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ABSTRACT. The B-leader of HIV-1 RNA controls many viral functions. Nucleocapsid (NC) domains of
gag-precursor proteins select genomic RNA for packaging by binding several sites in the leader. One is
likely to be a stem defect in SL1 that can adopt eithera3 internal loop, SL1i (including G247, A271,

G272, G273) or a X 1 internal loop (G247 G273) near a two-base bulge (A268270). It is likely

that these two conformations are both present and exchange readily. A 23mer RNA construct described
here models SL1i and cannot slip into the alternate form. It forms a 1:1 complex with NCp7, which
interacts most strongly at G247 and G2Rg € 140 nM). This demonstrates that a linear G-X-G sequence

is unnecessary for high-affinity binding. The NMR-based structure shows an easily broken G247:A271
base pair. G247 stacks on both of its immediate neighbors and A271 dmigsghbor; G272 and G273

are partially ordered. A bend in the helix axis between the SL1 stems on either side of the internal loop
is probable. An important step in maturation of the virus is the transition from an apicatloop
interaction to a dimer involving intermolecular interactions along the full length of SL1. A bend in the
stem may be important in relieving strain and ensuring that the strands do not become entangled during
the transition. A stem defect with special affinity for NCp7 may accelerate the rate of the dimer
transformation. This complex could become an important target for anti-HIV drug development, where a
drug could exert its action near a high-energy intermediate on the pathway for maturation of the dimer.

The B-leader sequence of HIV-1 has been the subject of SL3 provides the majority of specificity for packaging the
intensive study to understand its importance in different genome into virions by its interaction with the 55-residue
stages of the viral life cycle, including dimerization, en- nucleocapsid domain (NC) of the gag and gag-pol precursor
capsidation, and reverse transcriptidh The major packag-  proteins 2—9). However, NC also has binding affinity to
ing domain (nt~240-360) within this sequence is proposed the other three stem loopg,(10). It is likely that optimal
to have four stem loops termed SL1 to SLdnd these four  packaging efficiency is rendered through multiple RNA
loops are highly conserve®,(3). Among the four loops, protein interactions.

- SL2, SL3, and SL4 all have an apical tetraloop. It has

' Supported in part by NIH Grant GM32691, Grant 02740-30-RGT heen shown that the strongest affinity for NC occurs when
from the American Foundation for AIDS Research, and Syracuse . . .

University. two G residues are in a GNG sequence in the tetralob@s (

* Corresponding author. E-mail: pnborer@syr.edu. Tel: (315) 443- 11). Each G residue interacts with a zinc finger from NC

5925. Fax: (315) 443-4070. _ _  (12—14). The weaker affinity of SL4 for NC is attributed to
An ensemble of 23 structures has been deposited with the Protelnthe fact that the loop residues of SL4 are ordered in a manner
Data Bank, Accession Number 10SW. L .

s Current address: State University of New York, Upstate Medical Similar to other GNRA tetraloopsl), and the G residues
University, Department of Biochemistry and Molecular Biology, are not as readily accessible for NC binding as those in SL2
Syracuse, NY 13210. and SL3 (6, 17).

1 Abbreviations: HIV-1 sequences are counted from the CAP base ' . .
as number 1, corresponding to the convention adopted by Coffin etal.  SL1 has both an apical 9mer loop and a defect in its stem.
(1); to obtain the numbering used in some references, one must addBoth of these regions have unpaired G residues, which we
453-456 to account for the proviral U3 stretch that is not present in have shown to bind significantly to the mature nucleocapsid

genomic or mRNA. NCp7, the 55 amino acid nucleocapsid protein of ; ; ;
HIV-1, Human Immunodeficiency Virus; SL1, SL2, SL3, and SL4, protein, NCp7 1'0) The stem defect is prEdICted to have

short stem-loop segments of RNA from thel&der region of HIV-1; ~ two possible secondary structures: ighx 3) internal loop
DIS, the self-complementary dimer initiation site in the apical loop of or ani(1 x 1) — b(2) form with a 1 x 1 internal loop and
SL1; NC, nucleocapsid. Protons are specified by, N#,$, where a two-base bulge (Figure 1a,b). Free energy predictions

type of base, # sequence number, and=$ proton number within o .o
the residue. The nuclei contributing the parent frequencies for an NMR indicate that both defects are similarly stable. Here, we

cross-peak are enclosed in braces (§3,2—U4,6}). The bridging constructed various RNAs to model the former structure, as
phosphate group in XP-Y is considered to be part of residue Y, viz.  well as alterations within the loop to study their importance

pY. The symbol denotes base stacking or a step between base pairs.; hindi ;
Other abbreviations: NOE, nuclear Overhauser effect; COSY, correla- in binding to NCp7. The results reveal that two G residues

tion spectroscopy; HMQC, heteronuclear multiple quantum coherence; ON Opposite sides of the loop, G5 and G17 (corresponding
rmsd, root-mean-square deviation. to G247 and G272),are most important for tight binding.
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While two G residues are required for high affinity binding, no alternative stoichiometry is required to explain complex
a linear GNG sequence is not necessary. formation.

SL1 also plays the key role in dimerizing the viral genome ~ RNA Secondary Structure PredictioBtructures were
(18—20). The apical SL1 loop contains a self-complementary predicted using Mfold36, 37) and energy parameters from
dimer initiation site, DIS. However, recent mutation and the Turner labg8). The presence of alternative folds within
deletion studies indicated that the four-purine stem defect, 10% of the lowest free energy in the predictions were
the subject of the present work, is also required for considered likely to exist in appreciable population in
dimerizing genomic RNAZ1). While the apical loops and  solution.
stem regions of SL2, SL3, and SL4 are highly conserved, UV Melting Curwes UV melting experiments were per-
the SL1 stem defect is almost completely conserved (Table formed on a Beckman DU 640 spectrophotometer. The SL1i
1) (21—23). This suggests that the defect does indeed have23mer was melted in the NMR buffer (see next section) with

important roles in the viral life cycle. a heating rate of £C/min. The melting temperature was
High-resolution structures have been published for RNA calculated using the first derivative of the melting profile.
constructs to model SL128—31), SL2 (12, 32), SL3 (13, NMR Data Collection.The NMR sample in BO was

33, 34), and SL4 (6, 17). The published studies on SL1 prepared from the purified SL1i powder, which was recon-
have focused mainly on the apical DIS loop. Recently stituted in 99.9% BO and dried using a SpeedVac. After
Greatorex et al. reported the structure of the defect with two repeating this procedure two times, the sample was dissolved
variations in its four-purine sequenc23j. By introducing in 700 uL of NMR buffer [25mM NaCl, 5 mM Na/Hi ¢

the double variation, the internal loop was stabilized, but PO,, 0.1 mM EDTA, 0.01% Nahl in D,O (99.996%),

the structure of thg1 x 3) loop does not correspond to the measured pH= 6.3]. An additional sample was prepared in
highly conserved loop sequence. It also does not correspondthe same NMR buffer but in 90% J#/10% DO adjusted

to the structure we report here for th{é x 3) loop that has  to pH 5.5. Both samples had a strand concentration of about
the conserved sequence. 1 mM. NMR experiments were performed on a BeuDRX-

The present 3-D structure was determined for a 23mer 500 equipped with a Nalorac 5 mm inverse proBel (
RNA construct, SL1i (Figure 1c), which has alterations to sensitivity= 850:1 for 0.1% ethylbenzene) or a DRX-600
the stems on both sides of the loop to prevent it from slipping with equivalent sensitivity. Chemical shifts of protons were
from thei(1 x 3) loop into the alternative stem defect. We reported relative to DSS.
find evidence for a local G5:A16 base pair and partial  Exchangeable Proton Spectréahe 1-D spectra in water
ordering of unpaired G17-G18 in the loop. The loop has were acquired with a -39—19 water peak suppression
considerable flexibility, and the stem appears to make an sequence39) with pulsed field gradients applied along the
overall bend around the defect. Both of these factors may Z direction. The sweep width was 10 500 Hz. 1-D spectra
have important influences in the biological function of the were acquired at temperatures ranging fret@ to 45°C
stem defect. In addition, we report affinities of NCp7 for with a 5°C temperature step from 0 to 4&. For studies
the 23mer and variants to define the most important below 0 °C, the sample was centrifuged to remove all
interaction sites in the loop and discuss models for generatingsuspended matter and decanted carefully to a clean NMR
the mature extended dimer from the ledpop complex. tube. The temperature was slowly decreased at a rate of 1

°C per hour from 0 to—-9 °C. 2-D NOE experiments were
EXPERIMENTAL PROCEDURES acquired at-6 and 5°C with a mixing time of 200 ms, k¥

RNA Synthesis and Purificatiofhe 23mer SL1i RNA x 512k* hypercomplex points, 128 scans per t1 increment,
constructs were purchased from Dharmacon (Lafayette, CO);and a 3 gelaxation delay time.
all were synthesized using thé-RCE protecting strategy Nonexchangeable Proton Spectra.number of experi-
(35). NMR samples were prepared from gmol scale ments were done for assignment purposes. These include 2-D
syntheses and purified as described previough),(with NOE at 5, 18, 30, and 4TC. These were acquired with%
minor modifications to optimize the HPLC gradient and x 51%* hypercomplex points, 64 scans per t1 increment, 3
desalting protocol. RNA samples for the protein binding s relaxation delay, and 100 or 300 ms mixing times. In
assay were prepared on the 50 nmol scale and purified usingaddition to the 2-D NOE, natural abundari¢e3C HSQC,
procedures in ref0. Samples were disaggregated by heating TOCSY, and'H-3'P COSY were also performed as previ-
to 85—95 °C for a few minutes and then cooling quickly to  ously described1). The 2-D NOE experiment for quantita-

0 °C prior to NMR, UV, and protein binding assays. tive analysis was performed at 3€, mixing time of 300
Protein Binding AssaysAliquots of ~100 uM RNA ms, 8 s relaxation delay time withk#t x 512* points, 64
solution were addedta 1 mLaliquot of 0.3uM NCp7 (for scans per t1 increment. The resulting spectrum was processed

NCp7 preparation, see ref® and11) in the fluorescence  using XWIN NMR (Briker) and deconvolved as previously
buffer (0.2 M NaCl, 5 mM sodium phosphate, pH 7.0, 0.1 described 16) using NMRZ and TRIAD software (Tripos,
mM ZnCl,, and 0.01% poly(ethylene glycol)). After mixing,  St. Louis, MO).

the fluorescence was measured at 350 nm with a Hitachi NMR-Based Restraint€ross-peaks from the 2-D NOE
F-4010 fluorescence spectrophotometer using a 290 nmspectrum at 30C and 300 ms mixing time were integrated
excitation wavelengtha 5 nmexcitation band-pass, and using NMRZ software and then categorized as previously
eithe a 3 or 5 nmemission band-pass. The dissociation described16). The intensities from cross-peaks with moder-
constanKy was calculated based on the assumption that theate to no overlap were used as input for MARDIGRAS to
RNA—NCp7 complex adopted a 1:1 stoichiometry. The calculate target distances corrected for spin diffusiég).(
description of the model is detailed previousip(11). Fits These target distances were used in DYANAL)( and

to all of the titration curves were excellent, suggesting that AMBER (42) calculations with the target range based on
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the amount of overlap and strength of the cross-peak: no (a) (b)
overlap, strong to medium intensity, range was set to 0.3 A;

slight to moderate overlap, strong to medium intensity, 272 72
range set to 0.5 A; and moderate overlap or weak peak GC A 2+ AGG - AG \ G
intensity, range set to 1 A. For regions of extensive overlap, © CGGCAAG CIGAG __ A AGC
cross-peaks were grouped into strong {4384), medium AM1ecliie cenie = e A
(2—4 R), weak (2.5-5 A), and very weak (46 A). If such CGAAG§5';’ cgGuuc G GCuc, U-uc.e
grouping was not possible, a range of-®BA was included. 247 247

A lower limit of 4.5 A was set if no cross-peak was seen for

a certain protorrproton pair. The H3 and H52 were not

stereospecifically assigned{If,8-n,51} and{n,8-n,52} had

nearly the same intensity, the same distance range was ©

assigned from the base proton to'H&nd H52 (in rare cases

this was also applied to other protons having cross-peaks to

n,H5'1 andn,H52, wheren is the same for both). Distance

:Z?]gisot;ai %(—1602theexgéc??(r)]rgierizlsszr?:ts)gssYveeskgl\\//a?h?nb:ioaﬂeURE 1: (a) Consensus sequence for SL1 in the HIV-1 major

ge ol > A, ptic p packaging domain, noting G247 and G272, which are the two most

base pair, which were assigned a range of-4.8\. important loci for interaction with the nucleocapsid protein (see
Hydrogen bond restraints were applied to the seven basetext). The boxed sites are nearly invariant (see Table 1) and can

pairs ofthe stem in whic the corresponding imino proon SXELI 7 Slee seconaary st () pearh sl

signals were clearly visible in the 1'DZB_SpeCtrum' I.n both in pan()all a, holding the closing base pairs constant; the non-Fr)]ative

the DYANA and the AMBER calculations, the distances sequence is shown in outline font. A G5:A16 base pair is observed

used were 2.82 0.1 A for AN1 to UN3, 2.95+ 0.1 A for (G247:A273), and the stems to the right and left of the internal

ANG6 to UO4 and GN1 to CN3, 2.9% 0.1 A for GO6 to loop are kinked (see Figure 4).

CN4, and 2.86t 0.1 A for GN2 and CO2. A hydrogen bond ] ]
angle range of 17019C¢° was included in the AMBER  dihedral angle restraints. An ensemble of 24 final structures

calculations. were chosen to represent the SL1i 23mer; these had the
A number of dihedral angle restraints were included in 1owest AMBER energies, did not have tangled strands, and

both the DYANA and the AMBER calculations. These Nad only minor restraint violations. .
include a and ¢ (excluding the trans conformation if the ~_ The structures were displayed using Insightll (Accelerys,
phosphorus chemical shift was within the main signal San Diego, CA). All structures were superimposed to a
envelope) 43), 8 ande (based on the 3-bond-+P coupling reference structure that had the lowest average rmsd to the
constants in the HP COSY), andé (based on HH other structures based on the heavy atoms of the base and
coupling constants). The procedures used for defining the Sugar rings for residues-22. Insightll was used to identify
restraints have been described earlis, @4). A list of the hydrogen bonds in each structure using the default require-
distance and angle restraints are provided in the Supportingments: (1) donor-Hacceptor angle greater than 12@2)
Information. donor-acceptor distance less that 3.0 A, aBpH—acceptor
Structure DeterminatioriThe NMR-based restraints were €SS than 2.0 A Dihedral angles for each structure were
used as input to the torsion-angle dynamics program, détermined using the CARNAL module of AMBER.
DYANA (41); this produced a number of structures (typically RESULTS
400) ranked in order of their target function values. The
DYANA calculations were initiated when about 2/3 of the SL1i ConstructionThe wild type SL1 stem defect can
final number of restraints was known and repeated severalhave two alternative forms (Figure 1), the asymmetric
times with increasing numbers of restraints. This processinternal loop (Figure 1a) and the internal loop/bulge form
enables one to test assignments based on preliminary(Figure 1b). According to free energy calculations, these
structures and to accumulate absent NOE restraints that havehould differ in free energy by only 0.1 kcal/maB§).
a meaningful impact on the refinement; absent NOEs were Mfold (36) was used to evaluate candidate sequences,
included with lower-bound restraints of 4.5 A. Fifty of the concluding that the 23mer SL1i construct (Figure 1c)
structures from DYANA that had the lowest target values prevents theé(1 x 3) loop from slipping into the alternate
were further refined in calculations using AMBER 54P). form. It is not possible to preserve the base sequence needed
Specifics of both calculations have been described previouslyto study thei(1 x 1) — b(2) form; any sequence with
(16) with the exception that explicit solvent was included in  AGAGG opposite GCU will slip between the two alterna-
the current AMBER calculations. First, sodium atoms were tives. The SL1i construct has several important features: (1)
placed around the phosphates, and then water molecules weréhe four loop bases and the two closing Wats@mick base
added up to a distancé 6 A from the RNA fragment. The  pairs match the wild-type (indicated in solid font in Figure
assembly was subjected to 1000 steps of conjugate-gradieniLc), (2) the encompassing base pairs are altered to prevent
energy minimization and then a 10 ps molecular dynamics slippage and ensure stable stems on either side of the loop
trajectory at 300 K. The water molecules were removed for (the 3-terminal sequence was also chosen for high yield from
the final minimization, which consisted of another 1000 T7 RNA polymerase preparation in case labeling was needed;
steps minimization. All restraints were kept constant through- however, natural abundance NMR spectra are sufficient to
out the calculations, with the distance and hydrogen-bond determine the RNA structure), (3) it has a stable apical
restraints having force constants four times that of the UACG tetraloop to ensure proper foldind5), (4) it has a
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Table 1: Sequence Variation in SL1 from HI\A-1

stem-5 DIS loop stem-3 \
40

243 0.3% 253 0.3% 266 0.3%

244 0.5% 254 0.5% 267 0.0%

245 0.3% 255 1.9% 268 0.3%

246 0.3% 256 18% 269 1.2% 30
247 0.0% 257 0.5% 270 0.3%

248 0.2% 258 51% 271 0.2%

249 0.3% 259 0.0% 272 0.2%

250 0.0% 260 0.3% 273 0.2% 20
251 0.0% 261 47% 274 0.0%

252 0.2% 262 0.2% 275 0.3%

263 28% 276 0.0%

264 1.1% 277 1.2% 10
265 35%
aMean variation from the consens2) (average of 627 sequences o
per site from Genbank). Boldface type indicates bases that are boxed ,
in Figure 1. y
PTE28 5~ 7 A
[c]

Table 2: Affinities of SL1i Constructs for NCp7 R Aaaas Ean e e R B e A

14 13 12 11 10
247 271273 Kq (NM)2 RAP
G AGG 140 20% FiGUrRE 2: Imino proton spectra of the 23mer RNA construct as a
G AGA 120 23% function of temperature®C) at 500 MHz, pH= 5.5. Resonances
G AAG 270 10% for G5, G17, G18 are probably located at “?”.
A AGG 290 10% . .
A AAA 1300 204 sharp, which is a characteristic of the UACG tetralodp)(
G(wt) AGG(wt)® 210 13% while U9,3 is broad and disappears quickly as the temper-
a Dissociation constant measured in 0.2 M NaCl,°25 P Relative ature increases. G13,1 and G15,1 overlap at all temperatures,
affinity as compared to SL3Ky = 28 nM) (10). ¢ For the 29mer: and at least one of them is quite resistant to exchange
GGUCGGCUUGCUACGGCAAGAGGCGACCA. Underlined bases  proadening.
correspond to the boxed regions in Figure 1a,b. Nonexchangeable Proton and Phosphorus Assignments
Nonexchangeable protons and phosphorus were assigned
3'-dangling A to stabilize the terminal base pad8(46), following the methods previously describekb(44), mainly

(5) it also has an alternating G-C-G near the tetraloop to based on classical NOE-walks between sequential residues.

lessen overlap in the NMR spectra. Predictions fidiiold 1- and 2-D NOE spectra in {® at different temperatures

indicated that only one stable form exists for the 23mer SL1i and TOCSY !H-3'P COSY, as well a¥H-13C HSQC spectra

construct. The UV melting curve has a single cooperative were used for the assignments. The peaks in the 2-D NOE

transition withT,, = 67 °C. spectrum were sharpened by&) Hz deconvolution, which
NCp7 Binding ConstantsTable 2 shows the RNA preserves the relationship of peak integrdig @8). Figure

constructs used in the NCp7 binding assay and their 3 shows the 'lto base NOE walk (H+H8/H6 connectivi-

dissociation constant&y, measured by the Trp-37 fluores- ties). The NOE walk went from G1 through A23 except for

cence assay. All of the 23mer RNA constructs (the first five missing peaks in the apical loop 4tA10,7—C11,4,

in the table) kept the same secondary structure according to{ C11,1-G12,8, and {G12,1—-G13,3. The very high

Mfold. The last construct in Table 2 has a stem correspondingintensity at {G12,1-G12,§ indicates that G12 exists

to the wild-type sequence, so it is capable of adopting the mainly in syn rotamers about the glycosyl bond. The-®

two interconverting formsi(1 x 3) andi(1 x 1) — b(2). cross-peaks have high intensities and splitting patterns
Assignment of Exchangeable Proton Resonarfigsire (®(J ~ 8 Hz) in 2-D NOE and TOCSY spectra. Tha5-n6},

2 shows imino proton spectra for the SL1i 23mer at several {n,8-(n + 1),5}, and several base to base NOEs helped to

temperatures. Assignments were obtained from a series ofconfirm the assignments. The unusual upfield shift of G13,1

1-D experiments and 2-D NOE experiments iglCH There was confirmed byH-3C HSQC. The characteristics of peaks

are 12 G,1 and U,3 protons in SL1i; all but G5,1, G17,1, in 1-D spectra also provide support for the assignments,

and G18,1 were identified through correlating cross-peaks including sharp peaks for H2, doublets for H6, as well as in

in the 2-D NOE spectra. The G5,1, G17,1, and G18,1 in ascertaining the number of protons in overlapped peak areas

the internal loop appear flexible and in fast exchange with by careful integration. Some overlaps were also resolved in

the solvent above 20C; they probably are the broad 2-D NOE taken at different temperatures.

peaks around 11 ppm and the shoulder on the G2,1 peak. The assignments of sugar protons,324',5,5") were

No unambiguous cross-peaks could be found to establishextended from the basg,(, 6, 8) and 1 protons using other

their assignments. The dangling A stabilizes the end baseregions of the 2-D NOE, TOCSY, aidti-31P COSY spectra.

pair G1:C22, so G1,1 is resistant to exchange and dis-It was not possible to assign all of the H#owever, their

appears at about 48C. G4,1 is fairly broad at all temper- assignments are not necessary for structure determination.

atures, probably because the closing base pair for the internaH5' and H3' were not stereospecifically distinguished.

loop is subject to faster exchange. Residues G2, U20, and The splitting of H1 for A10, C11, G17, and G18 in 2-D

G7 are in the stems and have sharp imino proton peaks atNOE, along with the appearance of their str¢dg2'} cross-

the higher temperatures. G12,1 is unusually upfield and peaks in TOCSY, indicate that their sugars are similar to
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FiGure 3: Base-1proton assignments in the 2-D NOE spectrum of the SL1i 23mer RNAC3®00 MHz spectrum after deconvolution
by —6 Hz). The H6-H5 cross-peaks are doublets witt8 Hz couplings in each dimension.

those in B-DNA structures (S-pucker). G5, G15, and A16 Table 3: Restraint Statistics for the SL1i 23mer Refinement

have weal{ 1'-2'} cross-peaks in TOCSY and less distinct NMR-Based Restraints

double peaks in the 2-D NOE; therefore, they have mixed residue to i 171

N/S sugar puckers. Cross-peaks involving the H8 antl H1 residuei toj,j =i 208

of G17 and G18 show broadness in 2-D NOE spectra, SHLfELOrfg' 3:3

implying that these residues are relatively flexible. dihedrals 83
RNA Structure The structures are displayed in Figures total restraints 502

4—8, and their details are described in the Discussion. Table Average Violations per Structure

3 shows the numbers in each category of restraints and the distances 0.06 A

statistics for violations. A total of 502 restraints were used >(C-Cy 0

in the refinement (mea# 22 per residue), with the number igg:gﬁ 1%

applied to a given residue varying from-288 (distribution dihedrals A

shown in Supporting Information). ~60° 0
Modeling The seven base-pair stem nearest the 9mer >30° 2

DIS loop was modeled using an A-helical 7mer duplex, >15° 7

(CGCGCUG):(CGGCGCQG). The terminal (CGC):(GCG) AMBER Statistics £SD)

segment was superimposed on—@:(13-15) from the Erota (kcal/mol) —2000+ 100

reference NMR structure of the SL1i 23mer using the Econsrraim(kcal/mol) 210+ 10

sugar ring atoms as the basis for superposition (rmsd 2 Standard &C bond length= 1.537 A 62).

2.3 A). A similar procedure was used for the 4 base-pair
stem (+-4):(19-22). The CURVES program#f) was used  of yariation, together with strong covariation at 258 and 261
to determine the local helix axes for the 7mer and 4mer 4t preserves base pairing in the dimer. The low degree of
duplexes. variation in the stem defect region is probably correlated with
DISCUSSION essent_ial biplogical function. Unfortyngtely for phylogenetic
analysis, this also means that covariation is not observed that
Sequence Analysighe helix defect in the stem of SL1is could be used to argue for one secondary structure over
important for full-length genome packaginglj. It is also another. G247 (G5 in the 23mer construct) is absolutely
critical to form the stable, extended dimer linkage found in conserved, and A271, G272, and G273 (A16, G17, G18)
mature virus particles2g, 29), and mutational studies have each vary only once. The most variable position is A269,
linked this region with viral infectivity $0). The stem of which changes eight times to G in the database. This would
SL1 is strongly conserved, with usually less than 1% replace the U249:A269 pair with U249:G269 in Figure la
variation at sites corresponding to the helix imperfection (see and would replace A269 with G269 in the two-base bulge
Table 1 and Figure 1). Variations below 0.5% are at about of Figure 1b. Neither change would be expected to create a
the level one might expect from sequencing and databaselarge difference in the relative stability of the two alternative
errors. By contrast, the apical DIS loop exhibits a high degree stem defects.
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FiGurRE 4: Superposition of 24 refined structures of the SL1i 23mer. The reference structure with the lowest rmsd to the others is shown
in heavy black lines (relaxed stereoview).

Affinity for NCp7. SL1i models of thei(G x AGG) 0.1 kcal/mol in free energy. Therefore, it is likely that these
loop were constructed, as well as A AAA, G x AGA, conformations will exchange rapidly on the NMR time
G x AAG, and A x AGG loops to compare their binding  scale, making it impossible to determine a structure for the
affinities to NCp7 (see Figure 1c and Table 2). In the absencenative stem defect. Greatorex et al. also recognized this
of Mg?", we have found that it is essential to measure issue and introduced a double variation froi@ x AGG)
affinities at or above 0.2 M salt to suppress nonspecific to i(G x GGA) to stabilize the internal loop against
binding of RNA to NCp7 (reflO and A. C. Paoletti and P.  conformational exchang@3®). Itsi(G x GGA) structure has
N. Borer, unpublished); this is also near to physiological ionic interesting noncanonical hydrogen bonding involving the
strength $1). Under these conditions, th& for i(A x AAA) italicized residues. However, this sequence never occurs in
is 1300 nM, which is only 2% of the binding affinity of the HIV-1 database, and this noncanonical structure cannot
SL3 to NCp7 (0). This demonstrates that Gs in the internal exist in the native sequence. Therefore, it is unlikely to be
loop are important for binding{y for the G x AGG and relevant to the structure and function of the stem defect in
G x AGA loops are 140 and 120 nM, respectively, indicat- SL1. By contrast, we stabilized the wild-type internal loop
ing that G5 and G17 are required for tightest binding with and closing base pairs by altering the surrounding sequence.
NCp7 among the SL1i constructs; this &8cus has bases This makes only the assumption that the neighbors distant
located across from each other in the stem instead of in afrom the internal loop are not essential to maintaining the
continuous GNG sequence as in SL3 and SL2. The loopsi(G x AGG) structure. The NCp7 binding studies indicate
that have two Gs in other positions have a 50% reduction in that our 23mer SL1i model for th€l x 3) stem defect in
binding affinity, G x AAG and A x AGG. This is similar HIV-1 SL1 has substantial affinity for the nucleocapsid. The
to the situation in SL3 loop variants, where two G residues most important binding sites for NC are G5 and G17, which
confer some stability to complexes with NCp7, even when correspond to G247 and G272 in the HIV-1 genome.
they do not contain the optimal G-N-G sequent® (NCp7 Overall Structure.An ensemble of 24 refined structures
binding to a construct that models the wild-type SL1 stem for the SL1i 23mer is presented in Figure 4. The average
was also studied (the apical 9-residue loop was replaced byrmsd to the reference structure is 2.2 A for the entire
UACG). This stem is capable of adopting the two intercon- molecule, which reflects local disorder and differences in
verting forms. Its affinity (apparerq = 210 nM) is about the degree to which the structures bend.

70% of thei(G x AGG) construct. It is possible that this The level of restraint violations (Table 3) is similar to the
binding constant represents an average weighted accordingSL3 RNA structure, with a flexible GGAG tetraloop, which
to the populations of the two species and their intrinsic we have published previousl$g). Restraint violations are
affinities for NCp7. IfKq = 140 nM represents the affinity compared with a typical €C bond length (1.537 A)52)

for thei(1 x 3) form, thei(1 x 1) — b(2) form must also and rotamer interval (60; conformational uncertainties
exist in an appreciable amount and must bind less tightly to smaller than these rarely detract from the overall similarity
NCp7. of structures, and they are readily understood by scientists

Choice of an Appropriate RNA Construthermodynamic ~ who are not NMR experts. Our use of MARDIGRAS-derived
analysis suggested that the native SL1 stem defect shoulddistances (about 40% of the total number of distance
exist in two conformations in solution, differing by about restraints) gives much tighter ranges than is commonly used
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Ficure 5: Three families of structures for the internal loop; all have a&56 base pair, G&5C6 and G1FA16 stacking, and a discontinuity
in stacking between G18 and C19. Top: Cluster 1 has|@&18 stacking and G18 in the deep groove of the helix. Middle: Cluster 2 still
has A16G17 stacking but G18 in the shallow groove. Bottom: Cluster 3 hag@1® stacking and G17 in the shallow groove.

of overall bending of the stem with caution. The dihedral

angle restraints are relatively uncertain, so large force
constants for these restraints were not applied; a few
violations on the order of a rotamer jump are observed,
although the average is less than one per structure.

The UACG tetraloop is well-defined except for A10 and

. . . ' C11. All of the characteristic cross-peaks are found in 2-D
FiGurRe 6: G5-A16 pair present in most of the refined structures. .
The reference struth)ureFi)s shown in heavy black lines. Light gray NOE'_lH'SIP. COSY} and'H-*3C HSQC spectra, a”‘?' their
lines between the bases are H-bonds distinguished by parameter§hemical shifts are in the same range as those publigtted (
programmed into Insightll (see Experimental Procedures). 53—55). Residues A10 and C11 include S-puckered sugars
in structures derived fror#C 15N-labeled RNA, where 2/3  @nd high-anti glycosyl torsions, and G12 has a syn glycosyl
of the NOEs may effectively give only an upper bound torsion (see .Ta.ble 4). We also observg the she_ared U9
restraint of 6 A, with the lower bound enforced by van der G12base pairs in our structures as described previodSy (
Waals restrictions. With many distance ranges less than 1 The local fits in the stems are excellent, with rms@.6
A, we therefore observe somewhat larger violations. The A for G1—G4:C19-C22 (lower stem in Figure 4), and €6
three largest violations of restraints are associated with theC8:G13-G15 (upper stem). The structures and the pattern
flexible residues in the apical UACG tetraloop, A10 and C11 of NOEs indicate that stems on both sides of the internal
(average violation 0:61.1 A). This might be expected as 00p are base paired and stacked in a manner similar to a
distances derived from NOEs are weighted toward the closesttypical right-handed RNA helix.
approach of atoms rather than the ensemble average. The Details of the Internal LoopThe internal loop residues
other substantial violations (att1/2 C—C) are associated are numbered near the center of Figure 4, where it can be
with G4, G17, and G18 at the stem defect. As with the apical seen that G17 and G18 are somewhat disordered, while the
loop, the NOE-derived distances are shorter than is typical other loop bases are well-defined. G5 stacks on its neighbors,
in the refined structures. This suggests that flexibility is the G4 and C6, and A16 stacks on the upper stem as confirmed
origin of NOEs that are larger than those consistent with an by NOEs from C6 to A16,2. There are sequential NOEs
ensemble of relaxed structures. As these distance violationshroughout both sides of the loop but none that relate G17
occur in the internal loop, it is necessary to treat the degreeand G18 to residues across the loop. Normal Watgomck
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FiIGURE 7: Possible mechanism to form the extended dimer, E, in
SL1 of HIV-1. The kissing loop duplex, K, is shown at the top,
complexed to several NCp7 proteins (ovals). Both chains are
identical in the complex, with chain A represented as filled circles
and chain B as open circles. Theénds are shown in red and the
3'-ends in blue. In this model the intermolecular stem propagates
outward from the (DIS)helix through branch-migration intermedi-
ates, M1, M2, ... (only the central region is shown). The branches
pass through M, a high-energy intermediate, and finally to E.
Propagation is assisted by the mature NCp7 protein, which may
bind strongly to the branch points.

Table 4: Unusual Residue Conformations in the Refined Structures

residué o-Tore sugaf basé
G5 0 N
C6 0 n/S
A10 S N/s high-anti
Cl11 S n/S anti/high-anti
G12 N N syn
G13 0 N/s
Cl14 N N/s
G15 0 N/s
Al6 0 N/s
G17 S N/S anti/syn
G18 S n/S anti’high-anti
C19 0 N
A23 0 N/s

@ Residues not denoted in the table have standard N-anti conforma-
tions in nearly all of the structures. See Supporting Information for
restraint list and full distributions fod andy. ° Input d-torsion angle
restraint favors: N, N-conformers; S, S-conformers, 0, neith@utput
sugar puckers: N= almost all N, S= almost all S, N/s= mostly N,

n/S = mostly S, and N/S= almost equald Output orientation about
the glycosyl bond (no torsional restraint in the input).

base pairs surround the internal loop (G4:C19 and C6:G15)
as confirmed by{ G4,1-C19,4 and{C6,4-G15,1 NOEs.

All 24 of the structures in Figure 4 have at least one denor
acceptor pair within H-bonding distance to form a non-
canonical G5:A16 pair in the loop (more details given
below). The network of NOEs relating the surrounding G:C
pairs to G5, A16, G17, and G18 force a bend around-G17
G18 (see also the discussion of Figure 8, below). It should
be cautioned that the overall details of bending are not

Yuan et al.

Three major clusters of structures for the internal loop can
be distinguished according to the orientation of G17 and G18
(see Figure 5). These loop residues are unpaired in all of
the structures. It can be seen that the loop-closing base pairs,
G4:C19 and C6:G15, occupy similar positions in all three
panels of the figure, which all have a G5:A16 pair and
G15A16 stacking and no stacking of loop bases on C19.
Thus, the degree of bending of the stem appears roughly
the same for each cluster, and it is very likely that the average
bend is similar in direction to that in Figure 4. Cluster 1
(top) has A16G17 stacking and G18 unstacked in the deep
groove of the helix. G18 can occupy many positions and
accounts for most of the rmsd (1.7 A to the reference
structure). Cluster 2 again has AG37 stacking, but now
G18 lies in the shallow groove (rmsd 0.8 A). Cluster 3
(bottom) has A18518 stacking, and G17 unstacked in the
shallow groove (rmse= 0.8 A). The G17 and G18i,1'—

i,8} cross-peaks are strong, and the cross-peaks to their
neighbors are weak, indicating that they have substantial
populations of syn glycosyl rotamers. Furthermore, their
8Jur-nz values are large, so they must have significant
populations of S-puckered sugars. These points are borne
out in the structures, which have a wide distributionyof
ando for these residues (Table 4 and Supporting Informa-
tion). The relative broadness of the imino, base, drsighals

of G5, A16, G17, and G18 further indicates that the internal
loop is quite flexible. Given that twice as many structures
occur in Cluster 1 as in the others combined, and that the
peaks are broad, it would be difficult to obtain clear NMR
evidence for the existence of the minor forms. However, we
note that there are several broad peaks near 11 ppm that could
indicate multiple positions for G17 and G18 (see Figure 2,
low temperatures). Multiple loop conformations may be
important in making the @locus more accessible to NC

the distance between G5 and G17 is at®# in Cluster 3,
nearly the same as between G318 and G320 in the-SL3
NCp7 complex 13).

There is strong evidence for a base pair between G5 and
A16, although neither G5EN1A16N1 nor G506-A16N6
distance restraints were used to force the pair. The appearance
of this noncanonical base pair is driven only by the network
of restraints between the neighboring inter- and intranucle-
otide restraints. We predicted this and several other G:A pairs
in our proposed secondary structure for the HIV-1 major
packaging domain 33). Among the 24 lowest-energy
structures, 18 form two H-bonds between G5NMNI16N1
and G506-A16N6 (see Figure 6), and the rest form at least
one. Elgavish et al. have described this as an imino G:A
base pair §1); their survey indicated that G:A oppositions
at the end of a stem tend to form this base pair when the G
is 5 to the helix. We note that there is no evidence for
G5N1H peak in the bD spectra (see Figure 2 and associated
text, above). This is in accord with other NMR studies of
G:A pairs @3, 62—64), suggesting that this G-imino
exchanges rapidly with solvent. The average G5@1L6C1

sensitive functions of the current NMR observables, and that distance for the 24 structures is 13 A, as in similar G:A
there is evidence for rapid conformational exchange. The oppositions collected in a compendium of noncanonical
complex nature of the bending equilibrium may be difficult interactions §5). It is interesting that the G:A base pair is
to estimate with confidence even upon measurement of not strong enough to preclude binding G5 to NCp7. Appar-
residual dipolar coupling constants in partially oriented ently, the interactions in the loop are easily rearranged in
samples $6—60). response to NC binding.
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Ficure 8: UACG-tetraloop has been removed from the SL1i 23mer, and the upper helix was extended to seven base pairs plus
G247:A273; this model has the full length of the stem in Figure 1a. Local helix axes show that the stem changes direction around the stem
defect as indicated by the local helix axes. The orientation is the same as in Figure 4. Residues 243 and 254 are separated further than 264
and 277. The details of bending in nature may be different from those shown here, as they are not sensitive functions of the NMR observables.
(The small discontinuities in the ribbons occur because the upper helix in the SL1i 23mer deviates somewhat from ideal A-form geometry.)

Model for Dimer Initiation and PropagatianDimer phodiester bonds are severely stretched over the long arcs
formation is crucial for HIV-1 infectivity and as a reservoir in My;. In addition, the strands cannot disentangle if they
for recombination. The dimerization of HIV-1 genomic RNA make more than a full turn about the helix axis between fixed
begins with an initiation complex between self-complemen- ends.
tary regions in the apical DIS loops of SL1 (residues-257 How can the stretching and tangling issues be resolved?
262, see Figure 1a). This metastable kissing dimer (K) then Ennifar et al. 24) suggested a ribozyme-like action to cut
progresses to an extended dimer (E§,(67), chaperoned  and religate the chains, although to our knowledge no direct
by the mature nucleocapsid protei®8¢70). In vitro evidence has been published to support this possibility. It is
experiments have shown that the stem defect is also necessargliso inconsistent with the kinetics of resolution of the-K
for this two-step dimerization process in the presence of E transformation in heterodimeric SL1 constructs that do not
NCp7 9) and that the stem defect is a site for specific contain the stem defedd9). Bends in the stem at the (DIS)
binding to the NC proteinl(0, 71) (see also Table 2). Shen segment §9) and at the defect may help to alleviate both
et al. altered the stem defect in several mutants of genomicproblems. Rist and Marino propose that the complex bends
RNA and found that nearly all changes reduce the potential around (DIS), which in Figure 7 would bring the branch
for dimerization and cause large reductions in infectivaty) ( points out of the plane of the page toward the viewer. The

Figure 7 provides a plausible mechanistic outline for the branch points could then come close to each other. There is
K — E transformation. Some aspects of this mechanism areno direct evidence for such a bend, but t(te x 2) defects
similar to one proposed independently by Rist and Marino immediately adjacent to (DI¢ould contribute the necessary
(69), although their work dealt with truncated SL1 constructs flexibility (69).
that did not involve the stem defect. The (Di$¢gion and The stem defect may also contribute toward relieving strain
symmetry-related stem bases occupy very similar spatialin branch migration (or other) intermediates. The upper stem
locations in both the K and the E dimers for which structures of the NMR structure was extended in Figure 8 to the model
have been determined by X-ray diffractioB4( 25). The the length that would occur in the SL1 stem. The end-to-
X-ray structures also did not include the stem defect. The end distance is longer for the 24254 segment (red) than
two stems in K must open and reanneal in the stems thatfor 264—277 (blue) if a bend occurs as predicted by the
flank (DIS) in E. A likely mechanism for the transformation present NMR structure. (A bend with a similar direction is
involves branch migration, as depicted in Figure 7. Such a likely for the alternativei(1 x 1) — b(2) stem defect.) Of
mechanism would have the minimal number of broken base course, such a bend does not imply that a single phosphodi-
pairs between intermediate steps in the pathway. The highesester bond can stretch over a longer distance. Rather, in three-
energy intermediate is rate limiting in a standard kinetic space the tendency of a helix bent in such a fashion is to
scheme, and for branch migration this would be similar to allow one of the strands to traverse a longer distance than
M in Figure 7, where the annealing is about half complete. the other. Together with the potential for bending about the
The presence of NCp7 bound at the stem defect may assis{DIS). segment§9), this may considerably reduce the barrier
in the transition of the branch point through this intermediate. for K — E.

There are also geometrical and topological problems that With regard to tangling, the strands from the two different
could be encountered in the & E transition. Figure 7  chains are not entangled in K, so the border of one fixed
depicts branch migration led by the strand beginning at 254 region is the end of the central (DiS5egment. The second
(red); the flat diagram makes it appear that single phos- fixed region is not so well-defined, but it probably is at
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243:277 (1, 33) as shown in Figure 7. The stem would then is available free of charge via the Internet at http://
have 12 base pairs plus two residues in stem defects, longepubs.acs.org.

than a full turn of a regular A-helix. This could present a

topological dilemma for separating and reannealing the REFERENCES

strands, even if a bend surrounds (BISjigure 8 shows
that the blue segment does not completely encircle the red
segment. Thus, it should be relatively easy to open the stems 2:
without tangling the strands in the K E transformation, 3
especially with the elastic stem defect(s) acting to relieve
strains. There will only be a tangling problem if the stem
continues much beyond 243:277 as in the Lever secondary
structure 23, 72) where the second fixed region would be
at 236:282.

Figure 7 also incorporates suggestions regarding the role
of NCp7 in the K— E transition. It is likely that the K form
is incorporated into the budding virus particle, and NCp7
only becomes available later, during maturatiG®—68).
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