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The most conserved region of the HIV type 1 (HIV-1) genome, the
∼335-nt 5′ UTR, is characterized by functional stem loop domains
responsible for regulating the viral life cycle. Despite the indis-
pensable nature of this region of the genome in HIV-1 replication,
3D structures of multihairpin domains of the 5′ UTR remain un-
known. Using small-angle X-ray scattering and molecular dynamics
simulations, we generated structural models of the transactivation
(TAR)/polyadenylation (polyA), primer-binding site (PBS), and Psi-
packaging domains. TAR and polyA form extended, coaxially
stacked hairpins, consistent with their high stability and contribu-
tion to the pausing of reverse transcription. The Psi domain is
extended, with each stem loop exposed for interactions with bind-
ing partners. The PBS domain adopts a bent conformation resem-
bling the shape of a tRNA in apo and primer-annealed states.
These results provide a structural basis for understanding several
key molecular mechanisms underlying HIV-1 replication.
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HIV type 1 (HIV-1) has a single-stranded RNA genome
(vRNA) that is reverse-transcribed into double-stranded

DNA and inserted into the host cell genome. Along with serving
as genetic material, the vRNA plays a critical role in regulating
the viral life cycle. The highly structured 5′ UTR dictates much
of this control through interactions with viral and cellular factors
(1, 2). The 5′ UTR consists of the transactivation response (TAR;
nucleotides 1–57) element, polyadenylation (polyA; nucleotides
58–104) stem loop, primer-binding site (PBS; nucleotides 125–
223) domain, and packaging domain (Psi; nucleotides 228–334)
(Fig. 1). Mutations that disrupt the structures of these domains
severely inhibit infectivity and replication (2–6), underscoring
the importance of vRNA structure in the HIV-1 life cycle.
The first 104-nt region of vRNA is sequentially composed of

the TAR and polyA stem loops. Along with their function of
stimulating transcription (7), these elements play roles in ge-
nome circularization and strand transfer during reverse tran-
scription (8, 9), functions essential for promoting drug resistance
through genetic diversity. There is also evidence that TAR plays
a role in other processes, such as vRNA dimerization (10), al-
though TAR is not strictly required for packaging (11). Results
of secondary structure probing studies are consistent with TAR
forming a stable hairpin (12–14). The 3D structure of the upper
region of the HIV-1 TAR stem loop has been solved by NMR in
the presence (15) and absence (16) of a bound Tat peptide. The
polyA hairpin located downstream of TAR contains the poly-
adenylation signal. Although the function of polyA is not fully
understood, its structural integrity is required for efficient vRNA
packaging (3, 17). The 3D structure of polyA is unknown, but
secondary structure probing suggests that the region adopts
a helical stem with a large, unstructured loop, which may be
involved in a long-range pseudoknot with the coding region of
vRNA (13, 18).
Psi encompasses ∼120 nucleotides of the 5′ UTR upstream of

the Gag start codon and is necessary, but not sufficient, for
directing genome packaging via interactions with Gag (2). Psi
also plays a critical role in vRNA dimerization via a dimerization
initiation site (DIS) in SL1 (19, 20) and harbors the major splice

donor site (21). The tertiary structure of the Psi region has been
studied previously, providing two all-atom models. One model
produced using chemical cross-linking and mass spectrometry
suggested a globular structure stabilized by a loop–loop interaction
between SL2 and SL3 and by a loop–stem interaction between
SL1 and SL4 (22). Using chemical probing, Förster resonance
energy transfer and molecular dynamics (MD), a more elon-
gated model of the Psi region has been proposed in which the
loops are solvent-exposed (23).
HIV-1 initiates reverse transcription from the 3′ end of tRNALys3

after annealing of the 3′ 18 nucleotides of tRNALys3 to the
complementary PBS (24). Only a single copy of tRNALys3 is
required to initiate reverse transcription, but all three human
tRNALys isoacceptors (∼20–25 molecules) are selectively pack-
aged into virions (25, 26) along with stoichiometric amounts of
the major tRNALys binding protein, human lysyl-tRNA syn-
thetase (LysRS) (27). LysRS is specifically packaged via its
interaction with the viral Gag protein, thus leading to the
enrichment of tRNALys in virions (28). We recently showed that
LysRS binds with high affinity to the HIV-1 vRNA, owing in part
to the presence of a tRNA-like element (TLE) in the U-rich
stem loop proximal to the PBS that mimics the anticodon of
tRNALys (29). Whether the 5′ UTR has more extensive tRNA
structure mimicry is unknown, however. It remains unclear
precisely how tRNALys3 annealing affects the conformation of
the PBS domain; however, a recent study found that tRNA
annealing promotes genome dimerization by inducing a confor-
mational switch (30).
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Whereas high-resolution structures of small portions of the
HIV-1 5′ UTR have been solved by NMR spectroscopy (2, 15,
31–33), how these structures are organized in the context of the
larger functional domains remains unclear. Small-angle X-ray
scattering (SAXS) has proven to be a powerful and effective
means of understanding the structures of large RNAs (34).
Unlike X-ray crystallography and cryoelectron microscopy, SAXS
can be performed in solution under physiological ionic con-
ditions and does not require the introduction of labels or chemical
probes. Thus, we used SAXS in combination with molecular mod-
eling to examine the structural basis for the diverse functions
regulated by the 5′ UTR. Our results reveal that the TAR,
polyA, PBS, and Psi domains (NL4-3 isolate) fold into extended
structures with solvent-exposed stem loops that allow for inter-
actions with viral and host factors. In addition, we provide
evidence that the PBS/TLE domain mimics the global tRNA
tertiary fold. These results, along with our findings of a confor-
mational change in the PBS/TLE domain on anti-PBS annealing
and a dynamic SL2 in the Psi domain, underscore the importance
of future efforts to elucidate how such conformational changes
are propagated to regulate vRNA packaging.

Results
TAR and PolyA Adopt a Stable Coaxially Stacked Conformation. The
predicted secondary structure of the HIV-1 5′ UTR (13) is
shown in Fig. 1, highlighting the three domains investigated in
this work. Size-exclusion chromatography (SEC) purification of
a WT 104-nt RNA construct encompassing the TAR and polyA
hairpins initially showed multimerization (Fig. S1A). This was
alleviated using a previously described single point mutation
(A34U) in the TAR loop (35), as confirmed by SEC. This
A34U TAR/polyA variant was used for all SAXS experiments.

Inspection of the SAXS data (Fig. 2A) and linearity of the
Guinier region (Fig. S1B) confirmed the absence of aggregation.
The radius of gyration (Rg), the mass distribution about a par-
ticle’s center of gravity, was calculated from the slope of the
Guinier plot and, independently, from the pairwise distribution
[P(r)] function, a histogram of distances between electron pairs
within a particle. The Rg for TAR/polyA was determined to be
39 Å by the Guinier slope and 41 Å by the P(r) function. The
maximum electron pair distance (Dmax) of TAR/polyA was 140 Å
by the P(r) function (Table S1). Ab initio envelope recon-
structions resulted in an elongated envelope (Fig. 2B), suggesting
that the hairpins are coaxially stacked with a kink near the
middle. A back-calculated scattering curve based on the ab initio
envelope fits well with the SAXS data (χ2 = 1.15). The re-
producibility of the ab initio calculations was determined using
normalized spatial discrepancy (NSD), a measure of the degree
to which each of the 20 envelopes that were averaged and fil-
tered to produce the final envelope differs from one another.
Values <1 are considered to indicate no systematic differences.
The envelope for TAR/polyA yielded an NSD of 0.67.
An ensemble of all-atom models was generated using the

three-step approach involving de novo structure prediction,
explicit solvent molecular dynamics (ESMD), and simulated
annealing (SA) (SI Methods). The ensemble for TAR/polyA
yielded a χ2 of 1.22 and an Rg of 41 Å, very close to the experi-
mentally determined values of 39 Å and 41 Å (Table S1). The
reproducibility of the structures was very good as well (all-atomFig. 1. The HIV-1 5′ UTR secondary structure consists of the TAR/polyA, PBS/

TLE, and Psi domains. Dotted lines encompass the individual 5′ UTR regions
described herein. A single A34U point mutation and a GAGA tetraloop were
introduced into the TAR loop of TAR/polyA and SL1 of Psi, respectively, to
alleviate multimerization of the RNA constructs. The PBS/TLE domain is
closed with three G:C pairs introduced at the 5′/3′ termini. Extended PBS/TLE
and SL1 constructs containing 10 alternating A-U base pairs were prepared
to aid the assignment of TLE and SL1 within the SAXS-derived envelopes.

Fig. 2. SAXS-derived ab initio envelope and structural model of TAR/polyA.
(A) Every fifth data point from SAXS experiments (open circles) was plotted
along with the corresponding back-calculated scattering curves from the ab
initio envelope (gray) and averaged intensity values from the 10 members of
the modeled structural ensemble of A34U TAR/polyA (red). (B) The lowest-
energy model was superimposed onto the SAXS-derived ab initio envelope
using SUPCOMB. The remaining ensemble models were then aligned using
the superimposed lowest-energy model as a register. Envelopes are shown
in a gray 40% transparent surface representation, and all-atom models are
represented in pink cartoon with the lowest-energy structure in red.
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rmsd from the average, 2.7 Å). Superimposing the all-atom
models onto the ab initio envelope clearly shows that both
methods converge on a structure in which the domain adopts two
coaxially stacked hairpins with a kink at the interhelical junction
of the two stems (Fig. 2B).

The Psi Domain Adopts a Nonglobular Conformation. Psi contains
the DIS in the loop of SL1 that promotes dimerization. To avoid
conformational heterogeneity, we replaced the SL1 loop with a
stable GNRA tetraloop (Fig. 1). The resulting construct yielded
a single species in solution, as confirmed by SEC (Fig. S2A). The
SAXS scattering curve (Fig. 3A) and Guinier plot (Fig. S2B)
showed no evidence of aggregation or concentration-dependent
effects. Analysis of the scattering curve revealed Guinier- and
P(r)-derived Rg values of ∼34 Å and a Dmax of 121 Å (Table S1).
The ab initio envelope reconstruction revealed a global confor-
mation that was extended in solution. The high quality and re-
producibility of the resulting envelope were confirmed based on
the calculated χ2 and NSD values of 1.14 and 0.86, respectively
(Table S1).
Before MD simulations, potential secondary structures of the

Psi construct were predicted using Mfold (36), revealing three
likely conformations in addition to the structure predicted from

chemical probing (13) (Fig. S3). All predicted secondary struc-
tures were modeled using RNAComposer (37) and screened for
fit to our SAXS data. One secondary structure (Psi Mfold 1)
yielded the best χ2 value (χ2 = 3.2), and the predicted Rg value of
the chosen model (35 Å) also matched the experimentally de-
termined value (Fig. S3). The chosen secondary structure is
similar to one previously predicted based on phylogenetic anal-
ysis and chemical/enzymatic probing (38). An all-atom ensemble
of models was produced with a χ2 of 0.99, Rg of 34 Å, and all-
atom rmsd of 0.94 Å. Whereas SL1 and SL3 fit well within the
filtered envelope on superposition (Fig. 3B), SL2 appears to be
more flexible and is not as well defined by the envelope de-
spite the low rmsd within the ensemble of models. The ab initio
envelopes are intended to define a general molecular architec-
ture, and so the convergence between the global shape of the
envelope and the all-atom ensemble provides further confidence
in the overall conformation of the models, but the specific ori-
entation of SL2 remains ambiguous. Our assignment of in-
dividual stem loops within the envelope was confirmed using a
construct in which SL1 was extended by 10 A-U base pairs (Fig. 1
and Fig. S4B).

Structure of the PBS/TLE Domain Reveals tRNA Mimicry. We exam-
ined a 99-nt PBS-containing construct (PBS/TLE) stabilized by
the addition of three G-C base pairs (105 nt total) to the 5′/3′
ends (Fig. 1). SEC of the PBS/TLE construct demonstrated a
single major peak, which was purified (Fig. 4A and Fig. S5A).
Scattering was characterized by an Rg of 34 Å by both Guinier
and P(r) analysis and a Dmax of 123 Å (Fig. S5B and Table S1). The
ab intio envelope (χ2 = 0.90 and NSD = 0.76; Table S1) revealed
a globular region and an extended arm corresponding to the
largely single-stranded PBS loop and TLE helix, respectively
(Fig. 4B). We confirmed these assignments by examining a PBS/
TLE construct in which the TLE helix was extended by 10 A-U
base pairs (Fig. 1 and Fig. S4A).
As with Psi, the secondary structure of PBS/TLE has not been

unambiguously defined. Therefore, we screened the commonly
predicted structures (Fig. S6), of which two gave reasonable fits
with the experimental data (χ2 = 2.1 and 3.3). These two struc-
tures differed by the presence of a small hairpin within the PBS
sequence, but both yielded an Rg similar to that determined
experimentally (∼33 Å). Based on the lower χ2 value, the
structure containing the PBS hairpin was used for all-atom
modeling. The final refined ensemble was characterized by an Rg
value of 34 Å, a χ2 value of 0.61, and an rmsd of 1.81 Å (Fig. 4 A
and B and Table S1).
To investigate the effects of primer annealing to the PBS se-

quence, an 18-nt anti-PBS DNA was heat-annealed to the 105-nt
PBS/TLE RNA construct. The resulting complex yielded multi-
ple peaks via SEC (Fig. S7A). The major annealed fraction was
purified, and the homogeneity of the sample was confirmed by
native polyacrylamide electrophoresis before SAXS analysis.
Analysis of the SAXS scattering curve (Fig. 4C) indicated that
the Rg was not significantly increased relative to the apo PBS/
TLE construct, and that the Dmax was increased only slightly
(from 118 Å to 123 Å; Table S1). A high-quality ab initio en-
velope was generated, as evidenced by low χ2 and NSD values of
1.30 and 0.84, respectively (Fig. 4D). Modeling was then per-
formed by taking the lowest-energy refined PBS/TLE structure
and inserting an ideal A-form RNA:DNA duplex at the PBS
region. This initial structure was then refined using our ESMD/
SA strategy. The final ensemble was characterized by an Rg value
of ∼35 Å, a χ2 value of 1.14, and an rmsd of 1.68 Å (Table S1). As
with the SL2 region of Psi, the loop regions of both the apo and
primer-annealed PBS/TLE do not fit well within the filtered ab
intio envelopes. Thus, despite the high convergence in the en-
semble of all-atom models, we are less confident in the exact
conformation of these flexible regions.

Fig. 3. SAXS-derived ab initio envelope and structural model of Psi. (A)
Every fifth data point from SAXS experiments (open circles) was plotted
along with the corresponding back-calculated scattering curves from the ab
initio envelope (gray) and averaged intensity values from the 10 members of
the modeled structural ensemble of Psi with the SL1 loop mutated to
a GNRA tetraloop (black). (B) The lowest-energy model was superimposed
onto the SAXS-derived ab initio envelope using SUPCOMB. The remaining
ensemble models were then aligned using the superimposed lowest-energy
model as a register. Color-coding is as in Fig. 2.
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Our recent finding that the TLE region of the PBS/TLE
domain can specifically bind to LysRS (29) prompted us to
investigate whether the tertiary structure of this domain resem-
bles a tRNA in either the apo or primer-annealed state. We
performed SAXS analysis on tRNALys3 (39), generated ab initio
envelopes, and superimposed them onto the TLE regions of the
PBS/TLE and PBS/TLE:anti-PBS envelopes (Fig. 5). The tRNA
structure fits well into the envelopes for both constructs, with the
anticodon stem loop positioned within the TLE arm, where the
homologous anticodon-like sequence is located (29). The align-
ment suggests that both the unannealed and annealed PBS/TLE
mimic the structure of tRNALys3 in solution.

Discussion
RNA structure and function are intimately related, and struc-
tural characterization of large functional RNAs contributes to
a complete understanding of biological processes. The HIV-1 life
cycle depends on the proper folding of domains present in the
5′ UTR. The feasibility of determining structural models of
large, highly structured RNAs has recently improved with the

development of techniques combining SAXS and molecular
modeling (34, 40). This general approach has been used to char-
acterize the structures of the hepatitis C virus internal ribosome
entry site RNA (41), the cap-independent translation element/
ribosome-binding structural element of turnip crinkle virus (42),
RNase P RNA (43), and the U2/U6 snRNA (44). Herein we
describe models derived using SAXS and molecular modeling of
domains covering >92% of the 5′ UTR. Importantly, these
models highlight mechanistic insights into the diverse functions
of the 5′ UTR and provide a basis for further studies of the
entire 5′ UTR and relevant RNA:protein complexes.
The SAXS-derived TAR/polyA structure reveals that it folds

into extended, coaxially stacked helices (Fig. 2B). Coaxial
stacking is well known to be a stabilizing structural feature of
RNAs. The orientation observed for TAR/polyA hairpins is
consistent with their distinct functional roles, which require
binding of various factors to the apical loop and bulge region of
TAR (7, 45). Although to our knowledge, no specific binding
partners of the polyA domain have been reported, the observed
structure would reinforce sequestration of the polyadenylation
signal (46). The high stability of the coaxially stacked helices
likely also contributes to the pausing of reverse transcription
observed in this domain during minus-strand strong-stop DNA
synthesis (47, 48), which results in increased efficiency of minus-
strand transfer (47). Our structure also supports the requirement
for HIV-1 nucleocapsid (NC) protein chaperone activity to
partially destabilize these hairpins, thereby also facilitating minus-
strand transfer (49, 50). To further evaluate the validity of our
model, we compared it with a high-resolution NMR structure
of the top end of the TAR hairpin [Protein Data Bank (PDB)
ID code 1ANR] (15). The structures aligned with a heavy atom
rmsd of 5.2 Å (Fig. S8); however, it should be noted that NMR
experiments suggest a highly dynamic TAR loop (ranging from
4.0 to 9.7 Å rmsd from the lowest-energy structure) (15, 51).
Nevertheless, as a qualitative comparison of the model, the
overall kink in the helix at the base of the loop is recapitulated.

Fig. 4. SAXS-derived ab initio envelopes and structural models of apo and annealed PBS/TLE. (A and C) Every fifth data point from SAXS experiments (open
circles) was plotted along with the corresponding back-calculated scattering curves from the ab initio envelope (gray) and averaged intensity values from the
10 members of the modeled structural ensemble of PBS/TLE (red) (A) and PBS/TLE–anti-PBS (red) (C). (B and D) For both PBS/TLE (B) and PBS/TLE–anti-PBS (D),
the lowest-energy model was superimposed onto the SAXS-derived ab initio envelope using SUPCOMB. The remaining ensemble models were then aligned
using the superimposed lowest-energy model as a register. Envelopes are shown in a gray 40% transparent surface representation, and all-atom models are
represented in pink (cyan for anti-PBS) cartoons, with the lowest-energy structure in red (blue for anti-PBS).

Fig. 5. Assessment of tRNA-like structural characteristics of PBS/TLE and
PBS/TLE–anti-PBS. The SAXS-derived ab initio envelope of human tRNALys3

was superimposed onto the envelopes for PBS/TLE (A) and PBS/TLE–anti-PBS
(B) by aligning the anticodon region of the tRNALys3 envelope to the cor-
responding TLE region. In both panels, the viral RNA construct is shown in
a gray 40% transparent surface representation, and the tRNALys3 envelope is
represented as a black mesh.
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Two all-atom tertiary structure models of Psi (SL1–SL4)
have been proposed. One model is globular with SL2–SL3 and
SL1–SL4 interactions (22), whereas the other model is extended
with all loops exposed (23). Our probe-free study supports the
latter model in which SL1, SL2, and SL3 are solvent-exposed
(Fig. 3B). It should be noted, however, that all three models have
been derived using RNAs of different lengths and sequences.
Moreover, differences may be accounted for in part by variations
in sample purification and buffer composition. The SAXS-
derived structure shows SL1 and SL3 directed in nearly opposite
directions, with SL2 protruding perpendicularly (Fig. 3B), sup-
porting the presence of distinct sites for known intermolecular
interactions. For example, the DIS sequence in the apical SL1
loop must be exposed before genome dimerization (19, 20), and
our model suggests the apo form of Psi is poised to do so. In
addition, the NC domain of Gag recognizes the Psi sequence to
select the vRNA for packaging (52). NC binds to the exposed
G-rich bulge regions of SL1 (13) and has been shown to bind to
the loops of individual SL2 and SL3 constructs with the same
low-nanomolar affinity (31). The alternative fold of SL2 in our
Psi model relative to that observed in a smaller construct
designed for NMR studies (31) suggests that this domain may be
dynamic in the context of the larger construct. This is consistent
with structure-probing data (12, 13, 38, 53) and may explain
why SL1 and SL3 are the primary determinants for HIV-1
genome encapsidation (53), despite similar affinities of SL2
and SL3 to NC.
Within the resolution restrictions of SAXS experiments, our

model also shares structural similarities with high-resolution NMR
structures of SL1 (PDB ID code 1M5L; heavy atom rmsd = 5.9 Å)
(32) and SL3 (PDB ID code 1BN0; heavy atom rmsd = 4.5 Å)
(33) (Fig. S8). A comparison of SL2 was not performed, because
the difference in our secondary structure changes the identity of
SL2 (Fig. S3; Psi Mfold 1) relative to the hairpin used for NMR
structure determination (PDB ID code 1ESY) (31).
The secondary structure of the PBS/TLE domain has been ex-

tensively characterized through chemical and enzymatic probing
in the free and tRNALys3-bound states (13, 23, 54–57). Despite
its critical role in regulating initiation of reverse transcription,
little is known about its tertiary structure. The solution structure
of an A-rich stem loop in the HIV-1 MAL isolate PBS domain
has been solved by NMR, revealing a tRNA anticodon-like
U-turn conformation (58). Recently, probing data and compu-
tational approaches were used to develop a model of the tertiary
structure of the PBS and Psi packaging domains (23). In that
model, the PBS domain was not well defined and was suggested
to be highly flexible, owing to the presence of a long, single-
stranded bulge. Our analysis of the PBS/TLE domain suggests a
less dynamic structure, giving a single, well-defined peak on SEC
and high-quality SAXS data (Fig. S5). Although the single-stranded
region is expected to be dynamic and to refold in the presence of
tRNALys3, the PBS/TLE domain also contains well-structured
helices, and the SAXS data were best fit when using the starting
secondary structure shown in Fig. 1 rather than alternative sec-
ondary structures (Fig. S6).
Annealing of the 18-nt anti-PBS resulted in only minor

changes to the TLE region of the PBS/TLE domain (Fig. S4C).
Our analysis of the scattering curves revealed that the apo and
annealed PBS/TLE constructs had nearly indistinguishable (within
error) Guinier and P(r)-derived Rg values and only a slight increase

in Dmax (from 118 to 123 Å). Superimposing the two structures
shows that the loop region underwent a significant conforma-
tional shift, whereas the TLE and closing stem were altered only
slightly (Fig. S4C). The poor fit between the envelopes and all-
atom models in the single-stranded loop region of the apo and
anti-PBS–annealed PBS/TLE constructs reduces confidence in
the precise conformation of this region; however, the loop region
of the envelope is rotated nearly 180° with respect to the TLE
helix and closing stem, supporting a large conformational change
on anti-PBS annealing. We hypothesize that this conformational
change in the loop may contribute to a functional shift between
a largely monomeric population of vRNA to dimeric vRNA, which
occurs on primer annealing (30). Our model of PBS/TLE is also
consistent with the proposal that during primer recruitment,
tRNALys3 is released from LysRS through competition with the
TLE (29). On primer annealing, the TLE remains in a tRNA-like
conformation, inhibiting release of LysRS from the TLE. Fur-
ther studies are needed to test this idea.
In conclusion, we report a robust method of producing reliable

structural models of large RNAs through a combination of
SAXS and molecular modeling. We have shown that the TAR
and polyA hairpins adopt stable, coaxially stacked helices, and,
similarly, the Psi domain adopts an extended conformation with
SL1–SL3 available for interactions with viral/host factors. The
PBS/TLE domain adopts a bent conformation, with an extended
TLE that resembles a tRNA. Although anti-PBS annealing results
in formation of an extended duplex with the PBS sequence, only
subtle conformational changes occur in the TLE region, main-
taining a tRNA-like fold. Additional conformational changes are
expected to occur upon full tRNALys3 primer annealing, which
involves extended interactions between tRNALys3 and the PBS
region of the genome.

Methods
Experimental procedures are described in detail in SI Methods. In brief, RNA
samples were in vitro transcribed and initially purified by denaturing gel
electrophoresis, followed by refolding and native purification by SEC.
Refolding conditions and SEC buffers were optimized to ensure homoge-
neity by varying the MgCl2 and NaCl concentrations. Purified monodisperse
samples were analyzed at the Advanced Light Source using their mail-
in system.

SAXS scattering profiles were analyzed using the PRIMUS (53) module
within the ATSAS package (59). Ab initio envelope generation, averaging,
and filtering were carried out using the DAMMIN module of ATSAS (59). To
generate an all-atom model of the RNA tertiary structure, a three-step ap-
proach was applied, using de novo modeling to generate a starting en-
semble of 10 structures, followed by ESMD and refinement through SA. An
ensemble of the 10 lowest-energy structures from 50 SA refinements is re-
ported here.
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