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NMR Detection of Structures in the
HIV-1 5'-Leader RNA That Regulate
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Genome Packaging
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The 5'-leader of the HIV-1 genome regulates multiple functions during viral replication via
mechanisms that have yet to be established. We developed a nuclear magnetic resonance approach
that enabled direct detection of structural elements within the intact leader (712-nucleotide dimer)
that are critical for genome packaging. Residues spanning the gag start codon (AUG) form a hairpin in
the monomeric leader and base pair with residues of the unique-5' region (U5) in the dimer. U5:AUG
formation promotes dimerization by displacing and exposing a dimer-promoting hairpin and enhances
binding by the nucleocapsid (NC) protein, which is the cognate domain of the viral Gag polyprotein
that directs packaging. Our findings support a packaging mechanism in which translation, dimerization,
NC binding, and packaging are regulated by a common RNA structural switch.

he 5'-leader is the most conserved region
I of the HIV-1 genome and is responsible
for regulating multiple activities during
viral replication, including RNA encapsidation
during virus assembly (/, 2). Like all retroviruses,
HIV-1 packages two copies of its genome, enabling
strand-transfer—-mediated recombination during
reverse transcription and promoting genetic evo-
lution under environmental and chemotherapeut-
ic pressure (3). Dimeric genomes are trafficked
from the cytoplasm to plasma membrane assem-
bly sites by a small number of viral Gag proteins,
where additional Gag proteins assemble and bud-
ding occurs (4-8). Dimerization and packaging
are mediated by interactions between the nucleo-
capsid (NC) domains of the viral Gag polypro-
teins and RNA elements within the 5'-leader of
the genome, and there is evidence that these ac-
tivities and translational control are mechanisti-
cally coupled (7, 9—13).

Understanding the mechanisms that regulate
5'-leader activities is limited, in part because of
incomplete knowledge of the leader structure
(14). Recombinant leader-containing RNAs have
been probed by nucleotide accessibility mapping,
mutagenesis, and biochemical approaches, and
although there is general consensus that transcrip-
tional activation, primer binding, dimerization,
and splicing activities are promoted by discrete
hairpin structures [transacting responsive (TAR),
primer-binding site (PBS), dimer initiation site (DIS),
and splice donor (SD) hairpins, respectively]
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(Fig. 1) (10, 15-23), there is less agreement re-
garding the structures that regulate packaging
(14). In particular, residues overlapping the gag
start codon [G328 to A356 (AUG)] that are crit-
ical for genome packaging (24) and RNA dimer
stability (25) have been proposed to form a hair-
pin (Fig. 1B), to base pair with residues of the
upstream unique-5' element (U5) (Fig. 1C) (10),
or to adopt other conformations (/4). (Single-
letter abbreviations for the nucleic acids are as
follows: A, adenosine; G, guanosine; C, cytosine;
U, uridine.) In vivo nucleotide reactivity map-
ping has supported multiple AUG models, without
consensus (/4, 21, 22). Nuclear magnetic resonance
(NMR) is potentially well suited to probe RNA
structure, but signal degeneracy and relaxation
problems have thus far limited applications to rel-
atively small oligonucleotides (typically fewer than
50 residues) (26, 27). Here, we describe an NMR
approach that enabled direct detection of structures
formed by AUG and other packaging elements with-
in the intact, 230-kD dimeric 5'-leader as well as the
identification of conformational changes that reg-
ulate dimerization and NC binding and packaging.

A 356-nucleotide HIV-1y1 4.3 5'-leader RNA
that includes the entire 5"-untranslated region (5'-
UTR) and the first 21 residues of gag (5'-L) was
prepared by means of enzymatic ligation of non-
labeled 5'-RNA (residues 1 to 327) and *C-
enriched AUG fragments (residues 328 to 356)
(Fig. 1) (28). The 5'-leader exists predominantly
as a monomer at low ionic strength (Fig. 1D),
and under these conditions, the AUG residues of
5'-L gave rise to 'H-">C—correlated heteronuclear
multiple-quantum coherence (HMQC) (28) NMR
spectra similar to those observed for the isolated
AUG fragment, which is known to form a hairpin
(Fig. 1, E and F) (29). NMR line widths of AUG
in the intact 5'-leader and the isolated AUG RNA
were also similar, indicating that the hairpin is
structurally mobile and does not form A-minor—
like contacts (30).

Substantial changes in the "H-'>C HMQC
spectra of AUG-labeled 5'-L were observed
upon incubation at physiological ionic strength
[physiological ion (PI) buffer: 10 mM Tris-HCI,
140 mM KCI, 10 mM NaCl, 1 mM MgCl,,
pH 7.0], which correspond to a reversible equi-
librium shift from a predominantly monomeric
species to a mixture of monomeric and dimeric
species [dimer dissociation constant (Ky) = 0.9 £
0.1 uM] (Fig. 1, G and H). Signals of the AUG
hairpin in 5'-L exhibited uniformly reduced inten-
sities as a function of incubation time, and new
signals were observed for the 3'-residues of AUG
(A345 to A356) (Fig. 1H). Similar NMR spectral
changes were observed for an isolated AUG oligo-
RNA upon titration with an oligo-U5 fragment
(Fig. 11). The NMR chemical shifts and narrow
line widths observed for A345 to A356 indicate
that these residues are unstructured and mobile in
the dimeric form of the leader ([5'-L],). No 'H-"*C
HMOQC signals were detected for G328 to G344 of
[5"-L], because of severe line broadening (dis-
cussed below). These findings are consistent with
a phylogenetically derived structural model (10, 20),
in which the 5'-residues of AUG base pair with
US and the 3'-residues are disordered (Fig. 1C).

To directly probe for U5:AUG base pairing,
we developed an NMR approach that involves
replacement of a short stretch of adjacent base
pairs by A-U base pairs [long-range probing by
adenosine interaction detection (Ir-AID)]. The sub-
stituting element (ideally [U;U;A]:[UiAmA,],
but other sequences can suffice) (Fig. 2A) affords
an upfield-shifted A,,-C2-"H NMR signal (~6.5
parts per million), enabling direct detection of
cross-strand A,-H2 and -H1’ "H-"H nuclear Over-
hauser effects (NOEs), without the need for het-
eronuclear spectral editing. The HIV-1y 4.5 leader
naturally contains one [UUA:UAA] element in
the TAR hairpin ([U12-A14]:[U45-A47]), and,
to preclude signal overlap, A46 was mutated to G
[a naturally occurring substitution in 7% of the
reported HIV-1 TAR sequences (3/)] (Fig. 2, B
to D). NOE spectroscopy (NOESY) data (28)
obtained for the Ir-AID-modified dimeric 5'-
leader ([5'-LI"AP-USAUGY, 110 to G112 and
G338 to G339 substituted by UUA and AA,
respectively) (Fig. 2A) exhibited well-resolved
A338-H2 signals with frequencies similar to
those observed for an isolated Ir-AID-modified
US:AUG oligoribonucleotide (Fig. 2, E and F).
Other outlier signals in the NOESY spectrum
were unaffected by the Ir-AID substitutions. All
of the expected A338-H2 inter-adenosine NOEs
were observed, including cross-strand NOEs with
Al12-H1' and -H2. The A338-H2 T; and T, 'H
NMR relaxation rates (8.7 s and 9.4 ms, re-
spectively) are consistent with restricted rotation-
al motion and indicate that U5:AUG resides
within a globular region of the 5'-L structure.

The relationship between US:AUG forma-
tion and dimerization was investigated by means
of site-directed mutagenesis. Mutations in AUG
designed to stabilize the hairpin and disrupt base
pairing with U5 (5'-L*Y“") favored the monomer,
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whereas mutations that promote U5:AUG base
pairing and destabilize the hairpin ([5"-LY>Y9],)
favored the dimer (fig. S1). Deletion of AUG
(5"-L24Y%) also favored the monomer (Fig. 3A),
whereas incubation of 5-L**YC with a 17-
nucleotide AUG oligoribonucleotide [G328 to
G344 (AUG-17)] promoted dimerization (Fig.
3B). These findings indicate that dimerization
is suppressed when AUG exists in a hairpin con-
formation (AUGHP), that U5:AUG formation
promotes dimerization, and that dimerization is
induced by intramolecular US:AUG base pairing
rather than intermolecular tethering.

NMR chemical shifts and NOEs associated
with A268-H2 in 5"-L, 5'-L**VC, and an isolated
DIS oligo-RNA were similar, indicating that the

attenuated dimerization activity of the AUGH®
form of 5'-L is not due to refolding of the DIS (32).
Sequence complementarity between US and the
GC-rich loop of the DIS suggested that dimeriza-
tion may instead be inhibited by US:DIS base
pairing. Consistent with this hypothesis, muta-
tions in 5’-L designed to enhance US5:DIS base
pairing promoted monomer formation (Fig. 3,
C and D), whereas mutations to disrupt U5:DIS
base pairing induced dimerization of 5'-LAAYS
(fig. S2). In addition, NMR data obtained for an
Ir-AID substituted 5'-L**YY RNA with 5"-L**Y5-
like dimerization, and NC binding properties
(fig. S4) exhibited cross-strand NOEs and NMR
chemical shifts that are consistent with the pre-
dicted U5:DIS interface (Fig. 3, E to G).

REPORTS

To determine whether US:AUG formation
influences NC binding, isothermal titration calo-
rimetry (ITC) experiments were performed with
5'-L and mutant 5-L*Y*™ and 5'-LY>*YC RNAs.
Under conditions of the ITC experiments, 5'-
LAYSTP and 5°-LY5AYS exist predominantly as
monomers and dimers, respectively, and native
5'-L exists as a 70:30 monomer:dimer equilibri-
um mixture (Fig. 4A). All three RNAs gave rise
to two-component NC binding isotherms that in-
cluded an initial exothermic event associated
with high-affinity NC binding and a subsequent
endothermic event attributed to NC-induced RNA
unfolding at high NC:RNA ratios (Fig. 4B and
fig. $3) (33). Whereas 5'-L*Y“"™ binds 7 + 1 NC
molecules with high affinity (K4 = 87 + 3 nM),
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Fig. 1. Structure of the HIV-1 5-leader. (A to C) Secondary structure
predictions showing AUG (green) in (B) hairpin and (C) U5:AUG conforma-
tions. (D) 5'-L forms a monomer at low ionic strength [low ion (LI) buffer: 10
mM Tris-HCl, 10 mM Nacl, pH 7.0] (RNA] = 60 uM). (E) 2D *H-*C HMQC
NMR spectrum obtained for 5'-L containing *3C-labeled AUG (5™-L*Y%; LI
buffer). (F) Overlay of spectra obtained for 5-LA"®" (gray) and oligo-AUG*
hairpin (green). (G) 5'-L exists as a reversible monomer-dimer equilibrium in
Pl buffer ([5™-L] = 30 uM, left). The equilibrium shifts to the monomer upon
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subsequent dilution (100-fold) in PI buffer. (H) *H-*C HMQC NMR data
obtained for 5'-L"Y®" in LI buffer (black) and immediately upon dissolution in
PI buffer (red). Spectral changes correlate with an equilibrium shift toward the
dimer. Residues 349, 351, 352, and 355 are unstructured and detectable, and
residues 337 and 341 are rotationally restricted and undetectable, in the [5"-L],
dimer. (I) Similar spectral changes were observed upon titration of an iso-
lated AUG* hairpin (black) with an unlabeled U5 oligonucleotide, except that
all U5:AUG signals were detectable (red).
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[5'-LY5AUS], binds 32 + 2 NC molecules with
high affinity (Ky= 71 + 3 nM) (Fig. 4B). The ITC
profile observed for native 5'-L was similar to
that obtained for a 70:30 mixture of 5’-LAYSHP
and 5-L"*YS (Fig, 4, A and B), validating the
use of 5 LAY and 5-LY¥AYS a5 models for
the native monomer and dimer, respectively.
The NC binding and dimerization properties of
5,_Llr-AlD—U5:AUG and 5;_Llr—AlD—U5:DIS were sim-
ilar to those of the 5'-LY>*AUS and 5'-LAVGHP
controls, respectively (fig. S4), further indicating
that the Ir-AID substitutions did not alter the
structure of the RNA. Substitution of the dimer-
promoting GC-rich loop of the DIS hairpin by
a GAGA tetraloop prevented dimerization of
5"-LY>AYG byt did not affect its NC-binding prop-
erties (fig. S5), indicating that enhanced NC
binding by the US:AUG form of the 5'-leader is
due to intramolecular conformational changes
associated with U5:AUG base pairing and not
to dimerization per se.

The above findings suggested that in vivo RNA
packaging should be dependent on U5:AUG
formation, and we therefore measured packag-
ing efficiencies of vector RNAs 5'-L*YHP and
5"-LY>*AYS muytations in competition experiments.
An HIV-1y 43 helper construct that expressed
the native 5'-leader and all viral proteins except
Env was co-expressed with test vector RNAs with
5-LAVGHP op 5. USAUG mutations (Fig. 4C).
Consistent with the structural and NC binding
studies, the 5. L.Y5AUG RNAs were packaged
nearly as avidly as the native construct (Fig. 4C,
lane 5), whereas the 5'-LAYVSHP RNAs exhibited
severe packaging defects (Fig. 4C, lane 6).

Previously observed packaging defects asso-
ciated with mutations in AUG (24, 34) can be
attributed to defects in US:AUG—dependent ex-
posure of NC binding sites rather than inhibition
of a cis-packaging mechanism (34). The inability
of helper RNAs to rescue packaging of RNAs
with AUG mutations (24) is likely due to a de-
fect in U5:AUG—dependent exposure of the
DIS because rescue requires DIS-mediated het-
erodimer formation. The relationship between
U5:AUG formation and dimerization also ex-
plains why mutations in AUG can lead to the
production of virions containing genomes that
are sensitive to dissociation by mild denaturants
(25). Hybrid 5'-leader structures containing both
U5:AUG and AUG™ features—predicted from
in vivo ribose reactivity measurements (22)—
were not observed with NMR but can be ex-
plained by the presence of the AUG'/U5:AUG
equilibrium. Elevated U5 nucleotide reactivities
observed by traditional chemical probing, which
are incompatible with an exclusive U5:AUG
structure (27), may also be explained by the ob-
served AUG'™/U5:AUG equilibrium. The find-
ing that the gag start codon is exposed in a
mobile hairpin in the monomeric leader and
sequestered in the dimer is consistent with ob-
servations that dimerization attenuates both the
chemical reactivity of the gag start codon and the
in vitro translational activity of the genome (/6).
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We have developed an approach that extends
the size of RNAs that can be structurally probed
by NMR to ~230 kD. The Ir-AID method avoids
NMR relaxation problems associated with hetero-
nuclear editing, probes interactions over a narrow
distance range (<5 A), provides both chemical
shift and distance information for structural anal-
ysis, and is readily implemented by using stan-
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dard two-dimensional (2D) NMR experiments
and conservative base-pair mutagenesis. Our
findings support a translation/packaging RNA
structural switch mechanism, in which the dimer-
promoting GC-rich loop of the DIS hairpin is
sequestered by base pairing with U5 in the
AUG™? form of the 5'-leader and is displaced
by AUG upon US5:AUG formation (Fig. 4D).

Fig. 2. AUG base pairs with U5 in the
dimer. (A) lr-AID mutations (red) designed
to probe for predicted U5:AUG base pair-
ing. Black arrows denote *H-"H NOEs. (B)
Portions of 1D *H NMR spectra showing
(top) the TAR A46-H2 signal of native [5"-L],;
(middle) A46G substitution ([5'-L**¢°],)
eliminates the TAR A46-H2 signal; and
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of (C) an isolated TAR oligonucleotide and
(D) native [5™-L],. (E and F) Similar A338-H2
NOEs observed for (E) an isolated lr-AID U5:
AUG oligonucleotide and (F) lr-AID substi-
tuted [5'-LA%¢9),.
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Depends on the Commensal Microbiota

Melissa Kane,* Laure K. Case,* Karyl Kopaskie,* Alena Kozlova,® Cameron MacDearmid,*
Alexander V. Chervonsky,*t Tatyana V. Golovkina’tz

To establish chronic infections, viruses must develop strategies to evade the host’s immune responses.
Many retroviruses, including mouse mammary tumor virus (MMTV), are transmitted most efficiently
through mucosal surfaces rich in microbiota. We found that MMTV, when ingested by newborn mice,
stimulates a state of unresponsiveness toward viral antigens. This process required the intestinal
microbiota, as antibiotic-treated mice or germ-free mice did not transmit infectious virus to their
offspring. MMTV-bound bacterial lipopolysaccharide triggered Toll-like receptor 4 and subsequent
interleukin-6 (IL-6)—dependent induction of the inhibitory cytokine IL-10. Thus, MMTV has evolved to rely
on the interaction with the microbiota to induce an immune evasion pathway. Together, these findings
reveal the fundamental importance of commensal microbiota in viral infections.

myeloid differentiation primary response gene
88 (MyD88) (/-3). Retroviruses employ various
mechanisms of immune evasion (4, 5), however,
and can destroy the immune system (e.g., immu-
nodeficiency viruses of various species) or sub-
vert it (5, 6) to enable successful transmission.
Establishment of a state of immunological tol-
erance to viral proteins in infected animals should
also support virus spread. To test whether an-
imals infected with the orally transmitted MMTV
were tolerant to MMTYV antigens, we immunized
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their own benefit. Retroviruses, including mouse
mammary tumor virus (MMTV), are detected by
at least one Toll-like receptor (TLR7), and de-

uccessful pathogens have developed means
to counteract the immune system or even
to use established immune mechanisms to

tThese authors contributed equally to this work.
1To whom correspondence should be addressed. E-mail:
tgolovki@bsd.uchicago.edu

www.sciencemag.org SCIENCE VOL 334 14 OCTOBER 2011 245



NMR Detection of Structures in the HIV-1 5#-Leader RNA That Regulate Genome
Packaging

Kun Lu, Xiao Heng, Lianko Garyu, Sarah Monti, Eric L. Garcia, Siarhei Kharytonchyk, Bilguujin Dorjsuren, Gowry
Kulandaivel, Simonne Jones, Atheeth Hiremath, Sai Sachin Divakaruni, Courtney LaCotti, Shawn Barton, Daniel Tummillo,
Azra Hosic, Kedy Edme, Sara Albrecht, Alice Telesnitsky, and Michael F. Summers

Science 334 (6053), . DOI: 10.1126/science.1210460

View the article online

https://www.science.org/doi/10.1126/science.1210460
Permissions

https://lwww.science.org/help/reprints-and-permissions

Use of this article is subject to the Terms of service

Science (ISSN 1095-9203) is published by the American Association for the Advancement of Science. 1200 New York Avenue NW,
Washington, DC 20005. The title Science is a registered trademark of AAAS.

Copyright © 2011, American Association for the Advancement of Science

£202 ‘90 Jequeoa uo A1seAlun sebiny e 610°80us 105 MMM//:SANY WoJ) pepeojumod


https://www.science.org/content/page/terms-service

