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ABSTRACT: Retroviral genomes contain two sense-strand RNAs that are noncovalently linked at their 5′
ends, forming a dimer. Establishing a structure for this dimer is an obligatory first step toward understanding
the fundamental role of the dimeric RNA in retroviral biology. We developed a secondary structure model
for the minimal dimerization active sequence (MiDAS) for the Moloney murine sarcoma virus in the
final dimer state using selective 2′-hydroxyl acylation analyzed by primer extension (SHAPE). In this
model, two self-complementary, or palindromic, sequences (PAL1 and PAL2) form extended intermolecular
duplexes of 10 and 16 base pairs, respectively. The monomeric starting state was shown previously to
contain a flexible domain in which nucleotides do not form stable interactions with other parts of the
RNA. In the final dimer state, portions of this initial flexible domain form stable base pairs, while previously
base-paired elements lie in a new flexible domain. Thus, partially overlapping and structurally well-
defined flexible domains are prominent features of both monomer and dimer states. We then used hydroxyl
radical cleavage experiments to characterize the global architecture of the dimer state. Extensive regions,
including portions of both PAL1 and PAL2, are occluded from solvent-based cleavage indicating that the
MiDAS domain does not function simply as a collection of autonomous secondary structure elements.
Instead, the retroviral dimerization domain adopts a compact architecture characterized by close packing
of its constituent helices.

Retroviruses package exactly two copies of their RNA
genomes into each nascent virion (1-4) in a dimeric state
(5). Retroviral RNA genomes dimerize via conserved non-
covalent interactions near their 5′ ends. Formation of this
dimeric RNA state is a fundamental feature of retroviral
biology and functions to direct packaging of two genomic
RNAs into nascent virions (5-7) and to facilitate strand
switching and RNA-based recombination during reverse
transcription of the viral genome into double-stranded DNA
(8, 9). Thus, the retroviral dimer structure appears to be
essential for enabling retroviruses to function as the simplest
diploid entities in biology.

The closely related Moloney murine sarcoma and leukemia
viruses (MuSV and MuLV, respectively) have served as
important model systems for retroviral biology and, more
specifically, for the role of RNA structure and conformational
changes in establishing the dimer state (1-4). In the early
1990s, the structure of MuLV was analyzed using genomic
RNA extracted from virions (10) and using refolded in vitro
transcripts (11) using chemical mapping reagents. In addition,
a comparative sequence analysis supported conservation of
four sequence elements among the gamma retroviruses (12).
These conserved elements include two self-complementary,
or palindromic, sequences, PAL1 and PAL2, and two stem-
loop motifs, SL1 and SL2 (Figure 1A). Both of the original
chemical mapping studies supported similar foldings in the
SL1 and SL2 structures that were also consistent with the

comparative sequence analysis. Biochemical experiments
have since also supported a role for formation of extended
intermolecular duplexes involving PAL1 and PAL2 as
important contributors to the structure of the gamma retro-
viral dimerization domain (13-16).

We have recently used competitive dimerization experi-
ments to define a minimal dimerization active sequence
(MiDAS) for MuSV (17). This domain spans nucleotides
(nts) 204-374 (Figure 1A). The MiDAS domain, defined
in vitro, corresponds closely to the minimal sequences
required to direct packaging of heterologous nonviral RNAs,
as dimers, into nascent virions in cell culture (1, 5, 18) and
to sequences sufficient to form a high-affinity interaction
with the viral Gag protein as judged by a yeast three-hybrid
assay (19). The MiDAS domain spans all of the sequence
elements discussed above that were previously proposed to
be important for forming the final dimer in gamma retroviral
RNA genomes. Thus, there appears to be an emerging
consensus that a limited region of∼170 nts is sufficient to
direct dimerization both in vitro and in vivo.

Four developments suggest that the field is now in a strong
position to propose unified models for this dimerization
domain in the monomer and dimer states. First, the emerging
consensus that a short region of∼170 nts spans the sequences
necessary for dimer formation (5, 17) simplifies structural
analysis of the dimerization domain because nonessential
regions can be excluded from analysis. Simplification is
especially helpful when interpreting chemical modification
experiments. Second, RNA folding algorithms have improved
dramatically in recent years due, in part, to two advances.
The thermodynamic models that underlie RNA folding
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algorithms have improved significantly, and experimental
constraints can be used to constrain these algorithms in
increasingly sophisticated ways (20). Third, a new chemical
approach for analyzing local nucleotide flexibility has been
developed, involving selective 2′-hydroxyl acylation analyzed
by primer extension (SHAPE), that allows quantitative
information to be obtained for almost every nucleotide in
an RNA in a single experiment (17, 21, 22). Finally, evidence
that dimerization involves formation of intermolecular
duplexes at PAL1 and PAL2 (12-16) means that these two
structures can be used to anchor global models for the dimer
state.

We recently analyzed the structure of the MiDAS domain
in the monomer starting state (17). Using RNA SHAPE
chemistry and structural analysis of RNA mutants, we found
that the structures of the PAL1, SL1, and SL2 regions were
consistent with elements of earlier proposals. In contrast, the
central region of the monomer state, including the PAL2
region, appears to fold into a structure that is different from
conventional models. Specifically, the MiDAS monomer
spans a large flexible domain of∼60 nts in which local
nucleotide flexibility is very high (17). This flexible domain
is linked to other structures in the MiDAS RNA via a stable
anchoring helix (nts 231-241 and 305-315, Figure 1A).

In this work, we use SHAPE chemistry to analyze the
structure of and to propose a unifying secondary structure
model for the MuSV MiDAS domain in the dimer state. This
model includes important elements emphasized in previous
studies (10-16) and also contains significant new features.

A second feature of the dimerization domain, evaluated
in this work, is whether the MiDAS domain functions
primarily at the level of its base-paired secondary structure
or, instead, might form long-range tertiary interactions. Using
solvent-based hydroxyl radical footprinting, we detect long-
range interactions in the dimer state that indicate that the
retroviral RNA dimerization domain does not function simply
as a collection of autonomous secondary structure elements

but instead forms a true three-dimensional entity with closely
packed RNA helices.

EXPERIMENTAL PROCEDURES

RetroViral RNA Transcripts.The MiDAS RNA construct
contained flanking 5′ and 3′ viral sequence extensions of 30
and 5 nucleotides, respectively. RNAs were generated by
T7 RNA polymerase-mediated transcription [500µL, 37 °C,
5 h, containing 80 mMN-2-hydroxyethylpiperazine-N′-2-
ethanesulfonic acid (Hepes) (pH 7.4), 40 mM dithiothreitol
(DTT), 0.01% (v/v) Triton X-100, 2 mM spermidine, 10 mM
MgCl2, 2 mM each nucleoside triphosphate,∼25µg of DNA
template, 20 U of SUPERase-In (Ambion), and 0.1 mg/mL
polymerase] using PCR-derived templates. RNAs were
purified by denaturing gel electrophoresis (5% polyacryla-
mide, 7 M urea), excised from the gel, eluted overnight into
1/2× TBE (45 mM Tris-borate, 1 mM EDTA), concentrated
by ethanol precipitation, and stored in 10 mM Hepes (pH
7.5), 1 mM EDTA at-20 °C.

SHAPE Analysis of MiDAS Monomer and Dimer.2′-
Hydroxyl modification with N-methylisatoic anhydride
(NMIA), primer extension, and band quantification steps for
both monomer and dimer were performed exactly as
described previously (17); dimers were created by adding a
heating step (30 min at 60°C). The MiDAS RNA construct
used in the SHAPE experiments contained a nonviral RNA
cassette at its 3′ end (21) to facilitate analysis of the entire
sequence by primer extension. For quantitative comparison
of monomer versus dimer reactivities, SHAPE data were
normalized to nt 393 in the UUCG tetraloop of the nonviral
RNA cassette. In a SHAPE analysis of long RNAs (>150
nts), a modest stochastic drop-off in apparent reactivity is
observed for nucleotides near the 5′ end of the RNA because,
even under single-hit conditions, some RNA molecules
contain more than one 2′-O-adduct and because the reverse
transcriptase enzyme is not perfectly processive. The prob-

FIGURE 1: RNA dimerization of the MiDAS domain for a gamma retrovirus. (A) Secondary structure of the MiDAS in the monomeric
starting state. RNA structure is shown with gray lines. Conserved PAL1 and PAL2 sequences (12) are shown with heavy black lines.
Nucleotides in the SL1 and SL2 tetraloops that form cross-strand G-C pairs (27, 28) are emphasized in bold. Many naming conventions
are in use for the PAL1, PAL2, SL1, and SL2 motifs; we use a system derived from the initial identification of these elements (12). (B)
Dimerization of MiDAS domain visualized by nondenaturing gel electrophoresis. O, gel origin.
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ability of extension in the 3′ to 5′ direction was modeled as
Iobs ) Apn + C, where Iobs is the integrated (23) band
intensity, A is the amplitude of the drop-off,p is the
probability of extension,n is the nucleotide position, andC
is the intensity offset. Corrected SHAPE reactivities were
obtained usingIcorr ) (A + C)/(Apn + C). The reproducibility
of the SHAPE experiments is very high; absolute single
nucleotide reactivities for experiments performed months
apart typically agree within(10% or better. Absolute
SHAPE reactivities reported in this work are provided in
the Supporting Information.

SolVent-Based Hydroxyl Radical CleaVage. Hydroxyl
radical cleavage reactions (10µL, at 25 °C for 1 h) were
performed using refolded, dimeric, and 5′-[32P]-labeled
MiDAS RNA [100 nM RNA in 50 mM Hepes (pH 7.5),
200 mM potassium acetate (pH 7.5), 5 mM MgCl2] at final
concentrations of 3 mM (NH4)2Fe(SO4)2, 4.5 mM EDTA, 6
mM sodium ascorbate, and 15 mM DTT. Reactions were
quenched by addition of a thiourea-containing stop solution.
Cleavage products were resolved by denaturing electrophore-
sis and protection at individual nucleotides was quantified
by integrating (23) bands for RNAs treated under native
versus denaturing conditions (in which mono- and divalent
ions were omitted). Protection from hydroxyl radical cleavage
was calculated by subtracting integrated band intensities for
the folded RNA from the denaturing control.

RESULTS

SHAPE Analysis of the RetroViral RNA Dimer. The
MiDAS RNA forms well-defined, single conformation
monomer and dimer species as visualized by nondenaturing
gel electrophoresis (Figure 1B). The monomer migrates as
a single band and can be converted to the dimer upon heating
at 60 °C for 30 min (100 nM RNA in 200 mM potassium
acetate, 5 mM MgCl2, pH 7.5). The MiDAS RNA in the
final dimer state migrates as a discrete single species on the
time scale evaluated in a gel electrophoresis experiment
(Figure 1B). These data support the interpretation that our
structural analysis reports on a single conformation without
interfering contributions from the initial monomer state or
from stably folded alternative RNA states.

We analyzed the conformational changes that accompany
the monomer-to-dimer transition in the MiDAS domain using
RNA SHAPE chemistry. In a SHAPE experiment, 2′-
hydroxyl groups at flexible nucleotide positions react pref-
erentially with NMIA to form 2′-O-adducts. The 3′-
phosphodiester anion strongly influences the nucleophilic
reactivity of the adjacent 2′-ribose position (21, 24). Un-
constrained nucleotides react preferentially because flexible
nucleotides are better able to adopt conformations that
facilitate formation of the 2′-oxyanion nucleophile. In
principle, a nucleotide might also be rendered reactive by
being constrained in an unusual reactive conformation. Any
such conformation would involve a noncanonical local
geometry and would likely be scored (correctly) as an
unpaired position. SHAPE reactivity information is closely
correlated with crystallographic temperature factors for
tRNAAsp (21, 25, 26), which emphasizes that a SHAPE
experiment quantitatively monitors local RNA flexibility at
single nucleotide resolution.

MiDAS RNAs in either the monomer or dimer state were
treated with NMIA, and the sites of 2′-O-adduct formation

were detected as stops to primer extension (Figure 2A). Band
intensities, corresponding to SHAPE reactivities, were
quantified for almost every nucleotide in the MiDAS domain
for RNAs in both monomer and dimer states. Absolute
SHAPE reactivities were computed by subtracting back-
ground intensities observed in the absence of NMIA (com-
pare+ and- NMIA lanes, Figure 2A). Quantitative SHAPE
histograms are shown in Figure 2B.

Upon formation of the final dimer state, SHAPE analysis
reveals large structural changes throughout the MiDAS RNA
(compare monomer and dimer experiments in Figure 2A,B).
We computed a monomer-to-dimer difference plot by
subtracting absolute SHAPE reactivities in the monomer state
from those observed in the final dimer conformation. By this
definition, positions that are more reactive in the dimer state
are reported as positive differences and RNA regions that
become more structured in the dimer show negative intensi-
ties (green and red bars, respectively, in the difference plot,
Figure 2C).

SHAPE reactivities in both the PAL1 and PAL2 self-
complementary sequences (nts 210-219 and 283-298,
respectively) decrease significantly upon dimerization. These
reduced SHAPE reactivities are consistent with formation
of extended intermolecular duplexes in these regions in the
final dimer (red bars, Figure 2C). The SL1-SL2 region
constitutes an autonomous domain within the MiDAS region
and forms a stable dimer via loop-loop base pairs mediated
by GACG tetraloops (27, 28). The significant conformational
changes observed in the SL1 and SL2 helices (compare nts
314-315, 319, and 338-343 in monomer and final dimer
panels in Figure 2B) are consistent with a previously
identified conformational switch in which SL1 becomes
extended by four base pairs at its base (27).

Secondary Structure Model for the MiDAS Domain in the
Final Dimer State.To develop candidate secondary structure
models for the entire MiDAS domain in the final dimer state,
we used SHAPE reactivities to constrain the output of
secondary structure prediction programs that employ a
thermodynamic model for base pair formation (29, 30). As
shown in Figure 2, absolute SHAPE reactivities span a
dynamic range of 20-fold or greater. To facilitate using
SHAPE information to constrain secondary structure predic-
tion algorithms, we simplified this information by dividing
absolute SHAPE reactivities into three classes. Positions with
absolute reactivities between 50% and 100% of the most
highly reactive positions (red in Figure 3A) were algorith-
mically required to be single-stranded. Positions with reac-
tivities in the range of 25-50% of the most reactive positions
were constrained to be either single-stranded or adjacent to
an unpaired nucleotide or a G-U base pair, as implemented
in the RNAstructure algorithm (29). This latter, less stringent,
requirement reflects that nucleotides at the ends of helices
and adjacent to bulges, mismatches, or G-U pairs tend to
be more dynamic than nucleotides in the center of uninter-
rupted helix. No folding constraints were imposed for
nucleotides exhibiting the lowest (0-25%) reactivity.

Model-independent SHAPE reactivities are superimposed,
as columns, on a secondary structure model for the MiDAS
domain in the final dimer state (Figure 3A). Several features
of this model are well defined by the SHAPE data. PAL1
and PAL2 sequences form extended intermolecular duplexes
of 10 and 16 base pairs, respectively. The 5′ and 3′ termini
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of both intermolecular duplexes are adjacent to highly
flexible nucleotides as judged by SHAPE reactivity. The
PAL2 duplex is consistent with the original proposals (12,
13) that this structural region spans 16 nts but not with
models in which the PAL2 duplex contains additional base-
paired nucleotides at each end (31, 32). SHAPE-constrained
predictions from RNAstructure strongly suggest that PAL1
forms a simple 10 base pair (12) extended duplex and is not

extended by additional base pairs as previously suggested
(15). Instead, the SHAPE data suggest that the region
immediately 5′ to PAL1 (see Figure 1A) undergoes a
conformational change during dimerization such that nucle-
otides 198-207 form a new stem-loop containing a stable
(33) GNRA-type tetraloop at its apex (Figure 3A). The SL1-
SL2 region, which forms an autonomous tertiary structure
domain (27), is linked to the PAL2 intermolecular duplex

FIGURE 2: SHAPE analysis of MiDAS RNA in monomer (M) and dimer (D) states. (A) 2′-O-adduct formation detected by primer extension.
Primer extension products are visualized in a sequencing gel. Experiments were performed in the presence (+) and absence (-) of the
NMIA reagent. Sequencing lanes (SEQ) were generated by dideoxy nucleotide incorporation during the primer extension; nucleotide positions
are labeled with respect to NMIA lanes. (B) Histograms of SHAPE reactivities. Monomer and final dimer panels show absolute levels of
2′-O-adduct formation minus background. Data for nucleotides 278-381 is taken from experiments reported previously (27). (C) Difference
plot was calculated by subtracting monomer intensities from those of the final dimer; positive and negative (green and red) peaks indicate
nucleotides that are more flexible versus more structured in the final dimer state, respectively.
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and the rest of the MiDAS dimer via a flexible junction (nts
299-309, Figure 3).

SHAPE reactivities indicate that sequences between the
PAL1 and PAL2 extended duplexes do not form a single
well-defined intramolecular secondary structure in the final
dimer state. The thermodynamic model that underlies RNA-
structure (29) suggests that the region between the PAL1
and PAL2 intermolecular duplexes may form a weakly stable
two-stem-loop motif (-4 kcal/mol, or equivalent to a single

duplex with 2-3 base pairs) (Figure 3). RNAstructure is
designed to identify low-energy structures that do not contain
pseudoknots (29). Therefore, we searched for alternate
secondary structures consistent with SHAPE constraints using
the heuristic algorithm implemented in HotKnots (30).
SHAPE reactivities are also compatible with formation of a
pseudoknot between the PAL1 and PAL2 intermolecular
duplexes. Both the two-stem-loop and pseudoknot structures
are equally compatible with the pattern of SHAPE data;

FIGURE 3: Secondary structure model for MiDAS RNA in the final dimer state. Nucleotides are represented as color-coded columns (A)
or letters (B) indicating their absolute SHAPE reactivities. For clarity, only one of the two strands in the dimer is annotated; the second
strand is shown in gray. Secondary structure assignments for the loop-loop interactions in the SL1-SL2 domain (involving G-C base
pairs) are derived from NMR (28) and site-directed hydroxyl radical cleavage (27) experiments. In the flexible domain (in brackets), two
possible conformations for either of the two strands are shown.
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overall flexibility in this region likely reflects contributions
from multiple structures. The proposal that there may be
multiple, rapidly exchanging structures is consistent with the
native gel electrophoresis analysis (Figure 1B) because
rapidly interchanging structures would yield a single con-
formation visible in the gel. There are also several possibili-
ties for cross-strand intermolecular interactions involving
nucleotides in this region. The most stable involve the self-
complementary G235UCCGAU241 and G268CGC271 sequences.

The Dimer State Is More Flexible Than the Monomer
State.SHAPE reactivity information supports two global
differences between the monomer and dimer states. First,
with the exceptions of PAL1 and PAL2 intermolecular
duplexes and a few nucleotides in the SL1-SL2 domain,
absolute SHAPE reactivity is higher in most regions of the
dimer than in the monomer (Figure 2C). Thus, local
nucleotide flexibility increases significantly during dimer-
ization, overall.

Second, an important feature of the secondary structure
in the initial monomer state was formation of an extensive
flexible domain, spanning∼60 nts, between the PAL1 and
SL1 regions. This flexible domain spans positions 242-304
in the monomer (see Figure 1A) and potentially interconverts
between multiple structures, each with roughly similar net
thermodynamic stability (17). SHAPE analysis of the dimer
state supports a model in which the MiDAS dimer also
contains a flexible domain, characterized by the ability to
form multiple, interconverting structures (positions 221-278
in final dimer panel of Figure 2B and Figure 3). Multiple
regions with no or low reactivity in the monomer state
become reactive because they are incorporated into a new
flexible domain in the final dimer state. The flexible domain
in the dimer is anchored on each side by the PAL1 and PAL2
intermolecular duplexes (see nts 232, 243, 246-247, and
254-258; middle panel, Figure 2B). Flexible domains are
thus prominent features of both monomer and dimer states
for the MiDAS domain.

Tertiary Structure in the MiDAS Dimer.Our model for
the secondary structure of the MiDAS domain emphasizes
that the final dimer structure is built up from three major
constituents: the PAL1 and PAL2 intermolecular duplexes
and the SL1-SL2 domain (Figure 3). To evaluate whether
these constituent structures form intermotif tertiary interac-
tions, we detected RNA-RNA interactions that occlude the
backbone from access by solvent in the final dimer state
using hydroxyl radical cleavage. Protection from hydroxyl
radical cleavage has been shown to correspond closely to
regions of an RNA backbone with low solvent accessibility
that results from formation of long-range tertiary interactions
in an RNA (34-36). The MiDAS RNA was subjected to
hydroxyl radical cleavage using the Fe(II)-EDTA reagent
(34, 37) under solution conditions that either stabilize
formation of the native final dimer (Figure 1B) or in the
absence of added mono- and divalent ions (denaturing
conditions) where the RNA backbone is expected to be
broadly accessible to cleavage.

We computed a hydroxyl radical protection profile by
subtracting integrated nucleotide reactivities toward the
hydroxyl radical reagent for the RNA in the native dimer
from those measured under denaturing conditions. Nucle-
otides that are protected or become more accessible in the
final dimer relative to the denatured state are reported as

positive and negative amplitudes, respectively (Figure 4A).
Protections 5-fold and 3-fold above the average background
were assigned as strong and moderate.

Superposition of these strong and moderate protections on
the secondary structure of the MiDAS dimer (Figure 4B)
indicates that extensive regions of the backbone are inac-
cessible to solvent in the SL1-SL2 domain. The protection
pattern in this domain in the context of the full-length
MiDAS RNA, especially at the apexes of SL1 and SL2,
coincides closely with previous work (27) that focused on
the isolated SL1-SL2 domain (Figure 5). These data support
the previously articulated model that the SL1-SL2 domain
forms a compact and autonomous tertiary structure in the
final dimer state.

Reproducible protection from hydroxyl radical cleavage
is also observed outside the SL1-SL2 domain, in the 5′
GNRA tetraloop (nts 198-207) and in the PAL1 and PAL2
extended duplexes (Figure 4B). Protection in PAL1 is
confined to a compact region in the center of the helix,
whereas PAL2 shows extensive protection spanning almost
the entire 16 base pair duplex. In contrast, nucleotides in
the flexible domain and in the linker between PAL2 and SL1
are broadly accessible to cleavage. Thus, PAL1, PAL2, and
the SL1-SL2 domain form a structure that features closely
packed helices and other interactions in the context of the
MiDAS domain. These three motifs are then connected by
flexible and solvent-accessible linkages (Figures 3 and 4).

DISCUSSION

A Well Constrained Secondary Structure for the MiDAS
Domain. SHAPE analysis of local nucleotide flexibility
(Figures 2 and 3), taken together with information from prior
studies (10-13, 15, 16), supports a consensus model for the
dimerization domain of MuSV in the dimer state. This model
provides a working framework for future studies designed
to understand the roles played by protein binding and
conformational changes in retroviral genomic RNA dimer-
ization and packaging.

First, the SHAPE reactivity information strongly supports
previous proposals (12-16) that both the PAL1 and PAL2
sequences form intermolecular duplexes in the dimer state.
There have been several distinct proposals for the extent of
base pairing in these two intermolecular duplexes. PAL1 and
PAL2 are characterized by 10 and 16 consecutive nucle-
otides, respectively, with near-zero SHAPE reactivities
(Figure 3). For both duplexes, nucleotides immediately
adjacent to these core double-stranded regions show high
reactivities.

Second, SHAPE reactivity information emphasizes that
both the monomeric starting state (17) and the final dimer
state (Figure 3A) contain well-delimited flexible domains.
For both monomer and dimer states, the flexible domains
span∼60 nts in length. The flexible domains overlap but
do not occupy the same regions in the two states (Figure
2C). In the initial monomer state, the flexible domain is
linked to the rest of the RNA via an anchoring helix (nts
231-241/305-315, see Figure 1A). In the final dimer state,
the flexible domain lies between the stable PAL1 and PAL2
duplexes (Figure 3). Thus, for both states these flexible
domains also share the feature that their borders with the
rest of the RNA are clearly delineated by stable flanking
structural elements.
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Two short regions within the flexible domain in the dimer
state are unreactive toward SHAPE chemistry yet are not
predicted to form stable intramolecular secondary structures
by current models for base pairing (nts 235-241 and 268-
271, Figure 3). Both of these regions potentially have the
ability to form short self-complementary helices analogous
to PAL1 and PAL2.

Alford et al. (10) previously performed a comprehensive
analysis of MuLV genomic RNA, likely in the dimer state
(5, 6), that had been extracted from virions. These ex virio
data superimpose closely with our model for the MiDAS
domain in the dimer state (see the Supporting Information).
In particular, the ex virio mapping experiments strongly
support the formation of a flexible domain between PAL1
and PAL2.

RetroViral Genomic RNA Dimerization Domains as Ter-
tiary Structure Motifs.Retroviral dimerization domains have

been almost universally analyzed in terms of their constituent
secondary structure elements. This view has led to the
important consensus that formation of extended intermo-
lecular duplexes is a fundamental and conserved feature of
retroviral biology (1, 3, 4, 14). In contrast, higher order
tertiary interactions have been tacitly assumed to play a minor
role. This view has been recently reinforced by NMR studies
in which an RNA containing the PAL1, SL1, and SL2
elements was found to fold into a T-shaped structure in which
no long-range tertiary interactions form between the constitu-
ent helices (31, 32). To create an RNA amenable to analysis
by NMR, it was necessary to introduce non-native mutations
into the dimerization domain and to create a unimolecular
analogue of the dimer state (31).

As judged by hydroxyl radical footprinting experiments
on the intact MiDAS domain, extensive regions of the RNA
backbone are protected from the solvent-based reagent

FIGURE 4: Tertiary structure in the final dimer. (A) Quantitative histogram of hydroxyl radical protection. Positive and negative peaks
indicate positions that become protected or become more accessible in the natively folded dimer. Strong and moderate protection are
emphasized with black and gray bars, respectively. Asterisks indicate positions where high background prevented quantitative analysis. (B)
Summary of observed protections, superimposed on a secondary structure model for the final MiDAS dimer. For clarity, protection is
illustrated for only one of the two strands in the dimer.
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(Figure 4). Thus, like many other RNAs, including the large
ribozymes (38), the MiDAS domain dimer with a native
sequence has a true three-dimensional architecture. Regions
that are inaccessible to solvent in the final dimer state include
the short 5′ stem-loop at nts 198-207, PAL1, PAL2, and
the SL1-SL2 domain (Figure 4B). We visualized the overall
three-dimensional architecture of the MiDAS domain by
superimposing the experimental hydroxyl radical protection
pattern (i) on A-form helix models for PAL1 and PAL2 and
(ii) on our previously refined (27) model for the SL1-SL2
domain (Figure 6).

PAL2 shows a clear pattern in which both sides of this
extended duplex are protected from solvent (Figure 6). We
infer that this duplex lies sandwiched between other RNA
elements in the dimer. We previously refined a three-
dimensional structure for the SL1-SL2 domain that spans
65 nts of the 170 nt MiDAS domain (27). By comparing the
solvent-inaccessible regions in the short SL1-SL2 domain
(Figure 5) with the protections observed in the SL1-SL2
region in the context of the entire MiDAS RNA (Figure 4),
we can characterize regions in the SL1-SL2 domain likely
to participate in interactions with PAL1 or PAL2. The new
protections from hydroxyl radical cleavage occur at the base
of SL1 and centered at the 340 bulge in SL1 (see/ and †
symbols, respectively, Figure 6). The protections at the 340
bulge, characteristic of the intact MiDAS sequence, lie on
one face of the SL1-SL2 domain model.

These data suggest that the extensive protection pattern
observed in the PAL2 intermolecular duplex reflects close
packing interactions between this helix and the SL1-SL2
domain (Figure 6). The observed protections on one face of
PAL1 are then consistent with formation of additional
packing interactions between PAL1 and the PAL2-SL1-
SL2 motif. Finally, the flexible domain in the final dimer is
accessible to solvent, consistent with this region projecting
out from core interactions involving PAL1 and PAL2.

We conclude that the dimerization domain for the MuSV
gamma retrovirus, and likely for many other retroviruses,
functions not as a collection of autonomous stem-loop and
helical structures but, instead, as a true three-dimensional
entity with a compact and roughly globular core. In this
structural context (Figure 6), the specific orientations of the
flexible domain and the linker region between PAL2 and
SL1 then have the potential to modulate interactions with
the retroviral Gag protein during packaging.
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