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Polyamines are abundant metabolites that directly influence gene
expression. Although the role of polyamines in DNA condensation is
well known, their role in RNA folding is less understood. Non-denaturing
gel electrophoresis was used to monitor the equilibrium folding tran-
sitions of the Tetrahymena ribozyme in the presence of polyamines. All of
the polyamines tested induce near-native structures that readily convert
to the native conformation in Mg2þ. The stability of the folded structure
increases with the charge of the polyamine and decreases with the size of
the polyamine. When the counterion excluded volume becomes large,
the transition to the native state does not go to completion even under
favorable folding conditions. Brownian dynamics simulations of a model
polyelectrolyte suggest that the kinetics of counterion-mediated collapse
and the dimensions of the collapsed RNA chains depend on the structure
of the counterion. The results are consistent with delocalized conden-
sation of polyamines around the RNA. However, the effective charge of
the counterions is lowered by their excluded volume. The stability of the
folded RNA is enhanced when the spacing between amino groups
matches the distance between adjacent phosphate groups. These results
show how changes in intracellular polyamine concentrations could alter
RNA folding pathways.
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Introduction

Interactions between counterions and RNA poly-
electrolytes are critical for the self-assembly of
RNA tertiary structures. Stabilization of RNA
tertiary structure by metal ions such as Mg2þ has
been studied extensively.1 In the cell, polyamines
such as spermine, spermidine and putrescine
(Figure 1) also interact with nucleic acids.2 Because
polyamines are flexible cations with different
charge and size, they have the potential to
modulate RNA folding transitions in subtle ways.
Moreover, because the chemical structures of poly-
amines are reminiscent of basic oligopeptides that
interact with RNA,3 the energetics of RNA folding
in polyamines may provide insight into RNA–
protein interactions.

Polyamines are ubiquitous, abundant, and
essential for cell growth.2 Because they stabilize

condensed chromatin and interact with mRNAs
and ribosomes, polyamines affect gene expression
on many levels.4,5 In fission yeast and mammals,
polyamines inhibit their own synthesis by stimu-
lating translational frameshifting that produces an
inhibitor of ornithine decarboxylase, a key enzyme
of polyamine biosynthesis.6,7 Polyamine concen-
trations are elevated in some tumors, making poly-
amine biosynthesis a potential drug target.8

Like other multivalent cations, polyamines trig-
ger DNA condensation,9 and stabilize triple helices
and DNA–RNA hybrids.10 – 12 Polyamines also
modulate the structure of tRNA and other RNAs,5

although their role in RNA folding is still poorly
understood. In crystallographic studies, poly-
amines have been found to interact with specific
sites in double-stranded DNA13 or tRNA.14

Solutions studies, however, have shown that poly-
amines primarily interact non-specifically with the
phosphate groups, diffusing freely within a
prescribed volume around the DNA.15 – 17 As is the
case for metal cations, non-specific electrostatic
interactions with “condensed” counterions
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dominate interactions between polyamines and
nucleic acids.9,18

We previously used native gel electrophoresis to
compare stabilization of the Tetrahymena L-21
ribozyme by various metal ions and spermidine.19

Because only conformations close to the native
state are trapped as the native form during
electrophoresis,20 this assay is sensitive to the ter-
tiary structure of the RNA. Spermidine3þ stabilized
the folded RNA less effectively than cobalt
hexammine3þ, demonstrating that the size and
geometry of the counterion is important in RNA
folding.19 In this study, we refolded the Tetrahymena
ribozyme in a series of polyamines with
differing charge and size (Figure 1). The results
provide strong evidence that, besides dominant
non-specific electrostatic interactions with the
phosphate groups, the excluded volume and con-
formational entropy of counterions also make
important contributions to the stabilization of
RNA tertiary structure.

Relating counterion-induced collapse and
folding

The earliest event in the folding of large RNA
molecules is the transition from the unfolded state
to an ensemble of compact structures.21 This
transition is preceded by the association of
counterions and a reduction of more than 90% in
the effective charge on the phosphate groups. The
condensation of counterions around the RNA
reduces the electrostatic repulsion between the
phosphate groups, permitting attractive inter-
actions to drive collapse of the RNA. After counter-
ion condensation, there is a substantial reduction
in the RNA’s radius of gyration ðRgÞ. This counter-
ion-mediated collapse has been confirmed by
recent small angle X-ray and small angle neutron
scattering experiments on several RNAs.22 – 26

The Manning criterion for condensation of
counterions,27 which is accurate for infinite rod-
like polyelectrolytes and spherical counterions, is
lB
b . 1

Z , where lB ¼ e2=4pekBT < 7:1 �A at T ¼ 25 8C

is the Bjerrum length, b is the typical distance
between phosphate groups, and Z is the counterion
valence. If the counterions are spherical then the
effective average fractional charge, n̄, that each
phosphate carries upon counterion condensation
can be estimated using the two-phase approxi-
mation. By equating the chemical potential of the
free and condensed counterions, we obtained N �n ø
2ln fðRg=lBÞðZ

21Þ for a globular RNA, where N is
the number of nucleotides and f is the volume
fraction of counterions.19 Multivalent counterions
neutralize the phosphate charge on RNA more
fully than monovalent ions,19 consistent with
results from DNA condensation.28 As discussed
below, multivalent ions also produce more com-
pact structures by forming attractive interactions
that bridge phosphate groups.29,30

It is now well accepted that the majority of
neutralization of the phosphate charges comes
from delocalized binding of cations.28,31,32 In
counterion condensation theory27 or Poisson–
Boltzmann theory,33 the softened electrostatic inter-
action is described in terms of the reduced charge
on the backbone (2 n̄e). Because the condensed
counterions remain mobile, however, they fluctu-
ate. Correlated charge fluctuations, which depend
on Z and the shape of the counterions, produce an
intermolecular attraction. The strength of the
attractive potential is D/ Z2ð‘B=bÞ

2fZ, where fZ is
the fraction of condensed multivalent cation.34 The
condensation of counterions and charge
fluctuations lead to a reduction in the persistence
length of the RNA, which causes the RNA to
adopt compact structures.

Role of counterion size and shape

The extent of compaction, which ultimately
determines the thermodynamics and kinetics of
RNA folding, is determined not only by valence
but also by the size and shape of the counterions.
This is because their interactions with other
counterions and with the RNA vary, depending on
the chemical structure of the counterion. These
interactions are not static, but fluctuate due to con-
formational changes in the RNA and the mobility
of counterions. For larger amines, greater corre-
lations between the condensed counterions are
expected, due to increased excluded volume. As a
result, for the diamine series shown in Figure 1,
we predict that the concentration required to
obtain a similar n̄ should increase as the size of
the counterion increases, even though the counter-
ion valence ðZ ¼ 2Þ remains constant.

Hence, the folding thermodynamics of RNA
depends on the effective charge density z of the
counterions:

z ¼ Z=AðTÞ ð1Þ

where the second virial coefficient AðTÞ ¼Ð
dV1dV2d3R12ð1 2 e2bUðV1;V2;R12ÞÞ and b ¼ ðkBTÞ

21.
UðV1;V2;R12Þ is the relative orientation and

Figure 1. Chemical structures of polyamines used in
this study.
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distance-dependent potential between each pair of
counterions. If the potential UðV1;V2;R12Þ is short-
range and only includes steric interactions, then
AðTÞ < V where V is the volume of the counterion.
Despite the expected complexity of mechanisms by
which polyamines and pentalysine mediate RNA
collapse, we propose that the cooperativity of folding
is determined by an interplay of the charge and
excluded volume of the counterions.

Excluded volume effects on competitive binding
of a multivalent counterion to charged surfaces
and cylinders have been considered.29,35 A key
finding in these studies is that the shortest distance
between the counterion and the macroion (i.e. the
excluded volume of the counterion) plays a signifi-
cant role in determining the binding equilibria. For
flexible counterions such as polyamines, the loss of
conformational entropy in the counterion also con-
tributes to the binding energy. Consequently, large
polyamines stabilize RNA double helices less than
smaller cations,36 extend the persistence length of
DNA relative to metal cations,37 and condense
DNA less efficiently.18,38,39 Light scattering experi-
ments showed that the size of condensed DNA
particles is sensitive to the geometry and size of
polycation.40 This can be explained by a lower
density of positively charged groups around the
nucleic acid, for counterions with a larger excluded
volume.

Results

Native gel electrophoresis folding assay

We used native polyacrylamide gels to quan-
tify the equilibrium folding transition of the

Tetrahymena L-21 ribozyme as described.41 Mg2þ is
required to stabilize the catalytically active form of
the ribozyme (N), which can be separated from
misfolded intermediates (I) in a native gel
(Figure 2). Other cations, however, produce near-
native species ðINÞ that are close in energy and
structure to the native state.19 These are readily
converted to the native form during a short
exposure (15–30 s) to Mg2þ in the gel running
buffer. Because the free energy barriers between
the misfolded intermediates and the native state
are large, the ensemble of intermediates (I) does
not convert to N in a short time at the 10 8C gel
temperature, and are trapped as slowly migrating
conformers. Once the RNA enters the poly-
acrylamide matrix, further refolding is largely
arrested.20,42

Figure 2. Native gel folding assay. When equilibrated
with cations, the unfolded ribozyme (U) forms non-
native ðINSÞ and native-like ðINÞ intermediates. IN is con-
verted to N in the presence of 3 mM MgCl2 during a
short exposure to 3 mM MgCl2 in the running buffer.19

The ensemble of I states are not converted to N during
this time. Exchange between the native and non-native
structures in the gel matrix is not observed during the
electrophoresis at #10 8C.20

Figure 3. Equilibrium folding of the Tetrahymena ribo-
zyme by amines of different charge. A, Uniformly a-32P-
labeled L-21 ribozyme was incubated in HE buffer plus
various concentrations of polyamines or MgCl2 at 30 8C
for two to four hours before native 8% PAGE. I, mis-
folded RNA; N, native RNA. HE, buffer only; Mg2þ,
1.2 mM MgCl2. Polyamine concentrations: 0 mM,
0.006 mM, 0.01 mM spermine·(HCl)4 (spm); 0 mM,
0.06 mM, 0.3 mM spermidine·(HCl)3 (spd); 0 mM, 6 mM,
100 mM putrescine·(HCl)2 (put); 0 mM, 600 mM,
1600 mM NH4Cl. B, Fraction of native RNA ( fN) versus
polyamine concentration. Curves represent the best fit
to equation (2). The DG, Cm, nH from the fits are shown
in Table 1. Symbols: (O) pentalysine; (V) spermidine;
(X) spermine; ( £ ) putrescine (1,4-butanediamine); (B)
ammonium chloride.
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In 25 mM Na–Hepes, 1 mM EDTA (HE) the
ribozyme is largely unfolded, and the RNA
appeared as a smear in non-denaturing poly-
acrylamide gels containing 3 mM MgCl2 (lane 1,
Figure 3A). When the ribozyme was allowed to
fold in 1.2 mM MgCl2 before native PAGE, it
appeared as a narrow band of faster electro-
phoretic mobility (N). Incubation of the ribozyme
in polyamines (spermine, spermidine or
putrescine) or ammonium ion also produced a
band with the same mobility as samples folded in
Mg2þ (Figure 3A). Previous work showed that
70–80% of the ribozyme was active after similar
treatment (four hours at 30 8C in spermidine,
followed by addition of 3 mM MgCl2 for 30 s at
4 8C).19 Therefore, a wide range of polyamines
enable the ribozyme to sample native-like confor-
mations that are readily converted to the native
structure in Mg2þ.

Highly charged polyamines are most effective

Multivalent metal cations stabilize the folded
ribozyme more efficiently than monovalent
cations, with a nearly 200-fold decrease in the mid-
point of equilibrium folding transitions with each
increment in the counterion charge.19 The folding
equilibrium of the Tetrahymena ribozyme at 30 8C
was measured in varying concentrations of
pentalysine5þ, spermine4þ, spermidine3þ,
putrescine2þ (1,4-butanediamine) and ammoniumþ.
The midpoints of transitions from unfolded to
folded ribozyme were lower when folding was
induced by highly charged cations like pentalysine
(4.5 mM) and spermine (6.2 mM), compared to
putrescine (6 mM) and ammonium (530 mM)
(Figure 3B, Table 1). The cooperativity of the tran-
sition with respect to cation concentration
increased with the charge on the polyamine
(Table 1).

Higher cooperativity corresponds to a larger free
energy gap between the ensemble of “unfolded”
structures present in Hepes buffer (U) and the
native-like conformations ðINÞ, as shown in Table 1.
Stabilization of the folded RNA can be explained
by more complete neutralization of the phosphate
charge in the presence of multivalent polyamines.20

It is possible that various polyamines interact dif-
ferently with the unfolded RNA, and this accounts
for the observed differences in the free energy of
folding. This explanation seems less likely, because
even counterions that weakly drive folding, such
as putrescine, associate more strongly with the
folded RNA than the unfolded state under all con-
ditions tested. We never observed unfolding of the
RNA, even in 250 mM putrescine.

Polyamine size

As described in Introduction, the effective charge
of a counterion is also related to its excluded
volume. To understand how the size of counterions
affect RNA tertiary structure, we compared folding
reactions of the Tetrahymena ribozyme in a series of
diamines, in which the positively charged amino
groups are separated by two to five methylenes
(Figure 1). As shown in Figure 4, the midpoint
of the folding transition increased and the
cooperativity decreased as the size of the diamine
increased (Table 1). This resulted in a smaller DG
for folding in large diamines, as expected. The
stability of the RNA decreases nearly linearly with
the average charge density of the cation, as the
number of carbon atoms is increased from three to
five (Figure 4C).

The transition induced by 1,2-ethanediamine
(2C) was more cooperative than that of 1,3-
propanediamine (3C). This resulted in a lower DG
of folding in 1,2-ethanediamine than expected
from its size alone (Figure 4C and Table 1). As

Table 1. Polyamine-dependent folding of the Tetrahymena L-21 ribozyme

Cation Cm (M)a na DG (kcal/mol)b VC (Å3)c 2 ln fc n̄d

Pentalysine þ5 4.5 ^ 1.7 £ 1026 2.2 ^ 0.3 20.83 ^ 0.06 1254.2 19.26 0.037
Spermine þ4 6.2 ^ 0.2 £ 1026 13 ^ 2.8 27.1 ^ 1.6 469 20.15 0.046
Spermidinee þ3 6.2 ^ 0.2 £ 1025 7.5 ^ 0.7 24.0 ^ 0.05 337 18.22 0.062
Ammonium þ1 5.3 ^ 0.3 £ 1021 5.1 ^ 0.4 23.0 ^ 0.24 44.6 16.83 0.186
Ethanediamine þ2 3.6 ^ 0.3 £ 1023 4.5 ^ 0.1 22.6 ^ 0.23 141.2 15.06 0.093
Propanediamine þ2 3.4 ^ 0.2 £ 1023 2.5 ^ 0.1 21.1 ^ 0.1 174.5 14.91 0.093
Butanediamine þ2 6.2 ^ 1.1 £ 1023 2.2 ^ 0.1 20.89 ^ 0.03 207.8 13.95 0.093
Pentanediamine þ2 1.4 ^ 0.2 £ 1022 2.0 ^ 0.3 20.74 ^ 0.3 241.1 13.04 0.093

a Reactions at 30 8C in 25 mM Na–Hepes (pH 7.5), 1 mM EDTA. The midpoint ðCmÞ and Hill coefficient n were from fits to equation
(2). Values are the average of two independent experiments.

b DG of polyamine-dependent folding transition was calculated from equation (3).
c The volume of the polyamine, VC, is the sum of the van der Waal’s volumes of the atoms. f is the volume fraction of counterions

in bulk solution at the midpoint of the transition, and is given by f ¼ NACVC, where NA is the Avogadro’s number and C is the
concentration of cations at the midpoint.

d The average residual phosphate charge after counterion condensation, n̄, was calculated from n ¼ b=lBZ, where b is the distance
between phosphate groups (1.3 Å in A-form RNA), lB is the Bjerrum length, and Z is the counterion charge.

e Folding parameters for spermidine were reported to be Cm ¼ 54 mM and nH ¼ 2:4 ^ 0:2 by Heilman-Miller et al.19. We believe that
these differences are due to transcription of the ribozyme in the presence of 2 mM spermidine at 37 8C in the present study. In the
article by Heilman-Miller et al.19, transcription reactions were at 30 8C and contained no spermidine.
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discussed below, the greater cooperativity of fold-
ing induced by 1,2-ethanediamine may be due to
a favorable interaction geometry between the
amine and RNA phosphate groups.

Brownian dynamics simulations of counterion-
induced collapse

The experimental results above are consistent
with the expectation that for a given counterion
charge (Z), condensation efficiency decreases as
the size of the counterion increases. To obtain
qualitative insights into the dynamics of counter-
ion-induced collapse, we carried out Brownian
dynamics (BD) simulations of strongly charged
polyelectrolyte chains. The RNA chain was
modeled as a flexible chain of spherical monomers,
each carrying a 21 charge (see Materials and
Methods). Metal cations were represented as a
single sphere with charge þZ and polyamines rep-
resented as short flexible chains with a total charge
þZ. Although they lack molecular detail, these
simulations may be used to analyze the initial
events in RNA folding corresponding to counter-
ion-mediated collapse.

In all simulated trajectories (Table 2), the
addition of counterions produced monomeric and
compact globules of polyelectrolyte. The decay of
the radius of gyration, Rg, as a function of time for
a spherical trivalent counterion and a linear
counterion with Z ¼ 3 (Figure 5(a)) shows that
collapse occurs more rapidly for the spherical
counterion. This agrees with our current results
and previous studies,19 showing that [CO(NH3)6]

3þ

is a more efficient condensing agent than
spermidine3þ.

To understand the differences in the diamine
series, we simulated the collapse of polyelectrolyte
chains in the presence of counterions P–AX–P,
where P is positively charged and A is a neutral
sphere that models the methylene group. Ethane-
diamine roughly corresponds to X ¼ 2 while
pentanediamine is modeled with X ¼ 5. As shown
in Figure 5(a), P–A5–P is less efficient in inducing
chain collapse than P–A2 –P. These simulations
support our interpretation of RNA collapse by the
various diamine counterions (Table 1).

Although the diamines all have the same charge
ðZ ¼ 2Þ, the spacing between the positive charges

Table 2. Summary of simulations

Nv Z Mv tN (t0) Runs

40 3 1 500 10
40 3 3 500 10
60 2 4 1000 5
60 2 7 1000 5

Nv is the number of counterions; Z, valence of counterions;
Mv, mass of counterions; tNðt0Þ, total run time; Runs, the number
of independent trajectories.

Figure 4. Equilibrium folding of the Tetrahymena ribo-
zyme by different size diamines. A, Native 8% polyacryl-
amide gel, as in Figure 3A. HE, buffer only; Mg2þ,
1.2 mM MgCl2. Polyamine concentrations: 2C, 0 mM,
3 mM, 8 mM 1,2 ethanediamine·(HCl)2; 3C, 0 mM,
3 mM, 12 mM 1,3 propanediamine·(HCl)2; 5C, 0 mM,
22 mM, 100 mM 1,5 pentanediamine·(HCl)2. B, Fraction
of native RNA ( fN) versus diamine concentration, as in
Figure 3B. Parameters from the fits to equation (2) are
shown in Table 1. Symbols: (W) 1,2-ethanediamine; (A)
1,3-propanediamine; ( £ ) 1,4-butanediamine (putrescine);
(K) 1,5-pentanediamine. (c) DG of folding (Table 1) versus
the charge density of polyamines. The charge density of
each polyamine was obtained by dividing the charge by
the van der Waal’s volume. The data were fit to a third
order polynomial.
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affected the collapse time-scale and the nature of
the compact conformations. Examination of the
structures sampled during each simulation showed
that for the counterion P–A2 –P highly compact
structures appear early, whereas such structures
form on a longer time-scale when the counterion
is P–A5 –P. In addition, the final extent of com-
paction depends on the number of methylene
groups separating the positive charges. As dis-
cussed below, collapse is most efficient for a given
Z if the spacing between positive charges in
the polyamine is commensurate with the
distance between the phosphate groups in the
native RNA.

An important question that is difficult to answer
experimentally is the extent of neutralization of the
phosphate charge upon counterion condensation.
Manning–Oosawa theory predicts that for RNA,
more than 90% of the phosphate charge is
neutralized by non-specific counterion conden-
sation, if Z $ 2 (Table 1). Using BD simulations,
we calculated the time dependence of the
counterion condensation for cations modeling

[Co(NH3)6]
3þ, spermidine, ethanediamine and

pentanediamine. In all cases, in excess of 80% of
the backbone charges are neutralized at long
times, when chain collapse is nearly complete
(Figure 5(b)). The efficiency with which a particu-
lar counterion induces chain collapse agrees with
the extent of charge neutralization predicted by
counterion-condensation theory. Comparison of
the results in Figure 5(a) and (b) also shows that
counterion condensation is faster than chain
compaction.

Discussion

Stabilization of the folded RNA by
multivalent polyamines

The concentration of multivalent counterions
needed to induce collapse of highly charged poly-
electrolytes is much less than for monovalent ions.
For polyamines tested in this study, each
additional unit of charge lowers the midpoint of
the folding transition approximately 100-fold
(Table 1). The midpoints are roughly consistent
with the net entropy gain expected for the release
of Naþinto the bulk solution when polyamines
associate with the RNA.43 Competitive binding,
however, does not explain the greater cooperativity
of RNA folding in multivalent ions. This increase
in cooperativity can be explained by charge fluctu-
ations, as the magnitude of the attractive potential
increases with the square of the counterion charge.
For a trivalent counterion in 1 mM monovalent
salt, and b ¼ 1:7 Å (see Materials and Methods), it
was calculated that the addition of 10–100 mM
counterion was sufficient to induce chain collapse,
in agreement with our experimental observations.34

Size of polyamine: importance of
excluded volume

Comparison of the DG and Cm values for dia-
mine series vividly illustrates the importance of
the excluded volume on the thermodynamics of
RNA folding. Experimental and theoretical work
on the association of polyamines with double-
stranded DNA suggests how the size of the coun-
terion can influence electrostatic interactions with
the nucleic acid.15,29,35,44 First, counterions with a
large radius cannot approach the nucleic acid as
closely as smaller ions, resulting in weaker Cou-
lombic interactions between the phosphate groups
and the counterions, and weaker competitive bind-
ing with monovalent ions. Second, the number of
counterions in the condensed layer around the
nucleic acid depends on the excluded volume of
the ions.

As fewer counterions with a large excluded
volume, these ions shield the negative charge of
the phosphate groups less effectively than smaller
diamines or NH4

þ, and are less able to stabilize
near-native RNA structures. The difficulty of

Figure 5. Brownian dynamics simulations of poly-
electrolyte collapse. RNA and counterions were modeled
as flexible chains of spherical residues, as described in
Materials and Methods. Counterions were [Co(NH3)6]

3þ,
Z ¼ 3, n ¼ 1 (black); spermidine, Z ¼ 3, n ¼ 3 (red); 1,2-
ethanediamine, Z ¼ 2, n ¼ 4; 1,5-pentanediamine, Z ¼ 2,
n ¼ 7 (blue). (a) Decrease in Rg

2 as a function of time t=t0,
where t0 ¼ a2=D, the ion diffusion constant. For
a ¼ 6:3 Å and D ¼ 1026 cm2 s21, t0 < 4 ns. Rg was calcu-
lated using R2

g ¼ 1=2N2
P

r2
ij, where N is the number of

monomers and rij is the distance between i and j
monomers. (b) Fraction of condensed counterions
around the polyelectrolyte versus time.
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fully neutralizing the phosphate charge with
large ions may explain incomplete folding (65%)
in pentalysine and 1,5-pentanediamine, two
counterions with a large excluded volume and
low charge density.

Is spatial correlation between territorially
bound counterions relevant for RNA folding?

The non-monotonic dependence of Cm and
cooperativity on diamine size (Table 1) suggests
that spatial correlations between the non-specifi-
cally bound cations also play a role in the stability
of the folded RNA. If the counterions are separated
by a distance s that is larger than the Debye length
(s/lD . 1, where lD ¼ (8plBI)21/2 and is the ionic
strength), then the mobile but bound counterions
may be considered independent. In the opposite
limit (s/lD , 1), the bound counterions interact
with each other and should be treated as a corre-
lated fluid. In the latter situation, the bulky coun-
terions do not approach the RNA closely enough
to efficiently neutralize the backbone charge. More-
over, because of spatial correlation between the
bound ions, there may be anticooperativity in the
condensation process itself. These factors explain
the dramatically lower cooperativity and nearly
fourfold increase in Cm, in going from pentane-
diamine to ethanediamine. In addition, bulky
counterions should lead to less compact structures.
This prediction can be validated using small angle
X-ray scattering experiments.

Geometry of counterion interactions

Besides excluded volume effects and spatial cor-
relations between bound counterions, the spacing
between the charged groups in the polyamines

may also affect RNA folding (Figure 6). As poly-
amines principally interact with the phosphate
groups in RNA, binding should be optimal when
each amino group can be placed near a phosphate.
The average distance between the two amino
groups in 1,2-ethanediamine, assuming a trans con-
formation, is 5.3 Å. This is similar to the typical
distance (5.5–6 Å) between phosphate groups in
RNA structures found in the Protein Databank.
This geometric advantage may explain why
ethanediamine stabilizes the Tetrahymena ribozyme
more than expected based on its size and valence.
A similar explanation was offered for the relative
stabilization of polyA·polyU and polyI·polyC by
simple diamines.36

On the other hand, 1,5-pentanediamine has more
degrees of freedom than 1,2-ethanediamine in the
bulk solution, and experiences a greater loss of
entropy when it interacts with two adjacent phos-
phate groups on the RNA. Moreover, the volume
excluded by large counterions may eventually
inhibit the close packing of RNA double helices
necessary to achieve the native structure of the
ribozyme.45

Conclusions

The results presented here show that the
cooperativity of the folding transition of the
Tetrahymena ribozyme to native-like structures
reflects a hierarchy of interactions that depend on
the valence and size of the counterions. The
efficiency with which a counterion induces
RNA collapse depends on the charge density
of the counterion, which reflects both the
volume excluded by the counterions and spatial
correlations between counterions. While the

Figure 6. Interaction of
polyamines with RNA. Interaction
of polyamines with nt 141–161 of
the Tetrahymena ribozyme (P5b)
were modeled with Insight II
(Molecular Simulations). A, 1,2-
Ethanediamine; B, 1,5-pentane-
diamine. Space-filling model with
RNA in gray; phosphate groups,
violet; amino groups, green;
methylenes, yellow. The coordi-
nates for the RNA47 (1HR2) were
obtained from the Protein Data
Bank (http://www.rcsb.org/pdb/).
1,5-Pentanediamine molecules are
closer and repulse each other
more than 1,2-ethanediamine when
associated with RNA phosphate
groups. Consequently, 1,5-
pentanediamine creates higher
energy RNA structures.
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attractive potential arising from correlated charge
fluctuations increases with the square of counter-
ion charge, entropic forces that oppose packing of
large counterions around the RNA reduce the
cooperativity of the folding transition. Because the
ensemble of compact RNA structures can vary
depending on the chemical structure of the
counterions, changes in intracellular salt concen-
trations or levels of polyamines are likely to
modulate RNA folding pathways in vivo.

Materials and Methods

Reagents

Spermine tetrahydrochloride was purchased from
Fluka. All other chemicals were purchased from Sigma-
Aldrich.

RNA folding reactions

Uniformly a-32P-labeled L-21 RNA was prepared as
described.19 The RNA was incubated in HE buffer
(50 mM Hepes adjusted to pH 7.5 with sodium
hydroxide, 1 mM EDTA (pH 8.5)), 10% (v/v) glycerol,
0.1% (w/v) xylene cyanol, plus the desired concentration
of polyamine hydrochloride. The reactions were
incubated for two to four hours at 30 8C. A 2 ml aliquot
of each reaction was loaded on a cold native 8% poly-
acrylamide gel (,10 8C) as described.9,14,25 Native gels
were quantified using a Molecular Dynamics Phosphori-
mager as described.14 The fraction of native RNA at each
concentration of polyamines was obtained from the ratio
of the counts in the native band over the total counts in
the lane. The fraction of native RNA versus the cation
concentration was fit to the Hill equation:

fN ¼ fNð0Þ þ ½fNðmaxÞ2 fNð0Þ�
ðC=CmÞn

1 þ ðC=CmÞn

� �
ð2Þ

where fN(0) is the fraction of folded RNA at zero poly-
amine concentration, fN(max) is the maximum fraction
of folded RNA, Cm is the midpoint in the folding tran-
sition and n is the Hill coefficient. The free energy of the
folding transition was calculated from:

VC ¼
1

8

DGUN

RT

� �2 1

lnð3 þ 2
ffiffiffi
2

p
Þ
¼

C2
maxðdfN=dCÞmax

DC
ð3Þ

where R is the gas constant, T is temperature, and DGUN

is the free energy of the polyamine dependent folding
transition.20 VC is a dimensionless quantity that is related
to the Hill coefficient and the midpoint of folding tran-
sition, Cmax is the concentration of polyamine at which
the derivative of fraction native with respect to the
concentration of polyamine reaches its maximum,
ðdfN=dCÞmax is the maximum value of the derivative, DC
is the width of the curve at 1=2ðdfN=dCÞmax. ðdfN=dCÞ
was determined analytically from the Hill coefficient
and the midpoint of the folding transition.

Brownian dynamics simulations

Polyelectrolyte (PE) chains were represented as a
flexible chain of 120 monomers, with each one carrying
a charge of 21e. Each monomer had a van der Waal’s
radius of a=2. Successive monomers were connected by

a spring with spring constant 80RT=a2 (RT ¼ 0.6 kcal/
mol and a ¼ 6:3 �A). Counterions were added to the
system to achieve charge neutrality (total positive
charge ¼ þ1e). [Co(NH3)6]

3þ was represented by a
single sphere with Z ¼ 3, spermidine as three spheres
with Z ¼ 1 (P–P–P) and diamines by P–AX–P, where P
is positively charged and A is a neutral sphere.

Coulombic interactions between charge pairs were
treated by accounting for images using a real space
Ewald sum. Attractive interactions between the
monomers were represented by standard Lennard–
Jones potentials. The potentials used to mimic these
interactions and the details of the simulations are nearly
the same as used in our previous study.46 For each
system, five to ten trajectories were produced so that
statistical errors were minimized. The simulation times
ðtNðt0Þ ¼ 500 or 1000) were long enough to observe
collapse of the chain into a globular structure.

Interphosphate distances

The distance between phosphate groups in RNA
structures deposited in the Protein Data Bank† was com-
puted from the distance between the center of mass of
phosphate groups within a cutoff distance of 10 Å.
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