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Coeval 40Ar/39Ar Ages of 65.0 Million Years Ago 
from Chicxulub Crater Melt Rock and 

Cretaceous-Tertiary Boundary Tektites 

Carl C. Swisher Ill, Jose M. Grajales-Nishimura, 
Alessandro Montanari, Stanley V. Margolis, Philippe Claeys, 

Walter Alvarez, Paul Renne, Esteban Cedillo-Pardo, 
Florentin J-M. R. Maurrasse, Garniss H. Curtis, 

Jan Smit, Michael 0. McWilliams 
40ArP9Ar dating of drill core samples of a glassy melt rock recovered from beneath a 
massive impact breccia contained within the 180-kilometer subsurface Chicxulub crater in 
YucatAn, Mexico, has yielded well-behaved incremental heating spectra with a mean 
plateau age of 64.98 + 0.05 million years ago (Ma). The glassy melt rock of andesitic 
composition was obtained from core 9 (1390 to 1393 meters) in the Chicxulub 1 well. The 
age of the melt rock is virtually indistinguishable from 40ArP9Ar ages obtained on tektite 
glass from Beloc, Haiti, and Arroyo el Mimbral, northeastern Mexico, of 65.01 + 0.08 Ma 
(mean plateau age for Beloc) and 65.07 a 0.1 0 Ma (mean total fusion age for both sites). 
The 40ArPsAr ages, in conjunction with geochemical and petrological similarities, strength- 
en the recent suggestion that the Chicxulub structure is the source for the Haitian and 
Mexican tektites and is aviable candidate for the Cretaceous-Tertiary boundary impact site. 

T h e  global search for an impact crater of 
sufficient size to account for the extinctions 
at the close of the Cretaceous period has 
focused recently on a subsurface circular 
structure, 180 km in diameter, centered at 
Chicxulub on the north coast of the Yu- 
catan Peninsula (1,2) (Fig. 1). If an impact 
origin is confirmed, the Chicxulub struc- 
ture, whose outline is based on circular 
magnetic and gravity anomalies, will be the 
largest impact crater yet found on Earth. Its 
size and the proximity to abundant tektites 
and microtektites recovered in marine Cre- 
taceous-Tertiary (K-T) deposits near Beloc, 

Haiti (3-9 ,  and at Arroyo el Mimbral in 
northeast Mexico (6) and to proximal wave 
deposits of probable tsunami origin in the 
Gulf of Mexico (6, 7) make the Chicxulub 
structure an ideal candidate for the K-T 
impact site that triggered the mass extinc- 
tions at the close of the Cretaceous period. 

The stratigraphy of the Chicxulub struc- 
ture is known primarily from a transect of 
petroleum exploration wells drilled across 
the Yucatan Peninsula by Petr6leos Mexi- 
canos (PEMEX) (8-1 0) (Fig. 1). Three of 
these wells, Yucatan 6 (Y-6), Chicxulub 1 
(C-1), and Sacapuc 1 (S-1), occur within 

the Chicxulub geophysical anomaly. These 
wells penetrated marl and limestone under- 
lain by coarse breccia, polymict breccia, 
and glassy rocks of andesitic composition. 
The polymict breccia is composed of a 
mixture of microcrystalline crystals of alkali 
and plagioclase feldspar, pyroxene (augite) , 
rounded and angular quartz, and minor 
amounts of euhedral zircon, barite, and 
Ti-Fe oxides. The angular quartz grains 
appear to be etched and show multiple sets 
of ~ l a n a r  lamellae indicative of shock meta- 
morphism. The underlying unit is com- 
posed of angular pyroxene (augite) crystals 
embedded in a glassy or microcrystalline 
groundmass of alkali and plagioclase feld- 
spars. These andesitic glasses and micro- 
crystalline rocks are interpreted as impact 
breccias and melt rocks of andesitic compo- 
sition (2). Earlier workers (8) concluded . . 
that thk 'breccia above the melt rocks is 
Upper Cretaceous in age, which would 
indicate that the impact age is older than 
the K-T boundary. However, other workers 
have estimated on the basis of poorly pre- 
served foraminifera that the rocks are as 
young as early Paleocene (P3) (I 1 ). A 
plausible explanation for the occurrence of 
Cretaceous deposits above the melt rocks is 
that they represent fallback breccia of Cre- 
taceous limestone infilling a crater of K-T 
age. The uncertainty in the age of the 
Chicxulub crater makes radioisotouic dat- 
ing of the melt rock imperative. 

The possibility that the Chicxulub struc- 
ture is the source for the Haitian and 
Mexican tektites has recentlv been 
strengthened by chemical analyse's of the 
microcrystalline melt rocks recovered from 
Yucatan 6 (2) (Table 1). The composition 
of the andesitic melt rock is clearly within 
range of that observed for the Haitian and 
Mimbral tektites: and the limestones of the 
Yucatan platfork can explain the more 
Ca-rich tektites (4, 6). Detailed micro- 
probe analyses of the glassy feldspathic 
groundmass from sample C-1 (Fig. 1 and 
Table 1) from the Chicxulub 1 well indi- 
cate that it is andesitic in composition and 
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Fig. 1. Generalized strati- 
graphic cross section of 
PEMEX wells in the north- 
western Yucatan Penin- 
sula, Mexico. The unit 
marked "Breccia" has a 
complex internal stratig- 
raphy. The sample of al- 
tered melt rock from the 
Chicxulub crater ana- 
lyzed by Hildebrand et 
a/. (2) is from the Yu- 
catan 6 well, marked on 
the figure as Y-6. The 
andesitic glassy melt 
rock that we analyzed 
from the Chicxulub 1 well 
is marked C-1. [Figure 
based on data from Lo- 
pez Ramos (8) and 
Hildebrand et a/. (2)] 

Table 1. Electron microprobe data. Chemical comparison of melt rock from the Chicxulub impact 
structure and K-T glasses from Mimbral, Mexico, and Beloc, Haiti. Numbers in parentheses give 
*ID or 1 standard deviation. Data for Mimbral tektites are from (6) and for dark brown to black 
glasses only. Data for Beloc tektites are from (4) for dark brown to black glasses only. Data for Y-6 
are altered melt rock and from (2). C-I is andesitic glassy melt rock; from 100 electron microprobe 
spot transverses of polished section. Ranges (max-min) are indicated for Chicxulub melt rocks. 

Chicxulub crater 

Mimbral Beloc Y-6 C-1 

altered andesiticl 

melt rock glassy melt 
rock 

SiO, 62.97 (1.55) 63.09 (2.1 3) 63.2-60.5 59.71-58.45 
15.73 (0.63) 15.21 (0.31) 1 3 . 6 1  2.6 15 .841  3.77 

FeO 5.32 (1.48) 5.44 (0.38) 5.0-4.5 4.36-3.49 
MgO 3.01 (0.58) 2.74 (0.30) 3 . 2 3 . 1  5 .424.06 
CaO 6.88 (1.87) 7.26 (1.72) 10.5-1 0.2 11.249.35 
K 2 0  1.50 (0.37) 1.59 (0.12) 1.9 2.42-2.07 
Na,O 3.34 (0.32) 3.63 (0.27) 4.7-4.0 4.60-4.01 
TiO, 0.70 (0.09) 0.67 (0.07) 0.4 0.13 
MnO 0.13 (0.08) 0.14 (0.05) 0.1 0.14 
CrO 0.05 (0.02) 0.03 
NiO 0.03 n.d.* 
CuO 0.04 n.d. 

Total 99.7 99.49 100 99.83 

"n.d., Not determined 

is composed of a fine-grained mixture of 
unaltered plagioclase and K-rich feldspar 
(average composition Ab5*, Or32, Anlo). 
The wide range of feldspar compositions 
appears unlike that of any terrestrial vol- 
canic andesite and ~robablv reflects the 
composition of the target rocks. Sample Y-6 
from the Yucatan 6 well (Fig. 1 and Table 
I), although similar in composition to sam- 
ple C-1, contains anhydrite replacing 
quartz, indicating some secondary alter- 
ation. Attempts to date sample Y-6 by laser 
40ArP9Ar incremental-heating techniques 
resulted in hump-shaped spectra that 
reached a maximum apparent age of about 
58 Ma. From these spectra, we conclude 
that the Y-6 melt rock was too altered to 
yield reliable 40Ar/39Ar ages. On the other 
hand, the higher K,O content of sample 
C-1. as well as the freshness of the unal- 
tered glassy matrix, suggested that it might 
be a better candidate for 40Ar/39Ar dating. 

The microphen~cr~sts of the C-1 sample 
were too small to allow separation of the 
feldspar from the K-rich glassy melt; there- 
fore, part of the C-1 sample was crushed 
and sieved to yield small chips of the glassy 
melt rock 0.4 to 0.5 mm in diameter, 
weighing approximately 0.2 to 0.3 mg 
each. These chips were treated in an ultra- 
sonic cleaner with dilute (- 10%) hydro- 
chloric and dilute (-0.7%) hydrofluoric 
acid for 3 min each to remove any altered 
glass and adhering clays, then rinsed for 5 
min in distilled water. 

The C-1 glassy melt rock chips were 
irradiated together with a centrally located 
monitor mineral (Fish Canyon Tuff sani- 
dine, FC) for 14 hours in the hydraulic 
rabbit core of the Omega West research 
reactor at Los Alamos National Laboratory 
following procedures in (1 2). After irradia- 
tion, single crystals of the monitor mineral 
and single chips of the C-1 glassy melt rock 
were loaded into individual 2-mm-diameter 
wells of a copper sample disk, then placed 
within the sample chamber of the extrac- 
tion system and baked out at 200°C for 8 
hours. Incremental heating and total fusion 

Fig. 2. 40Ar139Ar laser In- 
cremental heating spectra 
for C-1 melt rock (A to C) 65.00 2 0.08 Ma 

and Hait~an tekt~tes (D). - 65 izz:: 
5 60 

Smplr 5841-01 ~srnplm 5041-03 

4' 55 
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of the samples and monitor mineral were 
accomplished with a 6-W Coherent Ar ion 
laser. The released gases were purified by two 
Zr-Fe-V getters operated at approximately 
15OoC, and condensable gases were collected 
on a cold-trap operated at -45°C. Argon was 
measured in an on-line Mass Analyzer Prod- 
uct 215 noble gas mass spectrometer operated 
in the static mode. Laser heating, gas purifi- 
cation, and mass spectrometry were complete- 
ly automated. Uncertainty in the fluence- 
calibration parameter (J) for this irradiation 
was less than 0.1% (12). 

The low blank 40ArP9Ar laser system 
permitted the analysis of extremely small 
amounts of the glassy melt rock; each chip 
weighed 0.2 to 0.3 mg. The laser beam was 
defocused to heat evenly the 2-mm-diame- 
ter sample wells. Each of the contained C-1 
samples was incrementally heated for 45 s 
by stepwise increases in the output from the 
Ar ion laser. The 40Ar/39Ar ages of the C-1 
glassy melt rock were calculated with the 
use of a J value determined from the mon- 
itor FC sanidine. 

Three 40Ar/39Ar incremental heating 
analyses of the C-1 glassy melt rock chips 
yielded three essentially flat spectra (Fig. 
2). The plateau ages are calculated as the 
weighted (by inverse variances) mean of all 
increments defining the plateau and the 
uncertainties that accompany the plateau 
ages are standard errors (SE) (14). The 
plateaus consist of more than three contig- 
uous increments that overlap the mean at 
the 2u level and compose approximately 
70% of the total 39Ar released in the first 
spectrum and greater than 90% in the 
second and third (15). The first two spec- 
tra, 5841-01 and 5841-02, show a slight 
disturbance in the low-temperature and 
high-temperature increments, reflecting 
slight recoil or possible entrapment of ex- 
cess argon. However, these increments ac- 
counted for less than 30% of the total 39Ar 
released in the first spectrum and less than 
10% in the second, and the third spectrum, 
5841-03, shows no low-temperature distur- 
bance. The plateau ages calculated for the 
three spectra are 64.94 * 0.11 Ma, 64.97 
? 0.07 Ma, and 65.00 + 0.08 Ma (Fig. 2 
and Table 2). The weighted mean of the 
three plateau ages is 64.98 + 0.05 Ma. 

At first appearance, the calculated mean 
age for the C-1 glassy melt rock of 64.98 + 
0.05 Ma is approximately 1% older than 
recently published 40Ar/39Ar laser incremen- 
tal heating and total fusion ages of 64.38 * 
0.18 Ma and 64.48 + 0.08 Ma for the Beloc 
tektites (16, 17). In the most detailed study, 
Izett et al. (16) reported two different ages for 
the Haitian tektites that differed by as much 
as 2%, depending upon whether the analyses 
were made in the Menlo Park laboratory or 
in the Denver laboratory. About 1% of this 
age difference is largely due to the adopted 

age of the irradiation standards by the two 
laboratories. The 64.38 k 0.18 Ma and 
64.48 * 0.22 Ma ages for the Beloc tektites 
were calculated using ages of 513.9 and 
27.55 Ma for MMhb-I and FC sanidine, 
respectively. The Denver results were calcu- 
lated using the value of MMhb-I of 520.4 
Ma and an FC sanidine age of 27.8 Ma (13). 

Our age of 64.98 k 0.06 Ma for the C-1 
glassy melt rock was calculated for an age of 
FC sanidine of 27.84 Ma and MMhb-I of 
520.4 Ma. 

If we recalculate the Izett et al. incre- 
mental heating and total fusion ages of 
64.38 ? 0.18 Ma and 64.48 ? 0.08 Ma 
using our age for FC sanidine, the age of the 

Table 2. 40Ar/3yAr incremental laser heating analyses of andesitic impact melt (sample S) from the 
C-1 core of the Chicxulub impact structure. Step is the laser watt output. J = 0.0099585 + 
0.0000058, decay constants are as follows (also for Tables 3 and 4): he + he. = 0.581 x 10-lo yr-'; 
Ap = 4.962 x 10-'O yr-'; 40K/40Kt,t,l = 1.167 x 

39Ar 37Ar/3YAr 36Ar/3YAr 40Ar*/39Ar 
step ("A) 

Age 
(Ma + l a )  

0.6 
2.6 
4.6 
4.8 
7.2 
6.6 
5.7 
5.4 
6.1 

10.9 
26.7 

8.0 
3.0 
5.6 
1.8 
0.30 
0.1 

t Beam 

584 1-07 
0.505 1.5359 39.698 
0.295 0.0670 3.841 
0.288 0.0064 3.695 
0.370 0.0041 3.697 
0.468 0.0029 3.655 
0.514 0.0016 3.620 
0.557 0.001 7 3.650 
0.598 0.001 5 3.683 
0.472 0.001 5 3.689 
0.394 0.0018 3.671 
0.374 0.0019 3.693 
1.292 0.0033 3.690 
1.567 0.0057 3.696 
0.798 0.0032 3.702 
0.436 0.0035 3.699 
0.545 0.3941 13.703 

584 1-02 
0.853 2.1217 50.149 
0.309 0.1407 6.206 
0.292 0.0073 3.633 
0.426 0.0028 3.695 
0.542 0.0030 3.687 
0.600 0.0021 3.683 
0.629 0.0015 3.683 
0.549 0.0019 3.688 
0.453 0.0020 3.686 
0.695 0.0023 3.688 
0.801 0.0030 3.682 
0.699 0.0036 3.689 
0.784 0.0031 3.672 
0.562 0.0037 3.664 
0.472 0.0039 3.682 
0.918 0.0052 3.571 
0.862 0.0089 3.536 
0.225 0.01 67 2.824 
0.689 0.0237 2.622 

584 1-03 
0.332 0.0977 3.464 
0.321 0.0477 3.654 
0.293 0.0101 3.702 
0.375 0.0043 3.702 
0.469 0.0042 3.690 
0.567 0.0023 3.673 
0.591 0.0018 3.671 
0.510 0.0013 3.669 
0.435 0.001 6 3.674 
0.478 0.001 8 3.681 
1.991 0.0028 3.693 
0.761 0.0030 3.689 
0.657 0.0035 3.698 
0.562 0.0028 3.692 
0.61 5 0.0028 3.698 
0.585 0.0029 3.741 
1.538 0.0060 3.997 

was refocused to assure sample fusion. 
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Beloc tektites would be 65.06 + 0.18 Ma 
and 65.16 ? 0.08 Ma (18). These ages are 
indistinguishable at the 2u level from our 
age of 64.98 * 0.06 Ma for the C-1 
microcrystalline melt. 

To further address possible interlabora- 
tory biases in our comparisons of the 40Ar/ 
39Ar ages for the C-1 glassy melt rock and 
the Beloc tektites, we redated the Beloc 
tektites and also determined the age of 
microtektites from the Arroyo el Mimbral 
section in Mexico (6). The tektites were 
prepared using methods described above for 
the glassy melt rock, except that single 
tektites were first hand picked under a 
binocular microscope and treated only in 
hydrofluoric acid for 3 min and then rinsed 
for 5 min in distilled water. The tektites 
were then irradiated along with the FC 
sanidine monitor mineral for 21 hours in 
the hydraulic rabbit core of the Omega 
West research reactor at Los Alamos Na- 
tional Laboratory (12). Three tektites from 
Beloc and two from Mimbral yielded iden- 
tical total fusion ages with an overall 
weighted mean age of 65.07 ? 0.10 Ma 
(Table 3). The age of the Mimbral mi- 
crotektites was the same as the age of the 
Beloc tektites within uncertainties. A sec- 
ond group of tektites, collected from be- 
tween levels f and g of the Beloc section 

(5), were much larger in size than the first 
suite of samples; thus detailed 40Ar/39Ar in- 
cremental heating analyses were possible. 
These tektites were irradiated for 7 hours as 
described above (12). Nine incremental heat- 
ing analyses of the Beloc glass yielded five 
well-defined spectra with a weighted mean 
plateau age of 65.01 k 0.08 Ma (Fig. 2 and 
Table 4). These weighted mean ages for the 
Haitian tektites of 65.07 '- 0.10 Ma and 
65.01 k 0.08 Ma are nearly identical with the 
recalculated mean plateau age from (16) of 
65.06 + 0.18 Ma and only slightly younger 
than their mean total fusion age of 65.16 + 
0.08 Ma. These results indicate that there is 
no interlaboratory bias for the ages of the K-T 
tektites and further confirm that there is no 
observable difference from the age of the 
Chicxulub glassy melt rock. 

However, precise statements regarding 
the comparison of the ages of Chicxulub 
glassy melt rock and Haitian and Mimbral 
K-T tektites on the one hand, with ages 
obtained on sanidines separated from ben- 
tonite~ overlying the nonmarine K-T 
boundary, northern Western Interior of 
North America on the other, appear pre- 
mature. Attempts to date these sanidines 
have yielded variable ages that range from 
63.5 to 66.4 Ma (1 6, 19). It is uncertain, at 
this time, if the variable sanidine ages are a 

Table 3. 40Ar13yAr laser total fusion analyses (21 SD) of tektite glass from Arroyo el Mimbral, Mexico, 
and Beloc, Haiti. J = 0.017015 ? 0.000016. 

Sample CaiK 

Beloc 
5404-01 3.9908 0.000697 2.158377 97.5 65.07 a 0.1 7 
5404-02 5.6346 0.000964 2.1 59428 96.9 65.10 * 0.19 
5404-03 4.1912 0.000995 2.157073 94.1 65.03 -C 0.21 

Arroyo el Mimbral 
5405-01 3.6141 0.000905 2.1 57709 94.3 65.05 a 0.30 
5405-02 6.3868 0.002755 2.159127 79.1 65.09 * 0.45 

Weighted mean age = 65.07 2 0.10t 
Mean age = 65.07 2 0.03 

*Rad~ogen~c, +Standard error. 

Table 4. 40Ar13yAr plateau data (a1  SD) for tekt~te glass from Beloc, Haiti. J for 5682 = 0.0059649 
* 0.0000096; J for 5690 = 0.0059058 2 0.0000053. 

Sample Steps* CaiK Weighted age 
(Ma) 

Weighted mean age = 65.01 k 0.08t 
Mean age = 65.05 2 0.14 

* Number of plateau-defining steps dlvlded by total steps analyzed. tstandard error 

consequence of analytical or geological dif- 
ferences. 

Since 1978 evidence has gradually accu- 
mulated in support of the hypothesis that a 
large-body impact or several impacts caused 
the K-T mass extinction, but the failure to 
locate a crater of sufficient size has been a 
problem (20). One proposed candidate, the 
35-km subsurface Manson i m ~ a c t  structure 
in Iowa, has been considered to be K-T age 
(21); however, it does not appear to be of 
sufficient size to trigger the mass extinctions 
at the close of the Cretaceous period. The 
Chicxulub structure was proposed as early 
as 1981 to be an impact crater ( I ) ,  but only 
in 1991 was it suggested as a candidate 
crater for the K-T impact (2). The breccias 
from the Chicxulub crater are almost surelv 
of impact origin, as indicated by the pres- 
ence of shocked quartz (2); but the report of 
Upper Cretaceous sediments above the 
melt rock (8) seemed to indicate that this 
feature was too old to be the K-T crater 
(22). However, discovery of thick ejecta 
deposits at the biostratigraphic K-T bound- 
ary in the nearby sites of Beloc in Haiti 
(3-9, Arroyo el Mimbral in northeastern 
Mexico (6), and Deep-Sea Drilling Program 
holes 536 and 540 in the southeast Gulf of 
Mexico (7) ,  containing ejecta of proximal 
character (23), implied that a K-T impact 
crater was nearby. Chemical similarities be- 
tween the Chicxulub melt rock and glass 
from these four nearby sites further argued 
that Chicxulub was the K-T impact site (2). 

Our 40Ar/39Ar ages for the Chicxulub melt m 

rock and tektite glass from nearby marine K-T 
boundam sites indicates that the sediment of 
reported Upper Cretaceous age overlying the 
andesitic melt rocks is either misdated or is a 
crater-filling breccia derived from preexisting 
rocks. The 40Ar/39Ar ages reported here fur- 
ther add to the growing body of stratigraphic, 
sedimentologic, petrographic, geochemical, 
and geophysical data that indicate that the 
Chicxulub structure is indeed an impact crater 
of K-T age. 

Note added in proof: C-1 melt rock chips 
were also dated at Stanford University (by 
M.0.M; data available upon request) fol- 
lowing methods similar to those described 
in Izett et al. (3). Incremental heating of 
these chips was accomplished using a con- 
tinuous argon-ion laser (five analyses) and a 
resistance-furnace analysis of a 12.6-mg 
bulk separate and yielded spectra with pla- 
teaus meeting formal criteria (15). The 
plateau ages of these six spectra range from 
62.1 * 0.3 Ma to 64.6 + 0.4 Ma when 
referenced to the FC sanidine monitor min- 
eral with an age of 27.84 Ma. Close inspec- 
tion of the suectra  roved that the release 
patterns are not flat; two of the spectra 
gradually rise in age with increasing tem- 
perature and four spectra show a U-shaped 
release pattern. The two rising release pat- 
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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 ex~eriment, 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 
uatterns noted here are most likelv 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 
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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, Ll 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 

SCIENCE VOL. 257 14 AUGUST 1992 




