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Abstract

Metal ions are critical for RNA structure and enzymatic activity. We present the structure of an
asymmetric RNA loop that binds metal ions and has an essential function in a bacteriophage
packaging motor. Prohead RNA is a noncoding RNA that is required for genome packaging
activity in phi29-like bacteriophage. The loops in GAL and phi29 bacteriophage share a conserved
adenine that forms a base triple, although the structural context for the base triple differs. NMR
relaxation studies and femtosecond time-resolved fluorescence spectroscopy reveal the dynamic
behavior of the loop in the metal ion bound and unbound forms. The mechanism of metal ion
binding appears to be an induced conformational change between two dynamic ensembles rather
than a conformational capture mechanism. These results provide experimental benchmarks for
computational models of RNA-metal ion interactions.
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Prohead RNA (pRNA\) is a noncoding RNA in phi29-like bacteriophage packaging motors.!
Although the role of pRNA in the mechanism of the motor is poorly understood, mutations
in the pRNA abolish packaging activity.? The A-helix of pRNA has a role in the initiation
phase of packaging, but the role of pRNA during packaging and the mechanism of the
ATPase remain active areas of experiment and debate.*~" High-resolution structural data is
necessary to determine the packaging motor mechanisms. This research reports the NMR
structure of a pRNA loop that interacts with the ATPase, compares the structural differences
between two sequences of this loop, and identifies the common structural features of two
RNA sequences that fulfill the same function in the packaging motor.

Interestingly, different species of bacteriophage have very different primary sequences for
PRNA while the secondary structure and quaternary interactions are conserved.8® The
helical stem sequences may vary,10 but the loop regions are critical for packaging motor
function. The loop size, asymmetry, and sequences vary widely in different bacteriophage
species.89:11 In this work, we compare the three-dimensional structures of the phi29 and
GAL bacteriophage loops. A conserved adenine forms a base triple in both loops, although
the structural context differs significantly.

pRNA loop dynamics were probed using both NMR and femtosecond time-resolved
fluorescence spectroscopy. Ultrafast fluorescence spectroscopy has previously provided
insight into base stacking and the conformational capture mechanisms of RNA loops that
bind proteins and antibiotics.12-22 Although RNA-metal ion interactions have been well-
studied by NMR, fluorescence spectroscopy, and computational studies, for example,23-32
RNA base stacking changes during metal ion binding have not been previously studied at
this time scale. Changes in hydration, metal ion residency, and the formation of encounter
complexes occur at the nanosecond to femtosecond time scales.16:33-37 Unlike the
conformational capture mechanisms observed for antibiotic and protein binding, metal ion
binding to the GA1 and phi29 bacteriophage loops shows a conformational change with new
dynamic components.

Metal ion binding in RNA is critical for RNA folding, catalysis, and ligand and antibiotic
binding.38-41 Bound metal ions can stabilize RNA base stacking even though residency
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times can be as short as 5 ns.34 Metal ion departure can destabilize base stacking and thus
initiate a transition from a trapped RNA conformation.34 Metal ion binding to RNA loops
can change helix bending angles and thus the overall architecture of an RNA fold.#2 In the
preQ1 riboswitch, metal ion binding can shift ligand binding from an induced fit to a
conformational selection mechanism.#3 Different aspects of metal ion binding occur at time
scales ranging from picosecond to millisecond time scales, and local metal ion binding
events can affect large-scale RNA structure and biological function on the millisecond to
second time scales. Here, we study the fast base stacking changes in pRNA loops upon metal
ion binding with femtosecond time-resolved fluorescence spectroscopy. These results will be
important for developing computational models of RNA-metal ion interactions.

NMR Structure and Dynamics of the GA1 pRNA Loop

In the pRNA loop of GAL packaging motors, the AU closing pairs do not form standard
Watson—Crick pairs; therefore, the loop is actually an asymmetric loop of six nucleotides
opposite two nucleotides (Figure 1). A total of 473 nuclear Overhauser effects (NOESs) (~17
per nucleotides), 255 dihedral angle restraints, and 29 residual dipolar couplings (RDCs)
were used for structure calculations (Table 1). Ten structures with the lowest energy and no
violations were chosen as a representative ensemble. Excluding nucleotide Al1, which is
flipped out of the loop (Figure 1), the ensemble structure yielded an RMSD of 1.10 A for
heavy atoms (Table 1).

In the GAL pRNA loop, U6 is stacked over G5 in the closing base pair of the loop (Figure
1). Rather than base pairing with U6, A23 is closer to A8 and A9. U22 is partly stacked over
the C21. Instead of base pairing with U22, Al11 is exposed to solvent, and thus, the position
of A1l is less well-defined relative to the rest of the nucleotides. The nucleotides 6-UUAA-9
partly stack as in A-form RNA. H1'—H2" cross peaks that indicate C2”-endo puckering
occur in U16 and C17 in a UUCG tetra-loop but do not occur in the asymmetric loop. In 13C
HSQC experiments, A9H2 and A9H8 show the largest chemical shift changes as the metal
ion is titrated into the RNA NMR sample (Figures 2, S1, and S2). NOEs between the
Co(NH3)g3* and A8, A9, A10, U22, and A23 define the location of the metal ion binding
site (Figure S2). NOEs to the amine groups are unique to Co(NH3)g3* ions and enable future
applications in NMR and computational studies of RNA-metal ion interactions. Co(NH3)g3*
binds to the pRNA loop and increases its stability by 1.3 kcal/mol (Table S2). The excess of
Co(NH3)g3* ensures that the structure is an ensemble of bound conformations and not a
mixture of bound and unbound conformations. Experimental measurements of cobalt
hexamine binding to RNA using phosphorus NMR and difference Raman spectroscopy show
that cobalt hexamine binds approximately 5-to 50-fold tighter than hydrated
magnesium.#445 Cobalt hexamine does not form innersphere coordination with RNA but
can outcompete innersphere-coordinated magnesium ions.#* The addition of cobalt
hexamine chloride increases the thermodynamic stability and sharpens the line widths of the
NMR resonances more than magnesium chloride (Table S2 and Figure S3) and thus for
practical technical reasons, provides the best biophysical experimental conditions to study
RNA dynamics.
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A10 N3 forms a hydrogen bond with G12 H2 and thus forms a base triple A10-G12-C21
(Figure 3). A10 is the only conserved nucleotide in the loop that binds the ATPase in pRNAs
from GAL, phi29, M2, and SF5 bacteriophage. In the NMR structure of the phi29 pRNA
loop,6 the conserved A at the same position forms a base triple with the AU base pair at the
end of the helix (Figure 3). This base triple is critical for the backbone direction and the
bending angle in the helical axis of the phi29 pRNA. The phi29 and GA1 pRNA have
different sequences, loop sizes, loop asymmetry, and helical bending angles. Both the GA1
and phi29 loops have flexible dynamic nucleotides in the apo state. Thus, although the
structural context of the base triple is different, both the GA1 and phi29 loops form a base
triple with the conserved adenine in a dynamic asymmetric loop.

We used NMR to study the nucleotide dynamics in the GAL loop with A and U nucleotides,
specifically 13C-15N-labeled in the presence of Co(NHs)3* (Figure 4). All relaxation decay
curves were well fit by single exponentials, without any evidence for multiexponential
relaxation.** Some nuclei were excluded from the analysis of the relaxation data because the
corresponding resonances were overlapped in the spectra. In the absence of Co(NH3)g3*
ions, all of the resonances were too overlapped for analysis.

The values of T1 and T1rho for the Watson—Crick pair A3-U26 provide a reference point to
assess the internal motion in other loop nucleotides on the nanosecond time scale, as well as
the micro- to millisecond time scale. RNA dynamics occur on multiple time scales
simultaneously. A10 forms a base triple with G12 and C21 (Figure 2), and the T1 and
power-independent T1rho values for A10 exhibit motions similar to those of A3 in a
Watson—Crick pair in a helix. This observation indicates that the base triple forms a stable
structure in the presence of Co(NH3)g3* ions. A11 is flipped out of the loop, and the
dependence of the T1rho values on power is consistent with its dynamic structure and the
few NOEs observed to A11. Nucleotides that show NOEs between their base protons and the
Co(NH3)g3* ion, that is, A8, A9, U22, and A23, show a strong power dependence in the
T1rho values that may be the result of metal ion binding on the microsecond to millisecond
time scale. The protons closest to the metal ion show different T1rho relaxation dynamics
than the protons in a Watson—Crick base pair (i.e., A3), which suggests that interacting with
the metal ion changes the nucleotide dynamics.

Ultrafast Fluorescence Spectroscopy Reveals an Induced Fit Mechanism

for Metal lon Binding

Femtosecond time-resolved fluorescence spectroscopy was used to probe the dynamic nature
of the pRNA loops in the absence or presence of Co(NH3)g3* ions to understand the
conformational distribution and dynamic motion of the metal ion binding motif. In these
experiments, 2-aminopurine (2AP) (A in red, Table 2, Figure S4) replaces one of the purine
bases in the loop, thus allowing measurement of the ultrafast quenching dynamics on a
picosecond—nanosecond time scale and to define its stacking interactions with surrounding
bases. 7-Deazaadenine (A in blue, Table 2) quenches the fluorescence of 2AP differently
than the natural bases of adenine and thus facilitates identification of base stacking
interactions. Changes in hydration, the formation of encounter complexes, and the residency
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time of metal ions bound to RNA occur on the femtosecond to nanosecond time
scale.16:33.34.48.49 Femtosecond time-resolved spectroscopy provides new insight into the
motions of RNA bases during these fast time scale events in the formation of RNA-metal
ion interactions.

In the absence of the Co(NH3)g3* ion (Table 2), the fluorescence decay curves for each
duplex were fit with a minimum of three unique decay terms. For example, in the GA1
duplex that has a 2AP replacing the conserved adenine (Table 2 row A, DS), the multiphasic
decay profile suggests a heterogeneous stacking pattern for this base. The 2AP has a partial
population (72.2%) that is stacked, reflected in the 1 (42.6%) and 50 ps (29.5%) decay
components, and also a significant population that is completely unstacked from the loop
(the long, 2.9 ns component, 27.8%). The phi29 loop with the same conserved A substituted
with 2AP shows a similar dynamic profile (Table 2 row f) as the adenines in the GA1 loop
(Table 2 rows A-E). In the presence of a Co(NH3)g3* ion, a new component with a lifetime
of hundreds of picoseconds appears for each duplex, indicating that a new ensemble of
dynamic conformations is induced by Co(NH3)g3* ion binding. All of the duplexes show a
new t3 component whether or not the nucleotide substituted with 2AP has direct
interactions with Co(NH3)g3*. This suggests that Co(NH3)g3* induces a global
rearrangement of all of the adenines and creates a relaxation pathway that was not detectable
in the previous conformational ensemble. The new dynamic ensemble is likely to be the
formation of the base triple, where the high-energy backbone conformations for A10 and
Al1 are stabilized by favorable interactions with the metal ion. In a conformational capture
model, one would expect a shift in the existing populations of the different components, but
a new component on a new time scale, that is on the order of hundreds of picoseconds with a
percentage above error estimates indicates a new set of conformations.

The conformational capture model for antibiotic and peptide binding to RNA was
demonstrated previously by ultrafast fluorescence spectroscopy.13-14 In conformational
capture mechanisms, a preferred conformation is selected from an ensemble of states when a
ligand binds. In contrast, in induced fit mechanisms, a conformational change occurs when a
ligand binds. In the case of metal ion binding to the pRNA loops, the appearance of a new
component in the fit of the fluorescence decay curves suggests an induced fit mechanism.
The data is most consistent with a conformational change between two dynamic ensembles
upon metal ion binding. This highlights an important distinction in understanding the
differences between these two mechanisms for ligand binding. The difference between
induced fit and conformational capture is not simply the result of the observation time scale.
The complex molecular events that comprise induced fit mechanisms occur on multiple time
scales and include femtosecond to nanosecond time scales. An induced fit mechanism can
occur between dynamic ensembles and not simply between two single static conformations.
This is an important distinction for developing computational models of RNA metal ion

binding, RNA structural dynamics, and ligand binding and improving metal ion force
ﬁe|d534,42,43,50

In GA1 and phi29 pRNA, a conserved adenine forms a base triple in a dynamic, asymmetric

loop. For the GA1 loop, we used NMR spectroscopy to measure the dynamics of metal ion
binding and found dynamics in the microsecond to millisecond time scale at which ligand
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binding occurs and in the nanosecond time scale at which water binding occurs. Metal ion
binding to RNA has not been previously studied on the femtosecond to picosecond time
scale, and thus, this research expands the range for the time scale profile of dynamic
interactions between metal ions, water, and RNA to include very fast changes in base
stacking that occur on the time scale of encounter complex formation and metal ion
residency. Metal ion binding in the pRNA loops induces a conformational change into a new
dynamic ensemble rather than capturing a particular conformation. These new insights will
provide important benchmarks for computational studies of RNA—metal ion interactions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Secondary structure of the 28 nucleotide hairpin used for NMR studies. On the left is the

ensemble average structure with the base triple (A10-G12-C21) highlighted in green, A1l in
red, and the stacking A8 and A9 adenines in light cyan. The Co(NH3)g3* ion is shown as
magenta spheres. On the right is the overlay of 10 lowest-energy structures.
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Figure 2.

13C HSQC overlay spectrum for the 13C—15N-A- and —U-labeled NMR sample. Red and
blue crosspeaks are from spectra collected in the presence and absence of Co(NH3)g3*,
respectively. Shown in the insets are the A9H2 and A9H8 crosspeaks moving at Co(NH3)g3*
concentrations of 0 (blue), 0.5 (green), 1.0 (orange), and 1.5 mM (red), which suggests that
Co(NH3)g3* induces a hew conformation.
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Figure 3.
Base triples in GA1 and phi29 pRNA loops.*8 In the lower secondary structure models, lines

represent the phosphodiester backbone between nucleotides. Stacked boxes indicate base
stacking. The solid circles and squares represent cis-Watson—Crick and cis-Hoogsteen

pairing.*’” NOEs A10H2-C21H1’, A10H2-G13H1’, and A10H8-G12H1’ indicate base
triple formation (Figure S1).
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Figure 4

Relaxation parameters T1 (A) and T1rho (B) for C2, C8, and C6 resonances plotted as a
function of residue position. The four spin-lock powers for T1rho data were 1.0 (white), 1.4
(dot), 2.0 (stripe), and 2.8 kHz (gray). The data were collected at 800 MHz and 25 °C on a
1.5 mM RNA sample with a 1:1 ratio of RNA/Co(NH3)g3*.
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NMR Structural Statistics

NOE-derived distance constraints
internucleotide NOE

intranucleotide NOE

dihedral constraints

hydrogen bond constraints

RDCs

Structure Statistics RMSD (Deviation)
NOE constraints (A)

dihedral angle constraints (deg)
Deviations from Idealized Geometry
bond lengths (A)

bond angles (deg)

impropers (deg)

RMSD for all heavy atoms

RMSD for all heavy atoms (no A11)

473
213
260
255
52
29

0.012 + 0.001
0.875 % 0.065

0.005 + 0.000
0.797 +0.005
0.675+0.017
1.44
1.10
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