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ABSTRACT: The 5’-untranslated region (5-UTR) of the human immunodeficiency virus type-1 (HIV-1)
genome regulates multiple RNA-dependent functions during viral replication and has been proposed to
adopt multiple secondary structures. Recent phylogenetic studies identified base pair complementarity
between residues of the unique 5” element and those near the gag start codon (gag”U%) that is conserved
among evolutionarily distant retroviruses, suggesting a potential long-range RNA—RNA interaction.
However, nucleotide accessibility studies led to conflicting conclusions about the presence of such
interactions in virions and in infected cells. Here, we show that an 11-nucleotide oligo-RNA spanning
residues 105—115 of the 5’-UTR (U5) readily binds to oligoribonucleotides containing the gag start codon
(AUG), disrupting a pre-existing stem loop and forming a heteroduplex stabilized by 11 Watson—Crick
base pairs (Kg = 0.47 £ 0.16 uM). Addition of the HIV-1 nucleocapsid protein (NC), the trans-acting
viral factor required for genome packaging, disrupts the heteroduplex by binding tightly to U5 (Kq = 122
4 10 nM). The structure of the NC:US complex, determined by NMR, exhibits features similar to those
observed in NC complexes with HIV-1 stem loop RNAs, including the insertion of guanosine nucleobases
to hydrophobic clefts on the surface of the zinc fingers and a 3’-to-5" orientation of the RNA relative to
protein. Our findings indicate that the previously proposed long-range U5-gag”UC interaction is feasible

and suggest a potential NC-dependent mechanism for modulating the structure of the 5-UTR.

The 5-untranslated region (5-UTR) of the retroviral
genome plays a number of important roles during viral
replication, including splicing, genome packaging, reverse
transcription, and translation (see refs /—5 and references
therein). During virus assembly, elements within the 5’-UTR
of the full-length genome interact with the nucleocapsid
(NC") domains of an unknown number of retroviral Gag
polyproteins, resulting in genome incorporation into as-
sembling virions. All retroviruses package two copies of their
genomes, and elements that promote dimerization are also
located within the 5’-UTR (7/—5). The major splice donor
site is also typically located within the 5’-UTR, providing a
potential mechanism for the specific packaging of the full
length (versus spliced) viral RNAs (6, 7). Much of the
information about the role of the 5-UTR in genome
packaging has been obtained from studies of the Moloney
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murine leukemia virus (MLV), an evolutionarily older
retrovirus with a simple genome that does not require
extensive splicing or encoding for accessory proteins. Recent
studies suggest that MLV genome packaging may be
regulated by a dimerization-dependent RNA conformational
switch mechanism, in which elements that bind NC with high
affinity are sequestered by base pairing in the monomeric
RNA (8) and become exposed to bind NC and promote
packaging upon dimerization (9).

RNA conformational switch mechanisms may also regulate
functions of the human immunodeficiency virus (HIV)
5’-UTR (I, 10—18). Combinations of nucleotide accessibility
mapping experiments, phylogenetic analyses, and free energy
calculations indicate that the HIV-1 5-UTR adopts a
branched multiple hairpin (BMH) conformation that consists
of a series of hairpin structures connected by relatively short
unstructured linkers (7, /19—27). Residues 1—57, which form
the TAR stem loop, promote transcriptional activation by
binding to the transcription activator protein, TAT. Although
TAR does not participate directly in packaging, a terminal
hairpin seems to be required (28). Residues 58—104 form
the poly-A stem loop, which functions in translation initiation
and may form long-range base pairs with residues of gag
(Figure 1). Residues 116—236 form a branched loop structure
that serves as the binding site for the tRNA(Lys) primer.
The tRNA binding element is followed by a dimer-promoting
stem loop (DIS), a relatively short stem loop (SL2) contain-
ing the major splice donor (SD) site, and the so-called W
stem loop (or SL3) that is important for efficient genome
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FIGURE 1: (a) HIV-1 genome showing the location of the 5’- untranslated region (UTR). (b) One of the predicted secondary structures of
the HIV-1 5’-UTR showing proposed U5-gag”US long-range interactions (12, 33). The U5 sequence is shown in blue, and the AUG sequence
is shown in green, with the gag start codon in red. (c) Alternate secondary structure showing the hairpin structure of AUG (also called SL4)
that was predicted on the basis of chemical modification and mutagenesis experiments (7, 20, 25, 29).

packaging. In the absence of Mg?* ions and NC protein, the
HIV-1 5"-UTR appears to adopt a significantly different long
distance interaction (LDI) structure (/7), and interconversion
between the BMH and LDI conformers has been proposed
to serve as a switch that regulates dimerization, splicing, and
possibly other RNA-dependent activities (10—13, 15—17).

Multiple models have also been proposed for residues that
overlap with the gag start codon (gag”V®). Residues 339—352
were originally proposed to form a hairpin structure (7, 20, 25, 29)
(historically called SL4; see Figure 1) containing a GAGA
tetraloop (a member of the GNRA family of tetraloops; N
=G, C, A, or U; R =G or A), and mutagenesis experiments
indicate that nucleotides that promote base-pairing in the
proposed stem loop are critical for efficient genome packag-
ing (7). However, SL4 oligoribonucleotides do not bind NC
with high affinity (30), and since GNRA tetraloops are
knowntoparticipateinlong-range RNA—RNA interactions (37, 32),
it was suggested that the SL4 hairpin structure might play a
role in stabilizing a particular RNA conformation via
GNRA—minor groove interactions (30). More recent phy-
logenetic studies that included evolutionarily distant retro-
viruses identified base pair complementarity between residues

near the gag start codon and an upstream element that links
the poly-A and PBS stem loops (U5) (/2). This led to the
suggestion that residues of gag"VC may not form the
predicted SL4 stem loop, but might instead participate in
long-range U5-gag"V® base-pairing (Figure 1) (12, 33).
However, chemical accessibility experiments conducted with
infected cells and isolated virions indicated that several
residues of gag"S (C110 and C111) and U5 (A334 and
A336) are strongly modified by alkylating agents and thus
are not likely to form the proposed long-range interactions
at these stages of viral replication (26). More recent
secondary structure predictions based on chemical acces-
sibility of ribose groups suggested that long-range base-
paring between AUG and upstream segments in both U5 and
the PBS stem loop does occur in infected cells, isolated
virions, and in vitro transcribed viral RNA (27). The reason
for these discrepant results and conclusions has yet to be
explained.

Previous NMR studies confirmed that oligoribonucleotides
containing the sequence of SL4 adopt the predicted stem loop
structure stabilized by a GAGA tetraloop (30, 34), and it
was not obvious to us if U5 would be capable of disrupting
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Table 1: ITC Derived Dissociation Constants for Native and Mutants
Forms of U5¢

RNA [NaCl] (M) Ky (nM) N

U5- (UGUGCCCGUCU) 0.1 122+ 10  1.09 + 0.0l
0.2 498 + 40 121 £0.15
0.3 1030 £20  1.24 £ 0.23
0.4 1324 £ 251 1.17 £0.14

GGU- (UGUGCCCUUCU) 0.1 8148 1.06 == 0.09

GUG- (UGUUCCCGUCU) 0.1 239 £20  0.98 £ 0.07

UGG- (UUUGCCCGUCU) 0.1 267 £20  0.99 & 0.08

GUU- (UGUUCCCUUCU) 0.1 880 + 91 1.03 & 0.16

UGU- (UUUGCCCUUCU) 0.1 812 + 91 1.08 & 0.33

UUG- (UUUUCCCGUCU) 0.1 547 + 55 1.05

UUU- (UUUUCCCUUCU) 0.1 no detected

binding

“Values are reported as the mean =+ standard deviation from three
experiments, except for UUU (one experiment).

this structure and forming the proposed long-range base pairs.
We therefore conducted a series of biochemical and structural
studies with oligoribonucleotides corresponding to residues
105—115 of the 5-UTR (U5) and 334—352 of gagVS
(AUG). Polyacrylamide gel-shift and NMR results confirm
that U5 and AUG readily form a stable heteroduplex, as
originally proposed (/2, 33). Interestingly, addition of the
NC protein disrupts the U5:AUG structure by binding with
high affinity to US5. Our findings indicate that the proposed
U5:gagAYC interactions are feasible, identify a potential high
affinity NC binding site within the 5’-UTR, and suggest a
new role for NC in modulating the structure of the 5’-UTR.

MATERIALS AND METHODS

RNA Preparation and Purification. Oligoribonucleotides
listed in Table 1 (an 11 nucleotide U5 construct and U5
mutants) and a 19-nucleotide fragment of gagAV® (AUG')
were obtained from Dharmacon Research Inc. with 2’-0-
bis(acetoxyethoxy)-methyl (ACE) protecting groups. The 2’
ACE groups were removed as described by the manufac-
turer’s protocol, and the RNA was purified by ethanol
precipitation. The 29 nucleotide gagAVC construct (AUG) was
generated by T7 RNA polymerase-dependent in vitro tran-
scription using a synthetically prepared DNA template
containing the T7 promoter sequence. The transcribed RNA
was precipitated with ethanol (—20 °C, 12 h), lyophilized,
and purified by preparative-scale denaturing polyacrylamide
gel electrophoresis. After isolation by electroelution (What-
man Elutrap electroelution system), the RNA was concen-
trated using a Centricon YM-3 ultrafiltration device (Milli-
pore, Bedford, MA) and lyophilized. Samples enriched in
5N and '3C were prepared similarly using isotopically labeled
nucleoside triphosphates (Spectra Stable Isotopes).

NC Preparation and Purification. The recombinant 55
residue HIV-1 NC protein was expressed from pRD2 that
contains the NC coding region of NC from HIV-1Inp4—3
subcloned into pET3a (Novagen, WI). pRD2 was trans-
formed into E. coli strain BL21(DE3)pLysE, and the over-
expressed protein was purified under nondenaturing condi-
tions as described (35), except that a Sephadex-20 column
was used for size exclusion.

Isothermal Titration Calorimetry. Dissociation constants
for US:AUG complex formation and for HIV-1 NC binding
to U5 and U5 mutants were determined by standard
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isothermal titration calorimetry (ITC) methods using a VP-
Isothermal titration calorimeter (MicroCal Corp., Northamp-
ton, MA). RNA and protein concentrations were determined
using UV —vis absorption measurements. The RNA and NC
samples containing buffer (10 mM Tris-HCI (pH 6.5), 0.1
mM ZnCl,, and 0.1 mM SME) with varying NaCl concen-
trations (100 mM to 400 mM NaCl) were degassed for 14
min prior to titration. The US5:AUG titrations were conducted
in buffer containing 150 mM NaCl and 1.0 mM MgCl,.
Exothermic heats of reaction (ucal/s) were measured at 30
°C for 28 injections of NC protein or RNA (75—100 uM)
into 1.41 mL of RNA (5 uM). The heats of dilution were
obtained by titrating the identical protein or RNA sample
into a cell containing sample buffer and subtracted from the
raw data prior to analysis. Heats of dilution were typically
0.015 pcal/s and heats of binding were 0.3 ucal/s, giving an
apparent signal-to-noise ratio of 20. The syringe mixing
speed was 310 rpm as recommended by the vendor. Binding
curves were analyzed by nonlinear least-squares fitting of
the baseline-corrected ITC data to a single binding site model
(ITC Origin program, V2.8; MicroCal, Northampton. MA).
The dissociation constants (Kg) were reported as the mean
=+ standard deviation from three independent titration experi-
ments, unless otherwise noted in Table 1.

Native Polyacrylamide Gel Electrophoresis. U5, AUG",
and AUG RNA samples were prepared at 0.3 mM stock
solution in H,O. For heterodimer formation, equal amounts
of U5 and AUG (or AUG'") were mixed to give a final
concentration of 0.3 mM of total RNA. The samples were
then incubated at 95 °C for 5 min and 55 °C for 30 min (in
RNase zapped PCR tubes). These reaction mixtures were
then used for NC titrations. Here, 0 uL, 0.25 uL, or 0.5 uLL
NC (0.6 uM) was added to give 1:0, 1:0.5, and 1:1 RNA:
NC ratios, respectively. Glycerol (50% aqueous; 2 uL.) was
then added, and the samples (containing 2.5 ug of total RNA)
were loaded onto 20% native polyacrylamide gels at 4 °C
in 0.5x Tris-borate buffer (44.5 mM Tris base, 44.5 mM
boric acid). After electrophoresis, the gels were stained with
Stains-all (Sigma), which stains negatively charged mol-
ecules, and photographed with a gel imaging system (East-
man Kodak Company).

NMR Experiments. NMR spectra of exchangeable imino
protons were obtained at a sample temperature of 10 °C
(~1.3 mM RNA, 150 mM NaCl, and 10 mM Tris-HCI at
pH 7.0). 2D NOESY (36) data were obtained with a mixing
time of 200 ms. Samples of the NC-U5 and NC-U5%6Y
complexes (see Table 1 for definitions) for NMR studies were
prepared by titrating small amounts of concentrated NC
protein (10 mM d-Tris-HCI at pH 6.5, 10 mM NacCl, 0.1
mM ZnCl,, and 0.1 mM SME) directly into U5 or U5%6Y
RNA and monitoring the NMR signals of the RNA. NMR
data were collected with Bruker AVANCE 800 MHz and
DMX 600 MHz spectrometers, processed with NMRPipe/
NMRDraw (37) and analyzed with NMRView (38). 2D
NOESY and 2D TOCSY (39, 40) NMR data for structural
studies were obtained at 15 °C. Proton resonance assignments
for the free U59CY RNA and the NC:U5%V complex were
obtained by standard sequential assignment methods (47).

Structure Calculations. All structure calculations were
performed with a 160 processor Apple Xserve cluster
equipped with a low-latency Miracom switch. Initial struc-
tures were generated with CYANA (version 2.1) using
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FiGURE 2: U5 and AUG form a stable duplex. (a) U5 and AUG RNA constructs used for this study. (b) Native PAGE results for AUG RNA
upon titration with US RNA showing that U5 and AUG form a stable heterodimer at 1:1 U5:AUG molar ratios. No additional bands were
observed at US5/AUG ratios greater than 1:1. (c) Representative ITC data obtained upon titration of AUG with U5 (Kyg = 0.47 £ 0.16 uM).
(d) Downfield region of the 2D '"H—'H NOESY spectrum obtained for the U5:AUG duplex showing sequential connectivities between
base-paired Watson—Crick imino protons. A weak cross-peak between the U337 and G338 imino protons is observed at lower contour

levels (dashed circle).

'H—H distance restraints of 2.7, 3.3, and 5.0 A correspond-
ing to experimentally observed NOEs of strong, medium,
and weak intensity, respectively. Pseudoatom corrections
were added for methyl groups and diastereotopcially equiva-
lent geminal, methyl, and aromatic protons, and Zn-Cys and
Zn-His bonding restraints were employed as described (35).

The 20 CYANA structures with lowest penalties were
subjected to additional restrained simulated annealing and
energy minimization with AMBER (version 9) (42). One set
of structures was calculated with the generalized Born (GB)
solvent continuum (43) using the ff99 force field (which was
modified to allow zinc coordination to Cys and His residues),
a nonbonded cutoff of 12 A, and no periodic boundary
condition. Structures were minimized at 0 K, heated to 298
K (8 ps duration), slowly recooled to 0 K (52 ps duration),
and subjected to 10,000 steps of minimiziation. A second
set of structures was calculated from the 20 original CYANA
structures using explicit water conditions, which allowed us
to compare predicted intermolecular electrostatic contribu-
tions in structures generated using both approaches (44). Each
CYANA structure was solvated within an 8 A octahedral
water shell (TIP3P water model (45)) and subjected to 10,000
steps of minimization (cubic spline switch function for direct
sum Coulomb interactions; ff99 force field; 10 A nonbonded
cutoff). The structures were then heated to 1000 K (8 ps),
slowly cooled to 0 K (52 ps duration), and subjected to
10,000 steps of minimization. Superposition statistics were
calculated with Theseus (46).

RESULTS

U5 and AUG OligoRNAs Form a Stable Heteroduplex.
Previous NMR studies (30) revealed that oligoribonucleotides
containing the sequence of SL4 form a stem loop structure
consistent with the predicted secondary structure shown in
Figure 1C. The hairpin structure is stabilized by a GAGA
tetraloop, a member of the ubiquitous GNRA family, and
by both canonical G-C and noncanonical G-U base pairing
in the stem. NMR studies confirmed that the AUG oligori-
bonucleotide shown in Figure 2A also forms the predicted
hairpin and that the isolated U5 oligonucleotide is unstruc-
tured (as predicted by MFOLD calculations; data not shown).
Addition of U5 to AUG leads to a distinct, stoichiometric
band shift in native PAGE data, Figure 2B, indicating that
U5 and AUG form a stable heterodimer at 1:1 ratios. No
additional bands were observed at U5:AUG heterodimer
ratios above 1:1. Isothermal titration calorimetry experiments
confirmed that U5 binds AUG stoichiometrically and with
high affinity (Kq = 0.47 £ 0.16 uM) (Figure 2C). 2D nuclear
Overhauser effect (NOESY) spectra obtained for the US5:
AUG heterodimer exhibited internucleotide imino-to-imino
proton interactions consistent with the predicted base pairing
shown in Figure 1A, including both the canonical and
noncanonical base pairs.

NC Binds to U5 and AUG, Disrupting the NC:AUG
Duplex. The NC domain of the HIV-1 Gag protein is
responsible for recognizing and packaging the retroviral
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FIGURE 3: (a) Native PAGE results obtained upon titration of U5 (left), a 19-residue form of AUG that spans residues A334-C352 (AUG;
center) and U5:AUG! (right) with NC (NC/RNA ratios are shown at the top). NC binds to both U5 and AUG!?, disrupting the U5:AUG"
complex. NC:U5 migrates slowly because of the low overall negative charge. Weak band intensities observed at NC:U5:AUG! ratios of
1:1:1 are due to significant smearing that appears to be related to exchange between the different equilibrium species. (b) ITC data obtained
upon titration of U5 with NC at varying NaCl concentrations. Upper panel: the raw data showing the time-dependent heat profiles obtained
upon NC injection. Bottom panel: calculated binding isotherms obtained after subtraction of blank (heat of dilution) data. (c) Plot of the
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FIGURE 4: Portions of the 800 MHz 2D NOESY data obtained for the unlabeled NC:U5%UU complex. Selected intermolecular cross-peaks
are shown for the aromatic protons of Phe 16 (N-terminal zinc knuckle) and Trp 37 (C-terminal knuckle), and are labeled. Selected
intermolecular NOEs involving the Ile24-0CHs, 1le24-yCHj;, and Ala25-CHj; protons are shown in the upper panels.

genome, and packaging determinants on the RNA reside
primarily within the 5’-UTR. Although the HIV-1 NC protein
is capable of binding with high affinity to isolated SL2 and
SL3 stem loops in vitro, most or all of the 5-UTR is required
to efficiently package heterologous RNAs into particles (47).
Information regarding the number of NC proteins required
for packaging and the number of high affinity NC binding
sites within the HIV-1 5-UTR is currently lacking, but it
seems likely that efficient packaging requires 5-UTR
interactions with multiple NC domains. Thirteen independent
regions within the 5-UTR exhibit chemical reactivity
properties that are dependent on NC (27). We previously

showed that NC binds with modest affinity to the isolated
SL4 stem loop (Kq = 47 £ 14 uM) (30). To determine if
NC might interact with either U5 or the U5:AUG duplex,
we conducted native PAGE NC titration experiments using
a 19-nucleotide AUG construct (AUG'). As shown in Figure
3, addition of NC to U5 leads to a complete band shift at
1:1 NC:US stoichiometry, indicating that NC binds stoichi-
ometrically to US5. By comparison, a faint band corresponding
to free AUG! remains at a NC:AUG! ratio of 1:1, consistent
with earlier ITC studies that showed only modest affinity
for the AUG stem loop (30). Interestingly, addition of NC
to the U5:AUG' duplex resulted in the disappearance of
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Table 2: Statistics for the NMR Structure Determination

NMR-Derived Restraints

'"H—'H distance restraints

intraresidue 41
sequential (Ii — jl = 1) 49
medium range (li — jl = 2—5) 43
long range (Ii —jl > 5) 37
intermolecular 29
hydrogen-bond restraints (4 per H-bond) 176
zinc-ligand restraints 69
total number of restraints 444
number of restrained residues 24
NOE restraints per restrained residue 14.9
total restraints per restrained residue 35.3
CYANA statistics mean + SD max £+ SD
target function (f\z) 0.86 £+ 0.25 1.16
restraint violations
upper distance viol. (A) 0.029 £ 0.002 0.21 £ 0.05
lower distance viol. (A) 0.018 £ 0.002 0.11 £ 0.01
sum of VDW viol. (&) 39406 0.35 £0.23
torsion angle viol. (deg) 0.146 £+ 0.381 0.25 £ 0.65

AMBER statistics (kCal/mol) generalized Born explicit water

average amber energy —5,150.9 —112,990.9

average restraint energy 5.0 5.6

average distance penalty 5.0 5.6

average torsion penalty 0 0
Procheck-NMR Statistics

number of structures 20 20

residues analyzed
residues in most favored regions

13—31,35—49 13-31, 35—49
462 (82.5%) 469 (83.8%)

residues in additional allowed regions 97 (17.3%) 90 (16.1%)

residues in generously allowed regions 1 (0.2%) 1 (0.2%)

residues in disallowed regions 0 (0.0%) 0 (0.0%)
Convergence Statistics (Pairwise rmsd)

F1 (residues 13—28; backbone) 0.27 0.32

F2 (residues 34—49; backbone) 0.31 0.34

F1—F2 (residues 13—49; backbone) 2.41 1.77

the U5:AUG! band and the appearance of weak bands
corresponding to the NC:U5 and NC:AUG'® complexes. The
intensity of the NC:US5 band is weaker than that of the NC:
AUG" band, possibly due to differences in association/
dissociation kinetics of the NC:U5 and NC:AUG' complexes.

NOESY NMR signals observed for the Watson Crick
imino protons of the U5S:AUG heteroduplex disappeared upon
addition of NC (data not shown) under physiological-like
conditions ([NaCl] = 150 mM; [MgCl,] = 1 mM), indicating
that NC disrupts the U5:AUG base pairing. These data
collectively indicate that NC disrupts the US:AUG complex
by binding individually to both U5 and AUG.

To determine the affinity of NC for U5 RNA, isothermal
titration calorimetry experiments were performed. Under
conditions of low ionic strength (at which several previous
NC-RNA binding studies were reported; 10 mM NaCl, 10
mM Tris, 0.1 mM ZnCl,, and 0.1 mM SME at pH 6.5)
isotherms indicative of very tight binding (approaching the
limits of reliable Ky determination) were obtained. We
therefore conducted NC titration ITC experiments over a
range of ionic strengths ([NaCl] = 100 mM, 200 mM, 300
mM, and 400 mM NaCl) (Figure 3B). All of the ITC
experiments gave binding isotherms that fit best to a single
binding site model (see Table 1). The extrapolated dissocia-
tion constant of 2.24 nM at 10 mM NaCl is considerably
lower than those observed previously for SL2 and SL3
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hairpin RNAs under similar low ionic strength conditions
(Kq = 110 £ 50 nM and 170 + 65 nM for SL2 and SL3,
respectively).

Tight NC Binding Is Dependent on U5 Guanosines.
Previous structural studies of NC complexes with SL.2 and
SL3 stem loop RNAs indicated that the zinc knuckles of
NC interact specifically with exposed guanosines. Since the
U5 construct employed in the current studies contains three
guanosines, we hypothyesized that NC binding might occur
via multiple modes. It was alternatively possible that more
than one NC molecule might bind to U5, although the PAGE
and ITC data described above indicated the presence of only
a single high affinity NC binding site. To determine the
potential roles of the three guanosines in NC binding, we
engineered a series of single, double, and triple G to U
mutations into U5, Table 1. ITC experiments with these
mutants revealed that the construct in which the 3’-G was
mutated to U (G112U, U596Y) binds NC with affinity that
is actually slightly greater than that measured for the native
construct under similar conditions (81 £ 8 nM; [NaCl] =
100 mM), whereas the other single mutants (G108U and
G106U; called U58Y6 and U5Y6C, respectively) bind with
reduced affinities (~250 nM) (Table 1). Constructs contain-
ing two G to U mutations bind with significantly reduced
affinities (540—800 nM), and binding could not be detected
by ITC for the construct that lacks guanosines (U5VVY). The
reduced affinity of the native U5 construct may be due to
the presence of a G112-dependent RNA secondary structure
that inhibits NC binding, and additional studies to test this
hypothesis are underway. Interestingly, G112 is well removed
from G106 and G108, and the spacing of G106 and G108 is
identical to the spacing of tetraloop guanosines that interact
with the NC zinc knuckles in the NC:SL2 and NC:SL3
complexes (35, 48).

1D 'H NMR spectra obtained for native U5 upon titration
with NC exhibited broad signals with multiple features,
consistent with conformational heterogeneity. Although we
have yet to unambiguously identify the nature of the
heterogeneity, the most likely cause is multiple binding
modes in which the two zinc knuckles interact with different
combinations of the three guanosines. However, high quality
NMR spectra consistent with a single binding mode were
obtained for the U5%CV construct, which was shown by ITC
to bind NC with very high affinity. Structural studies were
therefore conducted with this construct.

Structure of the NC:U5%Y Complex. '"H NMR signals for
NC:U5%6U were assigned by conventional 2D methods, and
portions of the 2D NOESY spectra that exhibit intermolecular
NOE:s involving the aromatic protons are shown in Figure
4. For example, moderate-intensity NOEs were observed
between the C109—H6 proton and the side chain methyl
protons of Ile24. G108-H8 exhibited NOEs with Phe 16-
Ho¢, Ala25-CPHs, and 11e24-C"°H; of the N-terminal zinc
knuckle. Strong NOEs were also observed between the Phel6
aromatic protons and U107—H6, and between C109—H6 and
the methyl groups of Ile24. The G106-H8 and -H1’ protons
exhibited NOEs with the Trp37 aromatic protons of the
C-terminal zinc knuckle. This pattern of NOE cross-peaks
is consistent with an NC binding mode that involves the
interactions of U107, G108, and C109 with the N-terminal
zinc knuckle and U105, G106, and U107 with the C-terminal
knuckle.
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FIGURE 5: Stereoviews of the 20 lowest-energy structures calculated for the NC:U5%SV complex. (a) Best-fit superposition of the backbone
atoms of the N-terminal zinc knuckle. The figure displays the backbone atoms of residues Val 13-Cys 49 (black), heavy atoms of the
N-terminal zinc knuckle (Cys and His in yellow and blue, respectively), and RNA residues U107 (orange), G106, and G108 (green). The
backbone atoms of residues that link the two zinc knuckles are shown in red. (b) Same as in (a), except that the backbone atoms of the

C-terminal zinc knuckle are superposed.

The 3D structure of the NC:U5%U complex was deter-
mined by a two-step approach, in which initial models
generated with CYANA using a simple van der Waals force
field were subjected to annealing and minimization with
AMBER using a more sophisticated force field (ff99, with
generalized Born implicit solvent simulation (43)). The NMR
data and structure statistics are summarized in Table 2. Best-
fit superpositions of the backbone atoms of the N- and
C-terminal zinc knuckles for the 20 conformers with lowest
target function are shown in Figure 5. Each zinc knuckle
domain has a well-defined backbone conformation with a
fold that is consistent with structures determined previously
for free and RNA-bound forms of HIV-1 NC. In contrast,
the structure of the linker that connects the two zinc knuckles
(Arg32, Lys33, and Lys34) is not well defined because rapid
chemical exchange precluded detection of the backbone
amide protons for these residues. It is likely that the hetero-
geneity observed in the models reflects true conformational
heterogeneity and dynamics in solution for this short stretch of
basic residues. Backbone NH signals were not detected for most
residues of the N- and C-terminal tails (residues Met1-Lys14
and Thr50-AsnS55, respectively), and these residues did not give
rise to intermolecular or long-range NOEs and were not

restrained during structure refinement. The zinc knuckles pack
against each other via interactions between Phel6 and Trp37
of the N- and C-terminal zinc knuckles, respectively. Similar
interknuckle packing was observed in the NC-SL2 and -SL3
complexes (35, 48).

Nucleotides that exhibit NOEs with NC are reasonably
well-defined in the ensemble, particularly G106, U107, and
G108 (Figure 5). In contrast, nucleotides C110—U115
exhibited only weak sequential intramolecular NOEs and no
intermolecular NOEs, and were thus not restrained during
the structure calculations. U105 and G106 pack against the
C-terminal knuckle, U107 interacts with the linker and makes
contacts with both knuckles, and G108 and C109 pack
against the N-terminal zinc knuckle (Figure 6a). Overall, the
structure has a clam-like appearance, with the two knuckles
acting as the shells of the clam that clamp together over
U105, G106, U107, and G108 (Figure 6b). The nucleobases
of G106 and G108 pack tightly into the hydrophobic
guanosine binding pockets of the C- and N-terminal zinc
knuckles, respectively. The bases of these residues are poised
to form a network of hydrogen bonds with backbone atoms
of the protein, including G106-O6 to Trp37-NH and Met46-
NH; G106-N1H and —N2-H21 to Gly35-O; G108-O6 to
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FIGURE 6: Structure of the lowest-energy NC:U5%CV structure. (a) Stereoview showing the relative positions of the two zinc knuckles and
the RNA residues that interact with NC. (b) Electrostatic surface potential representation (positive and negative potential shown in blue
and red, respectively) of residues Val 13-Cys 49 in the NC:U5%U complex. Residues G106-C109 are shown as sticks. Phosphate groups
and basic residues of NC that are poised for favorable electrostatic interactions are labeled. (c,d) Stick figure representations showing
H-bonding interactions between G108 and G106, and the N- and C-terminal zinc knuckles, respectively (Cys = yellow; His = blue; Zn =

brown).

Phel6-NH and Ala25-NH; G108-N1H and —N2-H21 to
Lys14-O (Figure 6c,d). These zinc knuckle—guanosine
interactions are very similar to those observed previously in
NC-RNA complexes (35, 48, 49). In addition, the relative
orientation of the NC and U5 strands (N-terminal zinc
knuckle binding to the 3’-guanosine) is the same as that
observed in the NC-SL2 and -SL3 NMR structures.

DISCUSSION

Several structural models have been proposed for the
HIV-1 5’-UTR on the basis of combinations of chemical and
enzymatic probing, phylogenetic analyses, and free energy
calculations (7, 19—27). Although some features are common
among most models, such as the base pairing in the TAR,
poly-A, DIS, SL2, and SL3 stem loops, other features are
significantly different. In particular, most (7, 20, 25, 29), but
not all (/9), of the early studies suggested that AUG forms
a stem loop, and NMR studies confirmed that isolated AUG
RNAs readily form this predicted structure (30). More recent
phylogenetic studies suggested an alternate structure for
AUG, in which nucleotides A334—G344 form long-range
base pairs with residues U105—U115, respectively of U5
(12). Base-pair complementarity was observed for a number
of different retroviruses, suggesting that U5-AUG base
pairing may be evolutionarily conserved (33). However, these
potential interactions were not supported by in vivo chemical
accessibility mapping experiments conducted by Ehresmann
and co-workers using infected cells and isolated virions (26).
In these studies, several nucleic acid bases predicted to
participate in U5:AUG interactions were readily modified
by chemical probes, indicating that they are exposed and
not involved in stable base pairing. However, more recent

mutagenesis studies suggested that these long-range interac-
tions may be required for replication (50). More recent
chemical modification experiments conducted using probes
that target the 2’-hydroxyl group of conformationally flexible,
nonbase paired residues (SHAPE) suggested that residues
of AUG do, in fact, base pair with residues of U5 (27)
(although the proposed base pairing pattern differed some-
what from earlier predictions /2, 33). The SHAPE method
is purportedly more sensitive to unstructured elements than
traditional chemical probing techniques, and it is therefore
unclear why the residues of U5 and AUG were reactive to
traditional chemical probes but poorly reactive to the SHAPE
probes, both of which were performed in cells and in isolated
virion under native-like conditions. Interestingly, treatment
of virions with agents that eject zinc from NC (resulting in
protein unfolding and reduced RNA affinity) led to a decrease
in the sensitivity of U5 residues to SHAPE agents, leading
to the suggestion that NC has a destabilizing effect on the
US5-AUG duplex.

The present studies confirm that isolated US is capable of
binding with high affinity to AUG-containing oligonucle-
otides, disrupting the pre-existing GNRA tetraloop structure.
The U5:AUG heterodimer that forms is stabilized by 11 base
pairs, consistent with the original phylogenetic analysis (/2).
Of course, our studies do not confirm the presence of these
interactions in vivo, nor do they rule out other potential long-
range base pairing possibilities. However, they clearly
demonstrate that the proposed long-range interactions are
feasible, a fact that was not obvious to us a priori due to the
inherent stability of the AUG stem loop (30). Our findings
also indicate that NC is capable of disrupting the U5:AUG
duplex by binding to US. Although U5 contains three
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guanosines that serve structural roles in the U5:AUG
complex by forming G-C and G*U base pairs, only two
(G106 and G108) are required for high affinity binding to
NC. Tight NC binding is mediated by the zinc knuckles of
NC, which clamp together over U105, G106, U107, and
G108.

It is noteworthy that residues within the U5 element
exhibited reduced SHAPE reactivity upon treatment of
virions with an agent that ejects zinc from the NC zinc
knuckles (27). This led to the suggestion that the U5-AUG
duplex, which was predicted to exist in virion on the basis
of SHAPE chemistry (27), is destabilized to some extent by
NC (27) and that zinc ejection leads to stabilization of the
duplex. We propose that the U5-AUG interactions do not
exist in virions, at least for a significant subset of particles
and that U5 instead associates with NC. The elevated SHAPE
reactivity of U5 residues (27) and the significant reactivity
observed by traditional chemical mapping for residues C110,
Cl11, A330, A332, and A334 (26) appear to be consistent
with this model. The increase in protection of the U5 ribose
groups that occurs upon treatment with zinc ejectors would
therefore be attributed to the formation of U5:AUG base
pairing, rather than conversion of a less stable duplex to a
more stable duplex. The proposed long-range U5:AUG
interactions could play a role in an earlier replication event
that occurs prior to RNA association with Gag or NC.

Studies of 5-UTR fragments have provided a wealth of
information regarding RNA and protein—RNA structures that
are likely to play important roles in genome packaging,
reverse transcription, and other RNA-dependent events that
are required for replication. The biological relevance of these
relatively small structures can be difficult to independently
verify, in part because retroviruses often use multiple,
redundant mechanisms that can confound interpretation of
mutagenesis experiments. For example, it is likely that the
NC domains of multiple Gag proteins participate in genome
recognition and packaging (each virion contains several
thousand copies of Gag), and mutagenesis experiments
involving one potential Gag binding site may not lead to a
significant change in phenotype (7, 25, 5I). Atomic-level
3D structural studies of the intact 5-UTR are clearly
warranted. In this regard, we have initiated NMR studies of
RNAs containing the intact HIV-1 5’-UTR, in which the
residues of gagAU have been isotopically labeled by
segmental synthesis. Analysis of the NMR spectra obtained
for these RNAs should be possible using the behavior and
spectra of the isolated AUG and U5:AUG fragments as a
guide.
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