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Background: In lentiviruses such as human immunode- 
ficiency virus (HIV) and bovine immunodeficiency virus 
(BIV), the Tat (trunr-activating) protein enhances trans- 
cription of the viral RNA by complexing to the 5’-end 
of the transcribed mRNA, at a region known as TAR 
(the trans-activation response element). Identification of 
the determinants that account for specific molecular 
recognition requires a high resolution structure of the Tat 
peptide-TAR RNA complex. 
Results: We report here on the structural characteriza- 
tion of a complex of the recognition domains of BIV Tat 
and TAR in aqueous solution using a combination of 
NMR and molecular dynamics.The 17-mer Tat peptide 
recognition domain folds into a P-hairpin and penetrates 
in an edge-on orientation deep into a widened major 
groove of the 2%mer TAR RNA recognition domain in 
the complex. The RINA fold is defined, in part, by two 
uracil bulged bases; IJ12 has a looped-out conformation 

that widens the major groove and UlO forms a U*AU 
base triple that buttresses the RNA helix.Together, these 
bulged bases induce a -40” bend between the two helical 
stems of the TAR RNA in the complex. A set of specific 
intermolecular hydrogen bonds between arginine side 
chains and the major-groove edge of guanine residues 
contributes to sequence specificity. These peptide-RNA 
contacts are complemented by other intermolecular 
hydrogen bonds and intermolecular hydrophobic packing 
contacts involving glycine and isoleucine side chains. 
Conclusions: We have identified a new structural motif 
for protein-RNA recognition, a P-hairpin peptide that 
interacts with the RNA major groove. Specificity is associ- 
ated with formation of a novel RNA structural motif, a 
U*AU base triple, which facilitates hydrogen bonding of an 
arginine residue to a guanine and to a backbone phos- 
phate.These results should facilitate the design of inhibitors 
that can disrupt HIV Tat-TAR association. 
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Introduction 
Recent crystallographic studies of protein-RNA com- 
plexes (reviewed in [1,2]) have revealed several impor- 
tant principles for the sequence-specific recognition of 
RNA secondary and tertiary structure. Our under- 
standing of the basis of protein-RNA recognition is 
limited, as the structures of very few protein-RNA 
complexes have been determined. The loop, bulge, 
bubble and pseudoknot motifs embedded within heli- 
cal segments of RNA may be important targets for 
molecular recognition by peptides. 

There are several protein-RNA interactions that are fim- 
damentally important in the life cycle of immunodefi- 
ciency viruses. The Tat (tram-activating) protein of 
lentiviruses enhances viral RNA transcription by binding 
to the 5’-end of the transcribed mRNA, at a region 
known as TAR (trans-activation response element). The 
Tat-TAR interaction has been studied in detail in both 
the human (HIV) and bovine (BIV) immunodeficiency 
viruses (reviewed in [3,4]). Short stretches of Tat and 
TAR, the recognition domains, are sufficient to examine 
the basis for sequence-specific complex formation. It has 
been shown for both HIV and BIV that single or multi- 
ple base bulges in the stem-loop TAR RNA are crucial 
for the recognition of this site by Tat; the region of Tat 

responsible for recognition is basic and rich in arginines. 
The recognition sites have been mapped out in detail 
fi-om footprinting studies combined with the effects of 
mutations in peptide and RNA on binding affinity [3,4]. 

NMR studies have been applied previously to character- 
ize the HIV Tat-TAR interaction in solution. These 
studies have been hindered by the inability to monitor 
the peptide protons in the complexes. The previous 
research therefore addressed the simplest possible system, 
namely, the binding of arginineamide to the bulge-con- 
taining stem-loop TAR site [5,6]. A key insight that 
emerged from these studies was that the arginine side 
chain shows a bif%rcated interaction with the major- 
groove edge of guanine and with a backbone phosphate. 
This arginine-guanine-phosphate interaction was postu- 
lated to contribute to the specificity of molecular recog- 
nition in this system. Further, a novel U*AU base triple 
was proposed to form upon arginineamide-HIV TAR 
RNA complex formation through pairing of a bulged 
uracil with a stem A-I-J base pair [6] .The evidence for the 
U*AU base triple formation was primarily based on 
sequence covariation experiments; the arginineamide still 
bound when the sequence was changed to generate the 
potential C*GC triple in the TAR RNA [7]. More recent 
detailed NMR studies on the same arginineamide-HIV 
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Fig. 1. Nucleotide sequence of the 28-nucleotide BIV TAR RNA 1 
showing base-paired regions, and amino-acid sequence (in single 
letter code) of the 17-residue BIV Tat peptide used to determine 
the structure of the Tat-TAR complex. 

TAR RNA system have challenged the notion of the 
formation of a U*AU base triple in the complex [8]. 

The corresponding BIV system provides an attractive 
alternative system for study since the minimal Tat peptide 
and TAR RNA necessary for sequence-specific complex 
formation has been determined, as well as the effects of a 
large number ofTat and TAR mutants on binding affini- 
ty [9,10]. The tight binding constant for the BIV 
Tat-TAR complex suggests that this system should be 
amenable to NMR structural characterization. 

There have been significant recent advances in the applica- 
tion of NMR spectroscopy to elucidate the folded confor- 
mations of RNA in solution (reviewed in [l l-14]).These 
efforts have been greatly aided by the availability of uni- 
formly t3C,t5N-labeled RNA [15,16] and the application 
of heteronuclear multidimensional NMR techniques 
(reviewed in [17,18]) to extract the maximum structural 
information in crowded regions of the spectrum.We report 
here on the solution structure of the complex formed 
between the 28nucleotide (2%mer) BIV TAR RNA 
(structure 1, Fig. 1) and a 17-amino-acid (17-mer) BIV Tat 
peptide, representing the TAR recognition domain, (struc- 
ture 2, Fig. 1) in solution using a combined NMR-mole- 
cular dynamics approach. Our goal was to define the struc- 
ture and identify the intermolecular contacts that account 
for the sequence-specificity and aflinity of complex forma- 
tion. We have characterized the critical role in complex 
formation of the large number of arginines and glycines 
and of the single isoleucine in the BIV Tat sequence 2 and 
the two uracil bulges separated by a G*C base pair in the 
BIVTAR RNA sequence l.As theTat andTAR sequences 
of HIV and BIV exhibit similarities, the principles deduced 
from our results on the the BIV Tat-TAR complex may be 
applicable to the HIV system. 

Results 
Complex formation 
We monitored the formation of the BIV Tat-TAR 
complex on gradual addition of BIV 17-mer Tat peptide 
2 to the BIV 28-mer TAR RNA 1 H,O solution, 
pH 6.8 by recording the imino proton NMR spectra 
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Fig. 2. Spectroscopic analysis of exchangeable nucleic acid 
protons in the BIV Tat-TAR RNA complex. (a) ‘H-15N HSQC 
spectra correlating imino proton and attached nitrogen regions of 
the complex containing uniformly 13C,15N-labeled TAR RNA in 
H,O buffer at pH 5.5 and 10 “C. The assignments are listed next to 
the crosspeaks. The boxed crosspeak is the Ul 0 assignment, which 
correlates the UIO imino proton (13.01 ppm) with its attached 
nitrogen (162.08 ppm). (b) Expanded NOESY contour plots 
(I 50 ms mixing time) in the BIVTat-TAR complex in H,O buffer at 
pH 5.5 and -2 “C. Distance connectivities between TAR RNA 
imino protons in the symmetrical 12.0-14.7 ppm region. The 
imino proton assignments are listed along the diagonal and the 
lines trace the connectivities between imino protons on adjacent 
base pairs along the TAR RNA helix. The boxed crosspeak corre- 
sponds to a weak NOE between the broad imino proton of UlO 
(13.18 ppm) and the imino proton of Gll (12.18 ppm). (c) NOE 
connectivities between TAR RNA imino protons (12.0-14.7 ppm) 
and a portion of the base and amino proton region. The boxed 
crosspeak is the NOE between the broad imino proton of UlO 
(13.18 ppm) and the H8 proton of Al 3 (7.92 ppm). 

(12.0-14.7 ppm) at 1 “C (see Supplementary material). 
We detect separate resonances for free and bound 
TAR RNA at substoichiometric ratios, indicating slow 
exchange due to the formation of a high aflinity complex. 
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We detect the same number of imino-proton resonances 
in the complex except that several imino protons undergo 
significant downfield (G14, U16 and U24) and upfield 
(Gl 1 and G22) shifts upon complex formation. 

Exchangeable nucleic acid protons 
The imino protons of the 2%mer TAR RNA in the 
BIV Tat-TAR complex have been assigned using stan- 
dard nucleic acid assignment procedures [19]. The exper- 
imental data on the complex in H,O buffer were 
collected at both pH 6.8 and pH 5.5 over the -2 to 
25 “C temperature range. We anticipated that low pH 
and temperature would Sacilitate the detection and iden- 
tification of the imino protons of the UlO and U12 
bulge residues in the complex. 

The imino protons can be correlated with their attached 
nitrogens in a lH,r”N heteronuclear single quantum 
coherence (HSQC) contour plot of the BIV Tat-TAR 
complex containing uniformly 15N,13C-labeled TAR 
RNA in H,O buffer, pH 5.5 at 10 “C (Fig. 2a). The 
guanine (147-151 ppm) and uracil (161-165 ppm) nitro- 
gens exhibit distinct chemical shifts and can be readily 
differentiated by class. An expanded region of the nuclear 
Overhauser effect spectroscopy (NOESY) contour plot 
correlating NOE connectivities between imino pro- 
tons (12.0-14.5 ppm) and base and amino protons 
(5.2-9.2 ppm) is given in the Supplementary materials. 
We detect the characteristic NOES between uracil irnino 
protons and adenine H2 and amino protons across 
Watson-Crick A*U base pairs and between guanine 
imino protons and cytosine amino protons across 
Watson-Crick G-C base pairs in the complex. 

An expanded NOESY contour plot of the BIV 
Tat-TAR complex in H,O buffer, pH 5.5 at -2 “C cor- 
relates NOE connectivities in the symmetrical 
12.0-14.5 ppm region (Fig. 2b).The NOE connectivities 
can be traced from the imino proton of G29 at one end 
of the helix towards the broad imino proton of U16 
located at the other end of the TAR RNA helix. It is 
significant that NOES are detected between the imino 
protons of G9 and Gil, which span the intervening UIO 
bulge residue, and between the imino protons of Gil 
and U24, which span the intervening U12 bulge residue 
in the complex. 

We have identified the UlO imino proton resonance in 
the BIV Tat-TAR complex. It can be clearly detected in 
low temperature NMR spectra recorded at pH 5.5, but is 
very weak at pH 6.5, reflecting the slowing of its 
exchange rate with water at acidic pH.The UlO imino 
proton is broad, resonates at 13.18 ppm (-2 “C) and shifts 
upfield with increasing temperature. It exhibits a broad 
‘H-*sN HSQC correlation crosspeak (boxed peak, Fig. 
2a) similar to that detected for the broad U16 residue 
(Fig. 2a) in the complex. Further, the imino proton of 
UlO exhibits a weak and broad NOE to the imino 
proton of Gil in the NOESY (150 ms mixing time) 
contour plot of the complex recorded in H,O buffer, 
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Fig. 3. Expanded 13C-filtered NOESY (250 ms mixing time) 
contour plots in the BIV Tat-TAR complex containing uniformly 
labeled 13C,15N-TAR RNA in D,O buffer, pH 6.8 at 25 “C. (a) 
NOE connectivities between the NH (7.3-9.1 ppm) and Cal-l 
(3.3-5.0 ppm) protons of the Tat peptide from R70 to R81 in the 
complex. The lines trace the sequential NOE connectivities along 
the peptide chain. (b) NOE connectivities between amide 
protons (symmetrical 7.2-9.2 ppm region) of the Tat peptide from 
G71 to R81 in the complex. 

pH 5.5 at -2 “C (boxed peak, Fig. 2b). It is important to 
note that a broad crosspeak is clearly detectable between 
the imino proton of UlO and the H8 proton ofA in 
NOESY (150 ms mixing time) spectra of the complex in 
H,O buffer, pH 5.5, recorded at 10 “C and -2 “C (boxed 
peak, Fig. 2~). This NOE pattern is characteristic of the 
Watson-Crick edge of UlO interacting with the major- 
groove edge of Al3 which is in a Watson-Crick A*U 
pair to form a U*AU triple in the complex.The forma- 
tion of the UlO*A13*U24 base triple can occur if the 
bulge UlO base does not stack between its flanking G*C 
base pairs. The observation of an NOE between the 
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Table 1. Intermolecular NOES in the BIV Tat-TAR complex 

acid Nucleotide 

G66 aCH2 

P67 PCH,, yCH, 
KH, 

~68 SCH,, $I$ 
ZiCH, 

NH2 

R70 PCH,, yCH, 
SCH, 

rNH 

NH2 

G71 c&H, 

T72 CXH 
PH 
SH, 

@H 
R73 PCH,, yCH, 

SCH, 
ENH 

G74 NH 
aCH2 

R77 PCH,, ?/CH, 
KH, 
ENH 

179 CXH 

PH, SH, 
SH,, SCH, 

Cl7 H5 

Al8 Hl’ 
Cl7 H5 

Al8 H2 
A21 H8,Al8 H2, U20 Hl’,U19 Hl’ 
A21(H8, Hl’) 

C22 NHl, G14 NHl, Al3 NH, 
U24 NH3, Cl4 NHl, C22 NHl, 
C23 NH2, UlO H5, Al3 NH, 
G14 NHl, Cl5 H5 
Al3 H8 

A21 (H8, Hl’), G22 H8 

C23 H5 
C23 (H5, H6) 
C23 (H5, H6), 
A21 (H8, Hl’, H2’, H3’), 
G22 (H8, Hl ‘, H2’, H3’, H4’, H5’, H5”) 
C23 (H5, H6) 

G9 NHl, Gil NHl, C25 NH, 
G9 NHl, Gil NH1 
Gil NH1 

C23 (H6, H5) 
U24 (H5, H6), C23 (H6, H5, H2’) 

C8 H5 
C8 (H5, H6), G9 H8 
G9 H8, C8 H6 

UlO H5 
UlO (H5, H6) 
UlO (H5, H6), U24 NH3 

1 

imino protons of G9 and Gil in the complex (Fig. 2b) is 
consistent with this conclusion resulting in a mutual 
stacking of the G9*C26 and GlleC25 base pairs in the 
complex. Finally, the NOE patterns involving the UlO 
imino protons are also detected in the BIV Tat-TAR 
complex generated from a TAR mutant where U12 is 
replaced with C. 

In contrast, we have been unable to detect the imino 
proton of U12 between 12.0 and 15.0 ppm in the 
complex at acidic pH and low temperature conditions. 
This result, together with the observation that we detect 
an NOE between the imino protons of Gl 1 and U24, is 
indicative of U12 looping out of the helix resulting in 
mutual stacking of the flanking Gl l-C25 and A13*U24 
base pairs in the complex. 

Non-exchangeable nucleic acid protons 
The non-exchangeable nucleic acid base and sugar 
protons have been assigned following analysis of through- 
bond and through-space connectivities in the BIV 
Tat-TAR RNA complex. Expanded NOESY (250 ms 
mixing time) contour plots correlating NOES between 
base protons (6.9-8.4 ppm) with their own and 5’-flank- 
ing-sugar Hl’ protons (5.0-6.1 ppm) in the complex in 

D,O buffer, pH 6.8 at 25 “C are given in the 
Supplementary materials. The chain tracing can be readily 
followed from Cl7 to C30 including the U24-C25-C26 
segment facing the UlO and U12 bulge residues in the 
TAR RNA. It was possible to differentiate between UlO 
and U12 by studying the BIV Tat-TAR complex con- 
taining a Cl2 for U12 substitution in the TAR RNA. 
There is a break in the connectivity at the G9-UlO and 
Gll-U12 steps, whereas it is diflicult to trace the connec- 
tivities through the UlO-Gil and U12-A13 steps 
because of the similar chemical shifts for the sugar Hl’ 
protons of UlO and Gil and also because of crosspeak 
overlaps between the base/sugar Hl’ protons of U12 and 
Al3 in the complex. 

The assigned sugar Hl’ protons can then be correlated 
with the remaining sugar protons through a combination 
of rH-13C HCCH-correlation spectroscopy (COSY) 
and HCCH-total correlation spectroscopy (TOCSY) 
experiments on the BIV Tat-TAR complex containing 
uniformly 13C,15N-labeled TAR RNA in D,O solution 
at 25 “CWe have also used several heteronuclear three- 
and four-dimensional NOESY experiments to try 
to resolve ambiguities due to crosspeak overlaps in 
homonuclear two-dimensional NOESY spectra of 
the complex. This information can be found in the 
Supplementary materials. 

A distinction can be made between C3’-endo [negligible 
J[Hl’-H2’] coupling constant) and C2’-endo (large 
J[Hl’-H2’] coupling constant) families of sugar puck- 
ers following analysis of the double-quantum-filtered 
(DQF)-COSY spectrum of the BIV Tat-TAR complex 
in D,O buffer at 25 “C (Supplementary materials). 
These results indicate that the U17-A18-U19-U20 
hairpin loop, adjacent residue A21 and the UlO-Gll- 
U12 bulge-containing segment (and to a lesser extent 
adjacent A13) adopt sugar puckers in the C2’-endo range 
in the BIV Tat-TAR complex. The remaining non-ter- 
minal sugars adopt the characteristic A-RNA C3’-endo 
conformation in the complex. 

Exchangeable and non-exchangeable peptide protons 
The amino acid backbone and side chain protons of the 
17-mer Tat peptide in the BIV Tat-TAR complex have 
been assigned using standard procedures [20]. These 
assignments were aided by recording 13C-filtered 
NOESY (250 ms mixing time) spectra on the complex 
containing 13C,15N-labeled TAR RNA in H,O and 
D,O buffer at pH 6.8 and 25 “C (Fig. 3). The peptide 
protons can be selectively monitored without detection 
of the nucleic acid protons in such a 13C-filtered 
NOESY experiment on the complex. 

The expanded 13C-filtered NOESY contour plot 
exhibiting NOES between the amide protons 
(7.2-9.2 ppm) and Ho protons (3.3-5.0 ppm) in the 
BIV Tat-TAR complex in H,O buffer is plotted in 
Figure 3a. The connectivities involving amide protons 
with their own and adjacent Ha protons can be traced 
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Table 2. Statistics of NMR data and the four final structures of 
BIV Tat-TAR complex. 

NMR restraints 
TAR RNA 

Distance restraints 
intra-residue 
Sequential (Ii-j1 = 1) 
Inter-strand 

(C4-U16 c-> A21-C31) 
Loop (Cl 7-U20) 
Ul 0 <-> Rest of RNA 
U 12 c-> Rest of RNA 

Torsion restraints (6/ribose) 
Tat peptide 

Distance restraints 
Intra-residue 
Sequential 
Medium range (2 2 Ii-j1 2 4) 
Long range (1 i-j1 2 5) 

Tat peptide-TAR RNA 
Distance restraints 

UlO <-> peptide 

Structure statistics 
NOE violations 

Number > 0.2 A 
Maximum violations (A) 
r.m.s.d. of violations (A) 

Deviations from ideal covalent geometry 
Bond length (A) 
Bond angle (“) 
Impropers (“1 

691 
417 
226 

35 
120 
9 
2 
132 

259 
150 
46 
25 
38 

102 
10 

23.7 f 6.2a 
0.53 f 0.07 
0.047 f 0.007 

0.013 f 0.004 
3.017 * 0.018 
1.913 i 0.173 

Pairwise r.m.s.d. among the four final structures (A) 
TAR RNA heavy atoms 

C6-Gil, Al3-U16, A21-C29 1 .l 1 f 0.06 
Tat peptide 

P69-I 79 
Backbone (N, C(Y, C’) 0.49 f 0.08 
All heavy atoms 1.03 f 0.07 

S65-R81 
Backbone (N, Co, C’) 1.48 f 0.25 
All heavy atoms 1.90 f 0.32 

Tat peptide-TAR RNAb 
C6-Gl l, Al 3-U16, 
A2 1 -G29, P69-179 1.16 -f 0.08 

aNumber of > 0.2 A violations for the core region of the complex 
(C6-U16, A21-G29, P69-179) = 7.8 i 3.2 
bSuperimposed on all RNA heavy atoms plus peptide backbone 

from R68 to R81 for the l7-mer Tat peptide in the 
complex (Fig. 3a).There are breaks in the connectivities 
at the R68-P69-R70 step because of the intervening 
P69 residue, and at the R73-G74 step.These connectivi- 
ties can be traced in other regions of the corresponding 
%-filtered NOESY spectrum of the complex in D,O 
buffer (Supplementary materials). An NOE characteristic 
of a B-sheet is detected between the Ha protons of T72 
and R78 in the complex. 

The expanded 13C-filtered NOESY contour plot 
exhibiting NOES between amide protons in the sym- 
metrical 7.2-9.2 ppm region in the complex in H,O 
buffer is shown in Figure 3b.The connectivities between 
adjacent amide protons can be traced from G71 to R81. 
In essence there is a break in the connectivity at the 

T72-R73 step and strong crosspeaks between adjacent 
amide protons at the K75-G76, G76-R77 and R80-R81 
steps in the complex (Fig. 3b).The backbone amide and 
Ca protons and the assignable side chain protons of the 
Tat peptide in the BIV Tat-TAR complex in D,O buffer 
are given in the Supplementary materials. 

Intermolecular restraints 
We have identified 102 intermolecular restraints between 
the 17-mer Tat peptide and the 28-mer TAR RNA in 
the BIV Tat-TAR complex in solution. These intermole- 
cular NOES are listed in Table 1 and establish that R68, 
R70, R73 and R77 are involved in a significant number 
of NOES with protons on the TAR RNA. In addition, 
T72 and 179 together with G71 and G74 exhibit a sig- 
nificant number of intermolecular NOES. The behavior 
of bulge uracils UlO and U12 of the TAR RNA in the 
complex is distinctly different; UlO exhibits 10 intermol- 
ecular NOES in contrast to none for U12 (Table 1). It 
should be noted that the major-groove edge protons 
(H5, H6) of UlO exhibit NOES to the Ha, HP, Hy and 
H6 protons of 179. These 102 intermolecular restraints 
are critical in guiding the molecular dynamics calcula- 
tions towards a well converged structure of the BIV 
Tat-TAR complex in solution. 

Input restraints and structure calculations 
Inter-proton distance restraints were quantified from 
NOE buildup curves in NOESY experiments on the 
BIV Tat-TAR complex in H,O (four mixing times) and 
D,O (five mixing times). Additional distance restraints 
were obtained from analysis of three-dimensional 
NOESY-heteronuclear multiple quantum coherence 
(HMQC) (120 ms mixing time) and four-dimensional 
HMQC-NOESY-HMQC (200 ms mixing time) spectra. 
Hydrogen-bond restraints were incorporated for the 
Watson-Crick base pairs in the helical stem of the RNA 
in the complex. Torsion-angle restraints were imposed 
on selected ribose sugars to maintain appropriate 
puckers. (For details, see Materials and methods.) The 
input restraint statistics, and their partitioning into 
several categories, are summarized in Table 2. 

The structure calculations on the BIV Tat-TAR 
complex were carried out in three stages. Initially, the 
RNA and peptide were independently folded, starting 
from idealized models, using restrained molecular 
dynamics with a simulated annealing protocol.This pro- 
vided four TAR RNA and seven Tat peptide structures. 
These TAR RNA and Tat peptide models were docked 
against each other using restrained molecular dynamics 
in two cycles of simulated annealing refinement (see 
Materials and methods).All 22 of the successfully com- 
pleted docking trials exhibited common structural fea- 
tures.The peptide forms a B-turn that lies in the major 
groove of the RNA. The U*AU base triple was also 
observed in all 22 structures. Differences and NOE 
restraint violations in the family of structures were con- 
fined largely to the peptide side chains and to the amino 
(S65-P67) and carboxy (R80, R81) termini of the 
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Fig. 4. Evaluation of four distance- 
refined structures of the BIV Tat-TAR 
complex. (a) Pairwise all-heavy-atom 
r.m.s.d.‘s (A) in the atomic-coordinate 
positions calculated by residue for the 
four distance-refined structures. A least- 
squared all-heavy-atom superposition- 
ing of all RNA heavy atoms and the 
peptide backbone for residues C6-Gl l, 
Al 3%LJI 6, A21-G29, P69-179 of the 
BIV Tat-TAR complex was performed 
before the calculation. The average 
values (open circles) are shown along 
with the standard deviations (vertical 
bars). (b) A stereopair of the four dis- 
tance-refined structures of the core 
segment of the BIV Tat-TAR complex. 
The P69 to 179 domain of the BIV Tat 
peptide is shown in a white backbone 
with the side chain of R73 depicted in 
orange. The C6 to U16 and A21 to G29 
segments of the BIV TAR RNA are 
shown with a yellow sugar-phosphate 
backbone and magenta bases. The 
UlO*A13=U24 triple is shown in cyan 
and the external U12 base in red. The 
ends of the peptide and the RNA 
domains are labeled by residue number. 
This stereoview was generated by super- 
positioning all RNA heavy atoms and 
the peptide backbone for residues 
C6-Gil, A13-U16, A21-G29 and 
P69-179 of the complex. The backbone 
phosphate oxygens of the RNA have 
been deleted for clarity. 

peptide and to the RNA loop (C17-U20). Four struc- 
tures of the complex were chosen and analyzed. The 
structure closest to the average of these four was chosen 
as the representative structure for detailed description. 
This structure exhibited the lowest violations relative to 
the experimental data. 

Structure analysis 
The root mean square deviation (r.m.s.d.) values at indi- 
vidual TAR RNA residues and at individual Tat peptide 
residues between the four distance-refined structures of 
the BIV Tat-TAR complex are plotted in Figure 4a. It is 
evident that the resolution is not uniform for all residues 
of the complex. Only those features that are accurately 
defined are described here. 

A stereoview of the four superpositioned distance- 
refined structures of the BIV Tat-TAR complex looking 
normal to the helix axis is shown in the Supplementary 
materials. A stereoview of the four superpositioned dis- 
tance-refined structures of the core domain of the BIV 
Tat-TAR complex looking at right angles to the helix 
axis is shown in Figure 4b. This view shows the back- 
bone segment of the BIV Tat peptide from residues P69 
to 179, including the side chain of R73, and the BIV 
TAR RNA from residues C6 to U16 and A21 to G29. 

Two views of a representative distance-refined structure 
of the entire BIV Tat peptide-TAR RNA complex are 
shown in Figure 5. The peptide and nucleic acid back- 
bones are shown in white and yellow ribbons, respec- 
tively, with these views emphasizing the deep penetration 
of the Tat peptide into the widened major groove of the 
TAR RNA.The key elements of the solution structure 
of the BIV Tat-TAR complex are the edge-on position- 
ing of the Tat peptide in a P-hairpin fold in the widened 
major groove formed by the continuous helical stem of 
the TAR RNA. The bulged UlO and U12 residues are 
clearly important (Fig. 4b).The UlO base participates in 
buttressing the Watson-Crick A13*U24 base pair 
whereas U12 loops out into the minor groove. 

Two close-up views of the key intermolecular contacts 
of residues R73 and 179 of the Tat peptide with the 
(G9-UlO-Gll-U12-A13)*(U24-C25-C26) TAR RNA 
segment in one representative distance-refined structure 
of the complex are shown in Figure 6. These views 
identify the packing alignment of the side chain of 179 
(shown in dotted white spheres) relative to the major- 
groove edge of the UlO*A13*U24 triple, and the inter- 
molecular hydrogen bonding alignments of the side 
chain of R73 with the major-groove edge of Gil and 
the phosphate backbone at the G9-UlO step (Fig. 6b). 
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Fig. 5. Two views of a representative dis- 
tance-refined structure of the BIV 
Tat-TAR complex. The BIV Tat peptide, 
depicted with a white backbone (ribbon 
representation) and cyan side chains, 
extends from residues S65 to R81. The 
BIV TAR RNA, depicted with a yellow 
sugar-phosphate backbone (ribbon rep- 
resentation) and magenta bases, extends 
from ~4 to ~31. Left, view looking into 
the major groove; right, view looking 
down the major groove. 

A view of the intermolecular interactions between the 
P69-R70-G71-T72 segment of the Tat peptide and the 
(A13-G14-C15-U16)*(A2l-G22-C23-U24) TAR RNA 
segment in one representative distance-refined structure 
of the complex is shown in Figure 7a. The intermolecu- 
lar hydrogen bonds involving the Tat peptide backbone 
and the side chains of R70 and T72 with the major- 
groove edge and backbone phosphates of the TAR RNA 
are identified. 

A view of the location of the (G71-T72-R73)*(R77- 
R78-179) P-sheet segment of the Tat peptide and the 
(G9-UlO-Gl l)*(C25-C26) TAR RNA segment in one 
representative distance-refined structure of the complex 
is shown in Figure 7b.This view shows intermolecular 
hydrogen bonds involving the Tat peptide backbone and 

the side chains of R73 and R77 with the major-groove 
edge and the backbone phosphates of the TAR RNA in 
the BIV Tat-TAR complex. 

Discussion 
Global features of bound TAR RNA 
The stem segment of the 2%mer TAR RNA adopts a 
continuous stacked helix starting from the G4*C31 pair 
at one end of the stem to the U16*A21 pair adjacent to 
the hairpin loop at the other end of the stem. It is signif- 
icant that the G9*C26 and Gll*C25 base pairs that flank 
the UlO bulge stack on each other as do the Gll*C25 
and A13*U24 base pairs that flank the U12 bulge. 

The two stems of theTar RNA helix are bent by -40” in 
the complex. Measurements of roII angles at individual 

Fig. 6. Intermolecular interadions between the R73 and 179 residues of theTat peptide and the (C9-UlO-Gil -U12-A13)=(U24-C25-C26) 
TAR RNA segment in a representative distance-refined structure of the BIV Tat-TAR complex. (a) A view normal to the helix axis. The 
RNA backbones are shown as yellow ribbons with bases from the individual strands represented in white and red colors. The 
Ul O*Al3*U24 triple is colored in magenta. The U12 base is looped out of the helix. The reverse p-sheet of the Tat peptide is shown by a 
blue ribbon with the side chain of R73 (cyan) positioned opposite the major-groove edge of Gl 1 in the complex. The side chain of 179 is 
shown as a cyan-colored stick representation and as a white dotted surface. (b) A view down the helix axis showing the Ul O*Al3 ??U24 
base triple (pink) and the Watson-Crick Gil ??C25 base pair in green. The hydrogen-bonding alignments in the triple are indicated by 
dotted lines. The side chain of R73 (green) is anchored through hydrogen bond formation with the major groove edge of Gl 1 and the 
phosphate backbone at the G9-UlO step. The side chain of 179 (cyan) is shown in a white space-filling representation and is positioned 
along one edge of the UlO base involved in the Ul O*Al3 ??U24 base triple in the complex. 
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Fig. 7. Intermolecular interactions in segments of a representative 
distance-refined structure in the BIV Tat-TAR complex. 
(a) interactions between the P69-R70-G71-T72 residues on the 
Tat peptide and the (A13-G14-C15-U16)*(A2l-G22-C23-U24) 
TAR RNA segment. The peptide backbone is in blue with the side 
chains of R70 and T72 in magenta. Bases from the individual 
RNA strands are shown in white and red. Intermolecular hydro- 
gen bonds are indicated by dashed lines and involve both back- 
bone and side chains on the Tat peptide and base-pair edges and 
phosphate backbone on the TAR RNA. (b) Intermolecular interac- 
tions between the (G71 -T72-R73---R77-R78-179) residues on the 
Tat peptide and the (G9-Cl O)*(C25-C26) TAR RNA segment. The 
peptide backbone is in blue with the side chains of R73 and R77 
in magenta. Bases from the individual RNA strands are shown in 
white and red. Hydrogen bonds across the p-sheet are indicated 
by dashed white lines. 

steps along the helix (given in the Supplementary mate- 
rials) show that the bend is localized primarily at the 
adjacently stacked C8eG27, G9*C26 and GllK25 base 
pairs in the complex. The helix bends diagonally towards 
the A21-C31 strand and into the major groove as 
reflected by a large twist at the (G9*C26)-(Gll*C25) 
step accompanied by a roll at the (C8*G27)-(G9eC26) 
and (G9*C26)-(Gll*C25) steps. 

The twist angles between adjacent base pairs for the 
segment centered about the bulged uracils in the BIV 
Tat-TAR complex are listed in the Supplementary 
materials. There is significant overwinding of the TAR 

helix between the G9*C26 and Gll*C25 base pairs 
(twist = 52 ? 3”) in the complex. 

The width of the major groove increases dramatically 
proceeding along the stem towards the hairpin loop 
segment of the TAR RNA in the BIV Tat-TAR 
complex. The shortest phosphorus-phosphorus distance 
across the groove increases from 9.0 A (separation 
between C6 and C23) to 16.6 A (separation between 
Gil and A21). This increase in major-groove width 
greatly facilitates the insertion of the Tat peptide into this 
groove to form the complex. 

Global features of bound Tat 
A segment of the 17-mer Tat peptide adopts a B-hairpin 
structure defined by an antiparallel B-sheet between the 
G71-T72-R73 and R77-R78-179 segments. We detect 
the characteristic NOE patterns across the B-sheet which 
is linked by a three-residue turn.The B-sheet is approxi- 
mately parallel to the major groove with its G71-T72- 
R73 strand directed towards the interior of the major 
groove while the R77-R78-179 strand is directed towards 
the exterior of the groove in the complex (Fig. 7b).There 
is also an abrupt turn in the peptide backbone at the Ccx 
positions of R73 and R77 across the B-sheet (Fig. 7b) 
which accommodates the peptide in the major groove of 
the bent helical stem of the TAR RNA. The R73 and 
R77 side chains that extend from these branch points 
anchor the B-sheet to the floor of the major groove in 
the complex (Fig. 7b). The remaining segments of 
the Tat peptide adopt an extended structure with 
few intermolecular restraints to define the amino- and 
carboxy-terminal ends of the chain in the complex. 

Global views of Tat-TAR interactions 
The B-hairpin fold of the 17-mer Tat peptide is bound in 
the major groove of the 28-mer TAR RNA in the 
complex (see Fig. 8). The amino- and carboxy-terminal 
ends of the peptide project towards the hairpin loop end 
of the TAR RNA. The Tat peptide penetrates deep into 
the major groove with the B-hairpin segment completely 
engulfed within the diameter of the TAR RNA helix. 
Recognition is associated with specific peptide-backbone 
and side-chain hydrogen bonds as well as hydrophobic 
contacts with the base-pair edges and the sugar-phos- 
phate backbone of the TAR RNA. It is interesting to 
note that the amino-terminus of the Tat peptide interacts 
extensively with the hairpin loop of the TAR RNA. 

Ul O-Al 3*U24 base triple 
A base triple is formed between the bulged UlO base 
and the Watson-Crick A13*U24 base pair in the dis- 
tance-refined structures of the complex. This interaction 
is stabilized by two hydrogen bonds involving the 
Watson-Crick edge of UlO and the Hoogsteen edge of 
Al3 (Fig. 6b) similar to those observed for the T*A*T 
triples in the pyrimidineapurinempyrimidine class of 
DNA triplexes [21]. The key experimental features in 
support of this base triple are the direct observation of 
the UlO imino proton (13.2 ppm at -2 “C) (Fig. 2a) and 
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the observed NOE between it and the H8 proton ofA 
(boxed peak in Fig. 2c; see also Supplementary materials). 

Base triple formation buttresses the A13*U24 base pair, 
which is centrally positioned in the complex and proxi- 
mal to the helical bend site. In addition, the base triple 
positions UlO for a key intermolecular contact with the 
side chain of 179. TAR RNA mutants where UlO is 
replaced with C or A have a 50% reduction in binding 
affinity compared to wild. type, whereas replacement of 
the Watson-Crick A13eIJ24 base pair with its U*A 
counterpart results in a 75 % reduction in binding affinity 
[9]. It is evident from the structure that formation of the 
UlO*A13*U24 triple facilitates the adoption of a specific 
orientation by the G9-U’LO backbone phosphate, which 
participates in a key intermolecular interaction with the 
side chain of R73. Disruption of the U*A*U base triple 
would modulate this interaction and affect the binding 
affinity of the BIV Tat-TA.R complex. 

Bulged U12 residue 
The bulged U12 base is looped out into the minor 
groove in our distance-refined structures of the BIV 
Tat-TAR complex. We do not detect its imino proton in 
the 12.0-15.0 ppm region in the complex at low pH and 
low temperature.The base protons of U12 do not exhibit 
intermolecular NOES to Tat peptide protons in the 
complex. These results are consistent with the observa- 
tion that replacement of U12 with cytosine results in a 
moderate reduction of binding affinity to 75 % of wild 
type [9]. It appears that the major groove widens signifi- 
cantly in the BIV Tat-TAR complex as a result of the 
looped out U12 residue, consistent with earlier predic- 
tions that linked major groove width to perturbations in 
the RNA helix [22]. 

R73-Cl1 -phosphate intermolecular interaction 
The side chain of R73 is positioned in the plane of the 
Gl l*C25 base pair and directed towards the sugar-phos- 
phate backbone at the G9-UlO step in the complex 
(Fig. 6a). The guanidinium side chain of R73 forms a 
pair of intermolecular hydrogen bonds with the major- 
groove edge of Gil and with the phosphate oxygen at 
the G9-UlO step in the complex (Fig. 6b).Thus, recog- 
nition is dependent both on the nature of the residue at 
position 11 (sequence specificity) and on the conforma- 
tion of the sugar-phosphate backbone (conformational 
specificity). Indeed, replacement of the Gll*C25 base 
pair with either its C*G counterpart or a G*U mismatch 
pair results in a reduction in the binding affinity to 
< 5 % of wild type [9]. Furthermore, the ethylation of 
the G9-UlO phosphate hinders the binding of Tat to 
TAR RNA [9]. Such arginine-guanine interactions 
have been observed previously in a zinc finger-DNA 
complex [23] and a similar arginine-guanine-phosphate 
interaction has been proposed in an arginineamide-HIV 
TAR complex [6]. It is probable that the phosphate 
oxygens face into the RNA, which would maximize 
their interaction with the guanidinium group of R73 
in the complex. 

179-UlO intermolecular interaction 
Replacement of 179 with other hydrophobic amino acids 
results in a significant loss in TAR-binding aflinity, indicat- 
ing that it is important in modulating binding in solution. 
The side chain of 179 is positioned in the plane of the 
UlO*A13*U24 base triple (Fig. 6a) and directed towards 
the hydrophobic (H5, H6) edge of the UlO residue in our 
distance-refined structures of the complex (Fig. 6b). We 
have observed strong intermolecular NOES between the 
H5, H6 protons of UlO and the side chain protons of 179 
(Table 1) that are consistent with this.The complementary 
arrangement of intermolecular packing seen in the struc- 
ture can be disrupted by substituting isoleucine with other 
hydrophobic amino acids, accounting for the loss of 
binding affinity seen experimentally [lo]. 

Intermolecular contacts involving T72 
Threonine 72 is another key amino acid in BIV Tat; 
replacement of this residue with alanine results in a 
reduction in binding affinity to < 3 % of wild type for 
formation of the BIV Tat-TAR complex [lO].The T72 
residue forms a pair of intermolecular hydrogen bonds to 
the TAR RNA, with the backbone carbonyl oxygen 
hydrogen bonding to the amino group of C23 and the 
side chain hydroxyl hydrogen bonding to the phosphate 
oxygen at the G22-C23 step in the complex (Fig. 7a). 

Intermolecular contacts involving R70 and R77 
Replacement of R70 and R77 with lysines in BIV Tat 
results in a reduction in binding affinity to < 3 % of wild 

Fig. 8. Ribbon representation of the complex of the BIV Tat-TAR 
recognition domains. The Tat peptide folded in a P-hairpin is 
shown in yellow with arrows indicating the p-sheet segment of the 
polypeptide chain. The side chain of R73 is shown in orange. The 
RNA is shown in green with the bases of residues Ul 0, Al 3 and 
U24, which form the base triple, highlighted in magenta. 
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type [lo]. We observe sequence-specific contacts between 
the guanidinium side chains of these arginines and the 
major-groove edge of guanines in our distance-refined 
structures of the complex. Specifically, R77 pairs with G9 
through two hydrogen bonds (Fig. 7b) and R70 pairs 
with G14 through two bifurcated hydrogen bonds (Fig. 
7a). Such arginine-guanine bonding interactions have 
been proposed in the literature [24]. It is worth noting 
that replacement of the G14*C23 base pair with its C-G 
counterpart or with a G-U mismatch results in a decrease 
in binding afbnity to < 3 % of wild type for complex for- 
mation [9].This can be readily explained by the observed 
intermolecular hydrogen bonding interactions for the 
R70-G14 alignment and the T72-C23 alignment (out- 
lined in the previous section) upon complex formation. 
The conformation of the R77 side chain is not very well 
converged, indicating that it may hydrogen bond at the 
G9*C26 step in any of several orientations. 

Intermolecular contacts involving C71, C74 and G76 
Replacement of residues G71, G74 and G76 in the Tat 
peptide with alanines results in a pronounced reduction 
in the binding affinity to < 12 % of wild type for for- 
mation of the BIV Tat-TAR complex [lo]. Our solu- 
tion structures provide an explanation for the 
uniqueness of glycine residues at these positions in the 
Tat sequence and their role in complex formation. 
Residues G71 and G74 are located along the inwardly- 
directed strand of the anti-parallel B-sheet and along the 
turn segment, respectively, of the Tat peptide in the 
complex. The intermolecular hydrogen bond between 
the amide proton of G71 and the major-groove edge of 
guanine 22 (Fig. 7a) leaves no room for introduction of 
larger side chains which would point directly into the 
base and sugar rings ofA21. Glycine 74 is packed against 
the sugar-phosphate backbone of the C23-U24-C25 
segment ofTAR RNA, leaving no room for accommo- 
dating a larger side chain in the complex. Glycine 76 is 
located along the outwardly-directed strand of the 
antiparallel B-sheet and its associated turn in the 
complex.There is sufficient room to accommodate the 
methyl side chain of an alanine residue but nothing 
larger in the solution structure of the complex. We also 
note that positive 4 values are observed for G74 (110 ? 
So) and G76 (71 & 6”) in the solution structure of the 
complex. This domain is sterically allowed only for 
glycine residues in the Ramachandran plot and hence 
the two glycines facilitate the formation of the turn in 
the peptide backbone. 

Peptide interactions with the Cl 7-U20 hairpin loop of TAR 
The C17-A18U19-U20 hairpin loop ofTAR RNA in 
the BIV Tat-TAR complex is poorly defined (high 
r.m.s.d. values in Fig. 4a) despite a total of 120 NOES 
between protons within the loop segment. An analysis of 
the entire family of 22 distance-refined structures of the 
docked Tat-TAR complex reveals that there are two 
dominant conformers for the RNA tetraloop and two 
families of conformers for the amino-terminal (S65-G66- 
P67-R68) segment of the Tat peptide in the complex.The 

four structures presented in this paper have a mostly 
extended conformation of this amino-terminal tetrapep- 
tide segment, whereas in five other structures (data not 
shown) the amino-terminus forms a turn at P67 stabilized 
by a hydrogen bond between the amide proton of G66 
and the carbonyl oxygen of R68This turn conformation 
folds the amino-terminus of the peptide and completely 
engulfs it in the major groove of the RNA.The side chain 
of R68 stretches over the plane of the U16eA21 base pair 
reaching to the sugar-phosphate backbone of residues 
A18-U19-U20 in both conformations of the amino-ter- 
minal peptide in the complex. It will be necessary to 
characterize Tat-TAR complexes containing extensions of 
the amino-terminus to definitively differentiate between 
extended and folded conformations for the S65 to R68 
domain of the Tat peptide. 

Molecular recognition in HIV and BIV Tat-TAR 
The BIV TAR RNA bears significant similarity to the 
HIV TAR RNA; both consist of pyrimidine bulges that 
divide an otherwise regular RNA duplex stem into two 
halves. In BIV TAR, two bulged uracils are interspersed 
with a G*C base pair, whereas HIV TAR has a stretch of 
three pyrimidines forming a bulge with a G*C base 
pair immediately 3’ to the bulge.The next base-pair step 
above the G-C pair is an A*U pair in both sequences. 

The principal similarity between the Tat proteins from 
HIV and BIV is that both contain an arginine-rich basic 
domain that interacts with the TAR RNA. Based on 
several biochemical experiments on the HIV Tat-TAR 
system and NMR data from the arginineamide_TAR 
complex, it has been proposed that the guanidinium group 
of an arginine in the Tat protein forms hydrogen bonds 
with the major-groove edge of a G-C pair [5,6]. The 
model further proposed that the 5’ U of the U-C-U bulge 
in HIV TAR reaches up to form a base triple with the A*U 
pair at the expense of significant distortion to the RNA 
backbone [7]. An alternative view based on a detailed 
structural characterization from NMR and molecular 
dynamics studies concluded that all bases in the tri-residue 
bulge are unstacked with the 5’ U positioned in the major 
groove in arginineamide-TAR and Tat peptide-TAR 
complexes in solution [8].Therefore, there is disagreement 
about the specific location and role of the bulged uracils in 
the HIV Tat-TAR complex [6,8], and this issue remains to 
be resolved through additional experimentation. 

In the structure of the BIV Tat peptide-TAR RNA 
complex , we observe that the sugar-phosphate backbone 
at the G9-UlO step is stretched over the next base step 
(Gll*C25 base pair), enabling UlO to reach the 
A13*U24 base plane to form a UlO*A13*U24 base triple 
(Fig. 6a).This brings the phosphate between G9 and UlO 
almost into the plane of the Gll*C25 base pair and in 
close proximity to the guanidinium group of R73, facil- 
itating the formation of an additional R73-RNA hydro- 
gen bond, with the 05’ oxygen of this phosphate group 
(Fig. 6b).Th’ g is ar inine-guanine-phosphate motif readily 
explains the previous demonstration that ethylation of 
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the phosphate between G9 and UlO interferes with the 
peptide binding in the BIV Tat-TAR complex [9]. 

The formation of a U*AU base triple by extending a 
bulged uracil over a G-C base pair, while an arginine side 
chain forms hydrogen bonds with the guanine and the 
stretched phosphate, constitutes a novel feature of 
peptide-RNA recognition. Our studies on the BIV 
Tat-TAR system conclusively establish the presence of 
this structural motif, which was originally postulated based 
on structural studies on the HIV arginineamide-TAR 
system [5,6]. Indeed, this may be the only common struc- 
tural motif for peptide-RNA recognition in BIV and 
HIV Tat-TAR systems. 

Significance 
The BIV Tat-TAR complex is an attractive model 
system for understanding peptide-RNA recogni- 
tion in HIV Tat-TAR. Our structural studies on 
the BIV Tat-TAR complex have identified a new 
structural motif in protein-RNA recognition. 
This motif positions an anti-parallel P-sheet 
edgewise in a widened RNA major groove, and 
shows that an arginine-guanine-phosphate inter- 
action constitutes the major determinant of 
binding specificity. The TAR RNA, which con- 
tains two single-uracil bulges separated by a G*C 
base pair, forms a continuously stacked helix with 
a -40” bend centered about the bulged sites in the 
complex. Specific intermolecular hydrogen bon- 
ding and van der Waals interactions identified in 
the BIV Tat-TAR complex readily account for 
the consequences of peptide and RNA mutations 
reported previously [9,10]. Our structural studies 
on the BIV Tat-TAR complex and earlier studies 
on the related HIV counterpart [5,6] establish 
that the binding specificities share a common 
principle of arginine-guanine-phosphate interac- 
tion achieved through a change in backbone con- 
formation of bulged residues associated with 
base-triple formation. 

Materials and methods 
Sample preparation 
The 2%mer TAR RNA was prepared by in vitro transcription 
using T7 polymerase and synthetic DNA templates [25,26]. 
The T7 polymerase was purified from an overexpressing E. coli 
strain [27]. The DNA template oligonucleotides were chemi- 
cally synthesized on an Applied Biosystems DNA synthesizer 
and purified using 15 % denaturing polyacrylamide-gel elec- 
trophoresis (containing 7 M urea). The TAR RNA product 
from large scale transcription (50 ml) was ethanol precipitated 
and purified using 20 % denaturing polyacrylamide-gel elec- 
trophoresis (containing 7 M urea). The TAR RNA product 
band was monitored by UV shadowing, cut and electroeluted 
using an elutrap (Schleicher and Schuell, Inc.). The eluted 
RNA was ethanol precipitated and equilibrated with NMR 
buffer (10 mM phosphate:, 0.1 mM EDTA, pH 6.8) by spin- 
ning through an Amicon centricon (3 kDa cut off) with the 

procedure repeated five to seven times. A 50-ml transcription 
yielded about 8 mg of 28-mer TAR RNA.The same transcrip- 
tion conditions were used for the uniformly 13C,15N-labeled 
TAR RNA except that 13C- and 15N-labeled nucleoside 
triphosphates (NTPs) were used instead of unlabeled NTPs. 
The 13C,15N-labeled NTPs were isolated from an E. coli strain 
overexpressing rRNA grown in minimal medium containing 
13C glucose and 15N ammonium sulfate as carbon and 
nitrogen sources [ 151. 

The 17-mer Tat peptide was chemically synthesized and puri- 
fied in the Institutional Microchemistry Core Facility. The 
peptide was purified by high-pressure liquid chromatography 
to about 95 % purity based on a mass spectroscopic analysis. 

The 1:l Tat-TAR complex was formed by gradually titrating 
the Tat peptide at pH 6.8 to a TAR RNA solution in phos- 
phate buffer (10 mM phosphate at pH 6.8).The additions were 
monitored by recording the imino proton NMR spectral 
region of the TAR RNA. 

. 

NM R spectroscopy 
NMR spectra were collected onvarian Unity Plus 600 MHz 
and 500 MHz NMR spectrometers. All NMR experiments 
were acquired in the phase-sensitive mode. The quadrature 
detection in the indirect dimensions in homonuclear and 
heteronuclear multi-dimensional experiments was accomplished 
using the States-TPPI method [28]. The NMR data were 
processed on SUN work stations using VNMR so&are and 
analyzed using the FELIX program (Biosym). The three- and 
four-dimensional NMR data were processed and analyzed using 
NMRPipe and PIPP programs [29,30]. Proton chemical shifts 
were referenced to 2,2-dimethyl-2-silapentane-5-sulfonate 
(DSS) while carbon and nitrogen chemical shifts were indirectly 
referenced to DSS and ammonia, respectively [31]. Details of 
two-, three- and four-dimensional NMR experiments are 
outlined in the Supplementary material. 

Input restraints 
Input distance restraints involving non-exchangeable protons 
in the complex were derived from the NOE buildup experi- 
ments at 60, 90, 130, 180 and 250 ms mixing times on the 
Tat-TAR complex in D,O solution at 25 “C. Interproton dis- 
tance restraints involving exchangeable protons in the complex 
were derived from the NOE buildup experiments at 50, 80, 
120 and 180 ms mixing times on the complex in H,O solution 
at 25 “C.Volume integrals of each non-overlapped NOE cross- 
peak were measured and plotted against the mixing time as 
buildup curves and fitted to second-order polynomials. Inter- 
proton distances were calculated from the initial buildup rates 
using the slopes of the cytosine and uracil H5-H6 intra- 
residue crosspeaks as a reference, calibrated to a 2.45 A dis- 
tance. The distance restraints were assigned a uniform lower 
and upper bound of 30 % of the computed distance. For peaks 
with intensities that were too weak, yielding distances greater 
than 5.0 A by this calibration mechanism, a cutoff distance of 
5.0 A was imposed with bounds at 30 %. For crosspeaks 
involving methyl and other unresolved protons, the volume 
integral was divided by the number of protons before curve 
fitting. Restraints corresponding to crosspeaks arising from 
non-stereospecific assignments were treated with < rm6 >-II6 
averaging. The cutoff distance for peaks involving methyl 
protons was 5.5 A. Crosspeaks in the D,O data set that were 
not amenable to such analysis due to reasons of overlap were 
manually classified into three categories with corresponding 
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distances and bounds: strong (2.7+0.8&, medium (4.0& 1.0 A), 
and weak (4.5 -1.0/+2.0&. 

Additional restraints were obtained from quantitative analysis of 
three dimensional NOESY-HMQC spectra. Peak heights on 
both proton dimensions were calibrated against those corres- 
ponding to pyrimidine H5-H6 crosspeaks, employing an r-*‘6 
approximation. Crosspeaks that could only be resolved in the four 
dimensional HMQC-NOESY-HMQC spectra were qualitatively 
classified into three categories and assigned corresponding 
restraints: strong (2.7 f 0.8 A), medium (4.0 -2.0 /+ 1.0 A) and 
weak (4.5 -2.5 /+ 2.0 A). 

Distance restraints were imposed on the Watson-Crick hydrogen 
bond participants in the RNA base pairs. These distances were 
taken from the standard base-pair geometries of nucleic acids 
and were assigned an upper and lower bound of It 0.1 A. 

Torsion restraints on the endocyclic torsion angles within ribose 
sugars of RNA were obtained from analysis of COSY experi- 
ments. The presence of strong Hl’-H2’ crosspeaks was inter- 
preted as C2’-endo (P = 144-180”) sugar puckers, whereas the 
absence of the crosspeak was interpreted as C3’-endo (P = O-36”) 
sugar puckers and translated to corresponding values and ranges 
for the sugar endocyclic torsion angles [32]. All other residues 
were left unrestrained during the computations. 

Starting structures of TAR RNA and Tat peptide 
The initial model for the 28-mer TAR RNA was generated in 
standard A-form. A continuous A-form duplex was created for 
residues G4-U16 and A21-C31.The adenine residues opposite 
UlO and U12 were deleted while both the bulge uracils were 
retained in standard helical geometry. The C17-U20 loop was 
extended from U16 as a single strand A-form helix. Energy min- 
imization by the conjugate-gradient method was used to bring 
about favorable covalent geometry The starting model of the Tat 
peptide was constructed in completely extended geometry. 

Distance-restrained molecular dynamics 
Restrained molecular dynamics calculations were performed 
on the Tat-TAR complex with a simulated annealing protocol 
in vacuum with a distance-dependent dielectric constant in 
three phases using the program X-PLOR [33] on Silicon 
Graphics Power Challenge L computers. In the first phase, the 
TAR RNA and the Tat peptide were independently refined 
against the NMR restraints corresponding to the respective 
components in the complex.The van der Waals interactions of 
the bulge residues (UlO and U12 to the rest of the RNA) and 
within the loop (C17-U20) were turned off initially, and 
scaled back in while the RNA was being equilibrated at 
300 K. This yielded four RNA and seven peptide structures. 
In the second phase, each peptide structure was placed -30 A 
away from each RNA structure and then docked by a gradual 
scaling up of the inter-proton distance restraints. The intra- 
loop (C17-U20) and all intermolecular van der Waals interac- 
tions were turned off initially and scaled back in while the 
complex was being equilibrated at 300 K. Electrostatic inter- 
actions were turned off completely. In the third phase, 
the protocol of the second phase was repeated on the 
docked complex. The electrostatic interactions were scaled up 
simultaneously with the van der Waals interactions. 

In each phase, the dynamics calculations were initiated at 5 K 
and the temperature was gradually raised to 1000 K in 5 ps 

and then equilibrated for 1 ps.Then the force constants for the 
distance restraints were scaled up from 0 to a final value of 
30 kcal mol-’ Am2 over 6 ps. During the heating and high 
temperature stages, while there were no NMR restraints on 
the system, the base atoms of the RNA Watson-Crick base 
pairs were held coplanar using planarity restraints with a force 
constant of 40 kcal mol-’ Ae2. These planarity restraints were 
scaled off gradually as the NOE distance restraints were scaled 
up.The system was then allowed to evolve for 20 ps at 1000 K 
before slow cooling to 300 K in 14 ps and was then equili- 
brated for another 10 ps. Selected van der Waals and electro- 
static interactions that had been turned off were now brought 
on gradually over 12 ps and the system was equilibrated for 
another 10 ps. The coordinates saved every 0.5 ps for the last 
4 ps were averaged and the resulting structure was subjected to 
conjugate gradient energy minimization until a gradient of 
0.1 kcal mol-l A-’ was reached. All dynamics were carried out 
with a time step of 1 fs and the force constants on the 
Watson-Crick hydrogen-bond-related distance restraints 
were maintained at 60 kcal mol-’ A-* throughout. The force 
constant on all torsion restraints was 50 kcal mol-’ radm2. 

Of the 28 attempts to dock the peptide on the RNA, 22 runs 
were completed successfully. Of these, four were selected 
based on the criteria of acceptable covalent geometry and low 
restraint violations and analyzed. 

Structure analysis 
The helicoidal parameters of the RNA in the final structures 
were analyzed with the program CURVES [34,35]. The 
peptide structure was analyzed using the program package 
RIBBONS [36]. Color figures were prepared using Insight II 
(Biosym Technologies, Inc., San Diego, CA) and RIBBONS. 

Coordinates deposition 
The coordinates of the BIV Tat-TAR complex (accession 
number not yet available) have been deposited with the 
Protein Data Bank, Brookhaven National Laboratory, Upton, 
NewYork, 11923, USA, from whom copies can be obtained. 

Supplementary material available 
Details of the NMR experiments and the relevant references. 
Four tables listing proton (Sl) and carbon (S2) chemical shifts 
of TAR RNA and proton chemical shifts of Tat peptide (S3) 
and twist and roll parameters at the central steps ofTAR RNA 
(S4) in the BIV Tat-TAR complex. Fifteen figures showing 
imino proton spectra of free TAR RNA andTAR RNA bound 
to Tat peptide (Sl), expanded NOESY contour plots in H,O 
solution (S2) and D,O solution (S3), expanded NOESY 
contour plot of the natural and U12 to Cl2 mutant complex in 
D,O solution (S4), expanded lH-13C HCCH-TOCSY 
contour plot in D,O solution (S5), expanded 1H-13C-31P 
HCP contour plot in D,O solution (S6), expanded ‘H-13C 
NOESY-HMQC contour plot in Da0 solution (S7), expanded 
1H-13C-1H HMQC-NOESY-HMQC contour plot in D,O 
solution (S8), expanded DQF-COSY contour plot in D,O 
solution (S9), expanded 13C-filtered NOESY contour plot in 
D,O solution (SlO), expanded DQF-COSY contour plot of 
peptide fingerprint region in D,O solution (Sl l), color plate of 
four superimposed structures of the Tat-TAR complex includ- 
ing amino-acid side chains (S12), schematic of the B-sheet and 
attached loop together with NOE patterns (S13), shortest phos- 
phate-phosphate separation across the major groove (S14) and 
color plate showing the R70-G14 and R77-G9 hydrogen 
bonding alignments in the BIV Tat-TAR complex (S15). 
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Note added in proof 
A related solution structure of the BIV Tat-TAR 
complex has recently been published (Puglisi, J.D., Chen, 
L., Blanchard, S. & Franke1,A.D. (1995). Solution struc- 
ture of a bovine immunodeficiency virus Tat-TAR 
peptide-RNA complex. Science 270, 1200-1203). The 
structure determined by Puglisi et al. was based on 26 
intermolecular restraints, in contrast to our structure, 
which was based on 102 intermolecular restraints. Both 
structures globally position the P-hairpin fold of the Tat 
peptide in the major groove ofTAR RNA.The descrip- 
tion of the structure by Puglisi et al. differs significantly, 
however, in the position of the key residues R73, 179, 
UlO, and Gil and of the phosphate contacted by the 
side chain of R73, all of which are associated with the 
specificity of BIV Tat-TAR complex formation. 

Puglisi et al. did not identify the imino proton of bulged 
UlO in their spectra of the complex. We identified this 
bulged UlO imino proton and established that a 
UlO*A13*U24 triple is formed, based on the observa- 
tion of an NOE between the imino proton of UlO and 
the H8 proton of Al3 in the complex. Thus, UlO is 
positioned in the plane of the A13*U24 base pair in our 
structure, whereas UlO is shown to be positioned 
between the Gll*C25 and G9*C26 base pairs in the 
schematic drawing outlining intermolecular contacts in 
their structure. Since I79 is positioned adjacent to UlO 
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in this schematic drawing, this critical amino acid, which 
cannot be mutated to any other hydrophobic residue, is 
also in different positions in the two structures. An 
examination of their published stereo figure, however, 
leads to an alternative interpretation of the positioning 
of UlO and 179 which would be closer to our own 
structure. The side chain of R73 (the specificity-deter- 
mining arginine) is hydrogen bonded to the phosphate 
backbone at the C9-GIO step in our structure. By con- 
trast, it is said to be hydrogen bonded at the UlO-Gil 

step in the text of the Puglisi et al. paper, whereas their 
published stereo figure shows the R73 side chain 
approaching the phosphate at the C&G9 step. Previous 
studies using ethylation interference experiments [9] 
identify the phosphate that is contacted by R73 as that 
in the C9-GlO step. Significant discrepancies between 
the text, the schematic drawing outlining intermolecular 
contacts, and the stereo figure in the paper by Puglisi et 
al. limit the scope of further detailed comparison 
between the two structures. 


