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ABSTRACT In this study, polyethylenimine (PEI) binding to DNA was examined by isothermal titration calorimetry. Two types
of binding modes were found to describe the interactions between these polyelectrolytes in buffers and in water. One type of
binding involves PEI binding to the DNA groove because the enthalpy change of this binding mode is positive, and PEI is
deprotonated to bind to DNA. Another likely binding mode involves external binding of PEI to the DNA phosphate backbone,
accompanied with DNA condensation. The enthalpy change is negative and PEI is protonated when it binds to DNA in this
mode. The intrinsic enthalpy change of first binding mode is 1.1 kJ/mol and�0.88 kJ/mol for the second binding mode. This result
implies that the PEI is rearranged from the groove to the phosphate backbone of DNA when DNA is condensed. The mechanism
of DNA condensation caused by PEI is discussed in this study.
INTRODUCTION
Polyethylenimine (PEI) is one of the most effective polymers

for nonviral gene delivery (1). The effective transfection

ability of PEI is attributed to its capability to condense the

string-like DNA molecule into nanoparticles and make the

DNA suitable for cellular uptake (2). Several reports exam-

ined the details of PEI-DNA complexation; for example,

Dunlap et al. have observed the DNA condensate with PEI

by using atomic force microscopy (AFM) (3). Although

useful for analyzing the final state of the particles, it is difficult

to elucidate the DNA condensation mechanism in detail by

AFM and similar imaging techniques. Zhou and Li (4) have

investigated the PEI-DNA interactions by using ethidium

bromide as a fluorescent probe. According to Wiethoff et al.

(5), the ability to displace a reporter probe from a DNA will

vary among the species of the probes, so that the information

gained from such an analysis will depend on the choice of

the fluorescent probe. The fluorescent probes also became

inadequate for binding analysis because the intensity of the

fluorescence changes with the extent of probe burial in com-

plexes. In addition, PEI-DNA complex is known to aggregate

(6), making spectroscopic analysis of the PEI-DNA interac-

tions technically difficult and not reliable (7,8).

Isothermal titration calorimetry (ITC) is a powerful tech-

nique for analyzing interactions of biomolecules in solution

because it does not require a reporter probe and it is not

susceptible to solution turbidity. Despite its promise, only

two studies investigated PEI-DNA interactions by using

ITC. Choosakoonkriang et al. (9) have studied the effects

of PEI binding to DNA in various buffer conditions, but

they could not obtain the binding constant of this interaction

because the complexation process was limited by aggrega-

tion of the complexes. The enthalpy change for PEI binding
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to DNA was calculated in an unusual way by using only part

of the ITC data generated in that study. Ikonen et al. (10)

were able to obtain a binding constant for PEI-DNA interac-

tion from ITC; however, their ITC data were unsatisfactory

on the following grounds; i), the dispersion of the data during

the titration is too large to accurately determine the thermo-

dynamic parameters, their data points were obtained from

single run, and it would have been possible to fit a straight

line instead of sigmoid fit in the heat integration data; ii),

several peaks at the onset of titration were deleted without

explanation (from the 39 titration peaks reported, only 32

were integrated), and the integration values of the peaks

ignored would have been greater than two times larger

than the other peaks, and; iii), no blank data were reported.

The integration curve of PEI titrated into DNA was expected

to be convex upward from their raw data. The blank data

should be unusual because their integrated data subtracted

blank data were sigmoidlike.

The ITC analysis has been used to probe DNA condensa-

tion mechanism as well (11,12). However, some studies

ignored the DNA condensation for fitting ITC data have

been reported (13–15). The reported fitting methods would

have been inadequate because the regions at which the

enthalpy change (DH) began to decrease and the heat change

became constant are crucial to determine the thermodynamic

parameters. To better elucidate the thermodynamics of

ligand binding to DNA in the presence of DNA condensa-

tion, Kim et al. (16) have adeptly described a model, in

which a ligand binding to DNA (i.e., first binding mode)

was correlated to a second binding mode that included

DNA condensation as well.

In this study, we obtained reliable thermodynamic param-

eters that describe the binding of PEI to DNA. The model

proposed by Kim et al. (16) was used to describe the thermo-

dynamics of the interaction, distinguishing clearly between

the two different modes of interactions. We believe this is
doi: 10.1016/j.bpj.2010.04.016
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the first report to determine the thermodynamic parameters

of different binding modes of PEI to DNA and to correlate

the second binding mode with DNA condensation.
FIGURE 1 Calorimetric thermograms for titration of 20 mM PEI into

1.5 mM DNA in HEPES buffer (blue line) and into HEPES buffer alone

without DNA (red line).
MATERIALS AND METHODS

A 600 Da branched PEI (Polysciences, Worthington, PA) and salmon testes

DNA (Sigma, St. Louis, MO) were dissolved in buffer (0.1 M HEPES or

0.1 M MES) or water (with or without 0.1 M NaCl). A phosphate buffer

was also used to initially dissolve DNA, but the solution became cloudy

when PEI was added to the buffer without DNA and, consequently, phos-

phate-containing buffers were not used in this study. For calorimetry experi-

ments, 1.5 mM DNA solution (equivalent to phosphate concentration) was

applied into the ITC cell (950 mL; Nano-ITC from TA instruments, New

Castle, DE) and 20 mM PEI solution (equivalent to nitrogen concentration)

in 250 mL syringe was injected into the DNA solution in 20 portions of

12.5 mL volume at 30-min intervals. All solutions were degassed before

use. The ITC syringe was stirred at 250 rpm and the cell was equilibrated at

25�C before titrations. The 20 mM PEI solution was also injected into the

buffers or water as a blank titration.

To describe binding, we used the model proposed by Kim et al. (16)

because it is highly flexible for the two-variable binding constant system.

Briefly, this model is based on the single set of identified site (SSIS) model

(17). The equation of SSIS model is:

Q ¼ NMtDHV0
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where Q is the total heat content of the solution contained in the sample cell,

N is the stoichiometric number, Mt is the total concentration of macromole-

cule, Xt is the total concentration of ligand, DH is the molar heat of the ligand

binding, V0 is the cell volume, and K is the binding constant. The heat

released DQi from the ith injection is given by:

DQðiÞ ¼ QðiÞ þ dVi

V0

�
QðiÞ þ Qði� 1Þ

2

�
� Qði� 1Þ: (2)

The normalized heat, NDH(i), is calculated by dividing the DQi with the

number of moles in the ith injected volume. In the model proposed by Kim

et al. (16) the fraction of bound ligands is described as the absolute value of

NDH divided by DH. NDH1 was used for the first binding mode with SSIS

model involving the parameters of N1, K1, and DH1. The sigmoidal NDH3

curve was used to describe the fraction of the occupied site on DNA during

the second binding mode. The definition of parameters for NDH3 is basically

the same as those for the NDH1, but only N3 is variable when considering the

delay of the second binding mode. The NDH2 curve for the second binding

mode was also generated based on N2, K2, and DH2. The second stage of

the ITC curve was fitted by the hypothetical ITC curve NDH20 and the

increased sigmoidal curve ABS((DH1 � NDH3)/DH1). The NDH20 that

corresponds to a standard ITC curve without the initial binding mode is gener-

ated by the SSIS model, indicating that the NDH20 curve is defined by N2
0,

K2
0, and DH2

0. The product was defined as NDH2 where N2
0 � N3, K2

0, and

DH2
0 are selected for N2, K2, and DH2, respectively. Finally, a complete

ITC curve was obtained by summing NDH1 and NDH2.

It is known that the observed binding enthalpy (DHobs) is linearly depen-

dent on the buffer ionization enthalpy (DHion) (9,18). The y-intercept of such

a relationship corresponds to the buffer independent binding enthalpy (DH0)

and the slope to the degree of protonation of the ligand (n), as defined by the

following equation:
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DHobs ¼ DH0 þ nDHion: (3)
Positive n values indicate that PEI is protonated on binding to DNA.

Baker and Murphy (18) described that the determination of n at a minimum

of two experimental values is theoretically sufficient.

The pH measurements for the PEI titration of DNA was carried out

30 times of volume of ITC experiments, so that the pH electrode can be

directly dipped into the solutions; i.e., 375 mL of 20 mM PEI solution was

added into 28.5 mL of DNA solution and then 375 mL of aliquots were

removed into a 1.5-mL tube. The concentrations of PEI and DNA corre-

sponded to the concentrations used in the ITC experiment, but the tempera-

ture was slightly lower (room temperature, 23�C) during this experiment.

The PEI injection and the extraction from the solution were repeated

20 times. The removed aliquots were centrifuged at 20, 000 � g for 1 min

and the supernatant was assayed by measuring its absorbance at 260 nm

using NanoVue (GE Healthcare, Morgan Boulevard, Quebec).

To determine the acid dissociation constant pKa of PEI under various

conditions, a 15 mL of 0.1 M HCl was titrated into 28.5 mL of 1 mM PEI

and the pH of the final solution was measured. The addition of HCl was

repeated 25 times without removal of solution. The pH values were plotted

against the volume of HCl added. The data were fitted using the model

proposed by Suh et al. (19). They defined the deprotonation quotient P as

the ratio of the fraction of unprotonated amino groups:

P ¼ fB

fBHþ
¼ 1� fBHþ

fBHþ
: (4)

And logP is assumed to be linearly related to pH:

logP ¼ apH þ b; (5)

where a and b are constants.

The pKa can be represented as follows:

pKa ¼ ð1� aÞpH� b: (6)

RESULTS

Fig. 1 shows a typical raw data for titration of 20 mM PEI

into 1.5 mM DNA in HEPES buffer (pH 7). After the first

seven exothermic peaks, four endothermic peaks appeared

(Fig. 1, blue line) in the case of PEI-DNA titration, whereas,

all peaks were exothermic in the case of PEI addition to the



TABLE 1 Fitting parameters for the model proposed by Kim

et al. (16)

DH1

(kJ/mol)

K1

(M�1) N1 N3

DH2

(kJ/mol)

K2

(M�1) N2
0

N2

(N2
0� N3)

HEPES �0.85 1,000,000 1.3 1.4 2.8 20,000 1.7 0.3

MES �0.30 1,000,000 1.4 1.5 1.8 5000 1.8 0.3

H2O 1.1 100,000 2.0 1.35 �0.88 200,000 1.75 0.4

The errors are within 10%.
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buffer (i.e., blank titration, red line). The reproducibility

among four experiments was very good (not shown). The

raw data were integrated and the integrated data is shown

in Fig. 2 a after subtracting the blank data. The thermody-

namic parameters (Table 1) were obtained using the model

proposed by Kim et al. (16). The parameters for the titration

in MES buffer (pH 7) and in water (adjusted to pH 7 by

0.1 M NaOH) were obtained in a similar manner. The inte-

grated titration data in MES buffer (Fig. 2 b) was similar

to the data in HEPES buffer, whereas that of water was quite

different. Based on the fitted parameters in Table 1, the

enthalpies observed in buffers differed from the values

obtained in water. We speculated that this was due to the
FIGURE 2 Integrated data obtained from titration of 20 mM PEI into

1.5 mM DNA (a) in 0.1 M HEPES buffer at pH 7, (b) in 0.1 M MES buffer

at pH 7, and (c) in water adjusted to pH 7 by NaOH. The first point in c is out

of figure (�1.4 5 1.0 kJ/mol). The solid line represents the fitting data using

the model proposed by Kim et al. (16). The data points are quadruplicate

measurements.
protonation/deprotonation effect when the complex was

formed. Fig. 3 is the observed enthalpy as a function of buffer

ionization enthalpy. Based on the curve fit, 0.095 fraction of

nitrogen of PEI is expected to be deprotonated when 1 fraction

of nitrogen binds to DNA in the first binding mode (the slope

of line in Fig. 3 a). On the other hand, 0.18 fraction of nitrogen

of PEI is protonated when 1 fraction of nitrogen binds to

DNA in the second binding mode (the slope of line in Fig. 3 b).

The intrinsic enthalpy (the intersection of line on y axis

in Fig. 3 a) at the first binding mode is 1.1 kJ/mol, and

�0.88 kJ/mol at the second binding mode (the intersection

of line on y axis in Fig. 3 b). The binding constant (K1) at first

binding mode is 1.0 � 106 M�1 in either MES and HEPES

buffer, but 1.0 � 105 M�1 in water. The stoichiometric

number (N1) of first binding mode is 1.3 or 1.4 in the buffers,

but 2.0 in water. The observed differences between the
FIGURE 3 The observed enthalpy of (a) first and (b) second binding stage

of PEI to DNA versus buffer ionization enthalpies that are 20.5 kJ/mol for

HEPES buffer and 14.6 kJ/mol for MES buffer (33).

Biophysical Journal 99(1) 201–207



TABLE 2 Fitting parameters for SSIS model

DH1 (kJ/mol) K1 (M�1) N1

pH 6 0.65 200,000 1.8

pH 7 0.85 18,000 2.0

pH 8 0.72 10,000 2.6

The errors are within 10%.
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parameters obtained in the buffer and in water are likely due to

pH change in the water, as discussed later. On the other hand,

the stoichiometric number (N2) of the second binding mode

was similar irrespective of the solvent. The binding constant

(K2) at the second binding mode was decreased in MES

buffer. Although this issue was not explored in detail, this

may be due to increased Naþ concentration (i.e., the cation

in NaOH used to adjust pH of solutions) present in this buffer.

Fig. 4 shows the integrated data obtained from titrations of

20 mM PEI into 1.5 mM DNA in 0.1 M NaCl at different pH
FIGURE 4 Integrated data obtained from titration of 20 mM PEI into

1.5 mM DNA in 0.1 M NaCl. The pH values of the PEI solutions are (a)

6, (b) 7, and (c) 8. The solid line represents the fitting data using the SSIS

model. The data acquisition was repeated at least two times and the data

are summarized as mean 5 SD of at least duplicate measurements.

Biophysical Journal 99(1) 201–207
values. We used the SSIS model (17) for fitting these data

because the heat of second binding site disappears in this

condition. As shown in Table 2, the enthalpy change

(DH1) seems to be pH independent. On the other hand, the

binding constant (K1) and the stoichiometric number (N1)

were dependent on the solution pH. K1 was decreased

whereas N1 was increased as the pH was increased. Fig. 5

summarizes the pH change of the respective solutions during

titration. The pH was increased initially, followed by

a decrease. The pH change was relatively large when PEI

was added to the DNA solution in water (i.e., without

NaCl), whereas the change was less in the presence of

NaCl. The point of pH decline seems to correlate with the N.

To independently verify changes in DNA solution during

the titrations, a centrifugation assay was used to examine the

amount of free DNA remaining in solution at different N/P

ratio (Fig. 6). The data supported the correlation between
FIGURE 5 pH change obtained from titration of (a) 20 mM PEI (pH 7)

into 1.5 mM DNA in water (pH7), and (b) 20 mM PEI (pH 6, 7, and 8)

into 1.5 mM DNA in 0.1 M NaCl. The data points are mean 5 SD of (a)

four measurements and (b) duplicate measurements.



FIGURE 6 The free DNA concentration remaining in solution after PEI

binding and centrifugation. The data points are duplicate measurements.

The data points larger than N/P ¼ 2 were not shown because their values

were 0.

TABLE 3 pKa and the fraction of protonated nitrogen in PEI

molecule calculated from the model proposed by Suh et al. (19)

pH 6 pH 7 pH 8 pH 9

pKa 5.95 6.69 7.43 8.17

Fraction of Nþ (%) 47 33 21 13
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the binding affinity and the pH; the PEI had a slightly greater

tendency to form a complex with DNA at pH 6 as compared

to the pH 7. On the other hand, more PEI molecules at pH 8

were needed to precipitate the DNA.

To elucidate the protonation ratio of PEI molecule at each

pH, the titration of HCl into PEI solution was carried out

(Fig. 7). The data were fitted with the model proposed by

Suh et al. (19) using a ¼ 0.260 and b ¼ �1.51. The pKa and

the fraction of protonated nitrogen of PEI molecule at pH 6,

7, and 8 were calculated using those parameters (Table 3).

About 50% of nitrogens in PEI molecule were protonated

at pH 6, whereas only ~21% was protonated at pH 8.
DISCUSSION

It is known that the structural dispersity of commercial PEI

in terms of in molecular weight and architecture is large.

Previous studies using ITC to investigate PEI-DNA interac-

tions used 2–750 kDa PEI without purification (9,10), so that
FIGURE 7 The pH value obtained as a function the volume (V) of 0.1 M

HCl added to 1 mM PEI solution (28.5 mL). The solid line represents the

fitting data using the model proposed by Suh et al. (19) for measurements

carried out in duplicate.
the observed behavior is expected to be representative of

a wide ensemble of molecular weights and architectures.

To minimize the effect of heterogeneity, 600 Da PEI were

used in this study, which is the smallest commercial product

available. These results indicated that the PEI had at least

two modes of binding to DNA. One mode was when the

PEI is deprotonated on binding to DNA (the negative slope

of line in Fig. 3 a). According to the result of FTIR spectra

analysis by Zho and Li (4), PEI is capable of interacting

with the DNA bases. Our study indicated that the intrinsic

enthalpy change of this binding was positive (the intersection

of line on y axis in Fig. 3 a), so that this interaction seemed to

be entropy driven. This was likely to be attributed to the

release of water molecules bound strongly to the groove of

DNA (20). Such an interaction is analogous to the DNA

binding of certain type of proteins, whose binding to the

DNA groove was entropy driven (21). Considering all these

factors, the first binding mode was likely to represent the

groove binding by the PEI.

Another likely binding mode is the external binding of PEI

to the phosphate backbone of DNA, through which DNA is

condensed into a toroidal form. The intrinsic enthalpy

change (the intersection of line on y axis in Fig. 3 b) for

this interaction was found to be negative in this study, and

PEI was protonated when PEI bound to DNA in this second

mode (the positive slope of line in Fig. 3 b). The absolute

value of the intrinsic enthalpy change of second binding

mode (0.88 kJ/mol) was nearly equal to the value of first

binding mode (1.1 kJ/mol). This may indicate that the inter-

action in second binding mode occurred in reverse of the first

binding mode; i.e., the water molecule would move back into

the groove of DNA. At this time, PEI would have moved

from the groove to the phosphate backbone and became

protonated. Rau and Parsegian (22) have proposed that

the attractive hydration force was important to condense

a DNA molecule. Although condensation occurs after the

neutralization of DNA charges, the PEI binding to the phos-

phate backbone of DNA would be athermic because the

enthalpy of electrostatic interaction is zero (23). It is known

that the DNA condensation is caused when ~89–90% of its

charge is neutralized by counterions (24). Patel and Anchor-

doquy assume the datum at molar ratio 0.15 to represent

DNA condensation caused by spermine (see Fig. 4 A in Patel

and Anchordoquy (8)), but it would be due to the formation

of basepairs of the region of single strand in supercoiled

DNA (12,25). In fact, their electron microscopy results

representing the DNA toroidal structure were not observed

at this molar ratio (8).
Biophysical Journal 99(1) 201–207
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Wiethoff et al. (5) have reported that bis-ethidium could

rebind to PEI–DNA complex at N/P ratio >~2 (see Fig. 3

in Wiethoff et al. (5)). This result supports our explanation.

The bis-ethidium used in that study had an ethylenediamine

linker between the chromophores (26–28). The linker region

would be placed in the groove of DNA when the dye was

bound to DNA. The dye was kicked out from the groove

as the PEI was bound to the DNA initially. The dye returned

to its original position when the PEI was rearranged accom-

panied with the condensation of DNA. The DSC data by

Choosakoonkriang et al. (9) back up this explanation. The

DNA had a melting peak between 95–110�C, where the

peak disappeared at low N/P ratios and reappeared at high

N/P ratios. It is known that the change of isobaric heat

capacity that obtained from the DSC data is believed to arise

purely from molecular solvation or desolvation associated

with binding (8).

The lower K1 value obtained in water as compared to the

K1 values in buffers should be attributed to more drastic

change of pH in water. The pH was increased to >9

(Fig. 5 a), and the fraction of protonated nitrogen of PEI

was <13% in water. Accordingly, a part of the PEI molecule

would have bound electrostatically to the phosphates of

DNA and the other part bound to the groove of DNA. There-

fore, the decrease of positive charge of PEI (as a result of pH

change) caused a reduction in the affinity of the polymer to

the DNA.

The DH for the second binding mode (i.e., phosphate

backbone binding accompanied with DNA condensation)

almost disappeared under 0.1 M NaCl conditions. The

possible reasons for this phenomenon are: 1), the screening

of the negative charge of DNA phosphates by Naþ inhibits

the rearrangement of PEI; 2), the placement of Naþ in the

groove of DNA hinders the binding of PEI to the position;

and/or 3), the number of water molecules entering the groove

was reduced and the ions replaced the water at these sites. In

any event, the reduced DH corresponded to smaller pH

change under these conditions (Fig. 5). Although a slight

heat change of this binding mode was observed, we could

not obtain reliable thermodynamic parameters under the

binding conditions because the experimental error was larger

than the value itself (Fig. 4, b and c). It will be important to

investigate the effect of NaCl on PEI-DNA interaction, but it

was not possible to do this in this study due to unusual titra-

tion curves obtained when we attempted to use NaCl in a

buffered environment (i.e., HEPES).

The different DHobs values obtained between in MES and

HEPES buffers was due to the difference in buffer ionization

enthalpy. Choosakoonkriang et al. (9) have proposed that

the PEI should be protonated to bind to DNA. According

to Fig. 5 B in Choosakoonkriang et al. (9), 10–20% of

PEI nitrogens are protonated at pH 7.0. That seems to be

corresponding to our second mode of binding where external

PEI binding to the phosphate backbone was involved. How-

ever, we found that solutions become cloudy when PEI was
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added to phosphate buffers, which was used in that study.

They might be indicative of weaker buffer concentration

as compared to our conditions. In that case, the buffering

effect of PEI may become larger and the values of ionic

enthalpies of buffers are not available due to the effect of

PEI buffering. Unlike the PEI, the DNA structure is not

expected to be influenced by the pH change in the medium

because the pKa of DNA phosphodiester bond is ~3, and

it will remain charged at all times under the experimental

conditions.

We believe the binding features of PEI to DNA reported in

this study will have direct implications in its transfection

efficiency. As PEI-DNA complex is intemalized through

endocytic pathway (1,2), the PEI will undergo a pH change

from 7.2–7.4 on the cell surfaces to 5.5–6.0 in the endo-

somes, to ~5.0 in acidic endosomes/lysosomes (29). The

PEI binding to DNA is expected to be progressively tighter

in this pathway, so that DNA could be protected from the

nuclease attack in acidic endosomes. On endosomal release,

most likely due to its proton-sponge effect (30), PEI might

elevate the cytosolic pH by as much as 0.4 units (31) and

manifest a lower affinity to its DNA cargo. The binding of

PEI to DNA might be further weakened on nuclear uptake

due to basic nuclear environment whose pH is 0.3–0.5 unit

higher than the cytoplasm (32). Consequently, PEI dissocia-

tion from DNA and the readout of genetic information on

exogenous DNA may become possible. The pH-dependent

binding behavior of PEI to DNA on pH might be a key

reason why PEI is one of the most effective transfection

agents.
CONCLUSIONS

Based on analysis of isothermal titration calorimetry anal-

ysis, we showed that the PEI had two modes of binding to

the DNA molecules. One of them was attributed to DNA

groove binding, and the other to external phosphate back-

bone binding that also involved DNA condensation. The

PEI was deprotonated in the first binding mode and proton-

ated in the second binding mode. The absolute value of the

intrinsic enthalpy change in the second binding mode was

nearly equal to the value of first binding mode, however,

whereas the first binding mode was endothermic, the second

binding mode was exothermic. This heat may reflect the

dissociation and association of water molecule to the groove

of DNA. This result implies that the PEI may rearrange from

the groove to the phosphate backbone of DNA when DNA is

condensed.
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