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ABSTRACT Interactions between the polyamine spermine and nucleic acids drive important cellular processes. Spermine
condenses DNA and some RNAs, such as poly(rA):poly(rU). A large fraction of the spermine present in cells is bound to
RNA but apparently does not condense it. Here, we study the effect of spermine binding to short duplex RNA and DNA, and
compare our findings with predictions of molecular-dynamics simulations. When small numbers of spermine are introduced,
RNA with a designed sequence containing a mixture of 14 GC pairs and 11 AU pairs resists condensation relative to DNA of
an equivalent sequence or to 25 bp poly(rA):poly(rU) RNA. A comparison of wide-angle x-ray scattering profiles with simulation
results suggests that spermine is sequestered deep within the major groove of mixed-sequence RNA. This prevents condensa-
tion by limiting opportunities to bridge to other molecules and stabilizes the RNA by locking it into a particular conformation. In
contrast, for DNA, simulations suggest that spermine binds externally to the duplex, offering opportunities for intermolecular
interaction. The goal of this study is to explain how RNA can remain soluble and available for interaction with other molecules
in the cell despite the presence of spermine at concentrations high enough to precipitate DNA.
INTRODUCTION
Spermine is a tetravalent polyamine that is found in high
concentrations in cells (1–3). It interacts with nucleic acids
in diverse and important ways, functioning as a protective
agent (4–8) and a modulator of DNA secondary structure
(9). In cells, spermine is largely bound to RNA, with be-
tween one and four bound spermine molecules per 100
RNA phosphates (2,10) (between 65% and 85% of the total
spermine (9)). Crystal structures of spermine complexed
with tRNA show spermine lying deep within the major
groove (11).

With so many spermine molecules associating with RNA,
it is important to consider the possibility of cation-induced
condensation, in which small amounts of multivalent cat-
ions cause highly charged, ordinarily self-repelling nucleic
acids to adopt a compact state occupying only a fraction
of the volume available to them (12–14). Previous studies
of spermine-induced RNA condensation had a limited scope
but showed that spermine can condense RNAs with non-
physiological sequences or under nonphysiological experi-
mental conditions, e.g., long duplex poly(rA):poly(rU)
(15), tRNA at nonphysiological pHs (16), and viral RNA
in the complete absence of other salts (17). More extensive
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studies of DNA condensation by spermine showed that even
small numbers of spermines condense both long and short,
natural and synthetic DNA duplexes (18–20). Since sper-
mine is such an effective condensing agent, it seems plau-
sible that it could also condense RNA in cells. Such
condensation would lead to aggregation instead of ordered
folding and could potentially interfere with important
RNA functions. However, given that spermine plays roles
in processes that could be impeded by condensation, such
as mRNA translation (2), tRNA aminoacylation, and the
formation of correct tRNA-ribosome interactions (21), it
appears that spermine-induced RNA condensation may not
occur in vivo. A correct and thorough understanding of sper-
mine-RNA interactions could provide insight into whether
spermine causes RNA condensation and how it facilitates
the above key processes.

Previously, we studied the condensation of duplex DNA
and RNA by the trivalent cation cobalt(III) hexammine
(CoHex) and arrived at the surprising conclusion that
RNA resists condensation under the same conditions that
cause DNA of an equivalent sequence to condense readily
(22,23). The RNA duplexes used in that work have a
well-defined composition and sequence (see Materials and
Methods), containing a mixture of both GC and AU base-
pairs to imitate physiological RNA. This sequence favors
duplex formation over stem loops in the individual strands
and has a high melting temperature (61�C as calculated
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Spermine Condenses DNA, but Not RNA
with OligoCalc (24)). We compared the experimental results
with all-atom molecular-dynamics (MD) simulations to
develop a model in which the distribution of bound CoHex
ions relates to the condensation propensity: nucleic acids
with more CoHex bound in the external binding shell (12–
16 Å from the helical axis) condense most readily, whereas
those with more ions bound to the internal shell (7–12 Å
from the helical axis) resist condensation (23,25). Although
these studies produced interesting experimental findings,
they were not biological. However, because of the straight-
forward representation of CoHex ions as spheres, both the
distinction between different binding modes and their rele-
vance to attraction were clearly delineated. In this work,
we focused on spermine to explore the potential physiolog-
ical relevance of the different binding modes of multivalent
ions to nucleic acids. In particular, we asked whether the
location of the spermine ions affects the forces between
duplexes. We applied the above model in combination
with experiments to examine RNA’s resistance to condensa-
tion by spermine, to probe spermine-nucleic acid interac-
tions and spermine-induced structural changes, and to gain
insight into how this biologically important polyamine
affects the function of these molecules.
MATERIALS AND METHODS

Materials

Single-stranded nucleic acid oligos were purchased from Integrated DNA

Technologies (Coralville, IA) and annealed into double-stranded constructs

by incubation in STE buffer (50 mM NaCl, 10 mM TRIS, 1 mM ethylene-

diaminetetraacetic acid) for 2 min at 94�C. Some of these double-stranded

constructs (25 bp DNA and RNAwith the sequence GCATCT GGG CTA

TAA AAG GGC GTC G, with the RNA strands containing U instead of T,

were also examined in (23)). Additionally, duplex lyophilized 25 bp

poly(rA):poly(rU) RNAwas purchased from Integrated DNATechnologies

and resuspended by vortexing in STE buffer. The annealed duplexes were

dialyzed into pH 7 Na-MOPS buffer containing NaCl. Spermine tetrachlo-

ride powder (Sigma-Aldrich, St. Louis, MO) was dissolved in water.
UV absorption measurements of spermine-
induced condensation

Each duplex was dialyzed into 1 mMNa-MOPS buffer at pH 7 with 20 mM

NaCl and then separated into 90 mL aliquots at 44.4 mM concentration.

Each aliquot was spiked with 10 mL of concentrated spermine and incu-

bated at 4�C for 2 h. After incubation, the aliquots were centrifuged at

10,000 rpm for 10 min. The supernatant was removed and its absorption

spectrum was recorded from 220 to 400 nm by a Cary 50 spectrophotom-

eter. To calculate the amount of nucleic acid remaining in solution, the

absorbance value at 260 nmwas normalized by the absorbance at that wave-

length of a sample containing no spermine. Error bars were determined

using baseline differences at the longest wavelengths probed.
Circular dichroism

Circular dichroism (CD) was used to determine the helical geometry of

each nucleic acid construct and to probe spermine-induced geometrical

changes. Nucleic acids were dialyzed into 1 mM Na-MOPS with
100 mM NaCl. Mixed-sequence RNA and DNA were each separated into

two 20 mL, 500 mM aliquots: one without spermine and one containing

3 mM spermine. Due to limited sample quantities, the poly(rA):poly(rU)

RNAwas separated into two 20 mL, 20 mM aliquots: one without spermine

and one containing 0.04 mM spermine. The spermine/phosphate ratio used

here was lower than that used for the mixed-sequence molecules due to

condensation of the poly(rA):poly(rU) RNA at the higher ratio. The high

NaCl concentration of these samples relative to those used in UVabsorption

measurements was chosen to prevent condensation of the CD samples, as in

(23). Samples were loaded into a 0.01 mm demountable cuvette (0.1 mm

path length in the case of poly(rA):poly(rU)). CD measurements were

obtained on a MOS-450 spectrometer (BioLogic, Seyssinet-Pariset,

France). Each spectrum is the average of five scans from 200 to 300 nm

with 1 s/nm steps.
Wide-angle x-ray scattering

Wide-angle x-ray scattering (WAXS) was used as a complementary tech-

nique to CD to probe structural changes due to conformational shifts in

the molecule or to tight association of spermine. The mixed-sequence nu-

cleic acid constructs were dialyzed into 1 mM Na-MOPS with 100 mM

NaCl and divided into two 30 mL, 500 mM aliquots containing 0 and

3 mM spermine. WAXS measurements were carried out at station G1 of

the Cornell High Energy Synchrotron Source with a 0.4 m flight tube and

10.52 keV x-ray energy. Scattering images were taken with the 1024 �
1024 pixel FLICAM CCD detector and analyzed using MATLAB (The

MathWorks, Natick, MA) code written in-house.

To directly compare our MD simulations with experimental scattering

profiles, we used CRYSOL to calculate WAXS profiles from the Protein

Data Bank (PDB) files of the mixed-sequence DNA and RNA models

(26). We ran 200 PDB snapshots from simulations of each nucleic acid

with and without spermine through CRYSOL using default parameters,

and averaged the resulting scattering profiles. We did not allow CRYSOL

to fit the experimental data, so the comparison between the simulated

profiles and experiment is a worst-case agreement.
All-atom MD simulations

Mixed-sequence 25-bp DNA and RNA duplexes were simulated using the

AMBER14 suite of programs (27,28) with the parm10 force field, which in-

cludes parmbsc0 and parmbsc0_chiOL3 refinements (29,30) for DNA and

RNA, respectively. Spermine molecules were simulated using the general

Amber force field (GAFF version 1.7). Nucleic Acid Builder (31) was

used to construct initial DNA and RNA structures in the canonical B-

and A-forms, respectively. To evaluate the distribution of spermine ions

around nucleic acids, simulations were carried out in the absence of mono-

valent salt. This protocol avoids uncertainties associated with sodium ion

force-field parameters (32) and is justified by the low sodium concentra-

tions in the condensation experiments, since it is known that sodium con-

centrations below 40 mM do not affect CoHex bound to DNA (33) and

therefore likely do not affect spermine. The duplexes were solvated with

16,880 TIP3P water molecules and a neutralizing amount of spermine

(12 molecules). This amount is relevant to compare with experimental mea-

surements of duplex condensation, which begins when ~90% of the phos-

phate charge is neutralized by the counterions (13). An initial 2000-step

water minimization was followed by a 0.5 ns equilibration time in a canon-

ical NVT ensemble and another 0.5 ns in an isothermal-isobaric (NPT)

ensemble using 1 fs time steps. The system achieved 1 atm pressure and

300 K temperature, which was maintained using Langevin dynamics with

a collision frequency of 1 ps�1. Periodic boundary conditions and the par-

ticle mesh Ewald method were employed. All nucleic acid atoms were

harmonically restrained with a 100 kcal/mol/Å2 force constant during the

minimization and equilibration stages. After these stages, 600 ns production

trajectories were generated for each system using an NVT ensemble and a
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2 fs time step. The DNA atoms were restrained with a reduced force con-

stant of 50 kcal/mol/Å2 in the production stage, whereas RNA atoms

were unrestrained, as discussed previously (23). Spermine charge distribu-

tions were calculated as the average numbers of spermine nitrogen atoms

(where the centers of the spermines’ positive charges are located) in

0.25-Å-thick, consecutive cylindrical layers around the duplexes. The first

100 ns of each trajectory were disregarded in these calculations. The robust-

ness of the spermine distributions to the choice of water model was

confirmed using the OPC water model (34).

To compare the MD results with WAXS experiments performed in

100 mM NaCl, we ran new simulations with the addition of 24 NaCl in

each simulation box using monovalent ion force field parameters from

(35). PDB snapshots from these simulations were run through CRYSOL

as described above.
RESULTS

Measurement of duplex condensation

We used UV spectroscopy to probe the condensation pro-
pensities of our nucleic acid constructs. As previously
described (22), we measured the concentration of nucleic
acid remaining in the supernatant after the addition of sper-
mine. Fig. 1 shows the differences in condensation among
the three constructs, with a notable discrepancy in the
behavior of the mixed-sequence RNA and that of the equiv-
alently sequenced DNA construct. The mixed-sequence
DNA precipitates from solution when small amounts
of spermine are present, whereas the RNA remains solu-
ble. This behavior agrees qualitatively with observations
described for the same nucleic acid constructs in the pres-
ence of CoHex (23); however, the trends are exaggerated
when spermine is used as the condensing agent. The
mixed-sequence RNA is more resistant to condensation by
FIGURE 1 Fraction of 25 bp nucleic acid duplexes remaining in solution,

measured by UVabsorption, as a function of the added spermine concentra-

tion. Individual spermine molecules are shown in addition to the nucleic

acid structures. To see this figure in color, go online.
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spermine than by CoHex, whereas the DNA condenses
more readily when spermine is present. The DNA duplexes
precipitate completely when the spermine concentration is
~1 mM, roughly half the concentration of phosphate in the
duplexes. This agrees with previous work showing that a
significant amount of spermine is required to precipitate
DNA (13). Prior experiments using CoHex suggest that an
even higher concentration is required to completely draw
the DNA out of solution (19). It is interesting that the
poly(rA):poly(rU) RNA condenses out of solution in the
presence of small amounts of spermine, consistent with pre-
vious literature reports (15) and in contrast to our findings
on the mixed-sequence duplex.
MD results

All-atom MD simulations give insight into the connection
between how spermine binds to nucleic acids and its ability
to condense them. Fig. 2 shows the distribution of sper-
mine charge around simulated mixed-sequence DNA and
RNA duplexes. In both systems, the spermine nitrogen
atoms bind preferentially to the phosphate groups centered
~10 Å from the helical axis of the duplex. However, the
spermine binding modes vary between the DNA and
RNA, likely due to structural differences such as the width
of the major groove and the relative orientation of the phos-
phate group oxygens, and to the more negative electrostatic
potential in the major groove of A-form RNA compared
with B-form DNA (23,36). The electrostatic potential of
each nucleic acid is shown in Fig. 4 of Ref. (23). Although
the quantitative picture of the electrostatic potential differ-
ence may be more complex due to dielectric saturation
and other effects (e.g., as discussed in Ref. (37)), the quali-
tative picture obtained from Poisson-Boltzmann estimations
is in good agreement with results obtained for CoHex.

Most of the spermine charge is bound to the DNA phos-
phate backbone outside the major groove, with the distribu-
tion peak at ~12–13 Å from the helical axis. This type of
counterion binding was characterized in (23) as the external
binding mode, which promotes counterion-mediated attrac-
tion between duplexes. A small fraction of spermine charge
is found deeply buried inside the DNA major groove, where
spermine molecules are bound to the oxygen atoms of gua-
nine bases.

Simulations of RNA show most of the bound spermine
ions buried within the major groove, with the distribution
peak 9.5 Å from the helical axis. This type of counterion
binding, previously defined as the internal binding mode
(23), does not appear to facilitate a counterion-induced
attraction between duplexes. As seen in the DNA simula-
tions, a small fraction of spermine charge is bound to gua-
nine bases deep inside the RNA major groove.

MD trajectories of spermine around mixed-sequence
DNA and RNA are provided in the Supporting Materials
and Methods in the Supporting Material.



FIGURE 2 (a and b) Representative snapshots of mixed-sequence (a)

DNA and (b) RNA duplexes simulated with spermine. Spermine molecules

are shown in magenta. On average, ~11 of the 12 spermine molecules are

bound to the nucleic acids in each snapshot. These frames were taken

from Movies S1 and S2 of the simulations. (c) Distribution of the charge

of bound spermine counterions around 25 bp mixed-sequence DNA and

RNA duplexes derived from 500 ns of MD trajectories. Interestingly, this

plot qualitatively resembles the distributions computed for CoHex (Fig. 3

of Ref. (23)). (d) Spermine charge distributions around RNA simulated

with no NaCl (for comparison with condensation data) and with 24 NaCl

per simulation box (80 mM, for comparison with WAXS). The distributions

are qualitatively unchanged by the addition of NaCl. To see this figure in

color, go online.

Spermine Condenses DNA, but Not RNA
Robustness of simulation results

We tested spermine charge distribution convergence by
doubling the production trajectory lengths to 1 ms. The dif-
ference between these distributions and those obtained from
the 600 ns MD simulation is negligible. We have also veri-
fied that the spermine charge distributions are not sensitive
to the water model used. The difference between the sper-
mine distributions obtained with the four-point OPC water
model (33) and three-point TIP3P model is negligible, as
shown in Fig. 3. These simulations also indicate that the dis-
tributions resulting from 600 ns trajectories are insensitive
to the initial conditions.
CD

To explore the effect of helical geometry on condensation
propensity and to determine whether spermine binding
results in conformational changes of our nucleic acids,
we measured CD spectra for all three constructs with
and without spermine (Fig. 4). CD differentiates between
nucleic acids with A- and B-form geometries (38), with
B-DNA typically displaying local maxima at 220 and
275 nm and a local minimum at 245 nm, and A-RNA
showing a maximum at 260 nm and a minimum at
210 nm.
FIGURE 3 (a and b) Distribution of spermine charge around (a) mixed-

sequence DNA and (b) mixed-sequence RNAwith the four-point OPC wa-

ter model (34) and three-point TIP3P model. To see this figure in color,

go online.
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FIGURE 4 (a–c) CD spectra for (a) mixed-sequence DNA, (b) mixed-

sequence RNA, and (c) poly(rA):poly(rU) RNA with and without added

spermine. The wavelengths of the peaks and valleys shift slightly when

spermine is added, suggesting a geometrical change. Panels (b) and (c)

highlight the differences between the structures of the mixed-sequence

duplex (specified in Materials and Methods) and the poly(rA):poly(rU)

duplex. To see this figure in color, go online.
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Our DNA construct displays a canonical B-form spec-
trum. The CD spectra of the RNA constructs are A-like,
but are distinct for the two different sequences probed (the
single mixed sequence and the poly(rA):poly(rU) complex).
A subtle change is observed in the CD spectra of mixed-
sequence RNAwhen spermine is added. The relative magni-
tudes of the extrema change and their wavelengths vary
slightly. Because these changes are small, we employed
WAXS to monitor subtle structural shifts.
FIGURE 5 (a and b) WAXS profiles for (a) mixed-sequence DNA and

(b) mixed-sequence RNA with and without spermine. Larger changes are

observed in the profile of the RNA. To see this figure in color, go online.
WAXS

WAXS is a sensitive probe of small conformational changes
(39). The length scales probed in our WAXS experiments
26 Biophysical Journal 112, 22–30, January 10, 2017
begin at ~7 Å. This range includes features on the order
of the helical radius. Our CD results suggest that the nucleic
acid geometry is potentially changed by spermine, and
therefore the observed changes in the WAXS profiles may
reflect either these changes or tight spermine binding to
the nucleic acid. WAXS profiles for mixed-sequence DNA
and RNA, with and without spermine, are shown in Fig. 5.
The profile of the DNA changes only slightly with the addi-
tion of spermine. It is known from previous small-angle
x-ray scattering studies of DNA (40) that spermine associ-
ates with short duplexes. The profile of the mixed-sequence
RNA shows larger shifts.

To determine whether our MD simulations could explain
the changes in these scattering profiles, we used CRYSOL to
calculate WAXS profiles from the PDB files of the mixed-
sequence DNA and RNA models obtained from simulation
snapshots. Although CRYSOL can be inaccurate at the large
scattering angles used for WAXS, an examination of the
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difference between two WAXS profiles often yields good
agreement between experimental data and scattering pro-
files calculated from accurate models (39). This WAXS dif-
ference signal reflects changes in the structure, as opposed
to hard-to-model details such as the hydration shell. Here,
we compare the differences in profiles for each nucleic
acid with and without spermine. All four scattering profiles
(experimental and simulated) were scaled to match at low
q-values before subtraction. As shown in Fig. 6, the differ-
ences in the calculated profiles for mixed-sequence RNA
with and without spermine agree qualitatively with the dif-
ferences in experimental profiles for q> 0.08 Å�1, based on
the locations of extrema, validating the MD models. The
differences in the calculated profiles for DNA with and
without spermine do not agree qualitatively with the differ-
ences in the experimental profiles, as extrema that exist in
one of the difference curves do not appear in the other curve.
DISCUSSION

Mechanism of mixed-sequence RNA’s resistance
to condensation by spermine

Spermine assists in a wide variety of RNA functions, pro-
tects RNA from damage, and complexes with RNA in cells.
With so much interaction between spermine and RNA, it
seems surprising that condensation does not occur. Such
precipitation could be catastrophic, causing aggregation
instead of ordered folding and reducing functionality. Our
a

b

condensation experiments and MD modeling provide
some insight into the mechanism of mixed-sequence
RNA’s resistance to condensation by spermine, which has
not been previously reported.

The nucleic acid constructs examined in this work show
the same trends with spermine as were observed with
CoHex-induced condensation in (23). However, the differ-
ences between constructs are enhanced in the presence
of spermine. Mixed-sequence DNA condenses at lower
multivalent cation concentrations when spermine is present
rather than CoHex, and the RNA is even more resistant to
condensation.

This variation could result from the different geometries
of the two condensing agents: spermine is elongated,
whereas CoHex is spherical. The simulations show sper-
mine lying down inside the deep major grooves of RNA,
but spanning the grooves on the outside of DNA. Due to
its smaller diameter (4.4 Å (41)), spermine may be able to
bury itself more completely in the RNA’s grooves than
CoHex (diameter 6 Å (42)), resulting in fewer opportunities
to bridge nucleic acid molecules or to form an electrostatic
zipper (43). On the other hand, these extended molecules
located on the outside of DNA could provide better bridging
by allowing more ways for two nucleic acid molecules to
contact each other.

This effect could also be driven by the higher charge of
spermine (4þ) relative to CoHex (3þ). This higher charge
may allow spermine to bury itself deeper in the electroneg-
ative major groove of RNA than CoHex, resulting in fewer
FIGURE 6 (a and b) Differences in the scat-

tering profiles for (a) mixed-sequence RNA and

(b) DNA with and without spermine. Differences

were taken from the logs of the intensities of the

original profiles to allow easier examination of

differences at higher q-values. The noisier (red)

profiles are experimental data, while the smoother

(blue) profiles show the average of profiles gener-

ated with CRYSOL from 200 different MD snap-

shots. The RNA plot also shows the experimental

curve multiplied by a factor of 5 to emphasize the

locations of extrema. To see this figure in color,

go online.
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bridging opportunities. For DNA, the higher spermine
charge located on the outside of the molecule could enhance
attraction between duplexes and improve opportunities for
condensation. The counterion’s charge density may also
be a critical parameter (44).
Mechanism of poly(rA):poly(rU) condensation

The two RNA constructs examined in this work exhibit a
striking difference in condensation behavior: the mixed-
sequence RNA resists condensation even at high spermine
concentrations, whereas the poly(rA):poly(rU) RNA con-
denses readily when even small amounts of spermine are
added. One possible source of this discrepancy is the ability
of two poly(rA):poly(rU) duplexes to convert back and forth
to triplex poly(rA):poly(rU):poly(rU) and a poly(rA) strand,
as reported in previous studies (45–47). We have no direct
measure of such a duplex-to-triplex conversion; this specu-
lation is based on those previous reports. Divalent ions such
as Ni(II) and Mg(II) can bias the triplex or tetra-aggregate
forms of this construct even at room temperature (47),
and spermine is known to stabilize the triplex form of
poly(dA):poly(dT) DNA (48,49). Therefore, it is possible
that the addition of spermine entices poly(rA):poly(rU) to
transition to either a triplex or tetra-aggregate form. Such
a transition has been observed to cause a small change in
the CD signal (a broadening of the positive band (50)),
which was not seen here. However, it is possible that mole-
cules that have converted to the triplex form condense out of
solution, leaving only duplexes and causing no detectable
CD change.

The triplex geometry may lead to enhanced opportu-
nities for condensation. With a third strand of negative
charge wound inside the major groove of the helix, it
may no longer be favorable or even possible for the sper-
mine to remain deep within the groove of this RNA, and
different spermine locations could facilitate condensation.
To explore this possibility, we used all-atom MD to model
the spermine distribution around a short poly(rA):poly(rU):
poly(rU) triplex taken from PDB: 3P22 RNA structure
(51). We found that although half of the bound spermine
was located in the remnants of the major groove, the rest
was bound to the phosphate groups at the external surface
of the RNA triplex. Perhaps this externally bound sper-
mine, located at the external part of the RNA molecule,
provides opportunities for bridging between triplexes and
promotes condensation. Another possibility is that aggre-
gation occurs due to interconnected spermine-induced
duplexes and triplexes, as has been discussed for poly(dA):
poly(dT) DNA (52).
Validity of MD models

The model constructed in (23), in which the distribution of
bound counterions determines the condensation behavior of
28 Biophysical Journal 112, 22–30, January 10, 2017
the nucleic acids, does accurately predict the relative
condensation behaviors of the mixed-sequence nucleic
acid constructs in the presence of spermine. Differences in
the WAXS profiles calculated from our MD simulations
for mixed-sequence RNAwith and without spermine repro-
duce the experimental trends. Confidence in the MD models
is further enhanced by comparison with crystal structures of
spermine complexed with tRNA and with A-form DNA,
which also show spermine lying deep within the major
groove (11,53). Therefore, the models for RNA seem accu-
rate and allow insight into conformational changes and sper-
mine binding modes.

The differences in the calculated WAXS profiles for
mixed-sequence DNA with and without spermine do not
agree with the experimental differences. This is in agree-
ment with previous work that compared MD simulations
of nucleic acids with WAXS data (54,55). Our model of
spermine association to DNA is consistent with NMR
studies, which suggest either that the spermine diffuses
rapidly along the DNA molecule or that there are not
discrete binding sites (56), and with the conclusions of
Raman spectroscopy studies that also support non-specific
electrostatic binding (57). It could also be consistent with
a recent comparison of MD simulations and Förster reso-
nance energy transfer data for a spermine-DNA system,
which indicated that the methyl groups of thymine can
sterically prevent spermine from binding to the major
grooves of AT-rich DNA (58). Therefore, the simulations
appear globally correct, but gaining more specific insights
into the binding of polyamine to DNA and the mechanism
of condensation will require improved force fields (59,60).
Spermine bound deep in the major grooves
stabilizes mixed-sequence RNA

One of spermine’s many functions is to stabilize the struc-
ture of RNA (2,6,21), and this stabilization has many
important repercussions. For example, spermine-induced
stabilization of tRNA prevents incorrect basepairing and
increases the fidelity of translation (21), and the resulting
binding and stabilization also create binding sites for
divalent cations (61). Given that spermine-RNA interac-
tions are critical for these types of specific binding
events, it is important to gain insight into how spermine
stabilizes RNA.

Fig. 5 shows that the addition of spermine does not signif-
icantly change the WAXS profile of DNA, suggesting that
structural features on the length scales probed (~10 Å) are
unmodified by the addition of the multivalent partner. In
contrast, and as demonstrated more strikingly in Ref. (55),
the measured features in the WAXS curves for RNA become
sharper when counterions are added. Importantly, the sper-
mine molecules themselves contribute negligibly to the
scattering. No differences are detected in the computed scat-
tering profiles of RNA plus spermine when the spermines
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are present or (computationally) deleted, as shown in the
Supporting Material. Fig. 5 b shows a (slightly) deeper first
minimum and a larger trough-to-peak variation in the range
of 0.3 Å�1 < q < 0.5 Å�1. The sharpening of features in
the SAXS/WAXS curves reflects an increased definition of
structure. In other words, the appearance of better-defined
features can be explained by decreased molecular flexibility
and more consistently determined molecular dimensions.
Taken together, this interpretation of the WAXS data and
the results of the MD predictions support a decrease in
RNA flexibility when spermine is present. We therefore pro-
pose that the elongated spermine, deeply sequestered in the
grooves of the RNA, fills the space and leaves less room for
the molecule’s conformation to fluctuate, locking in its
structure and stabilizing the molecule. This switch to the
stabilized conformation could be reflected in the changes
measured by WAXS and CD. Therefore, even though
the RNA is intrinsically flexible, the spermine fixes it
into a particular conformation. This stabilization reduces
RNA conformational entropy but may increase selec-
tivity, affecting the way in which an RNA binds to other
molecules.
CONCLUSION

In this work, we combined experimental and simulation
studies to elucidate the interactions between spermine
and nucleic acids. Mixed-sequence duplex RNA, which im-
itates the basepaired regions of physiological RNA, resists
condensation relative to DNA of an equivalent sequence.
Poly(rA):poly(rU) RNA condenses out readily when small
amounts of spermine are added, likely due to the formation
of triplexes or higher aggregates. Models developed in pre-
vious work accurately predict the measured condensation
propensities. These models suggest that spermines asso-
ciate within the major grooves of the mixed-sequence
RNA but loosely span the grooves of DNA. These different
binding modes can explain the observed resistance of
mixed-sequence RNA to condensation. These data, along
with previous reports that spermine stabilizes RNA, sug-
gest that the long spermine strands infiltrate the groove
and lock the RNA into a rigid conformation that selectively
enhances interactions with other molecules in the cell.
Future refinement of the model of spermine distribution
presented here will provide a more accurate and atomically
detailed picture of spermine binding to both RNA and
DNA, and may lend insight into the many important bio-
logical processes that require polyamine-nucleic acid
interactions.
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