
terns are suggestive of low-temperature al- 
teration; their higher temperature steps, 
representing 42 and 20% of the total 39Ar 
released, would indicate minimal crystalli- 
zation ages of 64.6 -+ 0.4 Ma and 65.2 -+ 1.2 
Ma. In an addi-tional experiment, four incre- 
ments in the middle of a rising release spec- 
trum for a 1.0-mg bulk plagioclase analysis, 
between 800" and 1050°C, representing ap- 
proximately 25 to 30% of the total 39Ar 
released, yielded a weighted mean age of the 
C-1 melt rock, give a weighted mean age of 
64.7 2 0.4 Ma, consistent with the previously 
discussed results. The variability in release 
patterns noted here are most likely a result of 
differential alteration and small-scale inhomo- 
geneity of the sample. 
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Pseud*Half-Knot Formation with RNA 

D. J. Ecker,* T. A. Vickers, T. W. Bruice, S. M. Freier, 
R. D. Jenison, M. Manoharan, M. Zounes 

A pseudo-half-knot can be formed by binding an oligonucleotide asymmetrically to an RNA 
hairpin loop. This binding motif was used to target the human immunodeficiency virus TAR 
element, an important viral RNA structure that is the receptor for Tat, the major viral 
transactivator protein. Oligonucleotides complementary to different halves of the TAR 
structure bound with greater affinity than molecules designed to bind symmetrically around 
the hairpin. The pseudo-half-knot-forming oligonucleotides altered the TAR structure so 
that specific recognition and binding of a Tat-derived peptide was disrupted. This general 
binding motif may be used to disrupt the structure of regulatory RNA hairpins. 

T h e  FWA duulex structure is not favorable 
for antisense or ribozyme binding. Folded 
RNA, however, has short single-stranded - 
segments that may be used to initiate an- 
tisense hybridization, followed by propaga- 
tion of the heteroduplex into structured 
regions (1). Structured RNA regions often 
are recognized by regulatory proteins (2-5), 
and targeting these structures with an an- 
tisense oligonucleotide may block binding 
of a regulatory protein. 

The simplest example of FWA second- 
ary structure is a hairpin consisting of a 
double-stranded stem region and a single- 
stranded loop. Hybridization to all of the 
unpaired bases in the loop without disrupt- 
ing base pairing in the stem would seem an 

lSlS Pharmaceuticals, 2280 Faraday Avenue, Carls- 
bad, CA 92008 

*To whom correspondence should be addressed 

attractive strategy but is sterically impossi- 
ble. Pseudoknots are naturally occurring 
RNA structures where hairuin loous are 
base paired in stable and sterically possible 
conformations. Single-stranded bases of an 
RNA hairpin loop create a pseudoknot by 
pairing with bases adjacent to the hairpin, 
forming a second stem and loop (Fig. 1) 
(6-9). An RNA pseudoknot contains two 
coaxially stacked stems and two topologi- 
cally distinct loops, L1 and L2. L l  crosses 
the major groove and L2 crosses the minor 
groove. 

When an antisense olieoribonucleotide - 
is hybridized asymmetrically to the loop of a 
hairpin, the topology of the resulting com- 
plex resembles half a pseudoknot. If hybrid- 
ized to the 3' side of the loop (Fig. lA,  top 
path), a structure equivalent to S2 is 
formed and the looped-out FWA is equiva- 
lent to L1. If hybridized to the 5' side of the 
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loop (Fig. lA,  bottom path), the structure 
is equivalent to S1 and L2. We call these 
two structures loop 1 (Ll) or loop 2 (L2) 
pseudo-half-knots. 

The human immunodeficiency virus 
TAR element is a structured RNA that 

A 
Oligonucleotide 

?!!! RNA hairpin Pseudo-half-knot formed by 

oligo-RNA complex 

p 3' 

RNA hairpin Pseud~half-knot RNA pseudoknot 
formed by 

oligo-RNA complex 

Pseudo-half-knot 

oligo-RNA complex 

binds a viral regulatory protein known as 
Tat. Bindine of Tat to TAR RNA is a " 
critical step in the viral life cycle; therefore, 
disruption of Tat binding will block viral 
replication (5, 10, 11). To evaluate pseu- 
dehalf-knotting as an antisense design 
strategy, we targeted five sites on the TAR 
stem loop with RNA oligonucleotides. The 
12-base olieonucleotides L1- 12 and L2- 12 " 
target the 3' and 5' sides, respectively, of a 
hypothetical 17-base hairpin loop created 
by disrupting the four base pairs above the 
bulge in the TAR element (Fig. 2). We also 
designed three 17-base oligonucleotides: 
L1-17, which was targeted to form a loop 1 
pseudehalf-knot; L2-17, which was target- 
ed to form a loop 2 pseudo-half-knot; and 
ATWA-17. which was tareeted to bind all " 
the way around the 17-base hairpin without 
forming a pseudc-half-knot or disrupting 
base pairs below the bulge in the TAR stem 
(Table 1). 

Structures of the five hybrid complexes 
were characterized by enzymatic and chem- 
ical probes (Figs. 2 and 3). Enzyme cleavage 

Fig. 1. The topology of pseudshalf-knots. (A) According to convention (9) the stems (S1 and S2) 
and loops (L1 and L2) are numbered consecutively from the 5' end. Binding an oligonucleotide to 
the 3' side (top path) or 5' side (bottom path) of an RNA hairpin yields structures topologically 
similar to different halves of a pseudoknot with two coaxially stacked stems and a single loop that 
crosses the major groove (top path) or minor groove (bottom path). (B) Ribbon drawings of L1 (top) 
and L2 (bottom) pseudo-half-knots and similarly oriented pseudoknots. The oligonucleotides are 
drawn with striped (outer) and black (inner) surfaces. 

patterns consistent with the proposed pseu- 
do-half-knot structures were obtained from 
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Fig. 2. (A) Enzymatic cleavage pattern in pseud-half-knotted TAR RNA. TAR (100 pM) was 
) hybridized with 100 nM L1-12 (Ll) .  100 nM L2-12 (W), 1 mM ATWA (A), or no (0) oligonucleotides 

for 30 min at 37°C in 50 rnM NaCI, 5 mM MgCI,, 10 mM tris (pH 7.4) and then incubated with 
nuclease. RNase (ribonuclease) T1 and A cleave, respectively, at single-stranded G's or pyrimi- 
dines; RNase V1 cleaves double-stranded reglons. (B) Sites of nuclease cleavage on TAR. Only the 
TI cleavages are shown on the ATWA-17 complex (see text). 
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structures formed with both the 12-base 
(Fig. 2) and 17-base (1 2) oligonucleotides. 
The loop and bulge regions of TAR that 
were sensitive to the single-strand-specific 
nucleases T I  and A became protected upon 
oligonucleotide binding. The predicted sin- 
gle-stranded regions in the pseudo-half- 
knot became sensitive to T1 and A and lost 
sensitivity to double-strand-specific ribonu- 
clease (RNase) V1. 

The cleavage pattern obtained from the 
complex formed with the ATWA-17 oligo- 
nucleotide suggests that a pseudo-half-knot 
structure with only 12 of the 17 possible 
pairs was formed. If all 17 residues were 
paired in a pseud+half-knot structure, 
some of the TAR stem below the bulge 
would be disrupted, but there was no evi- 
dence of this from the enzymatic cleavage 
patterns. The cleavage pattern suggests that 
oligonucleotide ATWA-17 bound to TAR 
is a mixed population of 12 base-paired L1 
and L2 pseudehalf-knots, with the five 
remaining bases of the oligonucleotide dan- 
gling from either end of the heteroduplex. 

The structure of the L1-17 pseud-half- 
knot was further characterized by cleavage 
with orthophenanthroline-copper (OPCu) 
tethered to the 5' end of the L1-17 oligo- 
nucleotide (13). Binding affinity and en- 
zyme cleavage patterns for OP*Cu-L1-17 
and untethered L1- 17 oligonucleotides 
were identical, suggesting the OP moiety 
does not perturb the L1- 17 pseud~half- 
knot structure. Models of the L1-17 pseu- 
do-half-knot structure place the OP*Cu in 
the major groove at the three-strand junc- 
tion of the L1-17 pseud+half-knot (Fig. 

Table 1. Effect of chemical composition and 
loop structure on Kdls [dissociation constant 
(binding affinity)] for oligonucleotide binding to 
TAR RNA. Binding was done in 100 mM NaCl 
with 5' end-labeled TAR and analyzed by gel 
shift as described previously (15). The target 
site numbering for TAR is indicated in Fig. 28. 
The term OMe refers to 2'-Omethyl analogs 
and P=S refers to phosphorothioate analogs. 

Antisense TAR 
oligonucleotide sition binding (target site) K, (nM) 

L1-12 (28 to 39) RNA 
DNA 
P=S 
OMe 

L2-12 (23 to 34) RNA 
OMe 

ATWA-17 (23 to 39) RNA 
L1-17 (26 to 42) RNA 

DNA 
OMe 
P=S, OMe 

L2-17 (20 to 36) RNA 
DNA 
OMe 
P=S, OMe 

3B). Upon addition of the reducing agent 
to initiate OP*Cu cleavage, two predomi- 
nant cuts in TAR were observed at C-19 
and U-42. The cleavage site at C-19 is 21 
bases away from the OP*Cu in the linear 
sequence (Fig. 3C), but in the pseudc+half- 
knot (Fig. 3B) it is adjacent to OPCu, 
consistent with the proposed structure. 

Pseudo-half-knot formation disrupts the 
structure of TAR in the region specifically 
recognized by the Tat protein. Peptide frag- 
ments of Tat containing the TAR binding 
domain have been shown to bind specifically 
to the bulge region of TAR; this binding 
affinity is about 20-fold greater than that for 
the second and third binding sites on TAR 
(14). A 25-amino acid Tat fragment (resi- 
dues 48 to 72 from the Tat protein), Tat-25, 
when bound to the TAR element in 1: 1 
stoichiometry, migrated on a native poly- 
acrylamide gel at a location distinct from 
both uncomplexed TAR and TAR bound in 
a pseud-half-knot (Fig. 4). Enzymatic map- 
ping showed that under these conditions the 
peptide was bound at the bulge region (12). 

To determine if the oligonucleotides 
could displace Tat-25 from TAR, we incu- 
bated 32P-labeled TAR with either Tat-25 
or the L1-12 oligonucleotide or with both. 
At peptide concentrations at which the 1: 1 
Tat-25:TAR complex predominated, the 
oligonucleotide completely displaced the 
Tat peptide (Fig. 4, lane 4). At higher 
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Fig. 3. L1-17-OPCu superimposed on the un- 
perturbed TAR structure (A), the L1-17 pseu- 
do-half-knot (B), and linear TAR (C). Sites of 
OP-CU cleavage (arrows) are at C-19 and U-42. 

peptide concentrations, second-site (non- 
bulge) binding occurred, and the pseud- 
half-knot complex was shifted to a higher 
location on the gel (Fig. 4, lane 6 )  with the 
oligonucleotide remaining attached. Iden- 
tical results were obtained with the L2-12 
oligonucleotide (1 2) and were independent 
of the order of addition. These results fur- 
ther confirm that L1-12 and L2-12 bind to 
and disrupt the Tat binding site on TAR. 

Drug design is facilitated if the affinity of 
the drug for the target site can be optimized. 
Experimental measurement of binding affinity 
determined by gel shift analysis (15) showed 
that the four L1 and L2 pseudo-half-knotting 
oligonucleotides bound TAR with high affin- 
ities (Table 1). The 17-base pseudehalf- 
knotting oligonucleotides bound TAR more 
strongly than the 12-base oligonucleotides. 
This stronger binding is not directly due to the 
additional base pairs in the 17-base oligonu- 
cleotides. Longer oligonucleotides are not 
necessarily more efficient at binding because 
the affinity gained from increasing the number 
of bases bound to the target is counteracted by 
unfavorable disruption of base pairs in the 
target. ATWA-17, the 17-base oligonucleo- 
tide that binds the TAR loop all the way 
around without pseud-half-knotting, was 
the weakest binder, which is consistent with 
the notion that binding all the way around a 
loop is sterically not possible. However, shift- 
ing the oligonucleotide just three bases to the 
left or right on the target site to create the 
L2- 17 or L1- 17 compounds, respectively, in- 
creased the binding affinities 30- to 70-fold 
(Table 1). 

The chemical composition of the oligonu- 
cleotides is an essential consideration. Oligo- 
nucleotides synthesized as 2'-O-methyl ana- 

Oligo (nM) 

Tat-25 (nM) 

-*__r_i- 

TAR RNA 

Fig. 4. Inhibition of Tat peptide binding by 
pseudo-half-knot oligonucleotides. N-acety- 
lated Tat-25 used was obtained from the Uni- 
versity of California at San Francisco Biotech- 
nology Resource Core facility. Gel mobility shift 
assays were performed by the addition of 5' 32P 
TAR RNA and Tat-25 at indicated concentra- 
tions to a 10-pl reaction containing 10 mM 
tris-HCI (pH 7.5), 70 mM NaCI, 0.2 mM EDTA, 
5% (v/v) glycerol, 500 nM bovine serum albu- 
min, and 40 ng of polydldc. Each binding mix 
was incubated for 30 min at 4°C and loaded 
directly onto a 15% native polyacrylamide gel. 
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logs had binding affinities similar to those of 
the RNA oligonucleotides (Table I), consis- 
tent with the notion that 2'-O-methy1:RNA 
hybrids have affinities and geometries similar 
to RNA:RNA duplexes (16). The binding 
affinity of 2'-O-methyl phosphorothioate oli- 
gonucleotides for TAR was approximately ten 
times lower than that of 2'-O-methyl phos- 
phodiesters. DNA and phosphorothioate an- 
alogs showed no detectable binding to the 
12-base oligonucleotides and very slight bind- 
ing to the 17-base oligonucleotides. This may 
be because the structure of DNA:RNA hy- 
brids is different from that of RNA:RNA 
duplexes and because pseud+half-knotting 
geometries appropriate for A-form helices are 
not optimal for DNA:RNA complexes. In 
addition, 2'-deoxyoligonucleotides hybridize 
to RNA much less tightly than do RNA (1 7) 
or 2'-O-methyl analogs. 

Although considerable efforts are being 
directed at targeting RNA for therapeutic 
purposes, target site selection is still largely 
an empirical process. Analysis of the RNA 
target structure and bound complex stabil- 
ity and structure can assist in the design and 
optimization of functional antisense oligo- 
nucleotides (18, 19). By selection of rela- 
tively simple, short RNA structures, such as 
hairpin loops, and by binding with appro- 
priately designed oligonucleotides, stable 
pseud+half-knot structures can be formed. 

Knowledge of the structure of a drdg- 
target complex can also facilitate additional 
improvement in drug design. For example, 
results of the OP*Cu experiment could be 
used to design oligonucleotides to specifi- 
cally cleave TAR near (2-19. Moreover, 
these data demonstrate approaches to cre- 
ate nuclease-stable oligonucleotides that 
bind RNA with high affinity. 
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Combining Experimental Information from Crystal 
and Solution Studies: Joint X-ray and 

NMR Refinement 

Boaz Shaanan,* Angela M. Gronenborn, Gerson H. Cohen, 
Gary L. Gilliland, B. Veerapandian, David R. Davies, 

G. Marius Clore 
Joint refinement of macromolecules against crystallographic and nuclear magnetic reso- 
nance (NMR) observations is presented as a way of combining experimental information 
from the two methods. The model of interleukin-1 p derived by the joint x-ray and NMR 
refinement is shown to be consistent with the experimental observations of both methods 
and to have crystallographic R value and geometrical parameters that are of the same 
quality as or better than those of models obtained by conventional crystallographic studies. 
The few NMR observations that are violated by the model serve as an indicator for genuine 
differences between the crystal and solution structures. The joint x-ray-NMR refinement 
can resolve structural ambiguities encountered in studies of multidomain proteins, in which 
low- to medium-resolution diffraction data can be complemented by higher resolution NMR 
data obtained for the individual domains. 

W i t h  the emergence of NMR as a tech- 
nique for determining the three-dimension- 
al structure of proteins alongside crystallog- 
raphy ( I ) ,  combination of experimental 
data from both methods oDens a new ave- 
nue for the elucidation of macromolecular 
structures. A potential major hurdle in 
implementing such an approach, however, 
has been the apparent discrepancy between 
models derived bv the two methods. T v ~ i -  . & 

cally, the root-mean-square (rms) differ- 
ences between backbone atoms of structures 
determined by the two methods are -1.0 
A, with local differences of up to 2.0 A or 
more (2, 3). Moreover, models obtained 
from crystallographic studies are frequently 
incompatible with the NMR data, as man- 
ifested in a relatively large number of nu- 
clear Overhauser effect (NOE) violations; 
conversely, models obtained by NMR pro- 
cedures tend to fit the x-ray data poorly (R 
values of 0.40 to 0.50). In this report we 
present a joint x-ray-NMR refinement and 
demonstrate that crystallographic and 
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NMR data can be combined to produce 
models that are com~atible with both ex- 
perimental methods in that they have a 
minimal number of NOE violations and R 
values com~arable to those derived from 
refinement against the crystallographic data 
alone. Further, the residual NOE violations 
in the combined model can serve as a 
reliable measure of genuine differences be- 
tween the solution and crystal structures. A 
likely application of the method would be, 
for example, in the determination of struc- 
tures of multidomain proteins. 

The discrepancies ̂ between models de- 
rived from crystallographic and NMR 
methods are eenerallv ascribed to distor- 
tions caused b; crystal forces and differences 
in the media in which the two experiments 
are performed (2, 3). However, because 
both methods produce models through pro- 
cedures that aim to satisfy the experimental 
data available to each technique and, at the 
same time, sets of stereochemical restraints 
(4, 5 ) ,  the differences between the models 
may equally well be a reflection of incon- 
sistencies between the computational pro- 
cedures rather than that of genuine varia- 
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