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We studied the effectiveness of trilysine (Lys3), tetralysine (Lys4), pentalysine (Lys5), and poly-L-lysine (PLL)
(MW 50000) onλ-DNA nanoparticle formation and characterized the size, shape, and stability of nanoparticles.
Light scattering experiments showed EC50 (lysine concentration at 50% DNA compaction) values of∼0.0036, 2,
and 20µmol/L, respectively, for PLL, Lys5, and Lys4 at 10 mM [Na+]. Plots of log EC50 versus log [Na+]
showed positive slopes of 1.09 and 1.7, respectively, for Lys4 and Lys5 and a negative slope of-0.1 for PLL.
Hydrodynamic radii of oligolysine condensed particles increased (48-173 nm) with increasing [Na+], whereas
no significant change occurred to nanoparticles formed with PLL. There was an increase in the size of nanoparticles
formed with Lys5 at>40 °C, whereas no such change occurred with PLL. The DNA melting temperature increased
with oligolysine concentration. These results indicate distinct differences in the mechanism(s) by which oligolysines
and PLL provoke DNA condensation to nanoparticles.

DNA condensation to nanoparticles has been extensively
studied to understand the energetic forces involved in the control
of DNA compaction in viral capsids and in chromosomes and
to develop novel gene delivery vehicles.1 Natural and synthetic
polyamines, basic proteins, synthetic polymers, and dehydrating
solvents are excellent promoters of DNA condensation and
aggregation.1-3 In dilute solutions, these agents collapse DNA
to nanoparticles of finite size and ordered morphology.4-6

Toroidal structures have been observed for these nanoparticles
by several investigators, although spherical and rodlike structures
have also been found using electron and atomic force micros-
copy. A hexagonal, liquid crystalline packaging arrangement
has been observed for cation condensed DNA.7,8

The interaction of oligopeptides, including oligolysines, with
DNA was studied earlier by several investigators as a model
system for evaluating the thermodynamic parameters of protein-
DNA interactions.9,10 In recent years, poly-L-lysine (PLL)-
mediated DNA condensation has been studied as a model for
DNA compaction to nanoparticles and for the use of DNA
nanoparticles for gene delivery applications.11-14 Oligolysine-
DNA interaction has been modeled on the basis of the
counterion condensation theory developed by Manning15 and
Record et al.16 However, there has not been much attempt to
examine the mechanism of the interaction of poly-L-lysine with
DNA, especially the effect of ionic conditions of the medium
and temperature. Comparative studies on the interaction of

oligolysines and PLL with DNA are also scant. We, therefore,
undertook the present study to examine the effects of monova-
lent ion (Na+) concentration and temperature on the ability of
trilysine (Lys3), tetralysine (Lys4), pentalysine (Lys5), and PLL
to condenseλ-DNA using static and dynamic light scattering
techniques and electron microscopy.

Among the cationic biopolymers with gene therapy applica-
tions, PLL has received much attention because it is amenable
to chemical modifications and can be conjugated to a variety
of ligands to achieve receptor-mediated uptake for gene delivery
applications.17-20 DNA collapse by PLL leads to structures of
various shapes (i.e., toroids, spheroids, or rods) and sizes,
depending on its ratio to DNA and the conditions of the
medium.21-25 PLL can bind DNA cooperatively or noncoop-
eratively, producing unimolecular complexes or multimolecular
aggregates, respectively. In addition to condensation, polypep-
tides confer marked stabilization to DNA against thermal
denaturation, and the magnitude of stabilization and specificity
of the interaction depend on the nature of the polypeptide
chain.17,18

Our present results indicate that the efficacy of lysines to
condense DNA increased with the number of positive charges
on the molecules, with PLL being a better condensing agent
than oligolysines. Temperature-dependent measurements of
hydrodynamic radii of DNA nanoparticles showed that the
presence of Lys5 caused aggregation as the temperature in-
creased>40 °C, whereas PLL did not have such an effect.
Oligolysines increased the melting temperature (Tm) of DNA
in a concentration-dependent manner at concentrations used to
condense the DNA. Complexes formed with PLL and DNA did
not melt at temperatures up to 95°C. These results provide new
insights into the mode of interaction of DNA with oligolysines
and PLL.
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Materials and Methods

λ-DNA. Lyophilized λ phage DNA (MW 31.5× 106, 48502 base
pairs) was purchased from Sigma Chemical Co. (St. Louis, MO).
It was dissolved in 10 mM sodium cacodylate buffer (10 mM
sodium cacodylate, 0.5 mM EDTA, pH 7.4) and dialyzed against the
same buffer for 3 h. The absorbance ratio (A260/A280) of the DNA
solution was 1.9, indicating that the DNA was free from protein
contamination.

Lysines and Reagents. Trilysine, tetralysine, pentalysine, and poly-
L-lysine (MW range 30000-70000) were purchased from Sigma
Chemical Co. (St. Louis, MO). We determined the purity of the
oligolysines from Sigma by thin-layer chromatography, using silica gel
plates with a matrix polyester support to run the samples. The mobile
phase consisted of 60% butanol, 25% doubly distilled (dd) deionized
water, and 15% glacial acetic acid. The samples were spotted on the
plates (at concentrations of 20 and 100µmol/L), and the mobile phase
was allowed to run for 5 h. The plates were dried, sprayed with
ninhydrin reagent solution (0.2% ninhydrin in ethanol), and then heated
to 50°C for 3 min to visualize the peptides. Lys3 and Lys4 migrated as
single spots, indicating the homogeneity of the peptides. In the case of
Lys5, we observed two minor spots, which comigrated with a major
spot of Lys5. The minor spots could be due to the presence of Lys3

and Lys4. However, the intensity of the major spot indicated that the
material was>95% Lys5. The average MW of PLL (50000) was used
to calculate the molar concentration in solution. Stock solutions of Lys3,
Lys4, and Lys5 (10 mM each) and PLL (1 mg/mL) were prepared in
10 mM sodium cacodylate buffer. Subsequent dilutions were made with
the same buffer. Buffers of increasing ionic strength (25, 50, 75, 100,
and 150 mM Na+) were prepared by adding appropriate amounts of 1
M NaCl solution to the 10 mM sodium cacodylate buffer.

Total Intensity Light Scattering . Static light scattering experiments
were performed using a Fluoromax-2 spectrofluorometer (Jobin Yvon-
Spex Instruments S.A., Inc., Edison, NJ).26 The excitation and emission
monochromators were both set to a wavelength of 305 nm with a 5
nm band-pass. The scattered light intensity was collected at a 90° angle
with respect to the incident beam. Small quantities of stock oligolysine
or PLL solutions were added to DNA/buffer solutions (0.5µg/mL DNA)
in 2 mL borosilicate glass tubes to achieve the desired concentration
of the condensing agent. The solutions were vortexed gently and
allowed to equilibrate for 30 min at 22°C. They were then centrifuged
in a Beckman GS 6KR centrifuge for 10 min at 500g to avoid light
scattering from aggregated particles. Centrifugation at 500g did not
result in phase separation or a reduction in DNA concentration in
solution. Therefore, the light scattering measurements are representative
of the DNA concentrations used.

Dynamic Laser Light Scattering. Dynamic light scattering experi-
ments were performed using DynaPro model MSX equipment (Protein
Solutions, Inc., Charlottesville, VA).27,28 Lysine solutions were added
to DNA solutions (0.5µg/mL) to achieve the desired condensing agent
concentrations. The samples were mixed, allowed to attain equilibrium
for 30 min at 22°C, and centrifuged for 10 min at 500g and 4°C to
remove aggregate particles. Hydrodynamic radii were measured by
transferring 45µL of sample solution to a standard quartz cuvette, and
the scattered light was detected at a 90° angle to the incident beam.
All measurements were performed in the same cuvette to avoid
variations introduced by minor differences between cuvettes. The
cuvette was washed with doubly distilled water and vacuum-dried
before each measurement. The measurements were performed at
different temperatures, ranging from 20 to 80°C, after equilibration of
the sample at the indicated temperatures for 10 min.

A laser beam from a 2 Wlaser (800 nm wavelength) was passed
through a quartz cell holding the sample (lysine/DNA mixture), and
the scattered light was detected at a 90° angle with respect to the
incident beam. The scattered light was analyzed with an autocorrelator
to generate the first-order autocorrelation function. The following

equation describes the autocorrelation function,g(l)(τ), for monodisperse
particles that are much smaller than the incident beam:

In this equation,τ is the decay time andq ()4πn/[λo sin(θ/2)]) is the
scattering vector, which is a function of the incident beam wavelength
(λo), the scattering angle (θ), the refractive index of the solvent (n),
and the diffusion coefficientD. The hydrodynamic radius (Rh) is
calculated from the diffusion coefficient using the Stokes-Einstein
equation:

whereT is the absolute temperature,η is the solvent viscosity, andk
is the Boltzmann constant. Data were analyzed by a Dynamics version
6 software package obtained from Protein Solutions, Inc.

Electron Microscopy. Lysine-DNA condensates were visualized
using a JEOL 1200EX electron microscope.27 Briefly, the samples were
prepared by combining lysine solutions with DNA solutions (0.5µg/
mL) to achieve the desired cationic agent concentrations. The solutions
were mixed and allowed to equilibrate for approximately 30 min.
Formvar-coated copper grids (Electron Microscopy Sciences) were glow
discharged for 60 s. Samples were placed on the grids for 10 min. The
grids were then washed with water for 1-2 min, and excess solution
was removed using a filter paper. The grids were stained with 1% uranyl
acetate solution (1-2 min) and allowed to dry in air.

Centrifugation Assay for DNA Precipitation . To examine the
ability of different lysines to precipitate DNA, we conducted the
centrifugation assay.29 In brief, aliquots of DNA solution (DNA in 100
mM sodium cacodylate buffer) were mixed with lysine solution to
achieve the desired condensing agent concentration in a final volume
of 400µL. The samples were vortexed for 5 s, incubated at 22, 50, or
70 °C for 30 min, and centrifuged for 10 min at 11000g using a
microcentrifuge. The supernatant was withdrawn for analysis and placed
in a 350 µL quartz microcuvette (path length 1 cm). The sample
absorbance was measured using a Beckman DU 460 spectrophotometer
at 260 nm. Theλ-DNA concentration used in centrifugation experiments
was 0.1A260 nm unit. The amount of DNA present in solution was
calculated using the following equation: amount of DNA in solution
(%) ) (As/Ao) × 100, whereAs and Ao are the absorbances of the
supernatant and control (DNA in the absence of lysine reagent),
respectively, at 260 nm.

Melting Temperature (Tm) Measurements. Tm experiments were
performed using a Beckman DU640 spectrophotometer.30 TheTm cell
block contained six cells, one of which was filled with buffer (used as
a blank). The melting temperature was obtained by increasing the
temperature of the sample at a rate of 0.5°C/min, within a range of
40-95 °C, and monitoring the absorbance (A) every 30 s.Tm values
were taken as the temperatures at which half of the complex was
dissociated. The computer-generated first derivative of the melting
curve, dA/dT (whereA is absorbance andT is temperature), was also
used for determiningTm. Tm measurements obtained by both methods
did not deviate by more than 1°C.

Results

Static Light Scattering. The ability of oligolysines and PLL
to condenseλ-DNA was studied using static light scattering.
Figure 1 shows the relative intensity of scattered light versus
the concentration of Lys4, Lys5, and PLL. In each case, a sharp
rise (>4-fold) occurred in the intensity of scattered light at a
critical lysine concentration, which plateaued on further addition
of lysine. A plateau in the light scattering profile indicates
complete condensation ofλ-DNA at high peptide concentrations.
Among the oligolysines, Lys3 did not provoke DNA condensa-
tion even up to a concentration of 1 mM.

g(l)(τ) ) exp[-Dq2(τ)]

Rh ) kT/6πηD
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To compare the relative effectiveness of Lys4, Lys5, and PLL
in condensing DNA, we calculated the EC50 values, which
corresponded to lysine concentrations at which half of the DNA
was in the compacted form. Our results are presented in Table
1. The effective concentration of PLL in inducing DNA
condensation was much lower than that of Lys5. In the presence
of 10 mM Na+, there was a 10-fold decrease in the EC50 value
(from 20 to 2µM) when Lys4 was replaced by Lys5, suggesting
that Lys5 was more efficacious in condensing DNA than Lys4.
We also compared the DNA condensing abilities of lysines by
calculating the molar ratios of nitrogen to phosphate (N/P values)
at the EC50 value. PLL demonstrated the greatest DNA
condensation efficiency (N/P≈ 1.8), followed by Lys5 (N/P ≈
13) and Lys4 (N/P ≈ 106). Our results indicate that DNA
condensation by lysines is a sensitive function of the cationicity
of the condensing agent.

Effect of Salt Concentration. We next examined the effect
of increasing ionic strength of the medium on the ability of
Lys4, Lys5, and PLL to condenseλ-DNA. The [Na+] of 10 mM
sodium cacodylate buffer was increased in stages up to 150 mM
by the addition of predetermined aliquots of 1 M NaCl that
took into account the original 10 mM [Na+] in the buffer. At
each ionic concentration, plots of the total intensity of scattered
light against lysine concentrations were generated, similar to
Figure 1. From these plots, EC50 values were determined. Figure
2 shows the influence of [Na+] on the effectiveness of lysines
in condensingλ-DNA. In these plots of log EC50 against log
[Na+], the critical concentrations of Lys4 and Lys5 increased
linearly with [Na+]. The slope of the plot, [(d log EC50)/(d log
[Na+])] is a quantitative measure of the concentration depen-
dence between multivalent and monovalent cations during
λ-DNA condensation. The slopes obtained from the plot were
1.09 and 1.7 for Lys4 and Lys5, respectively. In contrast, a
slightly negative slope (-0.1) was obtained for PLL, pointing
to a minimal of change in EC50 values with increasing [Na+].

Measurement of the Hydrodynamic Radius of Condensed
Particles. In the next series of experiments, we determined the
hydrodynamic radius (Rh) of λ-DNA nanoparticles formed in
the presence of oligolysines and PLL, using dynamic laser light
scattering equipment. Lysine concentrations at whichλ-DNA
achieved complete condensation, as established by the plateau
region in the light scattering profile, were used in these
experiments.Rh values were initially determined using 10 mM
sodium cacodylate buffer. The size of the DNA nanoparticles
was 66.3( 6.8, 48.0( 1.8, and 60.9( 2.7 nm, respectively,
in the presence of Lys4, Lys5, and PLL (Table 1).

To determine the effect of increasing monovalent ion
concentration on particle size, [Na+] of the buffer was gradually

increased from 10 to 150 mM by the addition of required
volumes of 1 M NaCl. Table 1 shows the change inRh values
of nanoparticles formed with oligolysines and PLL in the
presence of increasing concentrations of [Na+]. DNA nanopar-
ticles formed with Lys4 increased in size from 66.3 to 173 nm,
as the monovalent ion concentration increased from 10 to 100
mM. At 150 mM Na+, Lys4 was unable to condenseλ-DNA,
as evidenced by its failure to increase the scattered light intensity
even up to a concentration of 1 mM. TheRh value of DNA
nanoparticles condensed with Lys5 increased from 48 to 156
nm, when [Na+] was increased from 10 to 150 mM. In the case
of PLL, however, the particle size showed only a modest
increase, from 61 to 87 nm when [Na+] increased from 10 to
150 mM. Overall, Lys4 produced larger particles than those
produced by Lys5 at g50 mM Na+. Lys5 and PLL produced
the smallest nanoparticles, indicating that the particle size
decreased with increasing number of positive charges on the
oligo/polylysines.

Temperature Effect on Particle Size. We next studied the
effect of increasing temperature (20-80°C) on the size of DNA
nanoparticles formed in the presence of Lys4, Lys5, and PLL in
cacodylate buffer containing 100 mM Na+. The results are
shown in Figure 3. The average size of nanoparticles formed
with PLL increased slightly around 30°C (Rh ≈ 98 nm) and
remained almost constant from 30 to 60°C. Starting at 70°C,
we observed a small decrease (∼15-25 nm) in theRh of these
particles. In contrast, a sharp increase in the size of Lys5

nanoparticles was observed at 50°C, with theRh value almost
tripling in magnitude (Rh ≈ 436 nm). TheRh values of Lys4
condensed particles remained the same from 20 to 37°C.
However, they became unstable at higher temperatures (g40
°C), precluding any further measurement ofRh.

Determination of Nanoparticle Size and Shape by Electron
Microscopy (EM). In the next set of experiments, we examined
the shape of the nanoparticles formed by the interaction of
oligolysines and PLL withλ-DNA. Electron microscopic
examination of Lys5 and PLL condensed DNA complexes at
different salt concentrations (10, 50, and 100 mM) revealed the
presence of nanoparticles of different sizes and shapes. The
structures of DNA nanoparticles formed by the binding of Lys5

are shown in Figure 4A-E, whereas PLL-containing particles
are depicted in panels F-I. DNA condensates appeared
predominantly as toroids and spheroids, but occasionally rods
were also observed. In some cases, particle sizes determined
by EM were smaller than those obtained by the dynamic light
scattering method. The smaller sizes can be attributed to drying
artifacts during the deposition of the condensates on the EM
grid.

Precipitation Studies ofλ-DNA in the Presence of Oligol-
ysines and Poly-L-lysine. This set of experiments was designed
to determine and compare the effect of Lys4, Lys5, and PLL on
the precipitation ofλ-DNA. In agreement with experiments
conducted to determine the effect of temperature on particle
size, the present experiments were also performed in 100 mM
sodium cacodylate buffer. We conducted the precipitation
experiments using samples incubated for 30 min at 22, 50, and
70 °C.

Lys5 caused significant aggregation ofλ-DNA, as shown in
Figure 5A. At low Lys5 concentration (0-100 µM), the
precipitation curve showed only a small decrease, with>88%
of DNA remaining in solution at 100µM. At 150 µM, Lys5

caused DNA precipitation at all temperatures, as evidenced by
a sharp decline of the precipitation curves. Over 90% of DNA
was in aggregated form at Lys5 concentrations ranging from

Figure 1. Typical plots of the relative intensity of scattered light at
90° against concentrations of Lys4, Lys5, and PLL. The λ-DNA solution
had a concentration of 1.5 µM DNA phosphate, dissolved in 10 mM
sodium cacodylate buffer, pH 7.4. Lysine concentrations are in terms
of the whole molecules, µmol/L.
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200 to 500µM. In contrast, Lys4 failed to induceλ-DNA
precipitation at 22, 50, or 70°C. Reducing the DNA concentra-
tion from 0.1 to 0.05A260 nm unit did not have any noticeable
effect on Lys4’s inability to stimulate DNA aggregation.

PLL induced minimal DNA precipitation (e9%) across a
wide range of concentrations employed in this study at all
experimental temperatures (Figure 5B). A slight trend toward
increased precipitation with greater PLL concentration can be
observed at concentrations>0.001µM.

Tm Measurements of DNA Complexed with Oligolysines
and Poly-L-lysine. To examine whether the ability of oligol-

ysines/poly-L-lysine to condenseλ-DNA correlated with their
ability to increase the stability of the DNA duplex, we
determinedTm values ofλ-DNA in the presence of increasing
concentrations of Lys3, Lys4, Lys5, and PLL. Figure 6 shows
representative absorbance-temperature profiles ofλ-DNA in
the presence of different concentrations of Lys5. The dissociation
of the duplex to single strands was seen as an increase in the
absorbance at 260 nm, as the temperature increased from 40 to
95 °C. In the absence of lysines,λ-DNA melted at 71°C in a
buffer containing 10 mM sodium cacodylate. The presence of
Lys5 shifted the melting profile to the right, indicating an
increase in theTm in a concentration-dependent manner.

The results of ourTm measurements with all three oligolysines
and PLL are presented in Table 2. A concentration-dependent
increase inTm was observed for all three oligolysines. For the
same concentration, Lys5 had a much higher duplex-stabilizing
effect than Lys4 and Lys3. For example,∆Tm (Tm(in the presen-

ceof lysine) - Tm(in the absence of lysine)) with 10 µM Lys5 was 18.1°C,
compared to 12.8 and 12.7°C, respectively, for Lys3 and Lys4.

Table 1. Effects of Na+ Concentration on EC50 Values and the Hydrodynamic Radius (Rh) of λ-DNA Condensates Formed in the Presence
of Lys4, Lys5, and Poly-L-lysinea

Lys4 Lys5 PLL

[Na+]
(mM)

EC50

(µmol/L)
Rh

(nm)
EC50

(µmol/L)
Rh

(nm)
EC50

(µmol/L)
Rh

(nm)

10 20 66.3 ( 6.8 2 48 ( 1.8 0.0036 60.9 ( 3
25 32 71.9 ( 4.4 3.4 99.1 ( 6 0.0029 70.6 ( 3
50 75 125.9 ( 3.2 16.7 113 ( 2.6 0.0031 77.1 ( 4
75 138 168.9 ( 2.9 45 144.5 ( 2.6 0.0027 74.7 ( 4

100 257 172.6 ( 1 90 151.5 ( 5 0.0027 84.4 ( 4
150 148 155.9 ( 5 0.0028 87.0 ( 3

a Rh measurements were done with the dynamic laser light scattering equipment in 10 mM sodium cacodylate buffer (pH 7.4) containing 0, 15, 40, 65,
90, and 140 mM NaCl to make up the Na+ concentration. The value following the ( indicates the SD from 4-6 experiments. Standard deviations in EC50

values were less than 10%.

Figure 2. Effect of Na+ concentration on the midpoint condensing
concentration (EC50) of Lys4, Lys5, and poly-L-lysine. log EC50 (µmol/
L) is plotted against log [Na+] (mM). The symbols represent EC50

values of Lys4 (1), Lys5 (O), and poly-L-lysine (b). Error bars are of
a magnitude to be contained within the symbols and indicate the
standard deviation from three separate experiments.

Figure 3. Effect of temperature on the hydrodynamic radius (Rh) of
λ-DNA nanoparticles. The symbols represent mean Rh values of
nanoparticles produced in 100 mM sodium cacodylate buffer in the
presence of Lys4 (1), Lys5 (O), and poly-L-lysine (b). Error bars
indicate the standard deviation from 4-6 separate experiments and
are generally of a magnitude to be contained within the symbol.

Figure 4. Representative electron micrographs of λ-DNA nanopar-
ticles produced by Lys5 and poly-L-lysine. Experiments were con-
ducted in sodium cacodylate buffer containing different concentrations
of NaCl. Key: (A, B) Lys5 induced particles in 50 mM [Na+], (C) Lys5

in 10 mM [Na+], (D, E) Lys5 in 100 mM [Na+], (F) poly-L-lysine in 10
mM [Na+], (G, H) poly-L-lysine in 50 mM [Na+], (I) poly-L-lysine in
100 mM [Na+]. It should be noted that the intense darkness of the
micrographs is due to uranyl acetate staining. The bars in all panels
represent 100 nm.
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The Tm of DNA showed a minor transition at∼71 °C in the
presence of different concentrations of PLL up to 0.02µM. This
is the sameTm as that ofλ-DNA in buffer and may represent
the melting of uncomplexed DNA. This result suggests that
λ-DNA-PLL complexes do not melt up to 95°C, the upper
limit of our temperature program.

Discussion

Results presented in this paper show significant differences
in the mechanism(s) by which oligolysines and PLL condense

λ-DNA to nanoparticles. Lys4, Lys5, and PLL condensedλ-DNA
to nanoparticles at very low concentrations, and the critical
concentrations required to condense half the DNA in a sample
decreased with increasing lysine chain length. In a plot of log
EC50 against log [Na+], EC50 values of Lys4 and Lys5 increased
linearly with Na+ concentration with a positive slope. In contrast,
such a plot yielded a negative slope (-0.1) for PLL, indicating
that the predominant mode of interaction of PLL with DNA
might be different from that of oligolysine-DNA interactions.
The hydrodynamic radii of the nanoparticles formed with
oligolysines increased with [Na+] in the medium, whereas no
such effect was found for nanoparticles provoked by PLL. While
increasing temperature had a large effect on the size and stability
of DNA nanoparticles formed in the presence of Lys4 and Lys5,
temperature had only a modest effect on nanoparticles formed
with PLL. In addition, Lys5 induced DNA aggregation, whereas
PLL did not initiate aggregation of the condensates (Figure 5).

As can be seen from Table 1, DNA condensation by lysines
is dependent on the nature of the lysine molecule. The decrease
in EC50 values with increasing lysine chain length indicates that
the cationicity of the condensing agent plays an important role
in DNA condensation. According to the counterion condensation
theory developed by Manning15 and Record et al.,16 and as
applied to the condensation of DNA by multivalent cations,26,31

approximately 89-90% phosphate charge neutralization is
required for DNA condensation. The trend of decreasing EC50

values with increasing lysine chain length can be explained in
terms of binding affinity. Generally, a higher charge of a cation
leads to a higher binding affinity than that of lower charge
cations, thereby causing DNA to collapse at lower counterion
concentrations. Therefore, PLL’s ability to condenseλ-DNA
at significantly lower concentration than that of Lys4 or Lys5

can be attributed to its high affinity binding to DNA. However,
Lys3 was incapable of mediating DNA condensation under
different conditions tested by us. The lack of Lys3-mediated
λ-DNA condensation in our study is consistent with earlier
observations by Wadhwa,18 who demonstrated that alkylated
Lys3 could not bind to and condense DNA.

Previous studies on DNA condensation by multivalent cations
have shown that trivalent cations are excellent promoters of
nanoparticle formation in aqueous solution. For example, cobalt
hexamine [Co(NH3)6

3+] and spermidine(3+) provoked DNA
condensation, with EC50 values of 15 and 35µM, respectively,
in 1 mM sodium cacodylate buffer, and the resultant nanopar-
ticles had a hydrodynamic radius of∼50 nm.27,31In contrast to
these trivalent cations, trilysine could not condense DNA up to
1 mM concentration. Trilysine has threeε amino groups and
an R amino group. When pH is 7.0, the amino acid groups of
lysine are considered to be 99% protonated. At our experimental

Figure 5. Precipitation/aggregation of λ-DNA in the presence of (A)
Lys5 and (B) PLL, observed at room temperature (b), 50 °C (O), and
70 °C (1). All experiments were conducted in 100 mM sodium
cacodylate buffer (pH 7.4). A logarithmic scale is used for PLL
concentrations in panel B. Error bars represent the standard deviation
from three separate experiments. The DNA concentration used in
these experiments was 0.1 A260 nm unit.

Figure 6. Typical melting profiles of λ-DNA in the presence of Lys5.
The concentrations of Lys5 were 0 (b), 1 (O), 2.5 (1), 5 ([), and 10
(9) µM. The Tm measurements were conducted in 10 mM sodium
cacodylate buffer at a heating rate of 0.5 °C/min.

Table 2. Effects of Lys3, Lys4, Lys5, and Poly-L-lysine on the Tm

of λ-DNAa

Lys3 Lys4 Lys5

concn
(µM)

Tm

(˚C)
concn
(µM)

Tm

(˚C)
concn
(µM)

Tm

(˚C)

0 70.9 0 71.2 0 71.1
1 72.7 1 73.4 1 72.5
2.5 78.2 2.5 77.1 2.5 82.3
5.0 81.2 5.0 79.7 5.0 86.9

10 83.6 10 84.0 10 89.2

a Tm measurements were done in three separate experiments. The
values given are the mean values. The SD in the Tm measurements was
<1 °C. The molar concentration of poly-L-lysine was calculated using an
average molecular weight of 50000. At concentrations higher than 0.02
µM, DNA precipitated in the presence of poly-L-lysine.
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pH of 7.4, each amino group of the peptide may be partially
protonated, making the molecule less than tripositive, thereby
contributing to its inability to condense DNA. Trilysine’s
inability to promote DNA compaction may also be attributed
to low charge density of the molecule resulting from the chain
separation between positive charges on theε-terminals of the
lysine side chains. However, tetralysine appears to provide the
threshold for sufficient postive charges and charge density for
DNA condensation. Although multivalent cation-mediated
condensation of DNA has been modeled on the basis of the
counterion condensation theory, ion-specific effects have been
found in the case of tetravalent polyamines.26

There is no consensus regarding the size of DNA nanopar-
ticles produced by PLL or oligolysines. Particle size often
depends on the starting reactant concentrations, size of the DNA,
ionic environment, mixing conditions, and method of measure-
ment. Hydrodynamic diameters of PLL-DNA condensates (λ-
DNA size∼48.5 kb, MW 31.5× 106) in our study varied from
approximately 120 to 180 nm, with the salt concentration
ranging from 0.01 to 0.15 M. Significantly larger particles
(diameter∼340 nm) were obtained by Shapiro et al.32 in the
course of light scattering experiments using sonicated calf
thymus DNA (MW 5× 105), which is smaller than the DNA
used in our studies. Liu et al.33 demonstrated the formation of
complexes of a significantly lower size than that obtained in
our study (diameter 15-30 nm) between PLL and plasmid DNA
of a much smaller size (∼5 kb) than that ofλ-DNA. These
complexes were formed under high salt conditions and thought
to contain 1-3 molecules of DNA. Perales et al.34 also observed
the formation of very small unimolecular particles (diameter
17 nm) composed of PLL and homogeneous plasmid DNA
under similar ionic conditions. Lower Na+ concentrations tended
to produce aggregates of unimolecular condensates. Using
plasmid DNA, Kwoh et al.35 found that MW 10000 and MW
26000 PLL produced similarly sized polyplexes,∼255 and
∼238 nm in diameter, respectively, at physiological [Na+],
suggesting that particle size does not vary with increasing PLL
chain length. However, using AFM, Wolfert et al.12 observed a
clear trend toward increasing particle diameter with increasing
molecular weight of PLL in the presence of plasmid DNA
(approximate size 6 kb). These differences may be attributed
to differences in ionic conditions and/or kinetic changes
occurring after the formation of the particles.

Our Tm experiments demonstrate thatλ-DNA undergoes
monophasic melting transitions in the presence of Lys3, Lys4,
and Lys5 and that greater duplex stabilization is achieved with
increasing oligolysine chain length. The dependence ofTm on
increasing cation concentration indicates that DNA stabilization
is achieved by the reversible binding of these cations to DNA.
Our results with oligolysines are in agreement with those of
Olins et al.,36 who observed similar monophasic melting of DNA
in the presence of Lys4. Our inability to observe biphasic melting
in the presence of PLL may be attributed to the fact that the
second melting transition occurs at a temperature above 100
°C and, therefore, cannot be measured by the instrument used
in our melting studies.37 The Tm of ∼71 °C might be that of
uncomplexedλ-DNA. Interestingly, Lys3 stabilizes duplex DNA
but is unable to condense the same.

A novel aspect of our study is the observation that increasing
salt concentration has no major effect on the ability of PLL to
condense DNA and on the size of the resultant nanoparticles.
We found that increasing salt concentration (from 0.010 to 0.15
M Na+) caused a significant increase in the amount of Lys4

and Lys5 required forλ-DNA condensation but had a minimal

impact on the critical condensing concentration of PLL.
Similarly, an increase in [Na+] caused only a small increase in
the size of PLL nanoparticles, while producing a large increase
in the size of DNA condensates produced in the presence of
oligolysines. The Na+ concentration was not raised above 0.15
M as our aim was to compare PLL and oligolysines at
physiologically compatible salt conditions.

The linear positive slope obtained with oligolysines suggests
that electrostatic interactions are the main force involved in
oligopeptide-mediated DNA condensation.15,16,26 The driving
force for oligolysine binding to DNA results from a net gain in
entropy that occurs when DNA-bound Na+ ions are released
into solution. When the Na+ concentration of the medium is
increased, the net gain in entropy from the release of Na+

decreases, and therefore, a higher concentration of oligolysines
is required to compete with Na+ and induce DNA condensation.3

Since a positive slope was not observed, which would be
expected in the case of an electrostatic mode of interaction
between multivalent ions and DNA, we believe that PLL-DNA
interaction is complicated by other factors.

Significant differences were also observed in the effect of
temperature on the hydrodynamic radius of DNA nanoparticles.
While an increase in temperature favored the assembly of
oligolysine condensed particles, with sizes tripling in magnitude
at g50 °C, the size of PLL condensed particles remained
relatively similar, suggesting that temperature-induced aggrega-
tion of DNA is prevented by PLL. These results can be attributed
to the irreversible binding of PLL to DNA, in contrast to the
reversibly bound oligolysines, which are easily replaced by
increasing salt concentration.

Our precipitation/aggregation studies demonstrate Lys5’s
ability to induce almost completeλ-DNA precipitation (g91%)
at 22, 50, and 70°C at oligolysine concentrations higher than
those required for condensation. The shape of the aggregation
curve obtained with Lys5 is similar to those obtained with

Figure 7. Schematic representation of two different mechanisms in
the condensation of λ-DNA by (A) oligolysines and (B) poly-L-lysine.
In (A), oligolysines are assumed to bind with DNA by electrostatic
forces, leading to the collapse of DNA to nanoparticles. When these
particles are heated, oligolysines partially dissociate from DNA,
leading to partial melting of DNA and cross-linking of different DNA
molecules to aggregates. In (B), DNA is modeled to wrap around poly-
L-lysine. The wrapped particles are protected from heat-induced
denaturation and cross-linking.
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polyamines and polyamine analogues used by Saminathan et
al.29 This result is in agreement with our temperature studies,
where a large increase in the size of Lys5-containing particles
at g50 °C suggests a tendency toward aggregation of the
nanoparticles. Lys4’s failure to stimulate DNA aggregation at
high temperatures is also consistent with the results of our
temperature studies that show this oligolysine’s inability to form
discrete particles at temperatures>37 °C. Lys4’s behavior may
be attributed to its relatively low DNA binding affinity, which
can lead to easy displacement of the oligolysine from its
complexes with DNA by monovalent ions at high temperatures.
We also demonstrated that PLL causes very littleλ-DNA
aggregation (e9%) at temperatures up to 70°C. Our results
agree with the findings of other studies that demonstrated that
PLL-DNA particles are resistant to precipitation at low DNA
concentration in aqueous solutions in the presence of little or
no salt.38-40 However, these and other studies reported that, at
high salt and DNA concentrations, PLL-containing particles
tended to aggregate.

Taken together, our results indicate that the mode of binding
of PLL to DNA is different from that of the binding of
oligolysines and other small multivalent cations, such as
polyamines and cobalt hexamine.1,26-28,31,41-45 Studies on DNA
interactions of polyamines and H1 histone proteins suggest their
preferential binding to the minor groove, the area of highest
charge density in DNA.46-50 We, therefore, suggest that while
the oligolysine molecule can wrap and bind DNA through its
minor groove, DNA may wrap around the PLL as a string
around a spool. The latter mode of binding is similar to that of
DNA-dendronized polymer interaction, in which DNA wraps
around the polymer and the calculated pitch decreases with an
increase in charge density of the polymer.51 Alternatively, it is
conceivable that PLL and DNA undergo coacervation, so that
in the coacervation region, precipitation is prevented.52-54

Coacervation is a spontaneous process that occurs in aqueous
solutions of oppositely charged polyelectolytes and involves a
spontaneous liquid-liquid phase separation. The coacervation
region is centered around the charge neutrality, dependent on
the charge neutrality and complex size. However, smaller
complexes cannot coacervate even if their charges are neutral-
ized. Therefore, PLL/DNA complexes have greater chances of
forming coacervate regions. Molecular mechanical calculation
suggests that DNA undergoes different modes of binding,
depending on the nature of the multivalent cations.50,55 On the
basis of our results and the above considerations, we propose a
schematic model for the binding of oligolysines and PLL to
DNA (Figure 7). This model is supported by our results on
temperature effects on nanoparticles as well as our DNA
precipitation/aggregation experiments (Figures 3 and 5).

In summary, our results show that both oligolysines and PLL
are good DNA condensing agents, and that condensation
efficiency increases with greater lysine chain length. The ability
of PLL to condense DNA and the size of the resulting
nanoparticles are relatively insensitive to salt concentration and
increases in temperature. In contrast, the oligolysines’ ability
to condense DNA and the size of the polyplex show a strong
dependence on the monovalent ion concentration of the medium.
These results might contribute to the development of nonviral
gene delivery vehicles because characterization of nanoparticle
formation and their stability and other properties are important
in gene therapy.
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