. 3-4) showing the couple effects of the input variables (factors) on the
binding efficiency (response). According to Figure 3, the greater dsDNA concentration becomes,
the less binding efficiency is, due to the extra amount of unbound dsDNA. The increment of B-PEI
concentration up to 19 pM leads to the significant improvement to the binding efficiency. For
greater values of B-PEI concentration ([B-PEI] >19 uM), this ascending trend is attenuated and
slightly reversed owing to the quadratic effect produced by the model.

Surface plots in Figure 4 show the couple effects of B-PEI concentration and pH upon the
predicted response. As one can see, if pH value diminishes (from 8 to 6), the binding efficiency
increases substantially. Additionally, an interaction effect can be observed between B-PEI
concentration and solution pH underlying that the polyplex formation is more efficient at a larger

amount of B-PEI and lower pH values. This can be attributed to the more intense protonation of
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amine groups from B-PEI at lower pH values. The results of response surface analysis closely
corroborate with the gel electrophoresis data (assays) presented as images in the supplementary

material (Fig.S1).

3.2. Optimization of the polyplex formation process

The aim of the experimental design and response surface modeling is to optimize the polyplex

formation process. To accomplish this goal, the model-based optimization has been performed to

find the conditions that maximize the binding efficiency Y (%) between dsDNA and B-PEI, and it

is given by:
max I?(xl,x2,x3), subject to: x, e[—a, a], Vz’zl,_S 5)

The method of simplex algorithm®” and an appropriate solver (neldermead) implemented in
Scilab 5.4.1 open-source software has been used for the direct search optimization. The optimal
solution given by simplex method, in terms of actual values of factors, is as follows:

[dsDNA]=26.33 uM, [B-PEI]=19.26 uM and pH=5.8. Under these conditions, the predicted

response is ¥ =70.52 %, and the confirmed experimental response is Y=70.79 %. The observed
value of response (Y=70.79 %) is slightly greater than any binding efficiency value reported in the
initial experimental design (Table 2). Therefore, these conditions are optimal for the investigated
region of experimentation (valid region). However, we were motivated to figure out even higher
values of binding efficiency (i.e. Y > 90 %). This required searching beyond the valid region where
the model could not be applied. In this respect, the gradient method was employed for the additional
optimization based on the experimentation and calculus.®® According to this method the searching
of optimum is accomplished in the gradient direction, which is given by the first order partial

derivatives of the objective function. Thus, the one step displacement form the current point Zl-(k)

(k+1)

into the next one z;" ’is given by the following relationship:
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k) =Zl(k) +/1(k)di(k) Vi=1, 2, ..n ©)

1

where z; is the real value of the variable, £ is the iteration index, A is the step-length, d; is the
gradient direction and » is the number of variables. For the problem of maximization, the gradient
directions correspond to the steepest ascent and can be written as follows:

© (ov/e=l) (ar/az)

. \/Z(GY/asz))z ) \/Z(AY/AZ,W)2

(7

The gradient method can be applied even if the mathematical expression of the objective
function (response) is unknown for a specific region of experimentation, but the experimental
system is available. In our case, the gradient experimentation method was engaged to complement
RSM and to improve dsDNA/B-PEI binding efficiency. The starting point for the gradient
methodology was the optimal point given by Nelder-Mead simplex method, i.e. z,=26.33 uM
(dsDNA), z,=19.26 uM (B-PEI) and z3=5.8 (pH), which yielded the observed response of
Y=70.79 %. Subsequently, only two variables z; (dsDNA) and z, (B-PEI) were selected for
optimization, whereas the third variable z; (pH) was fixed at a constant level of pH 5.8 to avoid a
more acidic pH that can damage dsDNA. Hence, the overall experimental optimization was reduced
to the two-variable problem. The experimental design carried out according to the gradient method
is summarized in Table 4. All values of binding efficiency Y (%) reported in Table 4 were
determined experimentally by gel electrophoresis method (Fig.5, assays A-G1, A-G2 and A-G3).
Thus, for the increment Az;=(28.00-26.33)=1.67 the corresponding variation of response is
AY=(63.31-70.79)= -7.48; similarly for Az,;=2.51 the variation of response is AY=29.12. Based on
these values, the gradient directions have been calculated using Eq. (7). The obtained directions are
as follows, d;= -0.36004 and d>=0.93294. Following Eq. (6) and using a fixed step-length of A=3,
the new values for the variables has been determined, i.e. z;=25.25 and z,=22.06. Thereof, the

optimal conditions given by gradient method are [dsDNA]=25.25uM, [B-PEI]=22.06 pM and
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pH=5.8. Following these conditions, a maximal value (Y=99.96%) of the binding efficiency was
obtained experimentally (Fig.5, assay A-G4). Thus, under the calculated optimum conditions given
by the gradient method a complete complexation occurred between dsDNA and B-PEI (binding
efficiency close to 100%).

It is worth mentioning that RSM has enabled to study the relationship between input variables
and response to identify the interaction effects between variables and to optimize the process of
polyplex formation. However, this methodology belongs to the group of “black-box” models, which
do not explain the mechanism of the process under study. In order to unveil the mechanism of
dsDNA/B-PEI complexation, the additional modeling approach based on molecular dynamics has

been carried out.

3.3. Molecular dynamics simulation of dSDNA / B-PEI polyplex formation

Molecular dynamics simulation is a computational tool useful for understanding the structures
and functions of biological macromolecules as well as their interactions.” This kind of simulation
provides details regarding the individual atomistic motions of macromolecules surrounded by
explicit solvent molecules as a function of time. In the last years, several groups have addressed the
molecular dynamics simulations of DNA/PEI complexes using a Drew-Dickerson dodecamer
d(CGCGAATTCGCG), as the model for short DNA helix.***! Such modeling studies provided
valuable information about the interaction between DNA and PEI, and helped to elucidate the
mechanism of polyplexes formation.

In this work, the simulated DNA helix has the same nucleotide sequences as dsDNA used for
the experimentation, i.e. the sense strand 5’-CAAGCCCTTAACGAACTTCAACGTA-3' and the
antisense strand 5-TACGTTGAAGTTCGTTAAGGGCTTG-3". The B-form of DNA was built
using YASARA-Structure program.** Thus, the modeled dsDNA contains 50 nucleotides, which
carries a total charge of -52 in the fully deprotonated state and has a molecular weight of 15.43 kDa.

Note that, according to the modeled configuration of dsDNA built by YASARA program, there are
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terminal phosphate groups at 5’-end positions having the negative charges of -2 (at O1P and O3P).
The simulated PEI is a branched macromolecule (B-PEI) consisting of 32 amine groups with a
molecular weight of 1.38 kDa. The B-PEI molecule was built in HyperChem software, optimized at
the level of PM3 semiempirical model and finally exported to the YASARA-Structure program.
Note that, the modeled B-PEI contains 16 amine groups in the backbone and 16 amine groups in the
branched segments. As such, B-PEI involves 14 primary amine groups (—NH;), 6 secondary amine
groups (=NH) and 12 tertiary amine groups (=N-), latter being pinpointed only on the backbone
chain. Hence, the macromolecule B-PEI carries a total charge of +32 in the fully protonated state.
The chemical structure of the modeled B-PEI is given in detail in the ESI (Fig. S2).

The molecular dynamics simulation was performed by means of YASARA-Structure software

package, version 14.122.%%

The YASARA program employs an automatic parameterization
method (termed “AutoSMILES”) for the unknown molecular structures. This algorithm was used to
generate YASARA force field parameters for the investigated macromolecules.

In accordance with the simulation protocol, the macromolecules (dsDNA and B-PEI) were
solvated in 32,373 TIP3P water molecules in a rectangular cell (box) with the size of
100 A x 100 A x 100 A. The periodic boundary conditions were set for the simulating box, and the
molecular system consisted of 99,201 atoms. First, the cell neutralization simulation was carried out
to add monovalent counterions (Na" and CI’) attaining the mass fraction of 0.9 %. The simulation
cell was also equilibrated by energy minimization using the steepest descent algorithm followed by
the simulated annealing minimization and a short molecular dynamics simulation (2 ps). At the end
of cell neutralization and equilibration simulations the configurations of macromolecules (dsDNA
and B-PEI) were adopted as the initial structures for the molecular dynamics production run. In this
study, a fully protonated state of B-PEI was considered at pH=5.8.

The molecular dynamics simulation has been performed using the self-parameterizing

knowledge-based YASARA force field.*"* For the production run, the pressure control has been

enabled by setting the solvent probe mode, i.e. water density of 0.997 g/cmS, that corresponds to the
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conditions of a constant pressure P = 1 bar and temperature of 7= 298 K. A time step of 1 fs has
been applied to integrate the equations of motion. For computation of the non-bonding interactions
(van der Waals and electrostatic), a cut-off distance of 12 A was applied. The electrostatic
interactions have been computed by the particle mesh Ewald method (PME). For simulation run, a
value of pH=5.8 has been fixed, representing the optimum value for polyplex formation according
to the experimental study. Finally, 21 ns long molecular dynamics simulation has been started and
the trajectories have been recorded periodically as snapshots every 10,000 steps. YASARA-
Structure program has been used also for the visualization and trajectory analysis.

In Figure 6, the initial and final all-atom snapshots (including water molecules) from the
molecular dynamics trajectory are presented. As shown in Figure 6a, at the initial time (t=0),
dsDNA and polycation B-PEI are separated by a distance of 40 A between their centers of
geometries (COG distance). At the end of simulation (t = 21 ns), the formation of dsDNA/B-PEI
polyplex structure can be clearly observed (Fig. 6b).

Figure 7 illustrates typical snapshots from the molecular dynamics trajectory showing the
interaction between macromolecules at different simulation times. For clarity, water molecules are
omitted. Thus, at the simulation time t=2 ns, the first contacts between macromolecules can be
observed (Fig. 7a), which occur between B-PEI and the sense strand of dsSDNA. At 5 ns simulation
time (Fig. 7b), the contacts between B-PEI and both strands of dsDNA can be discerned in the
vicinity of a minor groove, revealing an incomplete organized structure of the complex. For higher
time values of 12 ns (Fig. 7c) and 20 ns (Fig. 7d), the well-defined polyplex structures can be
observed. These polyplex structures involve the aligning of B-PEI with dsDNA phosphate groups
of both strands, crossing over a minor groove of dsDNA. In accordance with molecular dynamics
simulation data, the total and potential energy of the system decrease from the initial values and
stabilize at lower values (ESI, Fig. S3). This suggests that the formation of the polyplex structure is

an energetically favorable process.
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Calculated plot in Figure 8a shows the distances between the centers of geometry (COG
distance) of dsDNA and B-PEI over the course of the simulation. The COG distance between
macromolecules decreases rapidly within the first 4 ns, from 40 A to 25 A (Fig. 8a). Afterwards (for
t > 4 ns), the intermolecular distances fluctuate into the interval ranging from 23 A to 29 A. The
COG distance hasn’t decreased below 23 A, since the significant part of B-PEI is aligned on a top
minor groove of DNA helix, beyond the DNA center of geometry. Thus, the distance between
centers of geometries is still distinguishable, even if the macromolecules are in the close contact. As
the COG distance between dsDNA and B-PEI diminishes from 40 A to 25 A, the number of atoms
in intermolecular contact (for a cutoff radius of 4 A) increases significantly, from zero (at £ = 1 ns)
up to 500 (for # > 12 ns, see Fig. 8b). The increment of the number of atoms in intermolecular
contact leads to the formation of hydrogen bonds (H-bonds) between B-PEI amine hydrogen atoms
and backbone oxygen atoms of dsDNA.

The calculated number of hydrogen bonds formed against simulation time is depicted in
Figure 9a. According to this plot, the first hydrogen bond is formed at the simulation time of =1.2
ns, when the COG distance is about 36.8 A and the number of atoms in intermolecular contact is
equal to 8. The energy of this hydrogen bond is equal to 4.48 kcal/mol. For greater values of
simulation time the number of H-bonds fluctuates (increases or decreases), generally following an
upward trend. Figure 9b reports the total energy of the formed hydrogen bonds. As shown in this
figure, for the simulation time smaller than 12 ns the number of hydrogen bonds is less than 7 and
the total energy does not exceed the value 35 kcal/mol. For the simulation time greater than 12 ns,
the number of hydrogen bonds is higher than 7, approaching a maximum value of 12 H-bonds and
the total energy of H-bonds is greater than 35 kcal/mol, attaining a maximum value of 67 kcal/mol.
Thus, for ¢ >12 ns the polyplex structure is stabilized by a higher number of hydrogen bonding
between dsDNA and B-PEIL

The simulation maps showing dsDNA nucleotides (from both sense and antisense strands)

involved in the formation of the hydrogen bonds via backbone oxygen atoms (O1P, O2P, O3* and

Page 14 of 42



Page 15 of 42

Organic & Biomolecular Chemistry

O5* from phosphate groups) are presented in Fig. 10. The details regarding the notation and
positions of DNA backbone oxygen atoms are given schematically in the supplementary material
(Fig.S4). According to simulation data, the hydrogen bonds are formed owing to DNA phosphate-
polycation amine interactions. The involved DNA phosphate groups for H-bonds formation
corresponds to the four bases T8, T9, A10 and A11 from the sense strand (Fig.10a), as well as to the
six bases G20, G21, C22, T23, T24 and G25 form the antisense strand (Fig.10b). The hydrogen
bonds are predominantly formed through phosphate oxygen atoms O1P and O2P and less frequently
via oxygen atoms of type O3* and O5* (Fig.10).

A total overview of the history of the polycation amine groups interacted with dsDNA
phosphate groups for the formation of hydrogen bonds are summarized in Figure 11. Two stages
can be distinguished taking into account the number of amine groups that contributed to the
formation of H-bonds. For the first stage (from 1 to 11 ns) a reduced number of amine groups has
been involved, comprising only primary and secondary amine moieties. For the second stage (from
12 to 21 ns) a larger number of amine groups has participated for the intermolecular hydrogen
bonding. Herein, the primary, secondary and tertiary amines moieties have been involved, unveiling
a more stable polyplex structure in terms of total energy of H-bonds.

Since nitrogen atoms of B-PEI interact with backbone oxygen atoms from dsDNA, the
radial distribution function (RDF) has been plotted (Fig.12). The radial distribution function of B-
PEI nitrogen atoms around backbone oxygen atoms of dsDNA has two distinct peaks: one is
pinpointed at ~ 3A and the second is located at ~5 A. The most intense peak at ~ 3A indicates the
main interactions occurred due to the direct interactions between B-PEI amine groups and dsDNA
backbone oxygen atoms. Such direct interactions include the formation of hydrogen bonds between
amine hydrogen atoms and the oxygen atoms from the phosphate groups. The less intense peak at ~
5A suggests the indirect interactions, which may be attributed to the water-mediated hydrogen

bonding or other weaker interactions. Similar simulation outcomes, investigating the complexes
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formation between PEI and a short DNA helix (Drew-Dickerson dodecamer), have been reported by
other authors.***

A frequently used measure for the characterization of the conformations of a macromolecule
is the radius of gyration (R;), which measures the root-mean-square distance of a collection of
segments from their common center of mass. Likewise, the root-mean-square-deviation (RMSD) of
atomic positions is a widely employed parameter for the comparison of molecular conformers
resulted from simulation and a target structure.”* In this study, the RMSD values for dsDNA and
B-PEI have been calculated with respect to their equilibrated structures (i.e. initial geometries).
Figure 13 shows the changes in radii of gyration and RMSD values against the simulation time for
dsDNA and B-PEI. The dsDNA radius of gyration rapidly drops down from its initial value of 28.4
A, with the further fluctuations around the average value of 24.3 A (Fig. 13a). This means that
throughout molecular dynamic simulation, the DNA helix becomes slightly compacted comparing
with its initial equilibrated structure. Similarly, the B-PEI radius of gyration decreases in the first
moments from the initial value of 17.8 A and subsequently fluctuates around the mean value of 12.8
A. The survey of Figure 13b reveals that RMSD values exceed 3 A, for both macromolecules. Note
that, if RMSD value is higher than 3 A then the molecular conformation is considered unlike to the
target structure.*® During the course of simulation process, RMSD values for dsDNA ranged
between 4.70 A and 8.07 A; whereas for B-PEI, RMSD values varied between 5.23 A and 8.85 A.
These findings suggest that the relaxed conformations of macromolecules are dissimilar to their
initial equilibrated structures. Thus, both radii of gyration and RMSD values resulted from
molecular dynamic simulation indicate that dsSDNA and B-PEI are flexible macromolecules. On the
basis of RMSD values (Fig. 13b), it can be stated that B-PEI is more flexible than dsDNA. For the
flexible polymeric chains such as polyethylenimine is also useful to estimate the end-to-end distance,
which is reported in ESI (Fig. S5). Thus, the end-to-end distance of B-PEI varied dramatically over
the simulation from its initial value of 61.9 A (stretched structure) up to 30.1 A (compacted

structure). The average end-to-end distance of B-PEI was 38.0 A, as also given in Figure S5.
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Concerning the flexibility of the investigated dsDNA, this may be attributed to the longer
length of the strands (25 nucleotides) comparing with Drew-Dickerson DNA dodecamer (12
nucleotides) commonly used in molecular dynamic simulations. However, the examination of the
spacing of the minor and major grooves of the initial and final dSDNA conformers has revealed that
at the end of simulation the dsDNA helix has remained at the B-form, without any major structural
changes. For instance, the minor grooves for the initial and final dsDNA structures are about 12 A
wide. The major grooves of the initial dsSDNA helix are of 22.6 A average wide. In case of the final
dsDNA configuration, the major grooves are smaller, i.e. about 21.3 A average wide, unveiling a
slight condensation of dsDNA helix after the polyplex formation.

Subsequently, an additional experiment using circular dichroism (CD) technique has been
carried out to confirm the B-form conformation of dsDNA helix from the polyplex structure. The
experimental results have shown similar CD curves for both the dsDNA and complexed dsDNA
with B-PEI at pH 5.8 (supplementary material Fig. S6). Thus, it has been proved experimentally
that B-form of the investigated dsDNA sequence is stable during the course of the complexation
process. Consequently, the MD simulation outcomes are in agreement with experimental
observation regarding the stability of B-form for the considered dsDNA in the polyplex structure.

In conclusion, the outcomes of molecular dynamic simulation shed light on the molecular
mechanism of complexation between dsDNA and B-PEI, which may assist forward the design of

PEI-based gene delivery vectors.

4. Conclusions

In this work, a design of experiments was adopted to investigate the binding efficiency
between double-stranded oligonucleotide (dsSDNA) and branched polyethylenimine (B-PEI) under
various conditions of D/P ratio (dsDNA / B-PEI) and pH of solution. The binding efficiency was
quantified by processing of images captured from the gel electrophoresis assays. Based on

experimental design data and response surface methodology, a multivariate regression model was
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constructed and validated using ANOVA statistical test. The model enabled to find a functional
relationship between the binding efficiency and experimental factors, such as concentrations of
macromolecules and the initial pH of solution. The optimization of the binding process was carried
out using simplex and gradient methods. The optimal conditions determined for polyplex formation
were [dsDNA]=25.25 uM, [B-PEI]=22.06 uM, (D/P ratio 1.145) and pH=5.8. Under these
conditions, a maximal value of the binding efficiency was obtained experimentally, i.e. 99.96%.

To unveil the mechanism of polycomplex formation at atomic-scale, the molecular dynamic
simulation was performed. Starting from an initial separation of ~40 A between macromolecules,
dsDNA and B-PEI approached each other and formed a stabile complex after 12 ns. The simulation
outcomes revealed that B-PEI amine hydrogen atoms mainly interacted with oxygen atoms from
dsDNA phosphate groups. Such interactions conducted to the formation of hydrogen bonds between
macromolecules, stabilizing the polyplex structure. Mostly, the hydrogen bonds were formed
through dsDNA phosphate oxygen atoms O1P and O2P. The radial distribution function (RDF)
corroborated the interactions between B-PEI and dsDNA. Regarding the polyplex structure, the
polycation chain stayed close to the dSDNA helix making mostly contacts in the vicinity of a minor
groove site. Both radii of gyration and RMSD values resulted from molecular dynamic simulation
confirmed the flexibility of macromolecules. However, the oligonucleotide did not undergo any

major structural changes on complexation and remained in slightly condensed B-form.
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Experimental design, modeling and optimization of polyplex formation between

DNA oligonucleotide and branched polyethylenimine

Lilia Clima, Elena L. Ursu, Corneliu Cojocaru, Alexandru Rotaru*, Mihail Barboiu and Mariana Pinteala

TABLES

Table 1
Design variables and their coded and actual values used for studying of dsDNA/B-PEI complexation

process.
Coded Real values of coded levels
Design variables (factors)
variables -a -1 0 +1 +a
dsDNA concentration, [dsDNA] (uM) X1 26.33 | 26.67 | 28.33 | 30.00 | 30.33
B-PEI concentration, [B-PEI] (uM) X2 14.51 | 15.01 | 17.51 | 20.02 | 20.52
Initial pH of solution X3 5.8 6.0 7.0 8.0 8.2

Note: o= 1.215 (value of axial point for orthogonal CCD in case of three factors)
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Table 2
Central composite orthogonal design used for investigating dsDNA/B-PEI condensation process and

experimental response (binding efficiency) determined for each run.

Design variables
DNA Concentration, | B-PEI Concentration, Response
Run Solution pH (experimental)
(M) (M)

[dsDNA] X; [B-PEI] X2 pH X3 Y (%)
1 30.00 +1 20.02 +1 8.0 +1 21.87
2 26.67 -1 20.02 +1 8.0 +1 39.07
3 30.00 +1 15.01 -1 8.0 +1 13.30
4 26.67 -1 15.01 -1 8.0 +1 25.53
5 30.00 +1 20.02 +1 6.0 -1 46.55
6 26.67 -1 20.02 +1 6.0 -1 70.60
7 30.00 +1 15.01 -1 6.0 -1 28.15
8 26.67 -1 15.01 -1 6.0 -1 44.74
9 30.33 + a 17.51 0 7.0 0 34.95
10 26.33 -a 17.51 0 7.0 0 52.74
11 28.33 0 20.52 + a 7.0 0 35.89
12 28.33 0 14.51 -a 7.0 0 37.61
13 28.33 0 17.51 0 8.2 + a 18.00
14 28.33 0 17.51 0 5.8 -a 63.68
15 28.33 0 17.51 0 7.0 0 52.65
16 28.33 0 17.51 0 7.0 0 53.29
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Table 3

Analysis of Variance (ANOVA) for the significance of the multivariate regression model.

Page 24 of 42

Source DF* Ss” MS* F-value | P-value R’ R’
Model 6 3.554x10° | 592.319 12.347 0.0007 0.892 0.819
Residual 9 431.756 | 47.973

Total 15 3.986x10°

B
A _ degree of freedom; - sum of squares; © - mean square
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Table 4
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Experimental design carried out according to the gradient method, pH=5.8.

No. Assay code | z;:[dsDNA],uM | z:[B-PEI], uM Y (%), experimental values
1 A-Gl 26.33 19.26 70.79
2 A-G2 28.00 19.26 63.31
3 A-G3 26.33 21.77 99.91
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CAPTIONS FOR FIGURES

Fig. 1. An example of gel electrophoresis experiment performed at pH 8.0 and analyzed by Gel
Quant Express software. Lanes 1, 2 and 4 represent loaded samples with D/P ratio of 1.498 with
the bright bands in the well (top) corresponding to the formed polyplex, and the lower migrated
bands (bottom) correspond to the unbound dsDNA. Lane 3 represents a reference dSDNA whose

signal intensity was attributed as 100%.

Fig. 2. Effects of factors and goodness-of-fit analysis: (a) percentage effect of factors on the

predicted response; (b) agreement between experimental observations and predictions.

Fig. 3. Response surface plot and contour-line map showing the effects of [dsSDNA] and [B-PEI]

factors on the binding efficiency Y (%), for the fixed level of pH=7.0.

Fig. 4. Response surface plot and contour-line map showing the effects of [B-PEI] and pH

factors on the binding efficiency Y (%), for the fixed level of [dsDNA]=28.33 uM.

Page 26 of 42



Page 27 of 42 Organic & Biomolecular Chemistry

Fig. 5. Gel electrophoresis assays carried out according to the experimental conditions given by
gradient methodology. All assays have been performed at pH 5.8, and band intensities have been
analyzed by Gel Quant Express software. Assay A-G1: lane 1, 2 — samples with D/P=1.367,
average unbound dsDNA band intensity 29.21%; lane 3 — reference dsDNA, 26.33 pm.
Assay A-G2: lane 1, 2 — samples with D/P=1.453, average unbound dsDNA band intensity
36.69%; lane 3 — reference dsDNA , 28.00 um. Assay A-G3: lane 1 — reference dsDNA,
26.33 pm; lane 2, 3 — sample with D/P=1.209, average unbound dsDNA band intensity 0.09%.
Assay A-G4: lane 1 — reference dsDNA, 25.55 um; lane 2, 3 — sample with D/P=1.145, average

unbound dsDNA band intensity 0.04%.

Fig. 6. Rendering of macromolecules dsDNA and B-PEI in a simulation cell with explicit water

molecules (solvent): (a) initial equilibrated structures; (b) polyplex structure at # =21 ns.

Fig. 7. Snapshots from trajectory showing the interactions between dsDNA and B-PEI with
formation of the polyplex at pH 5.8 and different simulation times: (a) t=2 ns; (b) t=5 ns;

(¢) t=12 ns; (d) t=20 ns; (water molecules are omitted).

Fig. 8. Plots as functions of simulation time: (a) the distance between the centers of geometry of

dsDNA and B-PEI; (b) the number of atoms in intermolecular contact for a cutoff radius of 4 A.

Fig. 9. Formation of hydrogen bonds between dsDNA and B-PEI as a function of simulation

time: a) total number of hydrogen bonds; b) total energy of hydrogen bonds.



Organic & Biomolecular Chemistry Page 28 of 42

Fig. 10. Simulation map showing dsDNA nucleotides involved in the formation of the hydrogen
bonds via backbone oxygen atoms (O1P, O2P, O3* and O5*): (a) nucleotides from sense strand;

(b) nucleotides from antisense strand.

Fig. 11. Number and type of B-PEI nitrogens (amine groups) involved in the formation of

hydrogen bonds versus simulation time.

Fig. 12. Radial distribution function (RDF) of B-PEI nitrogens around dsDNA backbone

oxygens based on the last 21 ns trajectory of simulation.

Fig. 13. Plots of conformational parameters for dsSDNA and B-PEI versus simulation time:

(a) radius of gyration (R,); (b) root-mean-square deviation (RMSD).
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