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ABSTRACT: The tumbling dynamics of a 20-mer HIV-1 RNA stem loop 3 spin-labeled at the 5′ position
were probed in the nanosecond time range. This RNA interacted with the HIV-1 nucleocapsid Zn-finger
protein, 1-55 NCp7, and specialized stopped-flow EPR revealed concomitant kinetics of probe
immobilization from milliseconds to seconds. RNA stem loop 3 is highly conserved in HIV, while NCp7
is critical to HIV-RNA packaging and annealing. The 5′ probe did not perturb RNA melting or the NCp7/
RNA interaction monitored by gel shift and fluorescence. The 5′-labeled RNA tumbled with a
subnanosecond isotropic correlation time (∼0.60 ns at room temperature) reflecting both local viscosity-
independent bond rotation of the probe and viscosity-dependent diffusion of 40-60% of the RNA. The
binding of NCp7 to spin-labeled RNA stem loop 3 in a 1:1 ratio increased the spin-labeled tumbling time
by about 40%. At low ionic strength with a ratio of NCp7 to RNA g3 (i.e., an NCp7 to nucleotide ratio
e7, which is the threshold ratio for chaperone effects), the probe tumbling time markedly increased to
several nanoseconds, signifying a NCP7/RNA complex with restricted motion even at the initially mobile
5′ position. Increasing the ionic strength to shield the electrostatic attraction between polyanionic RNA
and polycationic NCp7 eliminated this immobilization. Forming the immobilized g3:1 complex also
required intact Zn fingers. Stopped-flow EPR kinetics with NCP7/RNA mixed at a 4:1 ratio showed the
major phase of NCp7 interaction with RNA stem loop 3 occurred within 4 ms, a second phase occurred
with a time constant of ∼30 ms, and a slower immobilization, possibly concomitant with large complex
formation, proceeded over seconds. This work points the way for spin-labeling to investigate oligonucle-
otide-protein complexes, notably those lacking precise stoichiometry, that are requisite for viral packaging
and genome fabrication.

The structure and function of the HIV-1 nucleocapsid
protein, NCp7, have been studied through its interaction with
the four contiguous stem loop structures, SL1-SL4 of the
HIV-1 Ψ recognition site (1-4). Figure 1 shows the RNA
stem loop 3 (5) combining with the relatively unstructured
NCp7 Zn-finger protein (6) to form a 1:1 RNA-protein
complex (1), and Scheme 1 shows the nucleotide sequence
of the 6.5 kDa 20-mer RNA stem loop 3 and the amino acid
sequence of the 6.4 kDa 55-mer NCp7. RNA stem loop 3 is
of particular interest because its sequence is highly conserved
among different strains of HIV-1. A 1:1 complex, such as
that shown by the NMR structure in Figure 1, provides useful
structural information on specific binding of NCp7 to a stem
loop RNA.

Although specific binding of NCp7 to secondary loop
regions is an essential aspect of NCp7/RNA recognition, the
overall coverage of the viral genome by NCp7 through
processes beyond specific binding is important to the
packaging-annealing process. The annealing process is

important in the viral life cycle to facilitate the reverse
transcription process of converting single strand genomic
viral RNA to DNA for integration into the host and during
maturation in packaging and protecting the genome from
nucleases. The necessity for a nucleic acid chaperone arises
because complementary strands of DNA or RNA are
prevented from forming desirable duplexes when their
individual single strands contain internal, self-pairing, stable
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FIGURE 1: Ribbon diagrams showing the relatively unstructured
NCp7 Zn-finger protein (6) combining with RNA stem loop 3 (5)
to form a 1:1 RNA-protein complex (1).
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secondary regions, like the stems of stem loops. In the
chaperone-annealing process, NCp7 molecules bind to these
individual single strand oligonucleotides with some specific
hydrogen bonding and hydrophobic affinity for the loop
regions and less specific, electrostatically driven affinity for
the stems. In binding to stem loop regions, the NCp7
molecules destabilize these stem loop structures and lower
the activation energy barrier for the ultimate formation of
stable duplex structures. The annealing process occurs with
highest efficacy when the entire oligonucleotide is covered
with NCp7 (7); that is, more than one NCp7 per oligonucle-
otide is required.

For labeling strategy, the literature for spin-labeling of
RNA and RNA stem loop systems provides instances of
labeling near the 5′ end (8-10) and within the RNA
loop (10, 11). Recent work has focused on elaborating the
dynamics at individual locations internal to RNA (11-13),
at elaborating change in dynamics upon binding of other
RNAs (13-15), of peptides (8, 16, 17), and of drugs (16),
and in finding distance between labels (13, 18-20). To avoid
perturbation of the loop region where the binding of NCp7
is most critical (Figure 1), our specific labeling strategy up
to this point has been to monitor the motion of the RNA by
a spin-label attached to the 5′ end position (Scheme 1),
chosen not to impede specific stem loop-Zn-finger interactions.

Here we use EPR1 to probe the structure and mobility of
RNA stem loop 3 by itself and complexed with NCp7. (A
corresponding paper focused on spin-labeled NCp7 has been
accepted in Biopolymers.) The spin-label method has the
advantage of sensing the nanosecond tumbling dynamics of
the RNA and sensing how these dynamics are changed by
NCp7 at various ratios. The spin-label does not require the
highly structured macromolecular entities needed for NMR
or crystallography. With specialized high sensitivity stopped-
flow EPR (21-23), we obtain an additional picture showing
how these nanosecond kinetics change as the spin-labeled
RNA and the NCp7 recognize one another and form
complexes on the millisecond and longer time scale.

EXPERIMENTAL PROCEDURES
Preparation of Spin-Labeled RNA Stem Loop 3. In order

to avoid perturbation of the RNA loop region, we have spin-
labeled the RNA stem loop 3 by an iodoacetamide spin-
label, which is attached at a 5′-phosphorothioate. The reaction
is shown in Scheme 2. Macosko et al. (8) had previously
end-labeled an RNA oligomer after incorporating a phos-
phorothioate at its 5′ terminal, and Ramos and Varani (10)
had used the iodoacetamide spin-label to spin-label RNA.

5′-Phosphorothioate RNA (160 nmol) (Dharmacon, Inc.)
was dissolved in 800 µL of 100 mM, pH 8.0, sodium
phosphate buffer. 3-(2-Iodoacetamino)proxyl spin-label (5.2
mg) (Toronto Research Chemicals, North York, Ontario,
Canada) was dissolved in 200 µL of 50% ethanol. This
amount of spin-label provided a 100-fold mole ratio of spin
probe to RNA. After mixing the spin-label with the 5′-
phosphorothioate RNA, the reaction was allowed to proceed
in the dark with continuous shaking for 20 h at room
temperature. The RNA was extracted by 1-butanol (2 × 1.5
mL) and pooled to yield 200 µL of product solution. This
product was loaded onto an NAP10 column to further
separate the spin-labeled RNA from unreacted iodoacetamide
spin probe, and gel purification was subsequently done.

Preparation of Nucleocapsid Protein NCp7. NCp7 was
prepared by solid phase peptide synthesis with methods
similar to those described previously (24, 25). The final NCp7
concentration of 2 mM was determined by using an extinc-
tion coefficient of ε280 ) 6050 M-1 cm-1 (26). Zinc chloride
was added in a 2:1 molar ratio to NCp7, which was
lyophilized and stored in liquid nitrogen.

Gel Characterization and Purification of Spin-Labeled
RNA Stem Loop 3. Spin-label reaction products were purified
using preparative PAGE and monitored using analytical
PAGE. The protocols for preparative and analytical gel
procedures are provided in the Supporting Information.
Figure 2 provides an analytical gel showing the effectiveness
of the spin-labeling protocol, as well as the existence of a
dimer in the starting material. Lanes 4 and 5 of Figure 2
show gel-purified, spin-labeled RNA final product. Arrow 1
indicates a dimer which was contained in the 5′-phospho-
rothioate RNA starting material. Arrow 2 indicates the
desired spin-labeled RNA stem loop 3. Arrow 3 indicates
RNA stem loop 3 lacking the spin-label probe.

Molecular Mass Determination. The expected molecular
mass of unlabeled RNA stem loop 3 is 6462 Da and of the
spin-labeled RNA stem loop 3 is 6756 Da. The molecular
masses determined by MALDI mass spectroscopy (using an

1 Abbreviations: EPR, electron paramagnetic resonance; CD, circular
dichroism.

Scheme 1: Sequences of the HIV-1 Nucleocapsid Protein and
RNA Stem Loop 3 with Which It Interactsa

a “SL” indicates the end position where a spin-label is attached.
Within the NCp7 sequence, red indicates positively charged basic
residues. Orange indicates the cysteine residues within the Zn-finger
structures. Blue indicates negatively charged acidic residues. Green
indicates the histidine residues in each Zn-finger structure.

Scheme 2: Reaction of Iodoacetamide Spin-Label with
Phosphorothioate Located at 5′G of Stem Loop RNA
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Applied Biosystems Voyager System 1108) were 6460.94
Da for unlabeled RNA stem loop 3 and 6755.98 Da for the
phosphorothioate spin-labeled RNA stem loop 3. (See mass
spectra in Figure 1S, Supporting Information.)

NCp7/RNA Interaction Characterized by Nondenaturing
Gel Shift Assay. Nondenaturing gel shift assays were run as
shown in Figure 3 with the goal of providing a simple
analytic comparison of the binding of spin-labeled RNA stem
loop 3 and of unlabeled RNA stem loop 3 to NCp7 at various
ratios of NCp7 to RNA stem loop 3. An overall comparison
of the assay carried out with unlabeled RNA (Figure 3, lanes
2-6) to the assay carried out with labeled RNA (lanes 7-11)
does provide the proof of the similarity in the NCp7 binding
property of the unlabeled and the labeled RNA stem loop 3.
The RNA by itself, either labeled or not, traveled fastest. At
a ratio of 2:1 NCp7/RNA a complex started to appear,
traveling slightly slower than the 30 bp marker which, in
analogy with the 1:1 complex reported by Amarasinghe et

al. (4) under similar gel conditions, could be a 1:1 complex.
At ratios >2 of NCp7 to RNA stem loop 3, a more diffuse,
more slowly moving, higher molecular mass complex
appeared from which the stained intensity increased as the
NCp7/RNA ratio increased. The existence of this last
complex may imply that several NCp7 molecules may
simultaneously bind to one RNA molecule. Previous gel
retardation assays carried out with comparable conditions
to those used with Figure 3 have also detected both 1:1 and
1:2 complexes of RNA stem loop 3 to NCp7 (4). Although
we provide in this work EPR evidence for a complex at a
1:1 NCp7/RNA ratio and for higher order complexes, the
conditions within the gel certainly differ from the solution
conditions for EPR, and the concentrations of RNA and
NCp7 for EPR are several orders of magnitude larger than
those in the gel.

NCp7/RNA Interaction Characterized by Fluorescence
Quenching of Trp37 in NCp7. The tryptophan residue at W37
is an internal NCp7 fluorophore whose fluorescence quench-
ing permits titration of the interaction of NCp7 and provides
another analytical method for comparison of spin-labeled and
unlabeled RNA stem loop 3 (2). The fluorescence quenching
titration was essentially identical for the unlabeled and spin-
labeled RNA as shown in the Supporting Information,
Figure 2SA. This quenching provided an experimental
measure of the similarity in the binding of labeled and
nonlabeled RNA stem loop 3 in binding NCp7. The
fluorescence quenching, carried out at low ionic strength with
submicromolar concentrations of RNA stem loop 3 and
NCp7, indicated that several NCp7 can bind per RNA stem
loop 3. We observed diminished fluorescence quenching,
hence diminished binding, as the ionic strength was increased
by increasing the NaCl concentration (Supporting Informa-
tion, Figure 2SB).

UV-Vis Determination of RNA Melting. Melting of
structured stem loop RNA is indicated by the hyperchromic
effect in the 260-280 nm range. UV-vis data were collected
and compared between labeled and unlabeled RNA stem loop
3 using a Varian 300 UV spectrometer equipped with a
temperature controller. Melting indicated by the hyperchro-
mic effect was recorded as a function of temperature at a
ramp rate of 0.4 °C per minute from 20 to 95 °C. Fitting of
the spectroscopic change to RNA melting behavior was
performed using Tmelt (Texas A&M University (27)). The
melting temperatures for labeled and unlabeled RNA were
identical. In 20 mM, pH 7.5, Hepes the respective melting
temperatures of unlabeled RNA stem loop 3 and spin-labeled
RNA stem loop 3 were 76.8 and 76.6 °C. In 20 mM Hepes,
20 mM NaCl, and 0.2 mM MgCl2 the melting temperatures
were respectively 86.4 and 87.2 °C. The melting temperatures
are thus unaltered by spin-labeling.

Analysis of Nucleocapsid Protein NCp7. Mass spectrom-
etry (ESI-MS) was performed on the synthesized NCp7 in
the positive ion mode using a Q Star (Applied Biosystems)
instrument. The lyophilized NCp7 sample was dissolved in
70% acetonitrile/30% water/0.1% formic acid and diluted
to a final concentration in the micromolar range. The
deconvoluted mass spectra of the NCp7 showed one major
peak at a molecular mass at 6369.00 Da, fully consistent
with the calculated mass of 6369.05 Da.

SDS-PAGE was performed on the synthesized NCp7
using 10-20% Tris/Tricine gel (Bio-Rad). Sample loading

FIGURE 2: Denaturing PAGE gel showing RNA stem loop 3 bands
before and after the spin-label reaction and gel purification. Lanes
1 and 8 are the DNA ladder where the lowest band is due to 20
bases, the next 30 bases, etc. Lanes 2 and 6 are the RNA spin-
label reaction mixture. Lanes 3 and 7 are the 5′-phosphothiorate
RNA starting material before the labeling reaction. Lanes 4 and 5
are the gel-purified, spin-labeled RNA.

FIGURE 3: Gel retardation assay of RNA stem loop 3 in unlabeled
form (lanes 2-6) and in spin-labeled form (lanes 7-11) in the
presence of increasing amounts of NCp7. In these studies the
concentration of the RNA stem loop 3 was approximately 1 µM in
50 mM Hepes buffer, pH 7.5, and the stain Sybergold (Molecular
Probes) was used to detect the RNA subsequent to running the gel.
Evidence for RNA stem loop 3-NCp7 complexes was observed
thorough bands moving more slowly than RNA stem loop 3 by
itself. Lane identifications are as follows: lane 1, DNA ladder; lane
2, unlabeled stem loop RNA; lanes 3-6, unlabeled stem loop RNA/
NCP7 at ratios of 1:2, 1:4, 1:6, and 1:10; lane 7, labeled stem loop
RNA; lanes 8-11, labeled stem loop RNA/NCP7 at ratios of 1:2,
1:4, 1:6, and 1:10.
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buffer (40 µL) (Bio-Rad) was added to the sample, which
contained 5 µg of NCp7 in 50 mM Hepes, pH 7.5. NCp7
migrated as a monomer, moving slightly slower than
phospholamban (PLB); the 6 kDa protein used as a reference
(25).

EPR Spectroscopy. X-band (9.5 GHz) EPR spectra of spin-
labeled RNA stem loop 3 were taken primarily at Albany at
room temperature using a small, high sensitivity X-band
dielectric resonator (DR) holding samples of approximately
1 µL volume (21, 22, 28). Microwave power of 0.64 mW
(milliwatt) and modulation of about 1 G (gauss) were chosen
so as not to broaden the EPR spectrum. Several samples were
run at the University of Minnesota using the Bruker EleXsys
500 spectrometer.

The stopped-flow EPR system based on a rapid ball mixer
intimatelyintegratedtoanX-banddielectricresonator(21-23,28)
was used for following the kinetic change in the spin-label
signal of RNA stem loop 3 after mixing with NCp7.

EPR Line Shape Analysis for Estimation of Tumbling
Correlation Times. Tumbling, as it modulates the anisotropic
hyperfine and Zeeman interactions, causes the three hyperfine
lines of the nitrogen I ) 1 14N nucleus within the nitroxide
spin-label to vary differently in amplitude and line width. As a
spin-label becomes more mobile, there will be a relative increase
in outer derivative (M ) (1) peak heights with respect to the
central (M ) 0) peak. [The peak heights between derivative
extrema for these lines are taken as h(+1), h(0), and h(-1).]
When the tumbling correlation times are less than 1 ns, the times
can be empirically estimated from these h(+1), h(0), and h(-1)
peak heights through analysis developed by Marsh (ref 29, pp
259-262) and Miick et al. (30), which is outlined in the
Supporting Information of Qu et al. (31).

EPR line shape simulations and correlation time determi-
nations based on the stochastic Liouville equation were
carried out using the nonlinear least-squares stochastic
Liouville (NLSL) fitting programs developed by Freed and
co-workers (32). These programs simulate the EPR line shape
under conditions that need not be restricted to correlation
times less than 1 ns. These simulations modeled the motion
of the nitroxide by a rotational diffusion tensor, R. For
isotropic diffusion Riso ) 1/(6τiso), where τiso is the isotropic
tumbling time. For axial anisotropic diffusion R| ) 1/(6τ|)
and R⊥ ) 1/(6τ⊥), where τ| and τ⊥ are the corresponding
anisotropic tumbling times. (Qin et al. (14) have provided
an approximate expression for τiso when the tumbling
is actually anisotropic, and it is τiso ≈ (τ⊥τ|)1/2.) In the present
paper multiparameter NLSL fitting/simulation routines were
used to provide estimates of the percentages of different sites
within the same sample that had different correlation times.
For the present samples a physical potential to restrict the
motion of the spin-label (33) was not required and not
statistically justified for fitting the EPR line shape.

RESULTS

Dynamics Reported by Spin-Labeled RNA Stem Loop 3
in the Absence of NCp7. The 5′ spin-label on RNA stem
loop 3 indicated rapid subnanosecond tumbling, shown by
the left-most spectrum in Figure 4, by the spectrum in Figure
6 in the absence of RNA, and by the simulation in Figure 3S,
Supporting Information. The isotropic tumbling time, τiso,
as estimated from the fitted simulation (32), was about 0.60

ns at room temperature, and the experimental EPR line shape
was well simulated with an isotropic diffusion tensor.

It has been shown that spin-labels attached to RNA can
report both fast local motions and slower viscosity-dependent
motions (14). These two types of motion have been
discriminated by monitoring the tumbling rate as a function
of solvent viscosity (14). We varied solvent viscosity by
varying the weight percent of sucrose (34), then we observed
the systematically changing line shape, shown by the
compendium of spectra in Figure 4, and then we estimated
the correlation times, τiso.

Following Qin et al. (14), the measured tumbling rate 1/τiso

was approximated as the sum of a local viscosity-independent
rate, 1/τi, and a viscosity-dependent rate, 1/(ητR), where η
is the true solvent viscosity in centipoise divided by the
viscosity of water [η ) η/(ηH2O), where ηH2O ) 1 cP].

1/τiso ) 1/τi + 1/(ητR) (1)

τR has been explained as due to the motions of the RNA
which experience viscous interaction with the solvent (14).
(The Stokes-Einstein relation for an object tumbling in a
viscous liquid indicates that the viscosity-dependent tumbling
time τR should be proportional to the solvent viscosity and
proportional to the volume of the tumbling object (30).) τi

has contributions from internal modes, such as rotations about
the immediate bonds that connect the nitroxide to the
backbone (14). Figure 5 provides the plot of experimentally
estimated values of 1/(τiso) versus 1/η (the inverse of the
viscosity). The viscosity-independent tumbling time was τi

) 1.52 and the viscosity-dependent time was τR ) 1.07 ns.
We discovered upon simulating the EPR spectra in Figure 4
with an axial diffusion tensor that the probe motion appeared
to become progressively more anisotropic as the viscosity
increased so that τ| and τ⊥ became progressively more
unequal. The inequality meant that the experimental spectra
became progressively more accurately simulated by an axial
diffusion tensor. As the viscosity increased from 1 to 4.8
cP, τ⊥ increased by over 200% from 0.79 to 1.79 ns while
τ| increased only by about 50% from 0.53 to 0.78 ns. Thus
τ⊥ in this approximation reports on viscosity-sensitive
motions. (Simulations for the experimental spectra having a
viscosity of 4.8 cP either with isotropic or with anisotropic
tumbling are shown in the Supporting Information, Figure 4S.)

FIGURE 4: Derivative EPR spectra of 5′-labeled RNA stem loop 3
as a function of solvent viscosity in sucrose solution (g of sucrose/g
of water) at 20 °C. Spectra were normalized by dividing by the
second integral. Tumbling times were determined by fitting spectra
to a single isotropic diffusion tensor (32).
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Immobilization of Spin-Labeled RNA Stem Loop 3 by
NCp7: Importance of the NCp7/RNA Ratio. Next we probed
the change in spin dynamics resulting from binding of RNA
stem loop 3 to NCp7. In Figure 6 both the first derivative
and the integrated absorption EPR spectra from RNA stem
loop 3 are compared in the absence of NCp7 to the
corresponding spectra in the presence of NCp7 at a 1:1 ratio
at low ionic strength. The presence of the NCp7 caused a
substantial increase in the tumbling time from τiso ) 0.60 to
0.85 ns, and so it is clear that binding of NCp7 can alter the
tumbling, even of the relatively mobile spin-label at the 5′

terminal. The EPR line shape in dilute buffer for the 1:1
complex was well simulated with an isotropic diffusion
tensor, and the simulation of the 1:1 complex is compared
with the experimental spectrum in Figure 5S, Supporting
Information.

NCp7 performs some of its biological functions (35, 36)
at ratios other than the 1:1 ratio of the NMR structure of
Figure 1. We followed the EPR line shape as we varied the
NCp7/RNA ratio through 0:1, 1:1, 3:1, to 5:1 in buffer of
low ionic strength. As best shown by the integrated EPR
spectral presentations of Figure 7, a 3:1 or 5:1 ratio of NCp7
to RNA stem loop 3 brought on a marked spectral broaden-
ing, which strongly indicated a much more immobilized
NCp7/RNA stem loop 3 complex than at 0:1 and 1:1.
Previous NCp7/RNA binding studies have indicated that one
NCp7 can cover 6-8 RNA bases (37-39), and a 3:1 ratio
of NCp7 to RNA stem loop 3 provides approximately that
ratio of NCp7 to RNA bases. It will be noted that at such a
ratio the +9 charge (40) of the NCp7 more than compensates
for the -20 charge of the RNA. In the course of determining
via UV-vis if thermal melting of RNA stem loop 3 was
altered by the presence of NCp7, we discovered significant
light scattering when the ratio of NCP7 to RNA was g3
under conditions of low ionic strength. This scattering
occurred at wavelengths of 260 nm and higher and implied
the existence of NCp7/RNA coaggregates whose size was
of the order of the wavelength.

When the EPR spectra of the immobilized 3:1 NCp7/RNA
complex at low ionic strength at both 5 and 20 °C (and also
the 5:1 complex at 20 °C) were fit to a diffusion tensor using
the NLSL routine (32), we noted that a much better fit was
obtained if one included two spectral components, each
having a different τiso tumbling time. A comparison of the
experimental data to a simulation with two different isotropic
tumbling times and to a simulation with one component is
shown for 20 °C in Figure 6S in the Supporting Information
and for 5 °C in Figure 7S. There was a majority ∼60%

FIGURE 5: This plot of the tumbling rate (1/τiso) versus the inverse
of the viscosity (1/η) is used to phenomenologically separate the
intrinsic tumbling, τi, of the spin probe from the viscosity-dependent
tumbling, τR, of the RNA stem loop 3 to which the probe is attached.

FIGURE 6: This figure compares the EPR absorption first derivative
(A) and the direct absorption (B) spectra of spin-labeled RNA stem
loop 3 by itself (black traces) and then with a 1:1 mixture of spin-
labeled RNA stem loop 3 and NCp7 (red traces). Spectra were
normalized on the second integral. These spectra were obtained at
low ionic strength in 20 mM Hepes buffer, 20 mM NaCl, and 0.2
mM MgCl2, pH 7.5, at 20 °C. The RNA concentration was 100
µM. For simulations of spin-labeled RNA stem loop 3 by itself
see Figure 3S, Supporting Information, and for spin-labeled RNA
stem loop + NCp7, 1:1, see Figure 5S, Supporting Information.

FIGURE 7: This figure compares the absorption EPR line shapes of
the 5′-labeled RNA stem loop 3 at the indicated ratios of NCp7/
RNA under conditions of low ionic strength. The EPR spectrum
of the spin-labeled RNA by itself indicated a tumbling time τiso )
0.60 ns. The binding of NCp7 at a ratio of 1:1 slowed the tumbling
to τiso ) 0.85 ns. A 3:1 or 5:1 ratio of NCp7/RNA led to a
significantly immobilized complex having a major, slowly tumbling
component with τiso >4 ns. Spectra were normalized on the second
integral. Sample conditions: 20 mM Hepes, 20 mM NaCl, and 0.2
mM MgCl2, pH 7.5. Simulations of NCp7 + spin-labeled RNA,
3:1, at 20 °C are provided in Figure 6S, Supporting Information.
The RNA concentration was 100 µM.

Spin-Labeled RNA Stem Loop 3 Biochemistry, Vol. 47, No. 38, 2008 10103



component having τiso > 4 ns at 20 °C and τiso > 7 ns at 5
°C and a faster moving minority ∼40% component with τiso

) 1.3 ns at 20 °C and τiso ) 1.6 ns at 5 °C. At this time it
is not clear if there are in fact two separate populations of
the NCp7/RNA complex, where the spin-label motion is
more attenuated in one population than in the other or
whether there are two different conformations of spin-label
within the same population.

The line broadening of the nitroxide M ) (1, 0 EPR
features which are simulated by NLSL methods (32) reflects
molecular tumbling that partially averages anisotropic Zee-
man and hyperfine interactions. This tumbling-induced
broadening is due to single nitroxide molecules and should
be independent of nitroxide concentration. However, there
is the potential in large, multi-RNA, multi-NCp7 complexes
to have spin-spin dipolar interactions between the nitroxides
on separate RNA molecules. To probe for such spin-spin
dipolar broadening, we compared 1:0, 1:1, 3:1, and 5:1
NCp7/RNA complexes made with different magnetic dilu-
tions of spin-labeled RNA. Specifically, as shown in the
Supporting Information, Figure 9S, we compared the absorp-
tion EPR line shape of these complexes prepared with 100%
spin-labeled RNA stem loop 3 to that of complexes prepared
with a magnetically diluted 50% spin-labeled RNA-50%
unlabeled RNA mixture. In the 3:1 and 5:1 complexes the
line broadening appears essentially independent of magnetic
dilution, but close observation showed a barely detectable
line broadening of features from the sample prepared with
the more magnetically concentrated, 100% spin-labeled
RNA.2

Immobilization of Spin-Labeled RNA Stem Loop 3 by
NCp7: Importance of the Ionic Interaction between NCp7
and RNA Stem Loop 3. At a higher ionic strength due to
200 or 500 mM NaCl, the mobility of the spin-label when
the NCp7/RNA ratio was kept at 3:1 was significantly
increased over that in low ionic strength; this increasing
mobility is shown in Figure 8 by the narrower EPR line
shapes. The tumbling time in the presence of 200 mM NaCl
was approximately that of the 1:1 NCp7 RNA stem loop 3
complex, while the tumbling time in the presence of 500
mM NaCl was nearly as small as that of spin-labeled RNA
by itself.

Immobilization of Spin-Labeled RNA Stem Loop 3 by
NCp7: Importance of Zn Fingers. As determined here by
spin-label study, the interaction of NCp7 and RNA stem loop
3 at a 3:1 ratio was not purely of ionic nature. The presence
of intact Zn fingers markedly enhanced the immobilization
of the 5′ spin-label. Figure 9C taken at 5 °C showed the
expected evidence for immobilization of the 3:1 NCp7/RNA
complex at low ionic strength for a holo-NCp7 having intact
Zn fingers. There was a large gain in probe mobility, as
indicated in Figure 9B, that occurred for an apo-NCp7

lacking Zn2+. (An overlaid comparison of both the derivative
and integral EPR absorption spectra from the 3:1 complex
of NCp7/RNA in the presence and absence of Zn2+ is
provided in Figure 8S of the Supporting Information.) On
comparison to the spectrum of spin-labeled RNA stem loop
3 in the absence of NCp7 (Figure 9A), the RNA in the
presence of apo-NCp7 did show additional immobilization,
implying that an apo-NCp7-RNA interaction of likely ionic
origin under the ionic strength conditions used here does
remain to slow the tumbling of the spin-label on the RNA
stem loop 3, even if the Zn fingers are not intact.

Kinetics of the Immobilization of Spin-Labeled RNA Stem
Loop 3 by NCp7: Stopped-Flow EPR. The previous EPR
spectra show equilibrium evidence for interaction of NCp7
with spin-labeled RNA stem loop 3. To obtain direct kinetic

2 For the 100% spin-labeled RNA in the 3:1 and 5:1 NCp7/RNA
complexes the central (M ) 0) EPR feature was about 1 G broader
(out of a 5 G peak width at half-height), and the outlying wings of the
M ) (1 features were marginally broader than the corresponding
features of the sample prepared with 50% spin-labeled RNA and 50%
unlabeled. Such differential broadening may indicate the 3:1 and 5:1
complexes are multi-NCp7, multi-RNA complexes with the nitroxides
of the RNA just close enough to interact by dipolar coupling. The
internitroxide distance where such couplings are just detectable by liquid
phase CW EPR is about 14 Å (23); pulsed EPR methods on frozen
samples are used to detect internitroxide distances (57).

FIGURE 8: This figure compares the integrated line shapes of the
5′-labeled RNA stem loop 3 when there was a 3:1 ratio of NCp7/
RNA under conditions of increasing ionic strength. The lowest
concentration salt spectrum showed a major component with
tumbling time greater than 3 ns. The isotropic tumbling time at
0.2 M NaCl was 0.78 ns, and the isotropic tumbling time at 0.5 M
NaCl was 0.71 ns. Spectra were normalized on the second integral.
The buffer conditions were 20 mM Hepes, varying NaCl, and 0.2
mM MgCl2, pH ) 7.5.

FIGURE 9: Top, left: (A) First derivative EPR spectrum of spin-
labeled RNA stem loop 3 (τiso ) 1.0 ns). Top, right: (B) EPR
spectrum upon addition of a 3× excess of apo-NCp7 without zinc
(τiso ) 1.4 ns). Bottom, right: (C) EPR spectrum upon addition of
a 3× excess of holo-NCp7 with zinc (τiso ) 1.6 ns for feature a,
which accounts for 42% of the spins, and τiso ) 7.4 ns for feature
b, which accounts for 58% of the spins). Temperature ) 5 °C, 50
mM Hepes (low ionic strength conditions), pH 7.5. Simulations of
holo-NCp7 + spin-labeled RNA, 3:1, at 5 °C are provided in
Figure 7S, Supporting Information. An overlay of the experimental
holo-NCp7 + spin-labeled RNA, 3:1, at 5 °C and the experimental
apo-NCp7 + spin-labeled RNA, 3:1, at 5 °C is provided in
Figure 8S, Supporting Information.
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information rather than equilibrium information for the time
course of immobilization, we used our specialized micro-
mixer stopped-flow EPR system (21, 28) having a ∼4 ms
dead time. NCp7 and RNA stem loop 3 were mixed in a 4:1
ratio which, under final, long-time equilibrium conditions,
leads to a complex with high probe immobilization. Figure
10A shows equilibrium EPR evidence for the considerable
immobilization of the spin probe that occurs. The change in
the amplitude of the central feature was followed kinetically;
the difference in intensity of this central feature between spin-
labeled RNA by itself and spin-labeled RNA at equilibrium
in the presence of 4:1 NCp7 is denoted as Imax. First, it is
important to point out that there was a sub-4 ms burst phase

occurring within the dead time of the mixer that accounted
for ∼75% of the overall EPR signal change, implying that
much of the interaction and recognition between RNA stem
loop 3 and NCp7 occurred faster than 4 ms. Then the
stopped-flow trace of Figure 10B indicated a fast transient
of probe immobilization with a ∼30 ms decay time. There
was a slower subsequent 2.4 s transient shown in the trace
of Figure 10C. The remaining immobilization, accounting
for about 10% of the kinetic change, occurred over several
hundred seconds. The detailed significance of these kinetic
events, consistent with initial rapid NCp7/RNA binding
followed by a slower complex forming process, is discussed
below.

DISCUSSION

Motion of the 5′ Spin-Label on RNA Stem Loop 3 by Itself.
The 5′ spin-label was end-positioned to avoid interfering with
the integrity of the stem loop and with the NCp7 binding
process. It is clear (see Experimental Procedures section) that
the melting temperature showing integrity of the stem was
unchanged by the end label and that the comparative NCp7
binding, measured by fluorescence quenching and by gel shift
assay, was not impeded by the end label. At room temper-
ature in dilute buffer, the motion of the end label on the
stem loop with no NCp7 present is faster, at τiso ) 0.60 ns,
than the expected overall tumbling rate of the 6.8 kDa stem
loop. Even if the spin-labeled RNA were a 6.8 kDa sphere,
rather than an approximate helix, its tumbling correlation
time would be at least 1.8 ns, and this time would be longer
if the anisotropic shape of the RNA is considered.3 As shown
by the dependence of the tumbling rate, 1/τiso, on viscosity
(Figure 5 and eq 1), the spin-label had viscosity-independent
local motion with a diffusion time, τi ) 1.52 ns, and
viscosity-dependent motion with a diffusion time, τR ) 1.07
ns. τR ) 1.07 ns was about 60% of the 1.8 ns time estimated
for overall RNA tumbling as a 6.8 kDa sphere and about
40% of the average 2.6 ns tumbling time of the RNA taken
as an approximate helix.4 Thus, τR is empirically equal to
the tumbling time of a significant fraction of the stem loop
RNA. We interpret the latter viscosity-dependent motions
as a combination of fraying of the RNA duplex near its 5′
end and of overall RNA tumbling and the viscosity-
independent local motion, τi, as motion of the probe on its
immediate tether to the RNA.

Motion of the 5′ Spin-Label on RNA Stem Loop 3 When
Complexed with NCp7 at a 1:1 Ratio. The complex studied
here by EPR is likely to be similar to the 1:1 NCp7/RNA

3 A 6.8 kDa rigid sphere should tumble with ∼1.8 ns correlation
time at room temperature in dilute buffer (η ≈ 1 cP) (see formula 5 of
Qin et al. (14)), where for a sphere the tumbling time is proportional
to the molecular weight. If one takes the RNA from Figure 1 as
approximating a helix with a 16.5 Å diameter and a 38 Å length, then
according to the theory of Tirado and de la Rorre (their eqs 44 and 50
(63)), one expects τ| ) 1.6 ns and τ⊥ ) 4.2 ns, from which an
approximate τiso would be τiso ≈ (τ⊥τ|)1/2 ) 2.6 ns (14).

4 As noted in the Results section, we determined that, upon
simulating EPR spectra of Figure 4 with an axial diffusion tensor, the
simulation to the spectra became better with progressively more
anisotropic character as the viscosity increased. The majority of the
viscosity dependence was in τ⊥. The implication is that τ| largely
represents the fast, intrinsic, viscosity-independent local motion of the
probe about its immediate tethering bonds, while τ⊥ largely represents
the slower viscosity-dependent component of the RNA stem loop
diffusive motion in the perpendicular direction. The expression τiso ≈
(τ⊥τ|)1/2 would provide an approximate composite of the two motions.

FIGURE 10: These traces show by stopped-flow EPR the interaction
of NCp7 with spin-labeled RNA stem loop 3 at a 4:1 ratio as
measured at 5 °C. Trace A compares the derivative EPR signal of
the spin-labeled RNA by itself to the spin-labeled RNA in the
presence of 4:1 NCp7. The feature monitored kinetically is the
central feature, where the difference between the spectra under
equilibrium conditions is noted as Imax. Trace B shows the rapid
decay in probe immobilization on the 30 ms time scale. It should
be noted that about 75% of the EPR signal decrease due to NCp7/
RNA immobilization had already occurred within the 4 ms dead
time of the apparatus. There is a slower immobilization which
occurs with a time constant of 2.4 s, as shown in trace C. The
remaining 10% immobilization occurs over several hundred seconds.
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stem loop 3 complex whose structure was obtained by NMR
(1) at about an order of magnitude higher RNA and NCp7
concentrations and in a solution of about double the ionic
strength we used. Presence of NCp7 at a 1:1 ratio increased
the tumbling time, τiso, by 40% from 0.60 to 0.85 ns in dilute
buffer. As discussed just above, the τR component of τiso

measures the viscosity-dependent tumbling of a substantial
fraction of the volume of RNA stem loop 3. If we assume
that this volume is increased by binding of NCp7, τR would
likewise be increased. Specifically, by using eq 1 and
assuming that τi remains unchanged, one finds that the
binding of one NCp7 to one RNA stem loop 3 would increase
τR by 82% from 1.07 to 1.95 ns. Such an increase in τR could
be construed as an 82% increase in the tumbling volume
sensed by the spin probe.

Motion of the 5′ Spin-Label on RNA Stem Loop 3 in NCp7/
RNA Complexes with NCp7/RNA g 3. At a 3:1 NCp7 to
RNA stem loop 3 ratio under conditions of low ionic
strength, a marked line width increase occurred, as shown
in Figure 7. A 3:1 ratio of NCp7 to 20-mer RNA stem loop
3 represents a nucleotide (nt) to NCp7 ratio of 6.7. Under
these conditions the NCp7/RNA complex has a structure
which caused immobilization even of the previously mobile
5′ end label.5 The broad EPR line width, evidencing an
NCp7/RNA complex which immobilizes the 5′ label, was
eliminated by higher salt, as shown in Figure 8. This finding
is consistent with a salt-induced electrostatic shielding that
reduces the electrostatic component of the RNA-NCp7
polyanion-polycation interaction. However, NCp7 is not just
a polycation; it has structured Zn-finger regions. When zinc
was eliminated, the evidence for strong immobilization of
the RNA disappeared, as shown by the comparison of the
narrower line shape in Figure 9B where the NCp7 had no
Zn2+ to the broader line shape of Figure 9C where NCp7
had Zn2+. Since the Zn-finger region of NCp7 specifically
interacts with the loop region of the RNA (1), there must be
a specific Zn-finger-dependent component to the NCp7/
induced formation of large complexes. Our EPR kinetic study
(Figure 10) demonstrated the concomitant kinetics with a
rapid burst of immobilization occurring within the 4 ms dead
time of the apparatus, followed by a fairly rapid ∼30 ms
process, and then slower diminishment of the EPR signal
over a time of seconds and longer as the spin probe became
progressively more immobilized.

From the foregoing measurements on EPR line shape, on
ionic strength dependence, on the effect of intact Zn fingers
in the NCp7, and on the kinetic immobilization behavior,
we concluded that a larger complex than the 1:1 NCp7/RNA
complex was being formed when NCp7/RNA g 3. We
address important questions regarding the formation of this
larger NCp7/RNA complex: (1) Has the phenomenon been
see before? (2) What is its relevance to biological function?

(3) What is its basis in polymer theory? (4) What does the
spin probe report?

Where Has the Formation of Larger Complexes and
Coaggregates of NCp7 with Oligonucleotides Been PreVi-
ously ObserVed? Coaggregation of NCp7 and polynucleotides
has previously been reported for both long single strand
oligonucleotides (37-39) and oligonucleotides as small as
single strand 24-mer DNA (41). The ratio NCp7 per
nucleotide in these studies was sufficient to cover the
oligonucleotide and was in the range of 6-8 nucleotides/
NCp7; the phenomenon was enhanced by low ionic strength.
The aggregating aspect of the NCp7-oligonucleotide interac-
tion appears to require the basic N-terminal tail of 1-55
NCp7 used here, whereas shorter 12-55 NCp7 lacking that
tail will bind to loop regions but lacks the aggregating
propensity (42). As determined by surface plasmon reso-
nance, NCp7 does bind specifically and strongly to loop
regions of DNA and RNA, but there is additional evidence
for more weakly bound NCp7 molecules (43) whose presence
would lead to NCp7 coverage of the RNA. Other complexes
with more protein than RNA are discussed by Fisher et al.
(44) and Hagen and Fabris (45).

How Does the Aggregating Function of NCp7 Correlate
with Biological Functions? The relevant biological functions
are to chaperone the formation of duplex RNA-DNA or
DNA-DNA structures during genome replication and to cover
the viral genome to protect it from unwanted nuclease attack
during genome packaging. In the chaperone process nucle-
otide loops are recognized, stem loop structures destabilized,
and duplex structures, if there should be cDNA and RNA
strands available, annealed. There is a threshold concentration
required for demonstrable nucleic acid chaperone effects (7);
it is generally in the range of 7 nucleotides per NCp7 (7).
This is the range over which the nucleic acids are almost
completely covered with NCp7 (46-50). The maximum
annealing rate requires more NCp7 molecules than just those
needed for high affinity specific NCp7 binding to loops (51).
The low ionic strength conditions which we use here on the
small model RNA stem loop 3/NCp7 system are very similar
to those of the in Vitro annealing assay (52) in which
complementary TAR RNA and TAR DNA secondary stem
loop structures are destabilized by coverage with NCp7 and
then converted to duplex RNA-DNA structures. These
annealing assays were done with oligonucleotide and NcCp7
reactants in the submicromolar range (52), and even then
there was evidence of NCp7-oligonucletide aggregation. The
RNA-condensing-packaging function of the nucleocapsid
complex with the entire viral genome in ViVo (53) at
physiological ionic strength (∼150 mM) is considerably more
complex than NCp7 binding here to the model RNA stem
loop 3. In ViVo the initial selection of stem loop regions is
probably highly specific and 1:1 with several loops being
involved with multiple nucleocapsid domains. Interaction of
the genome with more nucleocapsid domains leads to mature
RNA/NCp7 complexes where the genomic RNA is coated
in a nonstoichiometric manner every 6-8 nucleotides by
NCp7. When the slowly tumbling complex formation occurs
here for the RNA stem loop 3/NCp7 complex, there are 6-8
nucleotides per NCp7.

What Is the Polymer Theory Basis of the Immobilization?
Theory developed by Bloomfield indicates that polyanionic
oligonucleotides are susceptible to condensation by polyca-

5 It is possible that the ∼40% fraction of spins with τiso ) 1.3 ns
could arise if the fast intrinsic motion of the probe, τi, were retained
but τR were increased by multiple NCp7 binding. This would mean
that the viscosity-dependent motions (overall tumbling and fraying)
would be slowed for RNA bound to several NCp7. If one uses eq 1
and assumes that τi ) 1.57 ns remains unchanged, τR would have a
value of ∼9 ns to account for τiso ) 1.3 ns. Nine nanoseconds is the
tumbling time of roughly a 30 kDa globular complex. Thus it is
conceivable to have the local motion (τi) of the probe retained while
the probe is partially immobilized in a large complex (τR long) so that
τiso still stays fairly short (∼1.3 ns).
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tions (54), and NCp7, with its excess of lysines and arginines,
is definitely a polycation. Specifically, RNA stem loop 3 has
a charge estimated at -19, and NCp7 has a charge estimated
as +9 (40). When oligonucleotide polyanions are condensed
by polycations, the condensation is known to have a large
electrostatic component (54). Such an electrostatic compo-
nent can be reduced by shielding of small ions. Charge
balance is important in condensation, but the detailed
interactions of the polycations with each other and their
excluded volume effects are also important. Because of its
Zn-finger region that favors binding to loops and specific
oligonucleotide sequences within loops, NCp7 is in its
interaction with some oligonucleotides more than just a
polycation (1, 3). Finally, other work of Bloomfield (55)
shows that oligonucleotide condensation exhibits a rapid
millisecond recognition phase between oligonucleotide and
polycation followed by much slower aggregation on the
second or longer time scale.

What Is Happening to the Spin Probe and What Does It
Report? The spin-label reports longer correlation times than
found either in stem loop 3 by itself or with the 1:1 NCp7/
RNA complex. The implication is that local motions of the
probe (τi in eq 1) and fast fraying motions (fast contributions
to τR in eq 1) of the RNA have been frozen out. Such
motions, called segmental motions when measured by
fluorescence anisotropy decay methods, were found to be
frozen out during condensation of DNA by NCp7 at a ratio
of 1 NCp7 to 8 bases (37). We found two subsets of
immobilized spin-label spectra (∼60% with τiso > 4 ns and
∼40% with τiso ∼ 1.3 ns). An explanation is that in the subset
with the longer τiso the spin-label is enveloped more
completely in the NCp7/RNA complex. τiso ) 4.4 ns (Table
1) would correspond to the tumbling of at least a 16 kDA
sphere (3), although the complex could certainly be larger
than this sphere if there is residual probe motion within it.
In the other ∼40% subset the spin-label is freer but may
still be bound to a large complex (5). The increased mobility
of the spin brought on by increased ionic strength is a sign
for loss of nonspecific, ionically bound NCp7 from the
NCp7/RNA complex and of diminished complex size. The
need for intact zinc fingers in stabilizing the complex is
indicated by the increased probe mobility in the absence of
Zn2+. The time course of the kinetics of stopped-flow probe
immobilization in Figure 10 is highly analogous to the
kinetics of oligonucleotide condensation described in the
previous paragraph.

The immobilization phenomena which we have observed
for the 20-mer stem loop 3 RNA at ratios of NCp7 to

oligonucleotide which cover the oligonucleotide need not be
unique to this specific RNA stem loop 3, and in fact, study
in progress on the stem loop 27-mer TAR DNA, labeled in
both stem and loop, has revealed comparable probe im-
mobilization brought on by NCp7. (TAR DNA has been a
subject of detailed NCp7 annealing assays (52, 56).) One
wants to understand better the structure of the condensate
and interactions of NCp7 and the stem loop oligonucleotides
within it. Better elucidation of the structure(s) of immobilized
NCp7-oligonucleotide complexes will require spin probes
in stem and loop regions and spin-labeled NCp7. The purpose
of such spin probes on the stem loop oligonucleotides or on
the NCp7 will be as individual probes to probe local motion
and as bilabels to probe distances and distance changes
between subunits of the complex (13, 18-20, 57).

CONCLUSIONS

With spin-labeling at a nonperturbing 5′ RNA end site,
this study showed a subnanosecond probe mobility due to a
combination of viscosity-dependent tumbling and fraying and
viscosity-independent local probe motion. The binding of
NCp7 in a 1:1 ratio to the RNA was reported by a partial,
∼40%, further immobilization (i.e., increase in tumbling
correlation time) of the spin probe. This NCp7-dependent
immobilization was consistent with slowing of the viscosity-
dependent motion as brought on by adhesion of NCp7 to
the RNA. When the ratio of NCp7 to stem loop RNA was
g3, the tumbling time reported by the spin-label markedly
increased (to >4 ns) in low ionic strength solution. The
increase implied formation of a larger complex or condensate
that immobilized even the end-site spin-label. By raising the
ionic strength (through increased NaCl concentration) at this
3:1 ratio of NCp7 to stem loop RNA, the correlation time
of the spin-label was decreased approximately to the value
which it previously had at a 1:1 ratio of RNA and NCp7.
The implication of the decrease was that there is an
interaction between polyanionic RNA and polycationic
NCp7, which can be reduced by shielding of small salt ions,
and this ionic interaction was significant in increasing the
adherence of NCp7 and RNA in the larger complex that
immobilized the spin-label. The presence of intact Zn fingers
was also critical for generating the larger complex or
condensate, signifying the importance of the Zn-finger
structure of NCp7, rather than simply the polycation character
of NCp7, in generating the larger complex or condensate.
The EPR stopped-flow kinetics of spin probe immobilization
showed fast, millisecond immobilization processes followed

Table 1: 5′-Labeled RNA Stem Loop 3: Tumbling Dynamics

sample conditions temp (°C) τiso
a (ns)

RNA by itself (20 mM Hepes, 20 mM NaCl, 0.2 mM MgCl2, pH 7.5) 20 0.60 ( 0.05
RNA by itself (20 mM Hepes, 20 mM NaCl, 0.2 mM MgCl2, pH 7.5, high viscosity, η ) 4.8 cP) 20 1.24 ( 0.10b

RNA by itself (50 mM Hepes, pH 7.5) 5 1.1 ( 0.10
NCp7-RNA, 1:1 (20 mM Hepes, 20 mM NaCl, 0.2 mM MgCl2, pH 7.5), low ionic strength 20 0.85 ( 0.07
NCp7-RNA, 3:1 (20 mM Hepes, 20 mM NaCl, 0.2 mM MgCl2, pH 7.5), low ionic strength 20 5.3 ( 0.6 (58%),c 1.3 ( 0.07 (42%)c

NCp7-RNA, 5:1 (20 mM Hepes, 20 mM NaCl, 0.2 mM MgCl2, pH 7.5), low ionic strength 20 4.4 ( 0.6 (63%),c 1.3 ( 0.07 (37%)c

NCp7-RNA, 3:1 (20 mM Hepes, 200 mM NaCl, 0.2 mM MgCl2, pH 7.5), intermediate ionic strength 20 0.78 ( 0.08
NCp7-RNA, 3:1 (20 mM Hepes, 500 mM NaCl, 0.2 mM MgCl2, pH 7.5), high ionic strength 20 0.71 ( 0.08
NCp7-RNA, 3:1 (50 mM Hepes, pH 7.5), low ionic strength, no Zn2+ 5 1.4 ( 0.10
NCp7-RNA, 3:1 (50 mM Hepes, pH 7.5), low ionic strength, with Zn2+ 5 7.1 ( 0.7 (58%),c 1.6 ( 0.2 (42%)c

a By estimate from nonlinear least-squares stochastic Liouville fit of the EPR spectrum (NLSL) (32). b A somewhat better fit to the tumbling of RNA
by itself in viscous 0.6 g of sucrose/g of water, η ) 4.8 cP, was provided by an axial diffusion tensor with τ⊥ ) 1.79 ns and τ| ) 0.78 ns. c The
correlation times and the percentages of both sites were varied in the nonlinear least-squares stochastic Liouville fit to obtain these numbers.
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by a slower process on the order of seconds, and these
kinetics were a sign of fast binding of RNA and NCp7
followed by condensation.

A study of local motion and tumbling at numerous
backbone sites of 12-53 NCp7 and its 1:1 complex with a
small DNA oligomer has been carried out by 15N NMR and
W37 fluorescence (58). However, a strong point of EPR is
its facility to probe the structure and local mobility within
noncrystallizeable complexes and complexes not amenable
to high resolution NMR. Such complexes include those
associatedwithfibrils inneurodegenerativeParkinson’s (59,60)
and Alzheimer’s (61) diseases. The EPR results reported here
indicate that the spectra of the 5′ RNA end spin-label can
probe the local mobility RNA in a large complex that arises
under low ionic strength and at ratios of NCp7 to 20-mer
RNA stem loop 3 g3. For our 20-mer RNA the 3:1 ratio of
NCp7/RNA where EPR line broadening sets in corresponds
to a coverage of 6-8 nt per NCp7. NCp7 performs here an
RNA condensing role in an apparent nonstoichiometric
manner, although the in Vitro condensation of the model 20-
mer RNA stem loop with NCp7 must be considerably simpler
in its development than the in ViVo condensation of genomic
RNA in ViVo to a final 6-8 nt per NCp7. These EPR results
provide both the nanosecond correlation times of the spin
probe mobility and the kinetic behavior on the millisecond
and longer time scale for the mobility to change. This work
points us in the future direction of applying spin-label EPR
to detect the interaction of NCp7 and stem loop nucleotides
at numerous locations and to obtain detailed structural
distance information within nonstoichiometric complexes by
use of simultaneous probes on RNA and NCp7. Future work,
usingflowEPRwithsubmillisecondtimeresolution(22,23,28),
will be used to probe for submillisecond fast recognition.
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SUPPORTING INFORMATION AVAILABLE

Figure 1S, MALDI spectra of RNA stem loop 3; Figure 2S,
the fluorescence quenching of W37 in NCp7; Figure 3S,
comparison of the experimental EPR and simulated spectra
of spin-labeled RNA stem loop 3 by itself in dilute buffer at
20 °C; Figure 4S, comparison of experimental and simulated
spectra for isotropic and axial diffusion of spin-labeled RNA
stem loop 3 in a viscous buffer; Figure 5S, comparison of
the experimental and simulated EPR spectra of NCp7 + spin-
labeled RNA stem loop 3, 1:1, in dilute buffer at 20 °C;
Figure 6S, NCp7 + spin-labeled RNA, 3:1, low ionic

strength, T ) 20 °C, comparison of experimental spectra
and simulated spectra for two subsites versus one site;
Figure 7S, NCp7 + spin-labeled RNA, 3:1, low ionic
strength, T ) 5 °C, comparison of experimental spectra and
simulated spectra for two subsites versus one site; Figure 8S,
NCp7 + spin-labeled RNA, 3:1, low ionic strength, T ) 5
°C, comparison of the effect of NCp7 with and without Zn2+;
Figure 9S, compares EPR spectra of 0:1, 1:1, 3:1, and 5:1
NCp7/RNA stem loop 3 samples in which the RNA was
100% spin-labeled versus magnetically diluted to 50% spin-
labeled/50% unlabeled. Protocols for preparative and analyti-
cal PAGE gel electrophoresis of RNA stem loop 3 are
provided. This material is available free of charge via the
Internet at http://pubs.acs.org.
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