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S1 Details about developing the force field for PEI

The force field for PEI were developed based on the CHARMM @ariorce Field (CGenFF.
The force field for the building blocks of PEI are availabl€gd@enFF, which are "RESI EAMM,
CH;—CH,—NH;", "RESI DMAM, CH;—NH-CH,;", and "RESI TMAM, N-(CH,);", corre-
sponding to the primary, secondary and tertiary aminepeds/ely. Based on these three residues
all van der Walls parameters, most bonded parameters, atal pharges for each atom were de-
termined. The remaining angle and torsion parameters vagngtad from existing parameters for
analogous atom groups in CGenFF. It has been argued, in teafFapet, that this methodol-
ogy can be advantageous over bonded parameters parameteom quantum mechanics calcu-
lations as the existing parameters have been further tumddadidated against experiments after

the initial quantum mechanics calculations.

*To whom correspondence should be addressed
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S2 Complex formation using CHARMM force field (this work)

VS. using AMBER force field (Ref. 2)

To examine how the complex formation can be affected by udifferent force fields, we made a
comparison to Ref. 2, where AMBER force field was used, bygrering a simulation of ‘System
50%-PEI(20)" defined in Ref. 2 with the same simulation pthoe. Very close results were
obtained, demonstrating the similarity of these two forekl& in describing the DNA/PEI systems.
The simulation parameters reported in Ref. 2 were adoptetlab as possible in our simula-

tion:

1. A 20 monomers purely linear PEI (see definition of “puréhelr” in the main texts) with

10 monomers (index 2, 4, 6, 7,12, 13, 14, 16, 17 and 20) prtedna
2. 27 Na+, 15 CI- counterions added in the water box to nemér#the system;
3. 50 Ainitial separation between the DNA and PEI centers agsn
4. SHAKE algorithm, 2 fs time step;
5. 10 A cutoff for van der Waals and direct electrostatic akaltion;
6. Particle mesh Ewald method,;
7. 20 ps of heating to 300K after the minimization;
8. 1.2 ns NPT simulation with restraints on DNA and PEI afteatng.
The differences between the two simulations exist in thiedohg aspects:
1. Force field: CHARMM (Our simulation) vs. Amber (Ref. 1);
2. Initial configurations of PEI and initial relative positi of DNA and PEI;

3. Water box size: 84 93x 92 A3 (our simulation) vs. 95 100x 80 A2 (Ref. 2);
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4. Simulation time: we used a much longer simulation timer{g@nd 60 ns) since it appears

that it took longer for our system to equilibrate.

S2.1 Results

(©))
o

o)
o

I
o

w
o

N
o

—_
o

10 20 30 40
Simulation time (ns)

Figure S1: Center of mass distance between the DNA and thaP&function of simulation time.
Time is zeroed at the moment when the restraints were renfowecthe DNA and the PEI.
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Figure S1 plots the center of mass (COM) distance betweebti#eand the PEI as a function
of simulation time. The COM distance fluctuates around atemrigor several ns at the beginning
of the simulation and again at about 8-12 ns, but overall tB&/Glistance decreases as the PEI
approaches the DNA. The COM distance becomes stable at 2bms of the simulation when
the complex has been formed with a significant part of the REldse contact with the DNA. The

same characteristics was found in Ref. 2 (Shown in Figurel&®yever the rates of the complex
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FIGURE 1 Plot of the distance between the centers of mass of DNA and
the polycation chains as a function of simulation time for the first three
systems, PEI(20), PLL(20), and 50%-PEI(20). Time zero corresponds to
the moment when restraints on the chains were removed.

Figure S2: Figure 1 from Ref. 2.
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formation in the two simulations are different. In our si@ibn the COM distance takes about
20 ns to stabilize, while in Ziebarth’s simulation it onlyotoabout 5 ns. This could be due to the
different force field used, but more probably, it may be duth&odifference in the initial position
of the PEI relative to the DNA and hence the positions of thagenmolecules (from periodic

boundary condition).
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Figure S3: The number of Na+ ions and protonated amine mitrogvithin 10 A of any C1’' DNA

40

Figure S3 plots the number of Na+ ions and protonated amiregeins within 10 A of any C1’

DNA atom as a function of time. As the PEI approaches the DNA,ntumber of Na+ decreases

from a value of about 7 to about 3, indicating the release of &l@und DNA is due to its associ-

ation with the PEI. This curve was not plotted for the saméespgDNA and a purely-linear 50%

protonated PEI with 20 amine groups) in Ref. 2, however, Hlmesphenomenon was found for

system | (DNA and a 100% protonated PEI with 20 amine groupB)GURE 3 of Ref. 2 (Shown

in Figure S4).
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FIGURE 3 Plot of the number of Na™ ions (solid circles) and protonated
amine nitrogens (open circles) for system I (PEI(20)) within 10 A of any C1’
DNA atom as a function of time for system I (PEI(20)). The dashed line
shows the number of Na™ ions for system VI as a reference. The number
of Na* ion around DNA helix is reduced as PEI chain approaches the
DNA helix.

Figure S4: Figure 3 from Ref. 2.
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Figure S5: A snapshot of the complex at the final stage of MD.

Figure S5 is a snapshot of the complex at the final stage of leaular dynamics (MD)
simulation. The PEI is mainly in contact with only one straosfdthe DNA with a significant
section of the PEI comply to the backbone of one DNA strande Jiapshot looks similar to the

snapshot for the same system shown in FIGURE 6(f) of Ref. 2gimawn here).

S8



0.04 - :

0.03

0.02

RDF of PEI N+

0.01

O 1 adoln
0 5 10 15
r (angstrom)

Figure S6: Radial distribution functions (RDF) of Nitrogatoms in protonated amine groups
around the O1P and O2P DNA atoms.

Figure S6 is the radial distribution functions (RDF) of Miflen atoms in protonated amine
groups around the O1P and O2P DNA atoms, where distance S8@f\Gvas used in generating
the figure. The RDF curve has two peaks, one at about 3 A ancthiee one at about 5 A. The
first peak corresponds to direct contact between the ammgogrand the DNA O1P, O2P atoms,
the second peak corresponds to secondary interaction sughtar-mediated hydrogen bonding.

The RDF curve resembles that in FIGURE 7 of Ref. 2 (Shown imfag7).
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FIGURE 7 Radial distribution functions of polycation amine groups
shown in figure legends around the O1P and O2P DNA atoms. In the case
of the 50%-PEI(20) simulation, only charged amine groups are included.

Figure S7: Figure 7 from Ref. 2.
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Figure S8: Cumulative number of sodium ions as a functiorhefdistance from any C1’ DNA
atom.

Figure S8 shows the average cumulative number of sodiumasrmsfunction of the distance
from any C1' DNA atom during the last 6 ns of the simulationeTioset Na+ exists at about 5 A
from the C1’ atoms. From 5 A to 25 A, the number of Na+ aroundDNA gradually increases
and approximately 10 Na+ are within 25 A. The curve is veryilsinto the curve for 50%-PEI(20)
in FIGURE 8 of Ref. 2 (Shown as dotted line in Figure S9).
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FIGURE 8 Cumulative number of sodium ions as a function of the
distance from any C1’ DNA atom for each simulation. From the top line
down, the Nat (solid line), 50%-PEI(20) (dotted line), PEI(20) (short
dashes), PLL (dots-dashes), and 50%-PEI(40) (long dashes) systems are
shown.

Figure S9: Figure 8 from Ref. 2.
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S3 Torsional parameters validation

In order to verify the correctness of the torsional paransaised for PEIs in the MD simulations,
we have calculated the torsional potential energy surfR&S] as a function of certain represen-
tative dihedral angles ab initio and molecular mechanics (MM) levels. Five compound models
were used to calculated the PES: neutral N-Ethylethylemethe (2-Ml), secondary amine pro-
tonated N-Ethylethylenediamine (2-MI-P-A), primary amiprotonated N-Ethylethylenediamine
(2-MI-P-B), neutral branched trimethylimine (3-TMI) andipary amine protonated branched
trimethylimine (3-TMI-P). The structure and atom type imf@tion of these five models is shown
in Figure S10. In conjunction, the five models encompassalbdssible combinations of non-
hydrogen atom types in a dihedral term for the PEIs studiddiswwork. The studied dihedrals
are summarize in Table S1. Thb initio quantum mechanical (QM) calculations were carried out
using Gaussian 09at MP2/6-31+G* level. The MM calculations were performeihgspackage
CHARMM 33b2° with our devised force field for PEI. For each dihedrals, 2&edral angles were
calculated from -180to 180 at an interval of 15

Figures S11 to S23 show the comparison of the PES calculaied @M and MM for the
13 dihedrals, respectively. A good agreement is observéetween the QM-PES and the MM-
PES. In particular the overall shape, location of the maxameé minima and most of the relative
energies of the QM model are reproduced by the MM calculaft@m some dihedrals (e.g., NZ0O-
CX0-CX2-Nz2 shown in Figure S20), evident discrepanciasteRowever the overall behavior is
reproduced. The results obtained support the notion tegidhameters used in the MD simulation

make a model that is a good description of the intra-mole&céntaractions in the PEIs.
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Figure S10: Molecular structures of the five compound models(a) neutral N-
Ethylethylenediamine (2-Ml), (b) secondary amine protedaN-Ethylethylenediamine (2-MI-
P-A), (c) primary amine protonated N-Ethylethylenediaen{2-MI-P-B), (d) neutral branched
trimethylimine (3-TMI), (e) primary amine protonated bcied trimethylimine (3-TMI-P). Atom
types of the atoms in each compound are specified in the rdeedasgjuare: for (a), (b), (c), the
list corresponds to the atom types of the non-hydrogen atortiee chain from left to right; for
(c), (d), the first list corresponds the atom types of the hpadrogen atoms in the horizontal chain
from left to right, and the second list corresponds to the-ngdrogen atoms in the vertical branch
from top to bottom.

Table S1: The 13 dihedrals calculated

Dihedral | Model compound QM/MM profiles
CV3-CX1-NZ1-CX1 2-Ml Figure S11
CX1-NZ1-CX1-CX2 2-Ml Figure S12
NZ1-CX1-CX2-NZ2 2-Ml Figure S13
CV3-CV2-NZ-CV2 2-MI-A Figure S14
CV2-NZ-CV2-CX2 2-MI-A Figure S15

NZ-CV2-CX2-NZ2 2-MI-A Figure S16
CX1-NZ1-CX1-CV2 2-MI-B Figure S17
NZ1-CX1-CV2-NZ 2-MI-B Figure S18
CV3-CX0-NZ0-CX0 3-TMI Figure S19
NZ0-CX0-CX2-NZ2 3-TMI Figure S20
CX0-NZ0-CX0-CV2 3-TMI-P Figure S21
NZ0-CX0-CV2-NZ 3-TMI-P Figure S22
CX0-NZ0-CX0-CX2 3-TMI-P Figure S23
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Figure S11: Potential energy profiles of dihedral CV3-CXZINCX1 calculated using QM and

MM.
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Figure S12: Potential energy profiles of dihedral CX1-NZ41aCX2 calculated using QM and

MM.
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Figure S13: Potential energy profiles of dihedral NZ1-CXA2eNZ2 calculated using QM and

MM.
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Figure S14: Potential energy profiles of dihedral CV3-CV2-QV2 calculated using QM and
MM.
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Figure S15: Potential energy profiles of dihedral CV2-NZZ2@X2 calculated using QM and
MM.
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Figure S16: Potential energy profiles of dihedral NZ-CV22=XZ2 calculated using QM and
MM.
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Figure S17: Potential energy profiles of dihedral CX1-NZ41aCV2 calculated using QM and
MM.
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Figure S18: Potential energy profiles of dihedral NZ1-CXI2cNZ calculated using QM and
MM.

E (Kcal/mol)

-(iSO -120 -60 0 60 120 180

¢

Figure S19: Potential energy profiles of dihedral CV3-CXBENCXO0 calculated using QM and
MM.
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Figure S20: Potential energy profiles of dihedral NZ0-CXR2cNZ2 calculated using QM and
MM.
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Figure S21: Potential energy profiles of dihedral CX0-N2RO3aCV2 calculated using QM and
MM.
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Figure S22: Potential energy profiles of dihedral NZO-CX@2cNZ calculated using QM and
MM.
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Figure S23: Potential energy profiles of dihedral CX0-N2RO3CX2 calculated using QM and
MM.

S4 The sensitivity of DNA/PEI binding pattern to the torsional
parameters of the PEls

We have also examined how sensitive our results are to Margn the torsional parameters. To do
this, we replaced our 13 dihedral parameters completely thét used in Dong’s MD simulations
of PEI® and repeated two of the eight MD simulations for DNA/PEI céemdformation (23%-
PL and 46%-HB). The torsional parameters for PEI used in Rosigwulation were obtained by
“fitting an energy profile from a density functional calcudex of for dimethylethylenediamine
(DMEDA) into the dihedral angle torsion functional fori"and the simulations yielded good
results in comparison with experimental data. Table S2 san@® the torsional parameters used
in our work and in Ref. 6, where the torsional energy funct®im the form ofEorsion = Kop(1+
cogng—9)).

Figures S24 and S25 show the RDF and cumulative number ofEhaifogens around the
DNA backbone oxygens based on the last 20 ns trajectory dfithelations for the 23%-PL sys-
tem and the 46%-HB system, respectively. It can be obsemged Figures S24 and S25 that,
using a different set of torsional parameters which werezddifrom density function calculations
and have been validated against experimental data, verasmasults to our previous ones were

obtained. Specially, the discrepancies associated wattvwb sets of torsional parameters in Fig-
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Figure S24: Radial distribution function (RDF) and cumiianumber (CDF) of the PEI nitrogens

around the DNA backbone oxygens based on the last 20 nsttajex the simulations for 23%-

PL system. (a) RDF of all PEI nitrogens, (b) RDF of protond®&d nitrogens, (c) CDF of all PEI

nitrogens, (d) CDF of protonated PEI nitrogens.
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Figure S25: Radial distribution function (RDF) and cumiviahumber (CDF) of the PEI nitrogens

around the DNA backbone oxygens based on the last 20 nsttajex the simulations for 46%-

HB system. (a) RDF of all PEI nitrogens, (b) RDF of protond®&d nitrogens, (c) CDF of all PEI

nitrogens, (d) CDF of protonated PEI nitrogens.
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Table S2: Torsional parameters of the 13 dihedigjsn kcal/mol, andd in degree.

. CGeenFF | Dong’s work®

Dihedral k% n 0 Kk, n o
CV3-CX1-NZ1-CX1|1.26 3 0|10 3 0
CX1-NZ1-CX1-CX2|1.26 3 0|10 3 0
NZ1-CX1-CX2-NZ2|10.15 3 0|06 3 0
CV3-CV2-NzZ-CV2 | 0.10 3 0]1.0 3 0
CV2-NZ-CVv2-CX2 | 0.10 3 0]1.0 3 0
NZ-CV2-CX2-Nz2 | 0.15 3 0|06 3 0
CX1-NZ1-CX1-Cv2|1.26 3 0|10 3 0
NZ1-CX1-CV2-NZ | 0.15 3 0|06 3 0
CV3-CX0-NZ0-CX0|1.26 3 0|10 3 0
NZ0O-CX0-CX2-Nz2|/0.15 3 0/0.6 3 0
CX0-NZ0-CX0-Cv2|1.26 3 0|10 3 0
NZ0O-CX0-CV2-NZ | 0.15 3 0|06 3 0
CX0-NZ0-CX0-CX2|11.26 3 0|10 3 0

ures S24 and S25 are comparable with the discrepancies attifargnt simulation time windows
using a single set of parameters as shown in Section S5 afdbisment (Figures S26 to S33). For
example, the discrepancies in Figure S24(a) are companathiehe discrepancies in Figure S26
among different simulation windows. None of the new resalitained using Dong’s torsional
parameters changes the conclusions we made in the martuscrip

Based on the calculations in Sections S3 and S4, we belietgeftdr the focus of our study
here which is the binding of DNA with PEls, the force field wesdss quantitatively meaningful.
The force field for PEI might need to be further calibrated @aietated if the objective is to study
the conformation of PEIs in solution or crystal PEIs. Howeawestudy its binding to DNA, using

the CGenFF principle to generate the force field parametexvalid approach.
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S5 Radial distribution function (RDF) and cumulative number
curves within different time windows in the simulations

Figure S26 and Figure S27 are respectively the RDF plotslfétEd nitrogens and for the pro-
tonated PEI nitrogens around the DNA backbone oxygens ir28§¢ systems. Figure S28 and
Figure S29 are the same RDF plots for the 46% systems. Fig3@t S33 are the corresponding
cumulative number plots for 23% systems and 46% systemgectgely. These RDF and cu-
mulative number plots were generated based on trajectaribs different time windows in the
simulations.

Figures S26, S27, S30 and S31 show that even after 49 ns olfasiom, the curves are still
evolving with time, and the order of the curves correspogdndifferent PEI structures do not
maintain the same at all time. This indicates that the coragsléormed in the 23% systems are
not stable, which is consistent with the fact that the mgjai the nitrogens bind to DNA through
indirect interactions. Compared with the 23% systems, hE Bnd cumulative number curves for
the 46% systems in Figures S28, S29, S32 and S33 demonstedestability (i.e., less variations
among different simulation windows). Moreover, the curgegesponding to different PEI struc-
tures are closer to one another compared with the 23% systerfast, after 40 ns of simulations,
these curves essentially overlap with one another. Thisatek that at the protonation ration of

46%, the degree of branching has vanishingly small effe¢herbinding.
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Figure S26: Radial distribution functions of all PEI niteags around the DNA backbone oxygens

for the 23% systems, plotted for different simulation timedows. (a) 49-54 ns, (b) 51-56 ns,
(c) 53-58 ns, (d) 55-60 ns.
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Figure S27: Radial distribution functions of the PEI praited nitrogens around the DNA back-
bone oxygens for the 23% systems, plotted for different &atran time windows. (a) 49-54 ns,
(b) 51-56 ns, (c) 53-58 ns, (d) 55-60 ns.
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Figure S28: Radial distribution functions of all PEI niteags around the DNA backbone oxygens
for the 46% systems, plotted for different simulation timeaows. (a) 29-34 ns, (b) 31-36 ns,

(c) 33-38ns, (d) 35-40 ns.
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Figure S29: Radial distribution function of the PEI prottedhnitrogens around the DNA backbone
oxygens for the 46% systems, plotted for different simalatime windows. (a) 29-34 ns, (b) 31—

36 ns, (c) 33-38 ns, (d) 35-40 ns.
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Figure S30: Cumulative number of the PEI nitrogens arousdXNA backbone oxygens for the

23% systems, plotted for different simulation time windoyeg 49-54 ns, (b) 51-56 ns, (c) 53-58
ns, (d) 55-60 ns.
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Figure S31: Cumulative number of the PEI protonated nitngsggound the DNA backbone oxy-
gens for the 23% systems, plotted for different simulatioretwindows. (a) 49-54 ns, (b) 51-56
ns, (c) 53-58 ns, (d) 55-60 ns.
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Figure S32: Cumulative number of the PEI nitrogens arouedXNA backbone oxygens for the
46% systems, plotted for different simulation time windoya 29—-34 ns, (b) 31-36 ns, (c) 33—-38
ns, (d) 35-40 ns.
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Figure S33: Cumulative number of the PEI protonated nitngggound the DNA backbone oxy-
gens for the 46% systems, plotted for different simulatioretwindows. (a) 29-34 ns, (b) 31-36
ns, (c) 33-38 ns, (d) 35-40 ns.
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