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Abstract
Protamines are small, highly positively charged peptides used to package DNA to very high
densities in sperm nuclei. Tight DNA packing is considered essential to minimize DNA damage
by mutagens and reactive oxidizing species. A striking and general feature of protamines is the
almost exclusive use of arginine over lysine for the positive charge to neutralize DNA. We have
investigated whether this preference for arginine might arise from a difference in DNA
condensation by arginine and lysine peptides. The forces underlying DNA compaction by
arginine, lysine, and ornithine peptides are measured using the osmotic stress technique coupled
with x-ray scattering. The equilibrium spacings between DNA helices condensed by lysine and
ornithine peptides are significantly larger than the interhelical distances with comparable arginine
peptides. The DNA surface-to-surface separation, for example, is some 50% larger with poly-
lysine compared to poly-arginine. DNA packing by lysine rich peptides in sperm nuclei would
allow much greater accessibility to small molecules that could damage DNA. The larger spacing
with lysine peptides is due to both a weaker attraction and a stronger short ranged repulsion
relative to the arginine peptides. A previously proposed model for poly-arginine and protamine
binding to DNA provides a convenient framework for understanding the differences between the
ability of lysine and arginine peptides to assemble DNA.

The compaction of DNA is a common theme in cell biology. The most tightly packed DNA
is found in bacteriophages (1, 2) and vertebrate sperm nuclei (3, 4). In both cases, highly
negatively charged DNA is found to be hexagonally organized with interhelical spacings of
only 27–30 Å (or surface-to-surface separations of ~ 7–10 Å), corresponding to packing
densities of 400 – 500 mg/ml. In these two cases, packing is accomplished quite differently.
The DNA is actively transported into the bacteriophage capsid head using very strong
molecular motors. Once in the head, the DNA is under tremendous pressure that is used to
help eject the DNA into bacterial cells. In vertebrate sperm nuclei, DNA is spontaneously
compacted, typically to 28–30 Å spacings by small, highly positively charged, arginine-rich
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peptides called protamines (5–8). The general consensus is that tight packing of DNA in
sperm nuclei is necessary to limit DNA damage due to reactive oxidative species since DNA
repair is absent (9–15).

The DNA condensation by cations has been studied for some time now (7, 16–24). The most
extensively studied cations, Co(NH3)6

3+, Mn2+, and the biogenic amines spermidine3+ and
spermine4+, condense DNA to 27–30 Å, spacings comparable to protamines (7, 21–24).
Only if condensing ions bound to DNA are diluted with ions of lower charge or if excess
counterion binding ‘overcharges’ DNA does the spacing between helices increase much
beyond 30 Å (21, 25, 26). Only a narrow range of condensed DNA spacings have been
observed. The almost exclusive use of arginine by protamines in preference to lysine is then
somewhat puzzling. Of the 32 amino acids of salmon protamine, 21 are arginines with no
lysines (27). Bovine protamine has 26 arginines out of 50 total amino acids again with no
lysines (28). Humans have two protamines; P1 that has 50 amino acids with 24 arginines
and no lysines and P2 that has 57 amino acids with 26 arginines and only 2 lysines (27). The
N-terminal tails of histones are not as highly charged as protamines, but use both lysines and
arginines to compact chromatin. We have previously characterized the packing of DNA by
arginine peptides (18) and found that packing by salmon protamine can be quantitatively
understood from analysis of the peptides (6). DNA is compacted by +3 and higher charged
arginine peptides to the same 27 – 30 Å interhelical spacing range as for the several other
DNA condensing ions. We now examine lysine peptides. Lysines are significantly worse
than arginines for tightly compacting DNA. The DNA packing density decreases by at least
~ 25 % in comparing arginine and lysine peptides that have the same charge. Equivalently,
the surface-to-surface separation between helices increases by some 50%. Ornithine that
only differs from lysine by having one less methylene group in the side chain is only slightly
better than lysine for compacting DNA, but still much worse than arginine.

We have been characterizing intermolecular forces for many biological macromolecules,
including DNA, for many years now using osmotic stress coupled with x-ray scattering (29–
31). As noted above, compaction of DNA by multi-charged cations does not result in
anhydrous contact of helices, but is rather characterized by significant water left between
helices, typically some 7–10 Å. This indicates that cation mediated attraction is balanced by
a shorter ranged repulsive force. Our experiments have allowed us to separate the forces into
their attractive and repulsive components. The attractive forces necessary for condensation
arise from a correlation of positive charges of bound cations bound on one helix with the
negative phosphate charges on another, (see, e.g., Kornyshev et al (32)). The spacing of
positive and negative charges on apposing helices and helical fluctuations will modulate the
attraction amplitude. Both attractive and repulsive forces can be described by exponential
functions with ~2.5 and ~5 Å decay lengths for DNA condensed by a wide variety of
cations: salmon protamine, Co(NH3)6

3+, Mn2+, spermidine3+, spermine4+, and several
arginine peptides ranging in charge from +2 to +6 (7, 18, 22, 24, 31). Within this same
framework, we find that the DNA interhelical forces mediated by lysine peptides have both
a weaker attraction and a stronger short ranged repulsion than for the arginine peptides.
Significantly, the particular double exponential form that describes the force curves for other
condensing ions does fit the force data for lys+ and di-lys2+ and the ornithine peptides, but
not for the tri-, tetra-, or hexa-lysine peptides. This can be explained if the mode of binding
of lysine peptides to DNA changes as helices move closer. The model for poly-arginine or
protamine binding to DNA from Hud et al (33) offers a possible way to account for the
differences we observe between the arginine and lysine peptides.
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Experimental Procedures
Materials

L-Arginine hydrochloride, l-lysine hydrochloride, l-ornithine hydrochloride, ammonium
chloride, Putrescine dihydrochloride, dilysine dihydrochloride (di-lys2+), trilysine (tri-lys3+),
tetralysine (tetra-lys4+), pentalysine (penta-lys5+), poly-l-arginine hydrochloride (P7662 15–
70kDa, weight average Mw ~ 35,500), poly-l-lysine hydrochloride (P2658 15–30kDa) and
poly-l-histidine hydrochloride (P9386 5–25kDa) were obtained from Sigma-Aldrich (St.
Louis, MO). All Sigma-Aldrich chemicals were used without further purification. Di-
arginine, di-ornithine, tri-ornithine, tetra-ornithine, hexa-lysine, hexa-arginine, and all mixed
lys-arg peptides were custom synthesized and purified (>98%) by GenScript Corporation
(Piscataway, NJ). The peptides were neutralized with Tris base and used without further
purification. Bioultra grade polyethylene glycol (PEG), average molecular weight (MW)
8,000, was purchased from Fluka Chemical Company. High molecular weight DNA (MW >
5×106) was prepared and purified from adult chicken whole blood as described previously
(7, 34) and dialyzed against 10 mM TrisCl (pH 7.5), 1mM EDTA.

Osmotic Stress
The method for direct force measurements by osmotic stress has been previously described
(30). In brief, condensed macromolecular arrays, such as DNA, are equilibrated against a
bathing polymer solution of known osmotic pressure. The polymer, typically polyethylene
glycol (PEG), is too large to enter the condensed DNA phase and applies a direct osmotic
pressure, Π, on the condensate. Water, salt, and other small solutes are free to exchange
between the PEG and condensed DNA phases. After equilibration, the osmotic pressures in
both phases are the same. Osmotic pressures of the PEG-salt solutions were measured
directly using a Vapro Vapor Pressure Osmometer (model 5520, Wescor, Logan, UT). The
interhelical spacing, Dint, can be determined from Bragg scattering of x-rays as a function of
the applied PEG osmotic pressure.

For mono and divalent salts and peptides, i.e., non-condensing species, DNA pellets (~250
μg DNA) are prepared by precipitation with either ethanol or 5% PEG in appropriate salt
solutions. Precipitates are then equilibrated against PEG-salt bath solutions in vast excess at
a known PEG osmotic pressure. Pellets are typically equilibrated for 2 weeks with several
changes of the bathing PEG-salt solution.

Since DNA spontaneously precipitates with +3 and higher charged cations, samples for x-
ray scattering were prepared in one of two ways. Concentrated polycation solutions were
added to 1 mg/mL chicken erythrocyte DNA (250 μg DNA) in 10 mM TrisCl (pH 7.5) in
steps of ~0.2 mM. Each addition was thoroughly mixed before adding more condensing ions
and continued until no DNA was in solution after centrifugation at ~ 10Kg for 10min.
Typically, the lysine or arginine to DNA phosphate ratio was a 1 – 1.5 at the end point.
Alternatively, condensing ions were added to DNA in a single aliquot to an equivalent final
concentration. The resulting fibrous samples were centrifuged and the DNA pellets
transferred to corresponding PEG-salt solutions containing condensing ion and 10 mM Tris
(pH 7.5) and allowed to equilibrate for approximately 2 weeks. X-ray scattering profiles did
not depend on the method used to prepare the DNA precipitate and did not change after 6
months.

Critical Concentrations
The critical concentration of each condensing cation (e.g. tri-lysine or tri-ornithine) for the
precipitation of DNA from dilute solution was determined as described in Pelta et al., (19).
A series of DNA samples were prepared with varied cation concentration in 10 mM Tris
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buffer. DNA concentration was ~15 μM base pairs in 1 mL total volume. After incubation at
room temperature for ~ 1 hour, the solution was centrifuged at 16000 × g for 10 min and the
DNA absorbance at 260 nm of the supernatant was measured. Critical concentrations were
observed to decrease approximately by an order of magnitude for each additional charge as
seen by others (35, 36). The cation concentration used in the bathing PEG-salt solution for
the osmotic stress force measurements was 2 to 6 fold higher than the critical concentration.
Over this range, the observed spacing between helices does not depend on cation
concentration. The force curves for divalent ions (putrescine, di-lysine, di-ornithine and di-
arginine) are insensitive to the ion concentration between 5 and 20 mM (data not shown).

X-ray Scattering
Ni-filtered Cu-Kα radiation from an UltraBright microfocus x-ray source from Oxford
Instruments equipped with polycapillary focusing x-ray optics was used for the small angle
x-ray scattering (SAXS) experiments. The primary beam was also collimated by a set of
slits. Samples were sealed with a bath of equilibrating solution in the sample cell, and then
mounted into a temperature-controlled holder at 20°C. The flight path between the sample
and detector was helium filled. Typical exposure times were ~ 30 min. Diffraction patterns
were recorded by direct exposure of Fujifilm BAS image plates and digitized with a Fujifilm
FLA 3000 scanner. The images were analyzed using FIT2D (AP Hammersley, ESRF) and
SigmaPlot 10.01 (SPSS) software programs. The sample to image plate distance was
calibrated using silver behenate and found to be ~16.7 cm. Mean pixel intensities between
scattering radii r − 0.05 mm and r + 0.05 mm averaged over all angles of the powder pattern
diffraction, <I(r)>, were used to calculate integrated radial intensity profiles, 2πr<I(r)>. The
strong scattering peaks correspond to interaxial Bragg diffraction from DNA helices packed
in a hexagonal array. The Bragg spacing, DBr, and the actual distance between helices, Dint,

are related by . For different samples equilibrated at the same PEG
concentration, interaxial spacings are reproducible to within ~0.1 Å.

Overview of force analysis
Extensive osmotic pressure measurements on a wide variety of systems both charged and
uncharged have been reported using the osmotic stress technique and are reviewed in
Stanley and Rau (31) (and references therein). The common features observed allow a
simple framework for fitting force curves. For univalent cation ion concentrations > 1 M and
for higher valence cations, DNA osmotic pressures, Π, for interaxial spacings, Dint, out to ~
40 Å can be described by two exponential forces with decay lengths that differ by a factor of
two,

(1)

or

(2)

where R and A are pre-exponential osmotic pressure amplitudes. The longest decay length,
λh, is ~ 5 Å. Since these forces are observed for interactions between both charged and
uncharged molecules, we have concluded that they are due to changes in water structuring
energies as surfaces approach, but an electrostatic explanation for the DNA forces is still
possible. Both hydration forces and electrostatic theories of interacting helices predict a ratio
of 2 between the decay length for attractive and repulsive interactions. The ~5 Å decay
length force is the direct interaction either of charges on one helix with the charges on
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another in the electrostatic model and of hydration structures on adjacent helices for
hydration forces. This force can be either repulsive or attractive depending on the positions
of charges or hydration patches on adjacent helices. The 2.5 Å decay length force is always
repulsive and is an image charge interaction for electrostatics, the interaction of charges on
one helix with the low dielectric core of another. In the hydration model, the 2.5 Å decay
length arises from the disruption of water structuring radiating from one helix by the
presence of another. For DNA, at low univalent salt concentrations (<1 M) and spacings
larger than ~ 30–35 Å, exponential electrostatic forces are observed with Debye-Hückel
decay lengths, λD. At closer distances, the 2.5 Å decay length exponential force dominates
or,

(3)

Many polyvalent counterions, including all the +3 and higher charged peptides examined
here, cause DNA to spontaneously condense resulting in a finite equilibrium separation
between the hexagonally packed DNA helices, Deq. For this case, A = −Re(−Deq/λh) and the
osmotic stress force curves can be fit to,

(4)

with λh fixed at 5 Å.

The repulsive and attractive free energy contributions from the two individual forces per
DNA base pair at a particular spacing D can be calculated by integrating osmotic pressure –
volume work, Π dV, for each exponential from 8 to D assuming hexagonal packing.

(5)

and

(6)

where λh is 5 Å and b is the linear spacing between DNA base pairs, ~3.4 Å. At the
equilibrium spacing, Deq, the depth of the free energy minimum is given,

(7)

Results
DNA packing and forces with arginine and lysine

The almost exclusive use of arginine over lysine in sperm protamines might indicate a
substantial difference in DNA packing densities with the amino acids. Figure 1 shows log
osmotic pressure, Π, vs. DNA interaxial spacing, Dint, curves for hexa-arginine, poly-
arginine, hexa-lysine, poly-lysine, and poly-histidine. The pH is 7.5 for the lysine and
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arginine peptides, but is pH 5.5 for poly-histidine in order to fully charge that peptide. The
pKa of histidine is low enough that poly-histidine is not sufficiently charged at pH 7.5 to
condense DNA. The peptide concentrations in the PEG stressing solutions are all high
enough such that the forces are insensitive to peptide concentration over at least two-fold
range. There is little difference between poly-histidine, hexa-arginine and poly-arginine and
between hexa-lysine and poly-lysine. The arginine and histidine peptides condense DNA to
equilibrium spacings that are within the 27 – 30 Å range that is characteristic of the several
other DNA condensing ions that have been well characterized such as Co(NH3)6

3+, Mn2+,
spermidine3+, and spermine4+. The lysine peptides stand out for their inability to densely
pack DNA compared to arginine and charged histidine. The equilibrium spacing in the
absence of osmotic pressure is 28.3 Å for hexa-arginine and 32.2 Å for hexa-lysine. Since
the DNA diameter is ~ 20 Å, this difference corresponds to a 50% greater surface-to-surface
separation for hexa-lysine - DNA compared to hexa-arginine - DNA arrays in the absence of
osmotic pressure. Suwalsky and Traub (37) have previously reported 29.2 and 31.6 Å
spacings for DNA condensed with poly-arginine and poly-lysine, respectively, at 100 %
relative humidity. We also note that the apparent limiting slope at high osmotic pressures is
observably larger for the lysine peptides than for the arginine peptides.

Lys+ and Orn+

In order to further investigate the differences in DNA-DNA forces between lysine and
arginine, we have measured force curves for a series of lysine and ornithine oligo-peptides
to compare with arginine. Ornithine differs from lysine only by having one fewer methylene
group in the side chain. Both arginine and ornithine have three methylene groups in the side
chain before the end charged groups, guanidinium and amine, respectively. Figure 2a shows
osmotic stress force curves for 0.2 M arg+, lys+, orn+, and a small univalent cation, NH4

+,
for comparison. At this salt concentration, the electrostatic repulsion between helices
dominates at low pressures and larger spacings. At high pressures, the short decay length
repulsive force dominates. The solid lines show fits of the data to equation (3) with λh = 5 Å
and λD = 7 Å, the Debye-Hückel shielding length at 0.2 M univalent salt. The data can be fit
quite well using only the force amplitudes as variables.

Figure 2b shows osmotic stress force curves for 1.2 and 2 M arg+, 1.2 M lys+, 1.2 M orn+,
and 1.2 M NH4

+. At these high salt concentrations the direct hydration force with a decay
length of ~ 5 Å dominates over electrostatics at the low osmotic pressures, hence the
insensitivity to monovalent ion concentration for arg+. The fit to equation (3) with λh = 5 Å
is quite good for both NH4

+ and arg+. The amplitudes of the shorter ranged force are the
same within experimental error for 0.2, 1.2 and 2 M arg+ and for 0.2 and 1.2 M NH4

+. Both
lys+ and orn+, however, show a very different and anomalous behavior at the higher
concentration. At low pressures, a quite large limiting spacing, 45–50 Å, is reached. Weaker
reflections are still observed in the 8–20 Å region that are typical of B-form DNA. The
observed interaxial reflections are broad indicative of an array of spacings either due to
fluctuations or to poor packing. At lower pressures than shown the DNA pellet dissolves.
The insensitivity of the spacing to osmotic pressure indicates that the spacing is dominated
by the packing of lysine and ornithine between helices, not water.

Di-arg2+, di-orn2+, di-lys2+

The remarkable ability of arginine to package DNA compared to lysine is clearly seen with
the peptide dimers. Figure 3 shows DNA force curves in 10 mM di-arg2+, di-lys2+, di-orn2+,
and, for comparison, the di-amine putrescine2+. At 10 mM concentration, force curves are
insensitive to the divalent ion concentration over at least a change of a factor of two,
indicating that the DNA is neutralized almost entirely by the divalent peptides. Di-arg2+ -
DNA assemblies undergo a transition to net attraction at low pressures. We have only seen
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such a transition for divalent cations with Mn2+ and Cd2+. Other divalent cations, such as
Mg2+, Ca2+, Zn2+, and putrescine2+, show strictly repulsive forces over the entire pressure
range. The forces with di-orn2+ and di-lys2+ closely resemble other divalent cations as
putrescine2+. Typically only the 2.5 and 5 Å decay length forces are seen for DNA with
divalent cations. The solid lines are fits of the data for di-lys2+, di-orn2+, and putrescine to
equation (2) with λh = 5 Å. Only the data after the low pressure transition for di-arg2+ is
used for fitting to equation (4). The 5 Å decay length force is attractive for di-arg2+, but
repulsive for di-lys2+ and di-orn2+. As with the 0.2 M univalent ions, the ornithine dimer is
slightly less repulsive than the lysine dimer.

Higher valence ornithine and lysine peptides
Figure 4a shows DNA osmotic stress force curves with tri-orn3+, tetra-orn4+, and, for
comparison, the tetra-amine spermine4+. Both the ornithine peptides spontaneously
assemble DNA in the absence of PEG. The solid lines are the fits to equation (4) with λh
fixed at 5 Å. As we observed previously with the arginine peptides, Co(NH3)6

3+,
spermidine3+, and spermine4+ this functional form gives a good description of the forces.
The equilibrium spacings with tri-orn3+ and tetra-orn4+ with no applied PEG osmotic
pressure are still significantly larger than for tri-arg3+, 30.1 Å, and tetra-arg4+, 29.6 Å (18).

Figure 4b shows DNA osmotic stress force curves for tri-lys3+, tetra-lys4+, and hexa-lys6+.
The equilibrium spacings in the absence of PEG osmotic pressure are more than 2 Å larger
than for the corresponding ornithine peptide. Once again the solid lines are fits to equation
(4) with λh fixed at 5 Å. In this case, however, the fits do not well describe the data.

Figure 4c show the normalized fitting residuals for peptides of figures 4a and 4b. Unlike the
ornithine fits or the residuals for the set of arginine peptides reported previously, the lysine
data shows large and systematic deviation from the double exponential form of equation (1).
Either the decay lengths for the interactions mediated by the lysine peptides are different
from the others or lysine peptides bound to DNA rearrange with increasing osmotic pressure
to decrease the force significantly. If a factor of two is maintained between the short range
repulsive force and the longer range attraction, then the best fitting decay lengths for the
hexa-lys6+ force curve in figure 4b would be 3.5 and 7 Å.

Mixed lys/arg peptides
Given the large difference between lysine and arginine in packaging DNA, it is of interest to
investigate mixed arg/lys peptides. Figure 5 shows force DNA curves for lys/arg hexamers,
hexa-arg6+, hexa-lys6+, arg3lys3

6+ and arg-lys-arg-lys-arg-lys6+. The peptides with three
arginines and three lysines are not distinguishable; the placement of the charged groups does
not affect forces. The equilibrium spacing is almost at the midpoint between the hexa-arg6+

and hexa-lys6+ data. The solid lines are fits to equation (4) with λh fixed at 5 Å. The
systematic deviation of the hexa-lys6+ data can be more clearly seen than figure 4b. The fit
for hexa-arg6+ is very good and reasonable for the 3 arg/3 lys peptides.

Discussion
The dense packing of DNA by protamines in sperm nuclei is considered necessary to
prevent DNA damage due to mutagens and small reactive oxidative species (9–14). Osmotic
stress force measurements indicate that salmon protamines compact DNA using the same
forces as for much smaller cations with many fewer charges, as Co(NH3)6

3+, Mn2+,
spermidine3+, spermine4+, and +2, +3, +4, and +6 arginine peptides (6, 7, 18, 22, 24). The
same double exponential functional form of equation (1) with λh ~ 5 Å and variable
amplitudes fits the osmotic stress force data well for all these different ions. The amplitudes
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of the attractive and short ranged repulsive forces of salmon protamine DNA condensates
can be well understood from the amino acid composition (6). A striking feature of
protamines is the almost exclusive use of arginine over lysine for the cationic charge (27,
38). Lewis et al (39) have shown that arginine rich protamines likely evolved from lysine
rich histone H1, suggesting a functional preference for arginine. The results presented here
demonstrate that arginine is much more effective in densely packing DNA than lysine. The
equilibrium surface-to-surface distance between DNA helices increases by almost 50% in
changing from poly-arginine or hexa-arginine to poly-lysine or hexa-lysine. Arginine rich
peptides such as protamines would be highly favored if dense packaging of DNA in sperm
nuclei is biologically important. DNA condensed with the lysine peptides have significantly
larger equilibrium spacings than compacted not only with arginine peptides, but also with
other condensing ions such as Co(NH3)6

3+, spermidine3+, spermine4+, or poly-histidine.

A striking feature of the osmotic stress force curves of DNA condensed with the lysine
peptides that is not observed for the arginine and ornithine peptides is the inability of the
double exponential form of equation (1) with λh ~ 5 Å decay lengths to fit the tri-lys3+,
tetra-lys4+, and hexa-lys6+ data. The observations that a λh/2 ~ 2.5 Å exponential is able to
fit the high pressure 0.2 M lys+ data and that the double exponential fit with λh ~ 5 Å is able
to well describe the force curve with di-lys2+ and with the closely related ornithine peptides
suggests that the underlying forces are the same for lysine as for arginine. The data can be
rationalized if there are at least two distinct binding modes of the longer lysine peptides to
DNA, one that optimizes binding energy to an isolated helix and another that optimizes the
interaction between helices. As helices approach, lysine peptide binding would gradually
shift from the first mode to the second. This will have the effect of decreasing the apparent
limiting high pressure force from that expected if binding was unperturbed.

The double exponential curve fits allow us to separate the interhelical forces into their
attractive and repulsive components. Rather than report force amplitudes, we calculate
attractive or repulsive free energies (in units of kT per base pair) that are more meaningful.
ΔG(Deq)/kT is the net free energy at the equilibrium spacing, i.e., at the free energy
minimum, and is given by equation (7). ΔGA (25 Å)/kT and ΔGR (25 Å)/kT are the
interaction energies per base pair calculated by integrating Π dV from ∞ to 25 Å for the λh
and λh/2 decay length forces, respectively, and are given by equations (5) and (6).

Figure 6a shows the free energy per base pair at the equilibrium spacing, ΔG(Deq)/kT, as
dependent on the inverse of peptide length, 1/N, for arginine, ornithine, and lysine. The
arginine data was taken from (18). We have previously seen that free energies vary
approximately linearly with 1/N for the arginine peptides. The much weaker attraction with
lysine and ornithine relative to arginine is readily apparent. The estimated free energy
gained from attractive interhelical interactions with hexa-arg6+ is more than 5 times that
with hexa-lys6+. Although, the forced fit of the lysine peptide to the λh ~ 5 Å double
exponential function likely underestimates ΔG(Deq), the real value will still be less than for
the ornithine peptides.

Figure 6b shows the attractive and repulsive force components for the arginine, lysine, and
ornithine peptides as a function of the inverse length or charge of the peptide, N. Again the
arginine data is taken from (18). The gray symbols are for the shorter ranged force that is
always repulsive; the black symbols are for the λh decay length forces that can be either
attractive or repulsive depending on the peptide length. Since we are forcing a fit of the tri-
lys3+, tetra-lys4+, and hexa-lys6+ data to double exponential function with λh = 5 Å, the real
value of ΔGR(25 Å)/kT is likely more repulsive and more attractive for ΔGA(25 Å)/kT due
to the apparent shift in lysine peptide binding mode as helices approach. ΔGR(25 Å)/kT
values for lys+ and orn+ are significantly larger than for arg+ or for almost any other
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univalent ion we have studied. This may be related to the quite unusual osmotic stress force
curves observed with 1.2 M lys+ and orn+ (figure 2b). With such large repulsive energies,
alternate structures and ligand binding modes that would ordinarily be energetically
prohibited might now be accessible as helices are pushed close together. ΔGR(25 Å)/kT
values for the peptides with charges ≥ +2 are not as different for the lysine, ornithine, and
arginine peptides as for the +1 amino acids. The repulsive free energies of the lysine or
ornithine peptides are, however, consistently larger than for arginine for charges +3 to +6.

The attractive free energies, ΔGA(25 Å)/kT, are in the order arginine > ornithine > lysine.
Our results demonstrate that the observed large difference between equilibrium spacings for
DNA compacted with lysine and arginine peptides is primarily due to a decreased attractive
free energy, although the short ranged repulsion also contributes some to the much weaker
net attraction between helices.

DNA assembly has also been characterized by determining the critical concentration of the
multivalent ion necessary for precipitation. Both binding energies of these ions to isolated
helices and the resultant net attractive energy between helices will contribute to the critical
concentration. The binding data of Mascotti and Lohman (40, 41) indicate there is little
difference in binding of a +4 lysine peptide and a +4 arginine peptide to isolated double
stranded DNA at low salt concentrations (~ 100 mM). Leng and Felsenfeld (42) reported
that poly-arginine precipitates DNA more readily than poly-lysine. Ando and coworkers (43,
44) have found that arginine peptides are much more efficient in precipitating DNA than the
analogous ornithine peptides. At the low salt concentrations used here, 10 mM Tris, pH 7.5,
the binding of most tetra- and higher valent ions is close to stoichiometric (35). None-the-
less, Thomas and coworkers (36, 45) at similar low salt conditions have found that
considerably more tetra-lys4+ was necessary for DNA condensation than spermine4+ and
that significantly more penta-lys5+ was necessary than several +5 analogs of spermine.
Brewer et al (46) reported that hexa-arg6+ is much more effective than hexa-lys6+ at
condensing DNA. Combined, all these observations would suggest that the difference in
critical concentration for precipitation is likely due to a difference in attractive interaction
energies between helices as seen here rather than in binding energies to isolated helices.

The underlying reason for the weaker attraction with lysine peptides than with arginine
peptides is unclear. It is likely not due to an intrinsic difference between charged amine and
guanidinium groups for interhelical attraction. Biogenic amines such as spermidine3+ and
spermine4+ are very efficient in condensing DNA resulting in equilibrium spacings of 29.7
and 28.2 Å, respectively, compared with 30.1 and 29.6 Å for tri-arg3+ and tetra-arg4+. The
theoretical work of Kornyshev and coworkers (32, 47–49) seems to us best able to describe
DNA-DNA interactions. Amplitudes of the ~5 Å decay length force will depend on the
number, position, and relative correlation of charges on apposite helices. Attraction will
result from a favorable juxtaposition of positive charges on one helix with negative charges
on another. An increased distance separation of positive and negative charges on one helix
will naturally increase the attraction of correlated charged on apposing helices. Thermal
fluctuations of helices will decrease attraction. Cation charge is likely important for DNA
compaction for, at least, two reasons. First, the net charge of DNA decreases as the charge
of the cation increases by Manning condensation; the entropy loss from binding one +N ion
is less than from binding N univalent ions. Second, the entropy loss from correlating one +N
ion on a helix with phosphates on an adjacent helix is less than from correlating N univalent
ions. The difference in the strength of attraction between the lysine peptides and the other
condensing ions of the same charge is likely due to a difference in the specific binding
interactions of lysine peptides with DNA compared to the others, particularly the relative
positions of the cationic positive charges and DNA phosphates.
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One proposed arrangement of DNA and cation charges that can result in favorable
correlations is that cations bind in DNA grooves. Adjacent helices can position themselves
for a favorable interaction of the positively charged groove of one helix with the negatively
charged backbone of another (49). Since the major groove of B-form DNA is significantly
wider than the minor groove, the positive-negative charge separation and, hence, the
attractive force could be greater for cations that bind in the major groove compared to the
minor groove. The difference between the DNA–DNA forces with lysine and arginine
peptides most likely is the result of a difference in details in the binding mode. The model of
Hud et al (33) for poly-arginine binding provides another possible framework for
considering these correlations. In this model, the neutral peptide backbone binds in the
major groove of DNA, allowing the side chain guanidinium groups to reach the sugar-
phosphate backbone and to hydrogen bond to neighboring phosphates along one strand. The
result is an alternating, equally spaced arrangement of positive and negative charges along
the backbone. Adjacent helices can arrange for a favorable interaction of these separated
charges along the backbone. The Hud et al model may result in weaker attraction compared
with major groove placement of the cation charge since the ~7 Å separation between
phosphates along the backbone is significantly less than the ~ 20 Å across the major groove.
On the other hand, the tight binding of an arginine to two phosphates along the backbone
may suppress helical fluctuations and increase attraction.

If we assume a similar binding mode for the lysine peptide with the backbone in the major
groove, the side chain amine of lysine is not large enough to span the distance between two
phosphates and will likely only interact closely with one, unlike arginine. The ability of
arginine to hydrogen bond to two phosphates along the backbone and of lysine to only one is
consistent with the observations of Mascotti and Lohman (41) who observed that the binding
of oligo-arginines to double stranded DNA is enthalpically favored compared to oligo-lysine
binding. If the amine of lysine only interacts with a single DNA phosphate, then the
alternating sequence of charges along the backbone will not be equally spaced, helical
fluctuations will not be suppressed by cross-linking adjacent phosphates, and the attraction
will be weaker. The osmotic pressure dependent repositioning of lysines may be a
movement of a lysine amine that is closely associated with one phosphate to a position
intermediate between phosphates along the backbone or to the major groove. Lys+ and di-
lys2+ may not be long enough to stabilize the specific groove binding over other binding
locations. The histidine side chain is certainly too short to reach the phosphate backbone and
the histidine charge would remain primarily in the major groove and would be expected to
mediate a larger DNA-DNA attractive force than lysine as seen in figure 1. Ornithine with
one less methylene in the side chain than lysine might not be long enough to reach and
hydrogen bond to the phosphate backbone. As a result, the ornithine peptides could still be
well fit by the double exponential form with λh ~ 5 Å.

Conclusion
The difference in the ability of arginine and lysine peptides to compact DNA is quite
substantial. In general, the lysine peptides show both weaker attraction force and stronger
short-ranged repulsion which lead to significantly larger spacing between DNA helices for
lysine peptide condensation compared to arginine peptides. If tight packing of DNA in
sperm nuclei is critical for protection from damage, there would be a strong bias for
replacing lysine with arginine as protamines evolved. The large difference in forces between
structurally similar arginine and lysine peptides emphasizes the importance of the
conformation of the bound cation in creating interhelical correlations. The Hud et al (33)
model for arginine binding to DNA extended to lysine is consistent with our observations.
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Figure 1.
Osmotic stress force curves for DNA with poly-arginine, hexa-arg6+, poly-lysine, hexa-
lys6+, and poly-histidine. DNA pellets were made as described in Methods and Materials.
The samples were then equilibrated against polyethylene glycol (PEG) solutions containing
10 mM Tris (pH 7.5) and 100 μM in monomer of poly-arginine , hexa-arg6+ , poly-
lysine ▼, and hexa-lys6+ ■ and containing 10 mM Tris (pH 5.5) and 100 μM in monomer
of poly-histidine ◆. PEG is excluded from the DNA phase and applies an osmotic pressure
Π on it. The spacing between helices, Dint, was measured by x-ray scattering. The points at
log(Π) ~ 5 indicate the equilibrium distance between helices in the absence of PEG. Poly-
arginine, hexa-arg6+, and poly-histidine all show similar DNA-DNA force curves. Poly-
lysine and hexa-lys6+ are also similar but have equilibrium spacings much larger than the
others.
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Figure 2.
Osmotic stress force curves for DNA in ArgCl, LysCl, OrnCl, and NH4Cl. DNA
condensates prepared by ethanol precipitation and equilibrated against PEG solutions
containing 10 mM Tris (pH 7.5) and two concentrations of ArgCl ●, LysCl ▲, OrnCl ■, or
NH4Cl ▼. (A): The salt concentration is 0.2M. The solid lines are fits of the data to equation
(3) with λh = 5 Å and the Debye-Huckel shielding length at 0.2 M salt concentration λD = 7
Å. Electrostatics dominates at low pressures not hydration forces. (B) - The salt
concentration is 1.2 M for arg+, lys+, orn+, and NH4

+. Force measurements for 2 M arg+

( ) are also shown. The solid lines are fits of the arginine and ammonium data to a
hydration force, equation (2) with λh = 5 Å. The overlap of the 1.2 and 2 M arg+ data
indicates that the interactions are dominated by hydration forces at high salt concentrations,
not the electrostatic repulsion seen at lower salt concentrations as in (A). The ornithine and
lysine force curves show very different behavior from other univalent ions that have been
examined.
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Figure 3.
Osmotic stress force curves for DNA in divalent di-arginine, di-lysine, di-ornithine, and
putrescine, a divalent diamine. DNA condensates were prepared by ethanol precipitation and
equilibrated against PEG solutions containing 10 mM Tris (pH 7.5) and 10 mM di-arg2+ ●,
di-lys2+ ▲, di-orn2+ ■, or putrescine2+ ▼. The solid lines for di-lys, di-orn, and putrescine
are fits to equation (2) with the decay length λh fixed at 5 Å. Di-arginine shows a transition
at log(Π) ~ 5.7 from a repulsive to an attractive interaction. The solid line for di-arg is the
best fit to equation (4) with the decay length λh fixed at 5 Å and using only the data after the
transition.
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Figure 4.
DNA-DNA interactions with +3 and higher charged lysine and ornithine peptides. (A) -
Osmotic stress force curves for DNA in tri-ornithine3+, tetra-ornithine4+, and the tetra-amine
spermine4+. DNA was precipitated by adding tri-orn3+, tetra-orn4+, or spermine4+ to a
concentrated DNA solution in 10 mM Tris (pH 7.5) as described in Methods and Materials.
The DNA pellets were then equilibrated against PEG solutions containing 10 mM Tris (pH
7.5) and 2 mM tri-orn ■, 0.5 mM tetra-orn ●, or 0.5 mM spermine ▲. The points at log(Π)
~ 5 are the equilibrium spacings, Deq, in the absence of PEG. The solid lines are fits of the
data to equation (4) with the decay length λh fixed at 5 Å. Note the convergence of the
ornithine force curves at high pressures. (B) - Osmotic stress force curves for DNA in tri-
lysine3+, tetra-lysine4+, and hexa-lysine6+. DNA was precipitated by adding tri-lys3+, tetra-
lys4+, or hexa-lys6+ to a concentrated DNA solution in 10 mM Tris (pH 7.5) as described in
Methods and Materials. The DNA pellets were then equilibrated against PEG solutions
containing 10 mM Tris (pH 7.5) and 2 mM tri-lys3+ ▲, 0.5 mM tetra-lys4+ ●, or 0.1 mM
hexa-lys6+ ■. The points at log(Π) ~ 5 are the equilibrium spacings, Deq, in the absence of
PEG. The solid lines are fits of the data to equation (4) with the decay length λh fixed at 5
Å. (C) – Normalized residuals for the osmotic stress force data shown in figures 4A and B,
tetra-lys4+ ■, hexa-lys6+ ●, tri-orn3+ , and tetra-orn4+ . Δlog(Π(Dint)) = log(Πexp(Dint))
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− log(Πcalc(Dint)), where log(Πexp(Dint)) is the experimental log(Π) at Dint and
log(Πcalc(Dint)) is the log(Π) at Dint calculated from the double exponential fit to the data.
Note the systematic deviation of the lysine peptide data from the fit.
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Figure 5.
DNA-DNA forces with mixed arginine-lysine peptides. Osmotic stress force curves for
DNA in hexa-arg6+, hexa-lys6+, lys3-arg3

6+, and (lys-arg)3
6+. DNA was precipitated by

adding the +6 charged peptides to a concentrated DNA solution in 10 mM Tris (pH 7.5) as
described in Methods and Materials. The DNA pellets were then equilibrated against PEG
solutions containing 10 mM Tris (pH 7.5) and 100 μM hexa-lys6+ ●, hexa-arg6+ ■, lys3-
arg3

6+ ▼, or (lys-arg)3
6+ ▲. The points at log(Π) ~ 5 are the equilibrium spacings, Deq, in

the absence of PEG. The solid lines are fits of the data to equation (4) with the decay length
λh fixed at 5 Å.
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Figure 6.
Dependence of the interaction free energies on peptide length N. (A) – The free energy of
interaction (in units of kT/bp) at the equilibrium spacing, Deq, is calculated from the double
exponential fits to the osmotic stress data and equation (7) for the arginine , ornithine ,
and lysine  peptides. The much weaker attraction between DNA helices with lysine and
ornithine peptides compared with arginine is apparent. (B) – The attractive and repulsive
free energy components at 25 Å (in units of kT/bp) of the interaction are calculated from the
double exponential fits to the osmotic stress force curves and equations (5) and (6). The
repulsive, ΔGR(25 Å)/kT, and attractive, ΔGA(25 Å)/kT, free energies, respectively, are
shown for the arginine ( , ◆), ornithine ( , ■) and lysine ( , ●) peptides.
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