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HIV type-1 (HIV-1) contains a pseudodiploid RNA genome that is
selected for packaging and maintained in virions as a noncovalently
linked dimer. Genome dimerization is mediated by conserved ele-
ments within the 5'-leader of the RNA, including a palindromic dimer
initiation signal (DIS) that has been proposed to form kissing hairpin
and/or extended duplex intermolecular contacts. Here, we have ap-
plied a 2H-edited NMR approach to directly probe for intermolecular
interactions in the full-length, dimeric HIV-1 5'-leader (688 nucleotides;
230 kDa). The interface is extensive and includes DIS:DIS base pairing
in an extended duplex state as well as intermolecular pairing between
elements of the upstream Unique-5’ (U5) sequence and those near the
gag start site (AUG). Other pseudopalindromic regions of the leader,
including the transcription activation (TAR), polyadenylation (PolyA),
and primer binding (PBS) elements, do not participate in intermolecu-
lar base pairing. Using a H-edited one-dimensional NMR approach, we
also show that the extended interface structure forms on a time scale
similar to that of overall RNA dimerization. Our studies indicate that a
kissing dimer-mediated structure, if formed, exists only transiently and
readily converts to the extended interface structure, even in the ab-
sence of the HIV-1 nucleocapsid protein or other RNA chaperones.

HIV-1 | 5'-leader | RNA | 5'-untranslated region | structure

Like all retroviruses, HIV type-1 (HIV-1) selectively packages
two copies of its unspliced, positive-sense RNA genome (1).
Both strands are used for strand transfer-mediated recombination
during reverse transcription (2—4), a process that promotes anti-
viral resistance by enhancing genetic diversity (5) and enables
transcription at RNA breaks that occur naturally or are induced by
restriction nucleases (6). Genomes are selected for packaging as
dimers (7, 8), and studies indicate that dimerization and packaging
are mechanistically coupled (9-11). Dimerization is promoted by a
conserved “dimer initiation signal” (DIS) located within in the
5’-leader of the viral RNA (7, 12-19), the most conserved region
of the viral genome (20). Elements that promote transcriptional
activation (TAR) and splicing (SD) are also located within the
5’-leader, and these functions similarly appear to be modulated
by dimerization (21-24) [although the role of dimerization on
translation has been questioned (25)].

The DIS is a pseudopalindrome that contains a central, 4-6-
nucleotide GC-rich element. Structural studies with oligo-
ribonucleotides have shown that the DIS can adopt a dimeric
kissing loop structure, in which residues of the GC-rich loops
participate in intermolecular base pairs and the flanking residues
form intramolecular base pairs within the stem of the hairpin
(26-30). The DIS is also capable of adopting an extended duplex
conformer in which all base pairing is intermolecular, and
structures of DIS oligonucleotides in this extended duplex state
have also been determined (29, 31, 32). Notably, DIS oligonu-
cleotides with relatively long stems that include nonpaired bulges
are capable of forming kissing dimers that can be converted to
thermodynamically more stable extended duplex dimers (33), a
process that may be facilitated by conformational fluctuations in
the stem (34, 35). In addition, genomes isolated from immature
virions can be readily dissociated by mild heating (36), whereas
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genomes from mature virions are more heat stable, with stability
that increases with the age of the virus (37). The combined data are
consistent with a model in which genomes are selected for pack-
aging as less stable kissing dimers that convert to the more stable
extended dimer conformers during viral maturation (13, 38-41).
Other elements within the 5'-leader, including the pseudopalin-
dromic TAR hairpin, the SD element, and residues overlapping
the Unique-5’ (US) and gag start codon regions (AUG; Fig. 1),
have also been implicated in dimerization (42—44).

In this study, we developed a “H-edited NMR strategy to identify
the intermolecular interface of the HIV-1 dimeric 5’-leader RNA
(5'-L). The approach is conceptually similar to an *N-edited
NMR line-shape method used to distinguish between inter- and
intramolecular base pairing in a 39-nucleotide DIS oligonucle-
otide (45), but provides additional "H NMR chemical shift and
NOE information and affords sensitivity and resolution sufficient
to allow probing of the intact, dimeric HIV-1 5'-leader (NL4-3
strain; 688-nucleotide dimer; 230 kDa). Our studies reveal that,
under physiological-like conditions and in the absence of nu-
cleocapsid or other RNA chaperones, the DIS element adopts
an extended duplex structure and U5 participates in in-
termolecular base pairing with AUG. The time scale for for-
mation of this extended interface is similar to that of overall
RNA dimerization, suggesting that kissing structures, if they
exist, occur transiently along the dimerization pathway.

Significance

A nucleotide-specific 2H-edited NMR approach was used to de-
termine the nature of the intermolecular interface in the intact,
dimeric HIV type-1 (HIV-1) 5'-leader RNA (230 kD). The studies
distinguish between previously proposed extended duplex and
kissing hairpin models and identify additional intermolecular
interaction sites. A one-dimensional ?H-edited NMR method that
allows temporal monitoring of intermolecular base-pair forma-
tion revealed that the observed “extended dimer interface”
forms rapidly, even in the absence of RNA chaperones. In addi-
tion to addressing long-standing questions about retroviral ge-
nome dimerization, these studies illustrate the utility of ?H-edited
NMR for determining the structures and folding kinetics of rela-
tively large RNAs.
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(A) Secondary structure of the HIV-1 5'-L3sg in its DIS-exposed, dimer-promoting state (adapted from ref. 57; residues truncated in 5'-L344 colored gray). The

5'-L344 NMR signals with resolved and assigned 2D "H-'H NOESY cross-peaks are denoted by color shaded boxes; yellow denotes sites that were only assignable in
mutant constructs that either lacked the upper PBS loop (5'-L3a4apes) (57) or contained an IrAID substitution in the U5:AUG stem (5'-Lzaq.yua) (48). Intact (B) and
truncated (C) 5’-leader constructs rapidly dimerize when incubated in Pl buffer at 37 °C. Dimerization profiles on TB and TBM gels are indistinguishable, indicating that
the dimers are nonlabile. o/n, overnight. (D) Region of the 2D 'H-'H NOESY spectrum of A*G'C"-labeled 5'-L344 RNA. Assignments (adenosine-H2 and ribose-H,’
assignments labeled vertically and horizontally, respectively) are color-coded to match the highlighted elements within the secondary structure in A.

Results

Sample Preparation and Characterization. The structural and di-
merization properties of retroviral 5'-leader RNAs have been
studied under a range of experimental conditions using RNAs
prepared and purified by different methods. Previous studies in our
laboratory used plasmids that had been linearized with restriction
endonucleases as templates for RNA transcription, producing
RNAs that contained several nonnative nucleotides at the 3’-end.
We recently found that the inclusion of nonnative nucleotides at the
3’-end of 5'-leader samples alters the dimerization properties of
those RNAs (46), consistent with earlier observations (42). Here,
we used a method for preparation of HIV-1n14.3 5'-leader RNA
samples that precluded the use of nonnative 3'-residues (47). This
approach also inhibited self-templated run-on during transcription,
which was a readily detectable and significant problem for one of
the constructs used in the current study (see SI Materials and
Methods and Fig. S1). Samples prepared using this approach
afforded 'H NMR spectra with narrower signals, consistent with
improved sample homogeneity. The full-length 5’-leader prepared
by this method (residues 1-356, 5'-Lssq; Fig. 14) readily formed
dimers when incubated under conditions of physiological-like
ionic strength (PI) (PI buffer = 140 mM K*, 10 mM Na*, and
1 mM Mg*?) and detected by native agarose gel electrophoresis
(Fig. 1B). Equilibrium was reached ~50-fold faster compared with
constructs containing three nonnative 3'-cytidines (48).

Previous studies have shown that HIV-1; 41 leader constructs are
capable of forming a “labile” dimer that can only be distinguished
from monomers by electrophoresis when Mg*? is included in the
Tris-borate gel and running buffers [Tris-borate magnesium (TBM)]
(49) and that the labile dimer can be converted to a nonlabile dimer
(detectable in agarose gels using Tris—borate buffers that lack
magnesium; TB) by incubation at 60 °C (50). The labile dimer was
proposed to contain a kissing DIS interface and the nonlabile
dimer an extended duplex DIS interface (50). Some fragments of
the HIV-1yar, leader (51), as well as intact leaders of other len-
tiviruses including HIV-2 and SIV (46), also form labile dimers
that can only be detected by including Mg*? in the electrophoresis
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running buffer. In contrast, we did not observe significant differ-
ences in the dimerization rate of the HIV-1y4.5 5'-leader when
measured using TB or TBM running buffers (Fig. 1B), consistent
with reports that the leaders of some strains of HIV-1 do not form
labile dimers (51).

The 3’-end of the HIV-1 5'-leader contains a conserved stretch
of residues that are capable of either forming a local hairpin
structure or base pairing with US (43, 48, 52). NMR studies in-
dicate that the hairpin species is adopted in the monomeric form of
the RNA and that U5:AUG pairing occurs in the dimer (48).
Deletions or mutations that prevent formation of the AUG hairpin
but do not affect US:AUG pairing promote dimerization (48). The
present studies were therefore performed with 3'-truncated leader
constructs that include all residues required for U5:AUG base
pairing but lack the 3’-residues necessary for formation of the
competing AUG hairpin structure (residues 1-344, 5'-Ls44; Fig.
14) (48). The 5'-Ls44 formed nonlabile dimers, and the rate of
dimerization exceeded that of the intact leader (time to reach
equilibrium, ~10 min and ~30 min, respectively; Fig. 1 B and C).

The improved NMR spectral quality obtained with the present
samples enabled us to extend assignments of adenosine-H2 NMR
signals observed in “H-edited 2D NOESY NMR spectra (53). A
portion of the 2D NOESY spectrum obtained for a dimeric 5'-Lg
sample containing nonexchangeable protons on the adenosine C2
and ribose (A?), guanosine ribose (G"), and cytosine ribose (C")
carbons (all other nonexchangeable sites deuterated; 5'-L344-A*G"C")
is shown in Fig. 1D, and assigned residues are labeled in Fig. 14.
Some regions that could not be directly examined due to severe
signal overlap were observable in constructs that either lacked
the upper PBS loop (5'-Lassapps) Or contained conservative
base-pair substitutions in the U5:AUG region that resulted in
resolved adenosine-H2 signals (long-range Adenosine In-
teraction Detection, IrAID) (48) (Fig. 14).

DIS Adopts an Extended Duplex Structure in the Dimeric HIV-1
5’-Leader. Although the above NMR approach enabled direct
detection of secondary structure elements in the dimeric leader,
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Fig. 2. DIS-containing RNAs prepared with different deuterium labeling
schemes can form heterodimers with kissing (4) or extended duplex (B) in-
terfaces. The A268-H2 to G251-H,’ separation is too great for NOE detection
in the kissing conformer but short enough to be readily detected in ex-
tended duplex conformer. (C) Portions of the 2D 'H-'H NOESY spectra
obtained for uniformly protonated DIS,3;_5s; oligo-RNA (ARCHGHUY) (Left)
and an equimolar mixture of A? and C'G'U"-labeled DIS,37_2s1 (Right).

it did not distinguish between inter- and intramolecular inter-
actions. To directly probe for intermolecular base pamng, we
used a modified “H-edited NMR method that involved 2D 'H-'H
NOESY studies of differentially labeled heterodimers. With this
approach, two RNA samples with identical sequences were pre-
pared separately using different nucleotide-specific “H labeling
schemes and purified by denaturing gel electrophoresis, then
mixed, washed with salt, and incubated under conditions that
promote refolding (PI buffer; 37 °C; 1 h). Samples prepared in this
manner contain a statistical 50:50 distribution of heterodimers and
homodimers, and labeling schemes are chosen such that cross-
helix NOEs would only be observable for the heterodimeric in-
teraction being probed.

As a proof of concept, this strategy was applied to a 47-nucleotide
oligo-RNA corresponding to the isolated HIV-1n4.3 DIS element
[DIS;37.081; residues G237-C281, plus a nonnative 5'-G to improve
transcription yield (54) and 3'-C to close the helix]. The 2D NOESY
spectrum of the fully protonated DIS,37.5¢; dimer exhibited NOEs
between H2 protons of adenosines on one side of the helix minor
groove and Hy protons of residues across the minor groove, which
are characteristic of A-form helices and indicate that the proton
pairs are separated by ~5 A or less. To determine if these are
intramolecular NOEs indicative of a kissing dimer or intermolecular
NOE:s indicative of an extended duplex dimer, a mixture was pre-
pared in which one RNA contamed protons only on the adenosine—
C2 carbons (DISy37_; 251-A% ) and the other only on the guanosine,
cytosine, and uridine ribose carbons (DISy37.281-G'C'U"), with all
remaining nonexchangeable sites of both RNAs being deuterated
(Fig. 24). The A268-H2 and G251-H{ protons are separated by
more than 40 A in the kissing dimer and would not give rise to an
A268-H2 to G251-H intermolecular NOE, whereas these protons
would be in close proximity (<4 A) and give rise to a significant
NOE signal in the extended duplex conformer (Fig. 2.4 and B). The
observation of a well-resolved A268-H2 to G251-H{ intermolecular
NOE in the spectrum obtained for the mixed sample provides
strong direct evidence that DIS,37 55, adopts an extended duplex
structure under the conditions used (Fig. 2C).

To investigate the nature of the base pairing within the DIS
element in the HIV-1 5'-leader, two HIV-1 5'-Ls44 RNAs were
prepared with different H labeling strategies. An A”labeled
5'-Ls44 RNA was mixed with a G'-labeled 5’-Ls44 RNA. The
2D "H-'H NOESY spectrum collected on the mixed sample was
compared with that collected on a uniformly A’G™-labeled sample.
Consistent with our results from the isolated DIS,37551 RNA,
an NOE from A268-H2 to G251-H/ is observed (Fig. 34). The
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combined NOE and chemical shift information provide direct
evidence that DIS adopts an extended intermolecular duplex
structure in the context of the dimeric 5'-leader.

Identification of Other Intermolecular Interaction Sites. By using
different labeling combinations, it was possible to probe for in-
termolecular base pairings for all adenosines that gave rise to
resolved "H NMR signals. The TAR hairpin contains an unusual
triplet of base pairs, [5'-*UUAM:[5-* UAA*"], that gives rise to
a well-resolved A46-H2 NMR signal (~6.5 ppm) (48). In a homo-
dimeric 5'-Lsy4 sample with AZG'C" labeling, A46-H2 exhibits a
typical cross-strand NOE with the Hy proton of Al4, as well as a
sequential NOE with A47-H2 (Fig. 3B). Spectra obtained for an A”:
A" mixed 5'-Ls44 sample (Fig. 3B) exhibited the sequential A46-H2
to A47-H2 NOE but not the sequential A46-H2 to A47-H," NOE,
as neither RNA molecule contains protons at both the aromatic C2
and ribose carbons. Importantly, the cross-strand A46-H2 to A14-
H;’ signal was also absent in the mixed sample, indicating that base
pairing in the helical region of TAR is intramolecular. Similar re-
sults were obtained for samples that probed the PolyA, y, and PBS
helices, indicating that these helical substructures also contain
intramolecular base pairs (Fig. 34 and Fig. S2).

Several helical regions of the native 5'-leader could not be probed
by this approach due to severe signal overlap. However, it was
possible to probe for intermolecular interactions in the U5:AUG
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Fig. 3. (A-C) Portions of 2D NOESY spectra obtained for mixed, differentially
H-labeled 5'-Ls44 RNAs that probe the DIS and PolyA helices (NOEs that differ-
entiate inter- or intramolecular base pairing are denoted with black labels and thick
lines; noninformative NOEs are labeled gray). (A) Spectra obtained for A%G" (Left)
and mixed A%G" 5-Ls, (Right) samples. The A268-H2 to G251-H;" NOE observed for
the mixed sample is indicative of intermolecular base pairing at DIS (see also Fig. 2C).
In contrast, the absence of an A73-H2 to G88-H;’ in the mixed sample indicates that
base pairing in the PolyA helix is intramolecular. (B) Regions of spectra obtained for
A2G'C" and AZA" 5'-L3,, samples that probe TAR. Absence of an A46-H2 to A14-H,’
cross-strand NOE for the mixed sample is indicative of intramolecular base pairing.
(C) Spectra obtained for A" and mixed AZA"labeled 5'-Lsas yua samples that probe
the U5:AUG helix. The cross-strand NOE from A338-H2 to A112-H,’ observed for the
mixed sample reveals that U5:AUG base pairing is intermolecular. (D) Secondary
structure consistent with the combined NMR probing data, in which the TAR, PolyA,

PBS, and y helices are formed by intramolecular base pairs (blue) and the U5:AUG
and DIS helices comprise intermolecular base pairs (pink).
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helix usin% an IrAID modified leader, in which three sequential base
pairs ([5'-"CCG"?[5-*"UGG’)) are conservatively substituted
by a triplet of adenosine-containing base pairs ([5'-UUAJ:[5'-UAA])
that gives rise to a readily detectable adenosine-H2 signal. This ap-
proach was previously used to probe for U5:AUG interactions in
the context of the HIV-1 5’-L (48) and was used again to probe
for analogous interactions in the dimeric HIV-2rop 5'-leader
(46). The [5-UUA]:[5’-UAA] triplet is native in the TAR hair-
pin; therefore, an additional mutation (A46G) was incorporated
to avoid spectral overlap with the TAR signal. As a control, an
IrAID-modified HIV-1 5'-L334 sample (5'-Ls34.uua) Was prepared
with only adenosines protonated (A™). The 2D NOESY spectrum
obtained for this sample exhibited sequential A338-H2 to A339-H{
and -H2 and cross-strand A338-H2 to A112-H; NOEs, as
expected (48). Importantly, the A338-H2 to A112-H; NOE was
also observed in a mixed A*A" 5'-Lau.yua sample, demonstrating
that the U5:AUG helix comprises intermolecular base pairs (Fig.
3C). Collectively, these data provide a detailed picture of the in-
termolecular interface of the HIV-1 5’-L RNA (Fig. 3D).

Extended Dimer Interface Forms Rapidly. The above gel-based assays
indicated that HIV-1 5’-L RNA dimerization occurs rapidly and
reaches equilibrium at ~30 min. However, the 2D NMR experi-
ments that probed for intermolecular interactions required at least
72 h (but typically 144 h) of data collection, and we thus could not
rule out the possibility that 5’-L. might form a kissing dimer that
slowly converts to the extended interface structure.

To probe the nature of the intermolecular interface at shorter time
intervals, we developed a 1D 'H NMR strategy that involves mixing
two mutant 5'-L. RNAs that differ in both sequence and *H-isotopic
labeling (Fig. 44). The strategy is based on the fact that the central
adenosine in [UUA]:[UAA] base-pair triplets gives rise to an A-H2
signal at 6.48 ppm (Fig. 4B), whereas the same adenosine in the
closely related [UUG]:[UAA] triplet gives rise to an A-H2 signal at
6.7 ppm (Fig. 4C). The US:AUG helix was selected as the site of
mutagenesis and NMR probing, as it is involved in the intermolecular
interface yet is well removed from DIS, the site where dimerization is
believed to nucleate. In both 5'-Ls4, RNAs, the native UGG triplet
was substituted by UAA. One RNA contained an additional '°UUG
substitution (5’-Ls44yuc) and in the other a yua (5"-Lasauua)
substitution (Fig. 44). The latter RNA corresponds precisely to the
IrAID 5'-Ls44 construct used in the 2D NOESY experiments to probe
for intermolecular U5:AUG base pairing. The 5'-Liyug construct was
prepared to be fully protonated (AGMCMU™-5"-L4, 1), and the
5'-Lasauua sample contained full¥[pr0t0nated G, C, and U residues
and perdeuterated adenosines (G cHutis "-Lagauua)-

The isolated GPCTUM-5"-L344 yua construct did not give rise to
'H NMR signals in the range of 6.3-6.9 ppm, as expected, as all of
the adenosines were deuterated (Fig. 4D). The isolated A"GHCPUM-
5-Lass-uuc RNA gave rise to a number of adenosine H2 NMR
signals in the range of 6.7-6.9 ppm, including a signal at 6.7 ppm
diagnostic of a UUG:UAA triplet (Fig. 4E). Note that neither
isolated sample gave rise to a signal at 6.48 ppm diagnostic of the
UUA:UAA triplet because (i) the 5'-Lssqsyua sample lacks
protonated adenosines and (ii) the 5'-Ls4qyuc construct can
only form [UUG]:[UAA] base-pair triplets (Fig. 44). However,
after mixing the two samples and acquiring a 1D 'H NMR
spectrum (20 min total time), a well-resolved signal at 6.48 ppm
was observed indicating that (7) heterodimerization has occurred
and (if) the US:AUG helix is comprised of strands from both
RNAs (Fig. 4 A and F). The intensity of this signal did not in-
crease significantly in subsequently obtained NMR spectra (Fig.
4G). Thus, the intermolecular US:AUG interface forms on the
same time scale as that of overall RNA dimerization.

Discussion

The importance of the DIS element in promoting HIV genome
dimerization has been well documented (12-19, 55), and there is
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Fig. 4. Extended dimer forms rapidly, as measured using a 2H-edited 1D NMR
approach. (A) Two RNAs with different sequences and 2H-labeling schemes
(5"-A"GHCHU"-La4 yug and GHCHUM-5"-L344yua) are mixed under low-salt condi-
tions that favor the monomer. Dimerization, induced by addition of PI buffer,
results in statistical mixture of [ARGMCHUM-Lsasuusl and [GHCHUM-Lsaauualo
homodimers and a [GHCPUM-Lsa4.uual:[A"GMCHUM-L344.uuc] heterodimer. The
[GRCMUM-Lsa.0unl:IAPGMCHUM-Lsa4.uuc] heterodimer is the only species with an
adenosine-protonated [UUAL[UAA] base-pair triplet that could give rise to a de-
tectable adenosine-H2 NIVIR signal at 6.48 ppm. (B and C) Regions of "H NMR spectra
obtained for control oligo-RNAs showing that the H2 signal of the central adenosine
in [UUGI:[UAA] and [UUAJ:[UAA] triplets occurs at significantly different frequencies
(6.72 and 6.48 ppm, respectively). (D and E) Regions of 1D "H NMR spectra obtained
for dimeric forms of the isolated GPCHUY 5'-Lsauua (O) and APGHCTUM-Lsssuus
(E) RNAs (samples incubated in Pl buffer for 1 h at 37 °C). (F and G) Portions of 'H
NMR spectra obtained for a mixed GM'CH'U" 5'-Lsaqyua + ANGHCHUM-Ls4s uuG sample
upon addition of dimer-promoting Pl buffer. The 6.48 ppm signal appears within
20 min (F), with intensity similar to that observed after 12 h of incubation (G).

now strong genetic evidence that the central six-nucleotide palin-
drome is the primary determinant of RNA partner selection (7, 56).
Studies with short oligoribonucleotides indicate that DIS is capable
of adopting both kissing (26-30) and extended duplex (29, 31, 32)
conformers, and both types of interfaces have been proposed to
play roles in replication. Although the secondary structures of
recombinant HIV-1 5’-leader RNAs have been extensively studied,
the nature of the dimer interface has not been probed. The present
studies reveal that the HIV-1n145 5'-leader adopts an extended
duplex DIS conformation and that formation of the extended dimer
interface occurs on a similar time scale as that of overall RNA di-
merization. Furthermore, formation of the extended duplex DIS
structure in the context of the intact 5'-leader does not require the
presence of nucleocapsid or other RNA chaperones and occurs
without heating above physiological temperatures (37 °C).

Previous studies with truncated HIV-1yy 4.3 5'-leader RNAs and
antisense oligonucleotides indicate that SD also plays a role in
dimerization (42), and this finding is consistent with the in-
termolecular base pairing of SD residues shown in Fig. 14 (57).
Unfortunately, we were unable to directly detect NMR signals for
these or other residues of the central helix in the intact dimeric
leader due to overlap with numerous and sometimes broad
adenosine-H?2 signals associated with the upper PBS loop. It was,
however, possible to directly detect cross-helix NOEs involving
A124 in a mutant 5’-Ls44 construct that lacked the upper PBS loop
(57) as well as in a 155-nucleotide “core encapsidation signal”
RNA (57). Thus, the only segments of the native dimeric leader
that we were unable to probe by this NMR approach, due to issues
of signal overlap, were the central helix of the tandem three-way
junction ([U118-G123]:[U294-A300]) and the lower region of the
extended DIS stem ([A227-A242]:[G278-A292)).

Other regions of the HIV-1 5’-leader have also been proposed
to play roles in dimerization. For example, deletion of the TAR
hairpin has been shown to inhibit dimerization of the HIV-1yxg,
5’-leader (43). Consistent with this hypothesis, antisense oligonu-
cleotides that target the apical loop of TAR have been shown to
promote dimerization (58). However, mutagenesis studies indicated

Keane et al.


www.pnas.org/cgi/doi/10.1073/pnas.1614785113

L T

/

1\

=y

that it is the upper Tat-binding bulge and not the apical loop res-
idues that promote dimerization (59). Other studies indicated that
TAR is not essential for genome dimerization and packaging and
that mutations that disrupt base pairing in the stem of TAR can
lead to aberrant dimerization and packaging (which was attrib-
uted to misfolding) (60). On the other hand, chemical probing
studies suggested that the base of the TAR hairpin, rather than
the Tat-binding bulge or apical loop, may be involved in regu-
lating a monomer—dimer structural switch (61). The present
studies provide clear evidence that residues of TAR adopt an
intramolecular hairpin structure in the context of the intact
5’-leader. However, we cannot rule out the possibility that resi-
dues in the loops or lower base of TAR, which we did not observe
in our NMR experiments, might participate in dimer-stabilizing
interactions with undefined downstream elements (59).

Our data are incompatible with an early proposal that residues of
PolyA form an intermolecular duplex (62). The binding of tRNA™*?
(and an 18-nucleotide DNA analog) to the PBS was also reported to
promote dimerization, suggesting that the PBS could play a direct or
indirect role in dimerization (63). The present studies show that the
lower stem of PBS comprises intramolecular base pairs in the di-
meric 5’-leader. Although we cannot rule out the possibility that
other regions of the PBS make intermolecular contacts in the dimer,
the fact that 5’-leader—containing vector RNAs that lack the tRNA-
binding site within PBS are packaged with avidity similar to that of
the intact 5'-leader (53, 57) is consistent with studies indicating that
the PBS does not contribute to dimerization (53).

Studies also indicate that U5:AUG interactions promote genome
dimerization. Helper RNAs are unable to rescue packaging of
RNAs with AUG mutations (44), and this is likely due to a defect in
U5:AUG-dependent exposure of the DIS (48). Mutations in U5
and/or AUG that would disrupt U5:AUG pairing inhibited di-
merization (43, 64), and it was suggested that this is most likely due
to an indirect effect and not intermolecular base pairing (43).
Consistent with this hypothesis, addition of short oligonucleotides
complementary to the US region of the HIV-1yp 4.3 5'-leader pro-
moted 5'-leader dimerization, and this was attributed to displace-
ment of monomer-stabilizing intramolecular US5:DIS base pairing
(48). However, the present study shows that, at equilibrium, US5:
AUG base pairing is intermolecular in the dimeric 5’-leader.

The collective data are consistent with a dimerization model in
which the DIS is originally sequestered by base pairing with U5
in the monomeric form of the 5'-leader (Fig. 54). Subsequent
intramolecular base pairing of the downstream AUG element
with U5 would displace and expose the DIS, thus leading to a
monomeric RNA that is poised to form DIS-mediated kissing
interactions with another RNA molecule (Fig. 5B). The next
species formed along this dimerization trajectory would be the
labile kissing dimer species, in which the U5:AUG helix com-
prises intramolecular base pairs and only the DIS:DIS interface
contains intermolecular base pairs (Fig. 5B). Finally, the labile
kissing dimer undergoes rearrangement to the thermodynami-
cally nonlabile extended dimer that includes intermolecular DIS
and U5:AUG helices (Fig. 5C). In the case of the HIV-1np43
leader, the DIS-exposed monomer and kissing dimer species are
undetected by the methods used here and therefore, if they exist,
must only be transiently formed along the dimerization pathway.
We now plan to apply this approach to the 5'-leader RNAs of
retroviruses that form labile dimers to determine if they adopt
kissing or “labile-extended” species.
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Mechanism of HIV-1 5'-leader dimerization. (A) In the monomeric

Fig. 5.
conformer, the DIS hairpin is sequestered by intramolecular base pairing
with U5 (48). (B) AUG base pairs with U5, displacing the DIS and enabling
formation of a labile kissing intermolecular interface, which rapidly transi-
tions to the extended dimer conformer (C). NMR signatures for the kissing
species were not observed in the present studies, indicating that it repre-
sents a transient species along the dimerization pathway.

The present studies illustrate both the potential and weak-
nesses of the *H-edited adenosine-detected 'H NMR method
for differentiating inter- and intramolecular interactions in rela-
tively large RNAs. The sensitivity and chemical shift dispersion
was sufficient for detection of 28 out of 85 total adenosine resi-
dues, which enabled probing of all of the known helices of the
native, dimeric 5’-leader except the lower helix of the extended
DIS stem, the central helix of the tandem three-way junction, and
the native U5:AUG helix. The majority of unassigned adenosines
(50%) reside within the upper PBS loop, a region for which we
do not have appropriate control oligo-RNAs to aid in assignment
and which may be conformationally heterogeneous in the ab-
sence of the primer tRNA binding partner. The IrAID approach
enabled probing of U5:AUG; however, we were unable to use
this method to probe the short, central helix of the tandem three-
way junction due to apparent RNA misfolding caused by the
IrAID mutations. It thus appears that the IrAID approach may
only be readily applicable if the helical elements being probed
are sufficiently stable to tolerate incorporation of a short stretch
of sequential adenosines. Finally, the combination of mixed
’H-labeling with mixed IrAID mutations provides a powerful
approach for temporal monitoring of intermolecular helix for-
mation in dimeric RNAs as large as 230 kDa.

Materials and Methods

RNAs were synthesized by in vitro transcription using T7 RNA polymerase with
slight modifications to published procedures (57) (plasmids and primers are
summarized in Tables S1 and S2, respectively). NMR data were collected with a
Bruker AVANCE spectrometer (800 MHz, H, 37 °C). For studies involving mixed
RNAs with different labeling schemes, RNAs were transcribed and purified
independently. After elution from the denaturing gel, equal molar amounts
were pooled, washed, and lyophilized before addition of dimer-promoting PI
buffer. Samples for time-dependent NMR studies were prepared as fol-
lows: Equal quantities (~17 nmol) of G"cHUM-5"-Lyy, and APGHcHUM-5'-
Luuc RNA were lyophilized from water and independently reconstituted in
170 pL D,0. The RNAs were pooled together, added to a tube containing
lyophilized NMR buffer, and immediately placed into the spectrometer. A
series of identical 1D proton experiments were queued to run sequentially.
For details, see S/ Materials and Methods.
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