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ABSTRACT

Formation of a specific complex between the HIV Tat
protein and the small RNA element TAR s critical for
activation of viral transcription. A model complex for
this interaction composed of HIV-2 TAR and the amide
derivative of arginine has been developed to study
how Tat and TAR interact specifically. We have previ-
ously determined a high resolution NMR structure of
the HIV-2 TAR-argininamide complex. The argininamide
guanidium group hydrogen bonds to the major groove
face of G26 and is stacked between U23 and A22,
forming an arginine sandwich. This structure also
provided evidence for formation of a U38-A27-U38
base triple, as U23 is positioned in the major groove
within hydrogen bonding distance to A27. However,
the expected U23 imino proton was not observed,
preventing unambiguous identification of the base
triple. Previous work on an isomorphic C38-G27-C23 *
base triple mutant of the three base bulge HIV-1
TAR-argininamide complex demonstrated that the
base triple is required for specific argininamide bind-
ing. Here we investigate the same C38-G27-C23 * base
triple mutant in the context of two base bulge HIV-2
TAR. The improved NMR spectral properties of HIV-2
TAR allowed observation of the C23 amino and imino
protons for the first time, providing direct evidence
that a hydrogen bonding interaction is occurring. The
NOEs observed correspond to those observed in the
high resolution structure of the HIV-2 TAR-argininamide
complex, confirming that a base triple is an important
feature of the TAR—argininamide interaction.

INTRODUCTION

identified as important for specific Tat binding and iforvivo
activity (8,9). Small basic peptides, encompassing the basic
region of Tat, were found to bind TAR specificall;8-10).
Surprisingly, the Tat—TAR interaction can be further simplified to
an arginine—TAR complex, as shown by a series of careful
binding studiesX1). Mutagenesis and modification interference
studies identified the same nucleotides as important for binding
to both the Tat peptides and a single arginitie1@). These
results suggest that TAR is recognizing arginine and the Tat
protein in the same manner.

A number of NMR structural studies of the HIV TAR-arginin-
amide complex have been performed. In the first study by Puglisi
et al a model was proposed where the argininamide guanidium
group binds in the major groove near G26 and that U23 is near
A27, suggesting formation of a U38-A27-U23 base triple upon
argininamide binding to HIV-1 TAR1Q3). However, no direct
NOE evidence for the proposed base triple was obtained. The second
NMR study by Aboul-elaet al of the HIV-1 TAR—argininamide
complex included a much larger NOE data $é). (No evidence
was found in this study for the proposed base triple, even though
the global conformation of the TAR bulge was similar to the
model of Puglisiet al and U23 was positioned in the major
groove near A27. The most recent high resolution NMR study
focused on the two base bulge HIV-2 TAR-argininamide
complex, which exhibited higher quality spectra than three base
bulge HIV-1 TAR, allowing for an even larger NOE data set to be
obtained {5). The improved spectral quality is presumably due
to the different dynamic properties of two base bulge HIV-2 TAR.
The HIV-2 TAR structure is consistent with the original Pugtisil
model with U23 positioned in the major groove and within hydrogen
bonding distance to A27, suggesting base triple formation. A series
of modeling calculations demonstrated that idealized planar
hydrogen bonds which enforced the base triple structure were
consistent with all the NMR restraints. Even though the NMR

The Tat protein—HIV TAR RNA interaction is critical for viral spectra of the two base bulge HIV-2 TAR—argininamide complex
replication (,2) because binding of Tat to TAR activatesare superior to those of HIV-1 TAR, the effects of dynamics are

transcription of the viral genome. Using bittvivo andin vitro

still present, limiting the number of weak NOEs observed and

biochemical approaches the Tat binding site has been localizegteventing unambiguous identification of the proposed base

the bulge region of TAR located at tHe2hd of the viral mMRNA

triple. The expected U23 imino proton may simply exchange too

(3-7). Specifically, the A27-U38 and G26-C39 base pairs in theapidly to be observed, as is frequently observed for terminal base
upper stem and a single nucleotide in the bulge, U23, wepairs.
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Figure 1. Sequence and secondary structure of wild-type three base bulge J \ ‘
HIV-1 TAR, two base bulge HIV-2 TAR and the HIV-2 TAR CGC triple mutant. | J\ /\[WL
The critical nucleotides required for arginine and Tat binding in the bulge region 6 mM Arg pH 5.4 N ! Ub )’ J
are highlighted in bold. 500 MHz o
To determine if the base triple is required for argininamide J . I\f
binding, an isomorphic C-G*Mase triple mutant was introduced 6 mM Arq oH 5.4 I AWL M
in three base bulge HIV-1 TAR and was found to bind argininamide  ° "7g0 \e M)R?J RN _
in the expected pH-dependent manié).(However, the proton 15 s R
resonances at the interface of the base triple were unobservable and Hppm

no NOEs between C23 and the G27-C38 base pair were observed
due to the dynamic nature of the comple_x. Here, we present NMRgure 2. The imino—amino proton region of HIV-2 TAR CGC shows a number
studies of the HIV-2 TAR C-G-Chase triple mutant. The same of new resonances upon addition of argininamide and lowering of the pH to 5.4.

pH-dependent argininamide binding was observed, howeveftpH 6.4 afew changes are observed upon addition of argininamide. At pH 5.4
e ; e U40 H3 sharpens significantly and the C23 H3 resonance appears at
additional proton resonances due to hydrogen bondmg at tﬁl%.ss p.p.m. In addition, the C23 H42/H41 are also observable at 10.61 and

i_nterface of the proposed _base triple We'je obser_ved for the ﬁr5.17 p.p.m. The chemical shifts of the C23 amino and imino protons are in the
time. These protons exhibit a number of inter-residue NOEs thafinge observed for protonated cytidines found in Ct®aBe triples.

position C23 and G27 near each other, consistent with base triple

formation. This work provides direct NMR evidence of the base

triple structure in the HIV-2 TAR—argininamide complex. scheme with a selective E-BURP-1 flip-back pulge-p?).
Sweep widths were 12 000, 14 000 and 16 000 Hz at 500, 600 and
MATERIALS AND METHODS 750 MHz respectively, with 4096 512 points collected. Some
. spectra were recorded with sweep widths of 148000 Hz,
Sample preparation which increased the digital resolution. Data were zero filled to 4k

The HIV-2 TAR CGC RNA was synthesized by vitro % 2k real points and apodized using Gaussian—Lorentzian
transcription by T7 RNA polymerase and purified by denaturingnctions in both dimensions before Fourier transformations.
gel electrophoresi4 {). Samples were dialyzed for >48 h against Standard NOESY, TOWNY2() and DQ-COSY spectra in
NMR buffer (10 mM sodium phosphate, pH 6.4 &t@550 mM ~ 99.996% 2H,0 were recorded at 28. To monitor NOE
NaCl and 0.1 mM EDTA). The final concentration in §0@vas  build-ups, spectra were recorded at 500, 600 and 750 MHz with
[1.5 mM. The sample was then titrated with argininamidénixing times of 50, 100, 200 and 400 ms. Sweep widths were
(Sigma) in the NMR tube to a final total concentration of 6 mMvP500, 6000 and 8000 Hz at 500, 600 and 750 MHz respectively.
and the pH was then lowered to 5.4 with HCI. Some spectra were obtained with 489824 real points, which
aided assignment of some crowded resonances.

NMR spectroscopy
) ) RESULTS AND DISCUSSION
NMR experiments were recorded on a Varian INOVA 600 MHz

spectrometer, Varian Unity Plus 750 MHz spectrometer or Brevious studies showed that an isomorphic base triple mutant
500 MHz spectrometer constructed at the Francis Bitter Magn€AR can be designed that binds argininamide. In our work with
Laboratory. All spectra were processed and analyzed usitgo base bulge HIV-2 TAR we found improved dynamic
NMRPipe and PIPP on a Silicon Graphics Indy workstatiomproperties of the TAR—argininamide complex allowing for high
(18,19). Proton NMR spectra in4D were recorded at a variety resolution structure determination of this complex. Although this
of temperatures and mixing times, including 50, 100 and 200 msork provided more indirect evidence for base triple formation
NOESY spectra used a WATERGATE 3-9-19 water suppressiarpon argininamide binding, no direct NOE evidence indicative of
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Complete assignments were not possible without isotopic label-
_H,0 ing, but the key resonances in the bulge region were easily
assigned, since most of the resonances have almost identical
chemical shifts to the wild-type HIV-2 TAR-argininamide
complex. The C38 and G27 resonances were readily assigned by
observation of standard A-form sequential NOEs. The C23 amino
protons were assigned based on very strong NOEs to C23 H5,
which in turn gives NOEs to the C23 base and ribose. The C23
sugar pucker is Cz&ndqg as in wild-type HIV-2 TAR, which
allows assignment vidH-1H TOCSY and DQ-COSY experi-
ments (data not showRy).

Table 1.Proton chemical shifts (p.p.m.) for HIV-2 TAR CGC RNA bound to

P12 argininamide
. G26(H3)
= = F13
T G27(H3) - Residue  H1/H3 H42/H41 H8/H6 H5/H2 HY
" G16 - 8.09 - 578
: ‘ , : G17 13.51 - 7.69 - 5.93
11.0 105 10.0 9.5 9.0
H ppm c18 8.7@ 7.72 5.27
C19 8.44,6.95 7.74 5.19 5.55
Figure 3. The internucleotide NOESs to the C23 amino protons are shown in a A20 - 8.00 6.91 5.92
H2O NOESY at 2C. A number of NOEs between C23 and G26, G27 and U38 51 12.60 _ 7.10 _ 556
position C23 near G27, consistent with a base triple structure.
A22 - 7.76 7.15 5.99
c23 15.55 10.61,9.17 7.76 5.77 5.85
the presence of a base triple in the HIV-2 TAR-argininamide
U25 - 7.89 5.99 6.05
complex was observed. We reasoned that replacement of the
U38-A27-U23 base triple with an isomorphic C38-G27'G#2%e  G26 12.93 - 7.79 - 5.94
triple in the context of HIV-2 TAR may allow us to observe critical 27 13.02 - 7.58 - 5.95
resonances indicative of base triple formation in the argininamid 13.56 B 743 B 5.87
complex. Typically, the cytidine amino proton resonances are ' ' '
sharper than uridine imino proton resonances and, therefore, mé&y° 8.37 7.59 5.17 5.54
be observable upon hydrogen bonding in the base triple of TAR:30 7.69 5.55
Also, the extra G-C base pair in the upper stem may improve, _ 774 584
overall stability of the complex. Thus, we constructed the two base
bulge HIV-2 TAR CGC triple mutant as shown in Figlire 2 - -
As previously observed in studies of HIV-1 TAR CGC, G33 - -
argininamide does not bind significantly at pH 6.4. However, at534 _ 704 _
pH 5.4 the U40 imino proton resonance significantly sharpens
and the G26 and G21 imino resonances shift, as is observed - 8.42 8.20 5.98
argininamide binding to wild-type TAR. In addition, a number of G36 13.25 - 7.45 - 5.55
new peaks appear in the imino and amino proton regions, asz7 8.88,7.03 7.89 5.3 5.55
shown in Figur@. These exchangeable resonances are generall
not observable under these conditions unless they are involved #‘?8 8.56,7.01 788 545 5.63
a hydrogen bonding interaction. The peak at 15.55 p.p.m. is t0639 851,742 741 5.58 5.45
broad to be observed in ZBI-1H NOESY experiments but its  yag 14.11 _ 8.02 552 557
chemical shift is in the exact range observed for protonate
cytidine imino protons found in base triple structures in DNA%41 8.36,7.18 7.94 567 550
triplex NMR studiesZ4-26). The remaining new resonances are U42 13.35 - 7.86 5.34 5.46
easily identified as cytidine amino protons in 750 MHz NOESY g43 12.05 _ 7.86 _ 577
spectra. '!'he cytidine amino protons are also observed at chemlt:(.;:ljM 13.31 B 235 B 5.70
shifts typical for a base triple structugs26).
8.66,7.00 7.66 5.18

The NOEs observed to C23 amino protons i@ NOESY  C45
are shown in Figur8. Since the chemical shifts for most of the c46

molecule are very similar to wild-type HIV-2 TAR, resonance

?‘S_S'gnme”ts were st_ralghtforward. Most c_)f the e_XChangea_bllﬁe errors for the chemical shift ar@.01. The exchangeable proton chemical
imino protons and amino protons observed in the high resolutiQgifts were assigned at@, while all the non-exchangeable data were assigned

HIV-2 TAR-argininamide structure were assigned, along withy 2.

most of the H8/H6/H5 and Miesonances, as shown in Tahle aThe chemical shift was assigned atC5as the peaks overlapped a€2
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Figure 4. Summary of NMR data for the HIV-2 TAR CGC triple mutant bound to argininaréidiéniernucleotide NOEs in the bulge region. Bases are indicated
by rectangles and ribose sugars by pentagons. Ribose, base H8/H6 and imino protons are represented by dots withirypetheagatside of the base respectively.
Base pair hydrogen bonding is shown by dashed lines between bases. Observed internucleotide NOEs are indicated by thshedlewtsles that form the
base triple are highlighted) The same schematic shows the intermolecular NOEs to the argininamide, indicated by dashe)XdiB8<:Q7-C28is shown with

the key internucleotide NOEs that are observed that position C23 next to G27, shown by the dashed lines. The C23 insitigpiigfoted by the box.

Some weaker NOEs that were observed in the HIV-2 TARTable 2.Intermolecular and internucleotide NOEs
argininamide complex were not observed in the triple mutant
spectra. Most of these differences can be attributed to the use of

multi-dimensional heteronuclear NMR for the HIV-2 TAR Arg(HB) -C39 H42 Y2 C23 H42/H41 -G26 H1 N

assignments, which was not replicated here for the base triple Hal v G627 HL N

mutant. Intermolecular NOEs to the argininamide guanidium

protons were not detected because these resonances were broader -C37 H4z2 N

in the HIV-2 TAR CGC spectra. Also, the weak —C38 H42 N

C39(H42/H41)-Arg(H®) intermolecular NOEs were not ob- Arg(Hy) —A22 H8 Y Ha1l N

served. Spectral crowding inhibited unambiguous assignment of

intermolecular NOEs between A22(Hizand A22(H3 and €23 HS Y —C39 H4z N

Arg(He), even though candidate peaks were observed. H6 Y H41 N
All the observed NOEs for the triple mutant are consistent Withyrgis) —a22 H8 Y  G26 H8 _A22 H1 Y

the base triple structure of the wild-type HIV-2 TAR—argininamide 23 M5y 23 HL Y

complex. In fact, a similar set of intermolecular and internucleotide

NOEs are observed in both HIV-2 TAR CGC and wild-type HIV-2 -G27 H8 Y Y

TAR complexes, indicating that argininamide is binding to both _C39 H42 Y G26 H1 _A22 H2 Y

molecules in the same manner. Tadlsts the critical NOES in the Hai v

bulge region that are observed in the HIV-2 TAR CGC-

argininamide complex. Important intermolecular NOEs that areAr9(He) -C23  H5 Y

found in the wild-type HIV-2 TAR-argininamide complex, H6 Y

including NOEs between C23 H5 and argininamiglart! Hb, are
also observed in the triple mutant. Significantly, NOEs from

C23(H42/H41) to G27(H1) and C38(H42/H41) are observedthe v or N indicates whether the NOE was observed in the wild-type HIV-2
positioning C23 near G27, as shown schematically in Figure TAR-argininamide complex.



CONCLUSIONS

The arginine binding motif originally identified in the HIV
Tat-TAR interaction has recently been observed in other
contexts. A TAR bulge motif was identified in the selection of 6
high affinity Rev binding aptamers, which gave the same
chemical modification interference signature as TAR Z9).
The ensuing solution structure of the Rev peptide—aptam
complex provided unambiguous evidence for a U-A-U base triple
forming an arginine binding sit&Q), very similar to the HIV-2

TAR structure. The r.m.s. deviation between the Rev—aptam&t
complex and HIV-2 TAR for the bases involved in the base tripléf,l
U-A.U, the arginine and the G-C base pair contacting the arginipe
is 1.12 A. The architecture of the arginine binding site in these two
different contexts is the same. A U-A-U base triple also forms d8
arginine binding site in the BIV Tat—-TAR complé&4). The TAR

bulge motif has also been identified in the Rex response eleméit
(RexRE) RNA—-Rex peptide interaction by SELEX), Because 16
of the sequence similarity, we expect this structure to resemble the
HIV TAR-arginine interaction. Finally, small molecules that bindl”
to the HIV TAR bulge mimic the arginine guanidium group and18
bind in a very similar manner as arginine-rich pepti@&s Thus

the base triple in the TAR bulge may prove to be a common
structural motif for arginine guanidium group recognition.
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