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ABSTRACT: The Bacillus subtilis phage φ29 packaging motor requires prohead RNA for genome encapsida-
tion. The nuclear magnetic resonance structure of the prohead RNA E-loop hairpin, r(50AUUGAGUU), is
presented and compared to predictions from MC-SYM. The prohead RNA E-loop hairpins contain seq-
uences similar to rRNA hairpins. Comparison of predicted and experimentally determined prohead and
ribosomal hairpin structures reveals that sequence similarity is a stronger determinant of hairpin structural
similarity than grouping similar types of RNA. All the hairpins contain a U-turn motif but differ in the first
noncanonical pair and backbone orientation. These structures provide benchmarks for further improvements
in RNA structure predictions from sequence.

Bacillus subtilis phage φ29 utilizes a nanomolecular motor to
encapsidate the DNA genome into an empty viral capsid (1, 2).
The φ29 motor contains an essential prohead RNA (pRNA)1

that works in concert with several proteins to complete the pack-
aging process (3-5). Previous chemical modification and phylo-
genetic studies on pRNA show very little primary sequence con-
servation but a well-conserved secondary structure (6-9). The
pRNAE-loop hairpin sequence is conserved in φ29,M2/NF, and
SF5 pRNA sequences but varies in GA1 pRNA (Figure 1) (7).
The pRNA E-loop hairpin interacts with gene product 10, the
viral head-tail connector protein, a 290-amino acid monomer
that forms a 422 kDa dodecameric complex (10-14). Mutations
in the pRNAE-loop hairpin reduce the level of protein binding to
less than 30%, and mutation of the A nucleotide in the hairpin
loop to a C reduces packaging activity 95% (15), although sub-
stitution of this hairpin with a UUCG tetraloop retains some
packaging activity in vitro (16). Nucleotides in the pRNAE-loop
hairpin show protection from chemical modification when pRNA
forms dimers and multimers (17). Thus, the pRNA E-loop hair-
pin is a conserved structural piece of the RNA and protein inter-
actions in the φ29 packaging motor.

NMRstudies ofRNAhairpins provide benchmarks formethods
for predicting three-dimensional RNA structure from sequence.
MC-SYM, a computational program that predicts RNA three-
dimensional structure from sequence using symbolic program-
ming and cyclic motifs, is trained on high-resolution ribosome
crystal structures (18). Isostericity matrices, which classify and
predict base pairing interactions, are based on phylogenetic and

structural studies of rRNA and structures in the rfam data-
base (19, 20). pRNA presents a good test of these prediction
methods because the degree of sequence conservation is unusually
low but the secondary structure is well-conserved.

Ribosomal hairpins S2 in the small subunit and L11 in the large
subunit were determined by both NMR and crystallography and
contain sequences similar to pRNAhairpins. The ribosomal hair-
pins have the same structure both in the small oligonucleotide
model of the hairpin determined by NMR and in the context
of the RNA-protein interactions determined by crystallography
(21-27). Thus, in this case, the three-dimensional structure of the
ribosomal hairpins is determined by theRNA sequence and is not
altered by protein and RNA tertiary interactions. Comparisons
of the experimental and predicted structures for the pRNAE-loop
and ribosomal hairpins S2 and L11 test the applicability of MC-
SYM and isostericity matrices in predicting RNA structure.

Both the ribosome and the φ29 packaging motor are large
RNA-protein assemblies with complex architectures that sup-
port and direct biological catalysis. The S2, L11, and pRNA
E-loop hairpins share a common structural function at junctions
where RNA helices and proteins pack closely together through
nonspecific electrostatic interactions between residues such as
arginine, lysine, glutamine, asparagine, and the RNA phosphate
backbone. The high-resolution ribosome crystal structures (25-27)
provide an enormous database of RNA-protein structural inter-
actions upon which structure prediction methods can be deve-
loped and tested. The small size of these six-nucleotide hairpins is
advantageous for testing computational predictions and asses-
sing the accuracy of local three-dimensional structure prediction
in detail. Accurate structure prediction from sequence can pro-
videmodels for stimulating hypotheses of function inRNA-protein
complexes. In the absence of high-resolution structural informa-
tion for the complete φ29 packaging motor, atomic-resolution
structure determination of parts of the motor can be modeled
into the low-resolution cryo-electron structures to design experi-
ments for determining the mechanism of the packing motor and
the role of the essential pRNA.Atomic-resolution crystal structures
of proteins gp7, gp12, gp10, and gp13 have been determined
and modeled into cryoEM maps of the prohead motor at 7.9 Å
(10, 28-34). Models of pRNA hexamers and dimers have been
computationally predicted (35, 36), and experimental validation
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of prediction methods can increase our confidence in the ability
of these types of models to inform structure-function hypotheses.
This research presents the first experimental atomic-resolution
structure of a piece of the pRNA component of the φ29 pack-
aging motor. Thus, the NMR structure of the pRNA E-loop
hairpin contributes to structure prediction and modeling efforts
that build from small pieces following an aufbau approach toRNA
structure prediction and structure-function relationships.

MATERIALS AND METHODS

RNAPreparation and Purification. The RNAwas synthe-
sized and gel purified byDharmacon, Inc. Protecting groupswere
removed using the supplied deprotecting buffer, a 1% acetic acid
solution at pH 3.8. The RNA oligonucleotide was lyophilized,
resuspended in 10mMNaPO4, 10mMNaCl, 0.5mMNa2EDTA
pH 5.5 NMR buffer, dialyzed in 5 mM NaCl, 5 mM Na3PO4,
0.25 mM Na2EDTA pH 6 buffer with a 1000 molecular weight
cutoff membrane, and further purified using a SephadexG-25 gel
exclusion column.Oligomer purity was greater than 95%, proven
by 32P labeling and gel electrophoresis. The sample concentration
was 1mMon the basis of high-temperatureUV absorbance mea-
surements. For NMR experiments in D2O, the oligomer was ex-
changed with 99.9% D2O twice and once with 99.996% D2O.
UVExperiments.ABeckmanDU800UV-vis spectrometer

was used to measure absorbance versus temperature melting
curves at 260 nm from20 to 90 �Cwith a heating rate of 1 �C/min.
The sample was in NMR buffer, and the Tm was calculated with
Meltwin version 3.5 (37) and the two-state model (38). Hairpin
formation, rather than duplex formation, can be confirmed by a
concentration-independent melting temperature.
NMRSpectroscopy.H2OandD2ONOESY,COSY, and aro-

matic 1H-13C HSQC NMR spectra were recorded on a Varian
500 MHz spectrometer. 1H-31P HETCOR and 1H-13C HSQC
spectra were recorded on a Varian 600MHzNMR spectrometer.
NMR data were processed with Varian VNMR. The details of
NMR data collection are included in the Supporting Information.
NMRRestraints andPeakAssignments.Distance restraints

from the nonexchangeable NOESY spectra were based on NOE
cross-peaks in the 50, 100, and 150 ms experiments. Restraints
were classified as strong, medium, or weak if the NOE occurred
in the 50, 100, or 150ms spectra, respectively. The 400 ms spectra
were used to confirmNOEassignments thatwereweak in the 150ms
spectra but were not used directly as distance restraints. Back-
bone, χ, and sugar pucker restraints for the stem nucleotides from
the RNA backbone consortium (39) were applied during stan-
dard simulated annealing protocols (40). The backbone angles of
the hairpin nucleotides were allowed to sample any conformation
to fully explore conformational space with the exception of the
syn G10 nucleotide. The backbone angles in the final struc-
ture ensemble are consistent with the observed cross-peaks in the

COSYand 31PHETCORexperiments. The SPARKYassignment
program was used for peak assignment, labeling, and compila-
tion of distance restraints andNOE lists (41). Table 1 contains the
summary of NOE and dihedral restraints. A table of all the NOE
restraints is part of the Supporting Information.
Structure Calculations. Structure calculations were perfor-

med with Crystallography and NMR Systems (CNS) version
1.2 (42) on a Dell Optiplex GX620 computer. An unrefined,
initial MCSYM structure was heated for 10 ps at 500 K without
any restraints to generate 30 randomized starting structures
(rmsd of 6.1 Å�). The RNA-DNA-all-atom parameter and topo-
logy files from CNS contain the force charges, atomic charges,
atomic masses, and atom connectivity. The details of the simu-
lation methods are presented in the Supporting Information.
Pymol was used to analyze and visualize the structures (43).
StructurePredictions withMC-SYM.MC-SYMstructure

predictions were conducted using the web-hosted MC-Fold |
MC-Sym pipeline service for RNA secondary and tertiary struc-
ture prediction at http://www.major.iric.ca/MC-Fold/.MC-Fold
predicts secondary structures first with the Zuker algorithm (44)
and Turner thermodynamics (45, 46) and then selects structures
to be submitted to MC-SYM, which generates predicted tertiary
structures. These structures were then energy minimized and
scored with the AMBER force field (47-49).

RESULTS

UVAbsorbance. The plot of absorbance versus temperature
of the hairpin gives a normal distinctive two-statemelting profile.
The predicted and measured melting temperatures and free
energies at 37 �C are 70 �C and 7.5 kcal/mol in 1 M NaCl and
67 �C and 7.4 kcal/mol in 10 mM NaCl, respectively. These
values are consistent within experimental error with estimates for
the salt dependence of hairpin stabilities (50, 51). The melting
temperature was unperturbed with a varying oligomer concen-
tration, which is consistent with the RNA sequence forming a
hairpin and not a duplex (38).

Table 1: Restraints and Ensemble Convergence for the φ29 E-Loop Hairpina

base intra inter dihedral rmsd (Å�)

G1 8 7 3 1.76

G2 8 9 5 1.38

U3 5 7 5 1.05

G4 6 8 5 1.00

A5 7 13 3 1.08

U6 7 12 0 1.23

U7 5 9 0 1.33

G8 11 4 0 3.49

A9 5 11 0 1.83

G10 10 9 2 2.34

U11 5 17 0 1.45

U12 7 7 3 1.35

C13 7 5 5 1.08

A14 6 7 5 0.92

C15 8 8 5 0.90

C16 10 7 5 1.02

A17 8 4 3 2.23

total 123 72 47 1.50

aBases are numbered in the 50 to 30 direction. Intra refers to NOEs bet-
ween protons on the same nucleotide. Inter refers toNOEs between protons
on different nucleotides. Note that each NOE occurs between two protons,
so the total internucleotide NOEs are the sum of the internucleotide NOEs
for each nucleotide divided by 2. rmsd is an abbreviation for the all-atom
root-mean-square deviation of the 31 structures in the final ensemble.

FIGURE 1: Sequenceof theφ29andGA1E-loopandS2andL11rRNA
hairpins. U3 is U50 in the φ29 RNA full-length sequence. Nucleotides
not in bold were added for the stability of the NMR construct.
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H2O NOESY. In the imino proton spectra, only eight of the
ten possible imino resonanceswere observed between 9 and 15 ppm
(Figures 1 and 2 and Figure 5 of the Supporting Information).
The G8 and G10 imino resonances were not seen. In the final
model, G8 and G10 are solvent-exposed and do not form hydro-
gen bonds, thus allowing imino protons to exchange with water.
The two most downfield imino protons at 14.43 and 13.9 ppm
were assigned to U12 and U3, respectively; the imino resonances
at 12.32 and 11.71 ppmwere assigned toG2 andG1, respectively.
These assignments were based on chemical shifts and the pattern
of NOEs expected for the stem duplex (52, 53). The remaining
three imino protons at 11.63, 11.21, and 10.71 ppmwere assigned
to U11, U6, and U7, respectively. The strong NOE between U6
andU11 is consistentwith the formation of aU-Umismatch base
pair (54, 55). These bases are also stacked on the closingA-Ubase
pair, and this is confirmed by the observation of both bases
having NOEs to U12. The remaining imino proton was assigned
to U7. U7 H3 gives an NOE to U11 which is consistent with U7
stacking on the U6-U11 pair. Tables of complete proton assign-
ments and all NOEs are included as Supporting Information.

D2ONOESY. Sequential assignment of ribose and aromatic
protons was conducted using the D2ONOESY spectra and stan-
dard procedures (53, 56) (Figure 3 and Table 1 of the Supporting
Information). A normal NOESY sequential walk is observed
for bases G1-U7 andU12-A17. In the hairpin loop, U7 shows no
NOEs toG8, butU7 does showNþ 2NOEs toA9. Interestingly,
NOEs betweenG8 andA9 occur. A9 showsNþ 2NOEs toU11.
These NOEs define the U-turn in the hairpin. The 50msNOESY
spectrum shows a strong H10-H8 NOE similar in intensity to
that of a pyrimidine H5-H6 cross-peak (Figure 7 of the Suppor-
ting Information). This NOE was assigned to G10. The possible
assignment of this peak as an A9 H10-G10 H8 NOE was consi-
deredmuch less likely because noNOEwas observed betweenA9
H20 and G10 H8 even at NOESYmixing times of 400 ms, which
is long enough for either a directNOEor secondaryNOE to occur
through a strong H10-H20 NOE and a strong H10-H8 NOE.
DQFCOSY. An unusually strong and downfield-shifted

H10-H20 NOE was observed and assigned to G10 which
indicates a partial C20 endo conformation (Figure 1 of the Sup-
porting Information). In the preliminary structure calculations,

FIGURE 2: One-dimensional imino proton spectrum of φ29 E-loop hairpin r(50GGUGAUUGAGUUCACCA) recorded at 1 �C and 500MHz.

FIGURE 3: Base to H10 and H5 region of the 400 ms D2O NOESY spectrum recorded at 20 �C for r(50GGUGAUUGAGUUCACCA). The
base-H10 NOESYwalk is indicated by solid lines. Labels represent intranucleotide aromatic-H10 NOEs. The other labels are as follows: (a) A14
H2-C15H10, (b) A17H2-G1H10, (c) A5H2-C13H10, (d) A5H2-U6H10, (e) A9H8-A9H30, (f) G10H8-G10H20, (g)G1H8-G1H20, and
(h) G10 H10-H8.
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the G10 sugar pucker was unrestrained and the ensembles of
structures showed a mixture of C20-endo and C30-endo. The
structure was then further refined with restraints for G10 to be
C20-endo to improve the convergence of the hairpin nucleotides.
The COSY experiment also confirms that the sugar of A17 exhi-
bits C20-endo characteristics as expected for a 30-dangling end
nucleotide (23).

1H-13CHSQC. The 1H-13CHSQC spectrum confirms key
assignments for sugar proton resonances that were overlapped or
had unusual chemical shifts. G10 H10 and A9 H10 both resonate
at 6.18 ppm, but the carbon chemical shifts for A9 C10 and G10
C10 occur at 87.9 and 93.3 ppm, respectively (Figure 3 of the Sup-
porting Information). U11 H10 resonates at ∼4.8 ppm in the
1H-13CHSQC spectrum.G10H20 andG1H20 are shifted down-
field relative to the HDO peak.

The H2 protons of A5, A9, A14, and A17 were distinguished
from all other protons by their carbon chemical shift (Figure 2 of
the Supporting Information). Adenine H2 assignments were
based on NOEs observed in both the H2O and D2O NOESY
spectra. In the H2O NOESY spectrum, both A5 and A14 H2
protons give cross-strand NOEs to U12 and U3 H3 protons,
respectively. The A5H2 proton also displays a cross-strandNOE
to C13 H10. The A9 H2 proton is shifted downfield and gives a
NOE to its own H10 sugar proton as well as an N þ 2 NOE to
U11 H40. The A14 H2 proton gives a NOE to its own H10 sugar
proton and also to the C15 H10 proton. The A17 base was added
to the end of the sequence to improve the stability of the duplex
and increase the probability of forming the terminal base pair
(23). The A17 H2 proton gives a cross-strand NOE to G1 H10,
which verifies that A17 is stacked on the terminal G1-C16 base
pair.

1H-31P HETCOR. The phosphorus chemical shifts are
within the normal range for A-form RNA except for A9 P and
A17 P. In the final ensemble of structures, the A9 backbone
angle ranges from-99.6� to-162.1�. A9H30 is shifted downfield

relative to the HDO peak (Figure 5 of the Supporting Informa-
tion). This assignmentwas also confirmed by the observation of a
single peak having a carbon chemical shift of anH30 proton in the
1H-13C HSQC spectrum and an A9 H8-A9 H30 NOE at 8.065
and 5 ppm in the 100 ms D2O NOESY.
Hairpin Structure. Figure 4 shows the U-U pair, syn G10,

and U-turn in the φ29 E-loop hairpin. The structure was
calculated from 195 measured NOE restraints (Table 1) as well
as hydrogen bonding and dihedral angle restraints for theA-form
stem helix. Thirty-one structures were calculated and had an
overall rmsd of 1.50 Å� from starting structures with an rmsd of
6.08 Å�. When G8, G10, and A17 are excluded from the rmsd
calculation, the overall rmsd is 1.24 Å�. Figure 8A of the Suppor-
ting Information shows the overlay of 10 lowest-energy struc-
tures. Thus, the ensemble of calculated structures converges well,
has a low final energy, and contains no NOE violations. All the
expectedNOEs in the average structure are observed in theNMR
spectra. The hairpin turn is defined by a total of 33 internucleo-
tide and 46 intranucleotide NOEs for six nucleotides and an all-
atom rmsd of 1.76 Å� (Table 3 of the Supporting Information).
The U-turn occurs in all members of the ensemble. Table 1 lists
the number of intranucleotide NOEs, internucleotide NOEs, and
the all-atom rmsd for each nucleotide. TheU-U pair is well-defined
by 26 internucleotideNOEs and has an all-atom rmsdof 1.23 and
1.45 Å� for U6 andU11, respectively. Figure 8B of the Supporting
Information focuses on the U-U pairs in the overlay of 10 lowest-
energy structures. Fewer internucleotide NOEs define the posi-
tions of G8, A9, and G10, which is consistent with the Watson-
Crick edges of these bases facing the solvent.G8 andG10positions
are defined by mainly intranucleotide NOEs. These nucleotides
are likely to be somewhat structurally dynamic in solution. The
partial overlap of H8 and C8 resonances for G8, A9, and G10
combined with the G8 and G10 imino protons in fast exchange
withwater precludes further T1 or residual dipolar couplingmea-
surements to further define the positions and dynamics of these

FIGURE 4: Wall-eye stereo image of the average structure of the prohead RNA E-loop hairpin, r(GGUGAUUGAGUUCACCA). The stem
bases are colored green. U6 and U11 are colored orange. U7 is colored purple. G8 and A9 are colored blue. G10 is colored red.



Article Biochemistry, Vol. 49, No. 29, 2010 5993

bases. G10 projects out of the hairpin and into the solvent, and
the ensemble positions of G10 are consistent with the strong intra-
nucleotide H10-H8NOE defining the syn conformation and the
H10-H20 COSY cross-peak defining the C20-endo sugar pucker.

DISCUSSION

Structural Features of the φ29 E-Loop Hairpin. TheU-U
mismatch in the hairpin loop is confirmed by NOEs in the H2O
NOESY spectrum (Figure 5 of the Supporting Information). The
U6 H6 proton follows the NOESY sequential walk observed in
theD2ONOESY spectrum , which is consistent withU6 stacking
on A5 (38). U6 and U11 form a 2-carbonyl-N3, 4-carbonyl-N3
interaction or shifted cisWatson-Crick base pair (20). This type
of U-U pair is similar to that observed in the S2 hairpin, r(50GC-
GUUAAGUCGCA), found in the 30S ribosome (22, 24, 26).
The stacking of U7 on the precedingU-Umismatch, which is con-
firmed by the cross-strand NOE observed in the H2O NOESY
spectrum, is also similar to the S2 hairpin. Theφ29E-loop hairpin
has an A-U closing base pair. There is no observed effect of
stacking the U-U pair on the closing A-U pair when compared to
the S2 hairpin with a closing G-C base pair.

G10 does not pair within the loop but projects into solution.
G10 has a syn conformation and a partial C20-endo sugar pucker
revealed in 50 ms NOESY and COSY spectra, respectively. The
internucleotide NOEs for G10 include only G10 H8-U11 H40

and G10 H50- and G10 H50 0-U11 H6 NOEs. The few inter-
nucleotide NOEs toG10 and the NOEs between A9H2 and U11
H40 confirm that the G10 base projects into solution (Figure 6 of

the Supporting Information). TheA9H2-U11H40 NOE indicates
that A9 stacks on the U11 sugar, and this stacking interaction
causes an upfield shift of the U11 H10 resonance.

The uridine turn observed in the φ29 E-loop hairpin occurs in
many hairpins (57, 58). The characteristic UNR sequence occurs
in the φ29 E-loop (50U6-U7-G8-A9-G10-U11), the S2 hairpin,
and the anticodon and T-loop of yeast tRNA (59, 60). The U7
H10 and U7 H20 sugar protons both give N þ 2 NOEs to the A9
H8 proton which causes a kink in the backbone and is consistent
with the location of the U-turn between U7 and G8.
Comparison of Prohead and Ribosomal Hairpin Structures.

Comparisons of prohead RNA E loop hairpins and rRNA hair-
pins suggest that the NMR structure of the φ29 E loop will likely
represent the functional structure of the RNA in the φ29 pack-
agingmotor. The S2 hairpin is similar in sequence to the bacterio-
phage φ29,M2/NF, and SF5 prohead E loop sequences (Figures 5
and 6, Table 2, and Table 7 of the Supporting Information). The
L11 hairpin is similar in sequence to the GA1 prohead E-loop
sequence (Figures 5 and 6, Table 2, and Figure 7 of the Suppor-
ting Information). The hairpins in rRNA motifs that bind small
ribosomal subunit protein S2 and large ribosomal subunit pro-
tein L11 have been studied by NMR as isolated hairpins in solu-
tion and by crystallography of entire ribosomal subunits (21-27).
The rRNA conformations are exactly the same in isolated hair-
pins and in rRNA-protein complexes. In these cases, a small
section of the rRNAdoes represent the functional structure in the
larger context of the ribosome. Thus, the rRNA sequence deter-
mines the hairpin structure, which does not change upon protein
binding or tertiary RNA interactions.

FIGURE 5: Comparison of prohead and rRNA hairpin three-dimensional structures. Blue arrows compare hairpins determined by NMR and
crystallography. Orange arrows compare experimentally determined and predicted structures. The light and dark green arrows compare hairpins
with different sequences and similar three-dimensional structures. The colors of the bases correspond to nucleotides in the same sequence position
as the φ29 E-loop. The position of the G10 base in the S2 NMR hairpin is poorly defined, and only one average position is shown. Protein Data
Bank entries 2WRJ (64) and 3HUW (65) were used to generate images of S2 and L11 hairpins in ribosome crystal structures.
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The structures in Figures 5 and 6 show the conserved features
in hairpins with similar sequences. All of the hairpins in the com-
parison are characterized by a noncanonical base pair stacked on
the helix and a uridine stacked on the noncanonical base pair. All
of the hairpins also incorporate the U-turn motif, which causes
the two subsequent bases to stack upon one another. In the φ29
E-loop and the S2 hairpin, the G10 base is protruding into
solution, but the GA-1 E-loop prediction and the L11 protein
binding RNA have this base stacked under 50 purines. This dif-
ference in purine stacking may be the result of the different back-
bone orientation for the first cis U-U or trans G-A pair.
Comparison of φ29 NMRHairpin Structure toMC-SYM

Structure Predictions. The lowest-energy MC-SYM predicted
structure has an overall rmsd of 2.48 Å with respect to the experi-
mentally determined NMR structure of the φ29 E-loop hairpin
(Figure 6). Both structures have a U-U pair, a U stacked on the
U-U pair, and a U-turnmotif. The differences occur in the stack-
ing of G10, the nucleotide with a syn conformation, and the sub-
tleties of the U-U pair hydrogen bonding. The energetically
unfavorable syn conformation ofG10 is balanced by a very favo-
rable conformation of U6, U7, and U11 in the NMR structure.

In contrast in theMC-SYMpredicted structure,G10 is stacked in
a favorable conformation and the U-U pair is in a less favorable
conformation. The predicted structure shows G10 stacked under
G8 and A9 rather than extending into solution. The U-U mis-
match in theMC-SYMprediction shows theN-3 imino proton of
the U bases directly facing each other. This orientation does not
allow the C-2 or C-4 carbonyl close enough to the imino protons
to form a hydrogen bond (4 Å). In the φ29 NMR structure, the
shifted cis-Watson-Crick, Watson-Crick U-U pair has two
hydrogen bonds (2-carbonyl-N3 and 4-carbonyl-N3). In theMC-
SYMprediction,U7 is oriented in the syn conformation, which is
not observed in the NMR structure. The U7 imino-U11 imino
NOEs in the H2O NOESY spectrum define the U7 stacking
orientation in the φ29 NMR structure. The MC-SYM predicted
structure violates only two NOEs: U7 H3-U11 H3 and A9
H2-U11H40. The U7H3-U11H3NOE is not compatible with
a U7 syn conformation, and the A9 H2-U11 H40 NOE is not
compatible with G10 being stacked below the 50 purines. If these
two NOEs are included in the MC-SYM simulation, then the
predicted structure has an rmsd of 1.94 Å with the NMR struc-
ture (Figure 7 of the Supporting Information).

A comparison of ribosomal hairpins and MC-SYM predic-
tions demonstrates the generally accurate predictive ability of
MC-SYM. The rmsd was 1.5 Å between the lowest-energy
structure for theMC-SYMpredicted L11 hairpin and the crystal
structure (Figure 6). The lowest-energy S2 hairpin structure
compared to the crystal structure has an rmsd of 1.4 Å (Figure 7
of the Supporting Information) for the loop nucleotides. These
comparisons provide a basis for evaluating the MC-SYM pre-
dicted structures relative to the φ29 NMR structure and con-
fidence in the predicted structure for the GA1 E-loop hairpin.

Improvements in the force field parameters for RNA and inclu-
sionofmore diverse structures in the database could further improve
MC-SYM predictions. The AMBER force field uses parameters

FIGURE 6: Diagram of base stacking in prohead and rRNA hairpins. Bases are represented by boxes, and the colors of the bases correspond to
nucleotides in the same sequence position as the φ29 E-loop. Lines represent the ribose and phosphodiester backbone between bases. The U-turn
location is indicated by a U. Arrows indicate hydrogen bonding in protein or RNA tertiary interactions in the crystal structures of ribosomal
hairpins (21-27, 64, 65). The structure of the GA-1 E-loop hairpin was predicted by MC-SYM.

Table 2: Comparison of Prohead and Ribosomal Hairpin Structuresa

hairpin first pair C20-endo syn

φ29 NMR U-U cis-WC/WC G10 G10

φ29 MC-SYM U-U cis-WC/WC none U7

S2 NMRb U-U cis-WC/WC G8,G10 none

L11 NMRc G-A trans-S/H U9,G10 none

GA-1 MC-SYM G-A trans-S/H none none

aThe first pair conformations are described by the isostericity matrix
nomenclature (20). C20-endo refers to hairpin nucleotides with the C20-endo
sugar pucker conformation. Syn refers to the conformation of the glycosidic
bond between the ribose and base. All numbering is consistent with the φ29
NMR construct. bFrom refs 24 and 63. cFrom ref 23.
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optimized for the DNA phosphodiester backbone and deoxy-
ribose angles, rather thanRNAbackbone conformations (47-49).
Amore polarizable force field optimized for RNA could improve
predictions of the ways in which RNA hairpin backbones fold
(61, 62). As the diversity of experimentally determined RNA
structures increases, the database for optimizing MC-SYM scor-
ing functions expands, thus improving prediction capabilities for
novel structures.While research to improveRNA force fields and
structural databases continues, the incorporation of experimental
data, such as NOEs, can refine MC-SYM predictions.
Comparison of Hairpin Structures Determined by NMR

to Predictions from Isostericity Matrices. Because the φ29
and GA1 pRNAs have a conserved secondary structure and
function, one hypothesis may be that the tertiary structure may
be conserved as well. Predicting base pair structures with iso-
stericity matrices is based on the assumption that RNAs with
similar functions will retain a similar structure. The comparisons
of the experimental and predicted structures for ribosomal and
prohead hairpins, however, suggest different structures for the
φ29 andGA1E-loop hairpins. The only known isostericU-Uand
G-A pair forms hydrogen bonds only between the ribose edges
and leaves the Watson-Crick edges solvent exposed, which is
inconsistent with the NOEs between imino protons in U6 and
U11 in the φ29 E-loop. There are no known isosteric pairs that
conserve the orientation andC10-C10 distance for U-U andG-A
pairs with hydrogen bonding at the Watson-Crick edges. The
U-U pair in the φ29 E-loop is in the cis-Watson-Crick/
Watson-Crick (2-carbonyl-N3, 4-carbonyl-N3) form, and the
G-A pair in the predicted GA1 E-loop is in the trans-sugar/
Hoogsteen (N7-amino, amino-N3 sheared) form (20, 38). How-
ever, the experimentally determined φ29 U-U pair has a longer
than expected C10-C10 distance of 10 Å, rather than the 8.1 Å�

C10-C10 distance expected from isostericity matrices. The pre-
dicted GA1-GA pair has a C10-C10 distance of 9.0 Å, which is
similar to the 9.7 Å distance expected from isostericity matrices.
Thus, both pRNA E-loop hairpins have C10-C10 distances
within 1 Å for the first pair. The significant difference occurs in
the cis or trans backbone conformation of the first pair in the
hairpin loop. This differencemay cause theG10 nucleotide to flip
out in a syn conformation in the φ29 hairpin and the adenine to
stack under the other adenines in the GA1 predicted structure.
Although the overall backbone structure may not be conserved
between the φ29 and GA1 E-loops, the U-turn and the uridine
stacking on the first mismatch will likely be conserved. Differ-
ences between the gp10 proteins and surrounding RNA tertiary
interactions may accommodate the different shapes of the φ29
and GA1 hairpins.

CONCLUSIONS

This research presents the NMR structure of the φ29 E-loop
hairpin and compares the experimentally determined structure to
predictions from MC-SYM and isostericity matrices. The com-
parisons between φ29 and GA1 and ribosomal hairpins provide
benchmarks for testing RNA structure prediction methods. All
the hairpins contain a well-predicted U-turn motif. The φ29
hairpin ismore similar in structure and sequence to the ribosomal
S2 hairpin than to predicted structures for the GA1 hairpin,
which is similar in sequence and structure to the ribosomal L11
hairpin. Thus, these two pRNA hairpins are not predicted to be
isosteric despite sharing the same functional role in the same type
ofRNA.The first difference appears to bewhether the first pair is

a U-U pair with cis backbone orientations or a G-A pair with
trans backbone orientations. The seconddifference iswhether the
G10 nucleotide in φ29 or its equivalent purine projects out into
solution or stacks under the 50 purines. The differences between
the φ29 NMR structure and the MC-SYM predictions suggest
improvements in estimating the stabilities of non-A-form back-
bone conformations and syn conformations is necessary for future
improvements in RNA three-dimensional structure predictions.
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COSYspectrum; 13CHSQC spectra; a 31PHETCORspectrum; a
H2O NOESY spectrum; sections of the D2O NOESY spectrum
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lay of the lowest-energy structures in the calculated ensemble of
structures; and a figure showing the superposition of the hairpin
structures compared in Figures 5 and 6. This material is available
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