
differential use of the core promoter by the 
two cell lines, an explanation that would be 
consistent with our observation that the 
enhancer in the 88-bp core fragment is more 
active in HuH6 cells than that in Hep G2 
cells. Since Hep G2 and HuH6 cells may 
represent hepatocytes arrested at different 
stages of differentiation, as indicated by the 
fact that they express different sets of liver- 
specific proteins (14), this core enhancer 
may be developmentally regulated. Honig- 
wachs et al. have recently shown that a 
similar core fragment failed to activate CAT 
expression in hepSK cells, a de-differentiated 
human liver line (15). Together, these re- 
sults raise the interesting possibility that the 
absence of HBV replication and core gene 
expression observed in advanced hepatocel- 
lular carcinoma could be due to the decrease 
of the core enhancer activity in proportion 
to the de-differentiation of the infected he- 
patocytes. 

It has been suggested that the previously 
described HBV enhancer may determine in 
part the liver-specific expression of the HBV 
pregenomic RNA (16). The results present- 
ed here indicate that the previouslv de- 
scribed enhancer does indeld functibn in 
human hepatoma cells, but it also stimulates 
CAT expression in nonhepatic cells. In con- 
trast, activity of the enhancer located in the 
88-bp core promoter region is restricted to 
human hepatoma cells. Since the 88-bp frag- 
ment by itself is sufficient to direct efficient 
CAT expression in hepatoma cells, it obvi- 
ously also contains a functional promoter 
which, together with the tissue-specific en- 
hancer, may account for the liver specificity 
of HBV gene expression. These studies of 
the HBV core promoter have demonstrated 
that a liver-specific enhancer activates 
expression from the core promoter in highly 
differentiated hepatoma cells. Deletion anal- 
ysis of the coreepromoter region also sug- 
gests that a negative element in the core 
promoter may account for the extremely low 
activity of this promoter in nonhepatic.cells. 
Such a combination of positive and negative 
regulatory effect may attribute to the highly 
liver-specific expression of the HBV 3.5-kb 
pregenomic RNA. The discovery of these 
regulatory signals in HBV should allow 
more informative studies on the regulation 
of HBV expression and replication in infect- 
ed cells and the role of HBV in the develop- 
ment of hepatic malignancies. 

REFERENCES AND NOTES 

1. R. P. Beasley, C.-C. Lin, L.-Y. Hwang, C.-S. Chien, 
Lancet ii, 1129 (1981). 

2. J. Summers, J. M. Smolec, R. Snyder, Proc. Natl. 
Acad. Sci. U.S .A.  75, 4533 (1978); P. Chen et al., 
ibid. 83, 8774 (1986). 

3. T.  Ochiya et a / . ;  ibid. 86, 1875 (1989). 

4. R. Cattaneo, H .  Will, N. Hernandez, H .  Schaller, 
Nature 305, 336 (1983). 

5. C. Sureau, J:L. Romet-Lemonne, J. I. Mdlius, M. 
Essex, Cell 47, 37 (1986); T. Tsurimoto, A. Fujipa- 
ma, K. Matsubara, Proc. Natl. Acad. Sci. U.S .A.  84, 
444 (1987); K. Yaginuma, Y. Shirakata, M. Ko- 
bayashi, K. Koike, ibid., p. 2678. 

6. D. N. Standring, W. J. Rutter, H. E. Varmus, D. 
Ganem, J. Virol. 50, 563 (1984). 

7. Y. Shad, W. J. Rutter, 0. Laub, EMBO J. 4, 427 
(1985); A. Tognoni, R. Cattaneo, E. Serfling, W. 
Schaffner, Nucleic Acids Res. 13, 7457 (1985). 

8. J. L. Vannice and A. D. Levinson, J. Virol. 62, 
1305 (1988). 

9. A. Fujiyama et a/., Nucleic Acids Res. 13, 4601 
(1983). 

10. F. L. Graham and A. J,  van der Eb, Viroloty 52, 456 
(1973). 

11. M. J. Sleigh, Anal. Biochem. 156, 251 (1986). 
12. S. L. McKnight and R. Kingsbury, Science 217, 316 

(1982). 
13. J. K. Yee, unpublished data. 
14. B. B. Knowles, D. B. Searls, D. P. Aden, in Advances 

in Hepatitis Research, F .  V. Chisari, Ed. (Masson, 
New York, 1984), pp. 196-202. 

15. J. Honigwachs, 0 .  Faktor, R. Dikstein, Y. Shad, 0. 
Laub, J. Virol. 63, 919 (1989). 

16. P. Tiollais, C. Pourcel, A. Dejean, Nature 317, 489 
(1985). 

17. C. M. Gorman, G. T. Merlino, M. C. Willingham, I. 
Pastan, B. H. Howard, Proc. Natl. Acad. Sci U .S .A .  
79, 6777 (1982). 

18. S. L. McKnight, E. R. Gravis, R. Kingsbury, R. 
Axel, Cell 25, 385 (1981). 

19. I thank K. Matsubara for providing the cloned HBV 
DNA and the HuH6 line, and A. Miyanohara and 
T. Friedmann for many valuable discussions during 
this work. 

3 May 1989; accepted 13 September 1989 

Initiation by Yeast RNA Polymerase I1 at the 
Adenoviral Major Late Promoter in Vitro 

Transcription of the yeast CYCl promoter fused to a sequence lacking guanosine 
residues provided a rapid, sensitive assay of initiation by RNA polymerase I1 in yeast 
extracts. Initiation was enhanced by yeast and mammalian activator proteins. The 
adenoviral major late promoter fused to the G-minus sequence was transcribed in yeast 
extracts with an efficiency comparable to that observed in HeLa extracts, showing that 
promoters as well as transcription factors are functionally interchangeable across 
species. Initiation occurred at different sites, approximately 30 and 63 to 69 base pairs 
downstream of the TATA element of the adenoviral promoter in HeLa and yeast 
extracts, respectively, distances characteristic of  initiation in the two systems in vivo. A 
component of  the transcription system and not the promoter sequence determines the 
distance to the initiation site. 

ANY ASPECTS OF TRANSCRIPTION 

by RNA polymerase I1 are con- 
served between yeast and higher 

eukaryotes. There is extensive amino acid 
sequence similarity among the largest sub- 
units of the yeast, Dvosophila, and mammali- 
an polymerases ( 1 ) .  Other components of 
the transcription apparatus, such as TATA- 
binding and enhancer-binding factors, are 
fhctionally interchangeable between yeast 
and mammalian systems (2-5). There are, 
nonetheless, significant differences between 
the two systems. TATA elements are located 
from 40 to 120 or more base pairs upstream 
of the initiation site of a yeast promoter, and 
where these elements occur, they are abso- 
lutely required (6) .  By contrast, the distance 
between TATA elements and transcription 
start sites is smaller, 25 to 30 bp, and more 
uniform among mammalian promoters; in 
some cases, deletion of a TATA element 
does not reduce the frequency of initiation 
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but rather impairs the precision of the pro- 
cess (7). It has been shown that if a yeast 
TATA-binding protein is substituted for the 
corresponding factor from HeLa cells, initi- 
ation still occurs in the manner characteristic 
of mammalian systems (2, 3). This implies 
that a factor other than the TATA-binding 
protein measures out the distance to the 
initiation site, or  that the promoter sequence 
dictates the location of the site. Here we 
report on studies with a yeast transcription 
system that rule out the latter possibility and 
that may help identify the protein factor that 
locates the initiation site. 

The recent development of a yeast RNA 
polymerase I1 transcription system (8) de- 
pended on hybridization with an RNA 
probe to reveal accurately initiated tran- 
scripts against a high background of nonspe- 
cific reaction. This method of detection is 
time-consuming and laborious. We tried a 
number of alternatives, such as run-off and 
primer extension assays, and had most suc- 
cess with an approach involving transcrip- 
tion of a template devoid of G residues (9). 
A form of the yeast CYCl promoter was 
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prepared (10) with a G residue at position 
-35 (with respect to the translation start 
site at +1) replaced by a C, followed by 
fusion at this residue to the 377-bp G-minus 
cassette of Sawadogo and Roeder (9). Accu- 
rately initiated transcripts extending 
through the cassette were expected to con- 
tain a G-minus stretch of -390 residues. 
Background due to transcription of other 
sequences was suppressed by the use of the 
chain terminator 3'-0-methyl guanosine tri- 
phosphate (GTP), and extraneous tran- 
scripts were destroyed by digestion with T1 
ribonuclease (RNase) (9). G-minus tran- 
scripts were revealed and quantitated by 
deproteinization and gel electrophoresis. 
Transcripts of approximately 350 and 370 
residues were obtained (Fig. 1). The initia- 
tion reaction appeared to be authentic on 
the basis of the following observations. 

First, a promoter was absolutely required. 
No G-minus transcripts were obtained from 
the G-minus cassette alone (Fig. 2, right 
panel). This argues against the possibility 
that transcription started upstream of the 
promoter and read through the cassette, 
with transcripts of the expected length re- 
sulting entirely from T1 RNase digestion. 
Further evidence that the observed tran- 
scripts were not artifacts of readthrough 
transcription came from experiments in 
which the 3'-0-methyl GTP chain termina- 
tor was omitted from the reaction (11). An 
additional transcript appeared, presumably 
the product of readthrough transcription, 
about 30 residues longer than the pair of 
transcripts seen in the presence of the chain 
terminator, and thus clearly distinguished 
from these transcripts. 

Second, no G-minus transcripts were ob- 

tained in the presence of a-amanitin at 10 
pg/rnl, a concentration known to inhibit 
RNA polymerase I1 but not polymerases I 
and I11 in vitro (12). 

Third, the sites of initiation in vitro corre- 
sponded closely with those used in vivo. 

Promoter CYCl AdML 

Fig. 1. Transcription of CYCl/G-minus tern- an.. ...em, 2 9) Template 
plates in a yeast nuclear extract, and effects of 
activator proteins. Templates pGAL4CG-, V P 1 6  

pACG-, and p(DED48)'CG- (10) are abbrevi- Initin 

ated GALA, A, and (DED48)', respectively. Re- 
action mixtures (30 pl) contained 0.1 pg of '"'' 
template, yeast nuclear extract (90 pg of protein) 
prepared as described (14), 0.2 unit of Inhibit- 
ACE (5'-3'), and 0.5 pCi of [~-~'P]uridine 

""- 1 
triphosphate (UTP) (600 Cilmmol) in 50 mM :: :* b 
Hepes, pH 7.3,70 mM KOAc, 5 mM MgOAc, 5 
mM MgSO.,, 2.5 mM dithiothreitol, 5 mM 
EGTA, 4 mM phosphoenolpyruvate, 0.4 mM 3 4 4 - 
dine triphosphate (CTP), and 10% glycerol. Re- 
each of adenosine triphosphate (ATP) and cyti- - 
actions were supplemented, where indicated, with 
20 ng of GAL4-VP16 (15), incubated with the 
template for 5 min at 4°C before the addition of i ;:- 4 
nuclear extract, or with a-amanitin (10 pg/ml). 
Reactions were allowed to proceed for 1 hour at 
20°C, followed by treatment with RNase T1 (10 
units in 200 p1 of 10 mM tris-HC1, pH 7.5,300 
mMNaCI,and5mMEDTA)forlOminatroom 
temperature, treatment with 12 pl of 10% SDS 
and 100 pg of proteinase K for 20 min at 30°C, 
and ethanol precipitation. Transcripts were ana- 
lyzed by electrophoresis in a 7% polyacrylamide-7M urea gel in TBE buffer (19) and autoradiography. 
Arrows indicate bands due to G-minus transcripts. Size markers in the l e h o s t  lane were Hin fl 
fragments of pBR322; nt, nucleotides. 

1 2 3  4 5 6  

Fig. 3. RNase protection mapping of transcripts 
of CYClIGminus and adenoviral major late pro- 
moter/(;-minus templates synthesized in yeast in 
vivo and in yeast nuclear extract. Transcripts 
synthesized in vivo were isolated from Saccharomy- 
ces cerevisiae strain 5C harboring either 
pCZ3GALCG- [three GALA-biding sites in 
front of the CYCllG-minus cassette fusion pro- 
moter (lane l ) ]  or pCZ3GALMLG- [same as 
preceding except with adenoviral major late pro- 
moter k i o n  (lane 4)] grown in the presence of 
galactose as described (15). Transcripts were syn- 
thesized in vitro from pGALACG- (lanes 2 and 
3) or from pMLG- (lanes 5 and 6) as described 
in Fig. 1, except scaled up to 100 pl and with 0.4 
mM unlabeled UTP instead of ["PIUTP. RNase 
protection mapping was as described (8), with 
RNA probes made from either pSPCG- (lanes 1 
to 3) or pSPMLG- (lanes 4 to 6) by cleavage 
with Eco RI and transcription with SP6 RNA 
polymerase. Lanes 1 and 4 were exposed five 
times as long as the others. The arrows indicate 
readthrough transcripts of the promoter and the 
G-minus cassette (for both the CYCl promoter 
and the adenovirus major late promoter tem- 
plates) that have been shown to be suppressed by 
addition of the chain terminator, 3'-0-methyl 
GTP (see text). Plasmids were constructed as 
follows: pMLG-, insertion between the Eco RI 
and Bam HI sites of pUC18 of a synthetic 
oligonucleotide containing the minimal adenovi- 
ral major late promoter (residues - 50 to + 3 with 
respect to the transcription start site, with an Eco 
RI sticky end at -50 and a blunt end at +3) and 
an Alu I-Bam H I  fragment of p(GAT)19 con- 
taining the G-minus cassette; pCZ3GALCG- 
and pCZ3GALMLG-, replacement of the Eco 
RI-Bam HI fragment of pCZ3GAL (15) with the 
Eco RI-Bam HI fragments of pGAIACG- and 
pMLG-, respectively; pSPCG- and pSPMLG-, 
insertion into pSP64 of the Eco RI-Bam HI 
frasments of pGAL4CG- and pMLG-, respec- 
tively. 

UL(C2AT) p(CzAT)19 

Yeast HeLa 

- - - + - +  

Fig. 2. Transcription of an adenoviral major late 
promoter/G-minus template in yeast and HeLa 
nuclear extracts. Transcription in yeast extract was 
as in Fig. 1. Transcription in HeLa extract was as 
described (20) for 1 hour at 30°C in 40 p1 of 50 
mM Hepes, pH 7.9,6 mM MgCI2, 40 mM KCI, 1 
mM dithiothreitol, 0.1 mM EDTA, 10% glycerol, 
protein at 1 mgtml, with template, nucleotide, 
Inhibit-ACE, and phosphoenolpyruvate concen- 
trations as in Fig. 1. Templates (9) were pML- 
(GAT), containing the adenoviral major late 
promoter (residues -400 to + 10) upstream of 
the 377-bp G-minus cassette, and p(C2AT)19, 
containing only the G-minus cassette. Concentra- 
tions of a-amanitin were 10 and 0.5 pg/ml in 
reactions with yeast and HeLa extracts, respec- 
tively. Transcripts were isolated and analyzed as 
for Fig. 1. Size markers in the leftmost lane were 
as in Fig. 1; nt, nucleotides. 

Extract 

SCIENCE, VOL. 246 



Transcripts of the CYC1IG-minus cassette 
&ion obtained either from the in v i m  
system or after transformation into yeast 
were annealed to complementary 32~-la- 
beled RNA probes, digested with RNase, 
and analyzed by gel electrophoresis (Fig. 3, 
left panel). The major clusters of transcrip- 
tion start sites mapped in this way were 
located from 5 bp upstream to 30 bp down- 
stream of the beginning of the G-minus 
cassette (bracket, left panel of Fig. 3). These 
locations of start sites were consistent with 
the lengths of G-minus transcripts (Fig. 1). 
The pattern of start sites in vitro was identi- 
cal to that in vivo (with the exception of the 
uppermost transcription signal- in Fig. 3, 
marked with an arrow, which was not ob- 
tained reproducibly, and which probably 
derived from readthrough transcription of 
the promoter and cassette). The only differ- 
ence between the patterns of initiation in 
v i m  and in vivo was in the relative freauen- 
cies of the various starts, much as was 
previously found for a CYC1-lac Z fusion 
gene (8). 

Finally, initiation was responsive to acti- 
vator proteins, both a mammalian activator, 
consisting of the DNA-binding domain of 
GAIA protein (residues 1 to 147) fused to 
the activation domain of herpes VP16 (13), 
and a yeast activator, whose DNA binding 
site is a thymidine-rich element (14). For 
these studies, a single GAIA-binding site 
(with the sequence of thr high-ahity bind- 
ing site near the GAL10 gene) or a pair of T- 
rich elements (48-bp synthetic oligonucleo- 
tides with the sequence of the T-rich ele- 
ment from upstream of the DEDl gene) 
were placed 24 bp upstream of the TATA 
element of the CYCl promoter fused to the 
G-minus cassette [giving pGAIACG- and 
p(DED48)*CG- ( l o ) ] .  With GAL4-VP16 
protein added to the reaction, the template 
with a GAIA-binding site gave nine times as 
many G-minus transcripts as were obtained 
in the absence of the activator protein or 
with a template lacking a GAL4-binding site 
(pACG-). This degree of stimulation is 
comparable to that measured by the hybrid- 
ization assay (15) (about a tenfold stimula- 
tion for a template with a single GAL4- 
binding site). The template with a pair of T- 
rich elements gave five times as many G- 
minus transcripts as the control template 
lacking such elements, within the range of 
previous results from the hybridization assay 
(14)- 

Despite the differences in structure be- 
tween yeast and mammalian promoters not- 
ed above, yeast extracts were capable of 
initiation at the adenoviral major late pro- 
moter (Fig. 2). The efficiency, judged from 
the intensity of the bands due to G-minus 
transcripts, was only slightly less than that 

obtained with HeLa nuclear extracts. The 
transcripts were, however, shorter in the 
yeast than in the HeLa system, indicating 
that transcription started further down- 
stream of the TATA element. This down- 
stream shift was not an anomaly of the in 
v i m  system, since initiation occurred at the 
same sites in yeast in vivo (Fig. 3, right 
panel; again, as discussed above, the upper- 
most band, indicated by an arrow, was not 
consistently observed, and was probably a 
product of readthrough transcription). Initi- 
ation sites were determined more precisely 
by primer extension with reverse transcrip- 
tase (Fig. 4). Initiation occurred in yeast 
extracts at positions +34 and +40 with 
respect to the start site in mammalian cells at 
+ 1, whereas initiation in HeLa extracts was 
at position + 1. The initiation sites used in 
yeast extracts (and in yeast in vivo) therefore 
lay within the G-minus cassette. 

The aspects of transcription initiation de- 
scribed here are consistent with previous 
studies of the sequence requirements for 

Fig. 4. Primer extension mapping of initiation 
sites on an adenoviral major late promoterIG- 
minus template in yeast and HeLa nuclear ex- 
tracts. Transcripts were synthesized as in Fig. 3. 
Primer extension was as described (21), with 
AMV reverse transcriptase (Boehringer Mann- 
heim), and with a 5'-end 32P-labeled primer with 
the following sequence: 5'-GTGAGAGTGAA- 
TGATGATAGATITGGGAAA-3'. Transcripts 
were analyzed by electrophoresis in a 10% poly- 
acrylamide-7M urea gel in TBE buffer (19) and 
autoradiography. Bands due to G-minus tran- 
scripts in yeast and HeLa extracts are indicated by 
normal and bold arrows, respectively. Size mark- 
ers in the lefunost lane are Msp I fragments of 
pBR322; nt, nucleotides. 

initiation in yeast. It was previously found 
that both the TATA element and the se- 
quence of the initiation site are important. 
The TATA element appears to define a 
window from about 40 to 120 bp down- 
stream within which initiation can occur 
(16). The precise location of the initiation 
site then depends on the sequence surround- 
ing the site, and this is not very stringently 
defined, resulting often in multiple tran- 
scription starts (16, 17). A synthetic TATA 
element of the form TATAAA is l l l y  effec- 
tive in vivo (18), and the TATA element of 
the adenoviral major late promoter contains 
this sequence, so it is not surprising, in 
retrospect, that the adenoviral promoter 
hc t ions  in the yeast system. The transcrip- 
tion start sites in the yeast system, ranging 
from 63 bp downstream of the TATA ele- 
ment of the adenoviral promoter (distance 
measured from the first T of the TATA 
element to the 5'-most initiation site) to 119 
bv downstream of the CYCl TATA element 
(distance to the %'-most initiation site), all 
lie within the allowed window and represent 
sequences in the CYCl promoter-or G- 
minus cassette that are favorable for initia- 
tion. 

The capacity of yeast cells and extracts to 
initiate transcription at the adenoviral major 
late promoter rules out a possible require- 
ment for special sequences and correspond- 
ing protein factors unique to yeast. The high 
efficiency of initiation in yeast extracts indi- 
cates that difficulties with detection in the 
past were due primarily to the background 
of extraneous transcription. The level of 
specific transcripts is sufficient for monitor- 
ing the fractionation of extracts and identify- 
ing the factors involved in selection of differ- 
ent start sites in yeast as compared with 
HeLa extracts. 
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Identification of an AUUUA-Specific Messenger 
RNA Binding Protein 

An important control point in gene expression is at the level of messenger RNA 
(mRNA) stability. The mRNAs of certain regulatory cellular proteins such as 
oncogenes, cytokines, lyrnphokines, and transcriptional activators are extremely labile. 
These messages share a common AUUUA pentamer in their 3' untranslated region, 
which confers cytoplasmic instability. A cytosolic protein was identified that binds 
specifically to RNA molecules containing four reiterations of the AUUUA structural 
element. This protein consists of three subunits and binds rapidly to AUUUA- 
containing RNA. Such protein-RNA complexes are resistant to the actions of 
denaturing and reducing agents, demonstrating very stable binding. The time course, 
stability, and specificity of the protein-AUUUA interaction suggests the possibility 
that the formation of this complex may target susceptible mRNA for rapid cytoplasmic 
degradation. 

D ESPITE GREAT PROGRESS IN ELU- 

cidating the mechanisms of tran- 
scriptional regulation of gene 

expression, relatively little is known about 
post-transcriptional control at the level of 
mRNA turnover (I) .  In a wide variety of 
organisms and cell types, mRNAs display 
heterogeneous cytoplasmic stability (1). In- 
ducible growth regulators such as oncogene 
products (2), cytokines (3) ,  and transcrip- 
tional activators (4) tend to have extremely 
unstable messages with half-lives on the 
order of 10 to 30 min. Treatment of cells 
with phorbol esters (5) ,  antibodies to cell 
surface proteins (6), serum (4), or protein 
synthesis inhibitors such as cycloheximide 
(6, 7) can modulate the half-lives of rapidly 
degraded messages. Therefore, the rates and 
selectivity of mRNA degradation are vari- 
able, and regulation of these processes are 
important control points of gene expression. 

Department of Pathology, Tulane University School of 
Medicine, New Orleans, LA 70112. 

The mechanisms by which mRNA is tar- 
geted for rapid turnover are poorly under- 
stood (I) .  A recurrent motif of rapidly de- 
graded mRNA is an AU-rich structure in 
the 3' untranslated region ( I ,  8). In particu- 
lar, the pentamer AUUUA is present singly 
or in multiple reiterations in a wide variety 
of oncogene and cytokine mRNA 3' un- 
translated regions. Removal of this region 
confers significantly greater stability to mes- 
sages produced from transfected constructs 
(2, 7, 8), whereas the addition of a short 
DNA segment coding for this motif destabi- 
lized previously stable messages (8). Thus it 
has been proposed that a trans factor may 
recognize this AU-rich motif and in some 
way target susceptible mRNA for degrada- 
tion (I ,  8). 

To determine if a cytoplasmic protein (or 
proteins) specifically interacts with the 3' 
untranslated region of unstable mRNA 
through the AUUUA element, we incubat- 
ed lymphocyte cytoplasmic extract with in 
vitro transcribed, labeled RNA that con- 

Fig. 1.  Detection of pro- 1 2 3 4  
teln-RNA complexes by Complex 
band-shift assay Cyto- WJ 
plasmc extracts of Jurkat 
cells were prepared by 
freeze-thaw lysls in 25 
mM tris-HCI @H 7.9), 
0 5 mM EDTA, and 0.1 
mM phenylmethylsul- 
fonyl fluoride, followed Free c 
by centrlfugat~on at 
15,000g at 4°C for 15 
min. RNAs were tran- 
scribed by T7 RNA 
polymerase and labeled with [32P]UTP (uridine 
triohosphate) to a specific activiw of lo7 cpm per 
mi>rog;am bf ~A from ECO RI-digeGed 
pT7R3-a19 (60-base nonspecific probe) (BRL) 
or Kpn I-digested pT7R3-al9-AUUUA [64- 
base specific probe with four AUUUA repeats 
(16); coding oligonucleotides were cloned into 
the uni ue Sma I site]. Cytoplasmic extract (from 9 2 x 10 cells) was incubated with lo4 cpm of 
RNA (0.5 to 1 ng), in 10% glycerol, 12 mM 
Hepes @H 7.9), 15 mM KCI, 0.25 mM EDTA, 
0.25 mM dithiothreitol, 5 mM MgC12, and Esche- 
richia coli transfer RNA (200 nglkl) in a total 
volume of 10 pI for 10 min at 30°C. RNase A was 
added to a final concentration of 1 pglpl, and 
reaction mixtures were incubated for 30 min at 
37°C before electrophoresis in a 7% native poly- 
acrylamide gel with 0 . 2 5 ~  TBE running buffer 
(10). Lane 1, AUUUA-containing specific probe 
alone; lane 2, specific probe and lysate; lane 3, 
nonspecific probe alone; and lane 4, nonspecific 
probe and lysate. The positions of complexed and 
free probe are indicated. 

tained four adjacent reiterations of the 
AUUUA motif. After a brief incubation, the 
reaction mix was treated with ribonuclease 
A (RNase A) and the presence of protected 
complexes then assessed by band-shift assay 
on native, low ionic strength polyacrylamide 
gels (Fig. 1). A stable, RNase A-resistant 
complex was detected. Neither a control 
RNA probe of similar size, nucleotide con- 
tent, and specific activity but lacking the 
AUUUA reiterations (Fig. 1) nor an RNA 
probe of similar size containing four 
UAAAU repeats formed stable complexes 
(9). The complex formed with the probe 
containing the AUUUA motifs was stable in 
the presence of RNase A for at least 2 hours 
(9) or when resolved in higher ionic 
strength running buffers such as 0.5 x or 1 x 
tris-borate-EDTA (TBE) (9, 10). Complex 
formation was abolished by prior incubation 
of the lysate with proteinase K (2.5 mglml) 
for 15 min (9). 

The molecular size of the complex was 
assessed after ultraviolet (UV) light-in- 
duced cross-linking of the lysate-probe reac- 
tion mixture and SDS-polyacrylamide gel 
electrophoresis (SDS-PAGE) (Fig. 2A). A 
stable complex migrating with a molecular 
mass of 28 to 45 kD was observed with the 
AUUUA-containing probe, but not the 
control probe, and stable complexes were 
not observed when specific or nonspecific 
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