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Vertebrate U6 small nuclear RNA (snRNA)

of the human U2 snRNA distal region, Oct-1 protein
and Spl may interact (15).
The organization of vertebrate U6 gene distal regions has
not been well studied. The consensus octamer motif is bound
by a protein in crude nuclear extracts (4, 6), but the potential
for other sequence elements has been examined only for the
Xenopus U6 gene, in which case an Spl binding site is
involved (25). Results from transfection experiments demonstrated that the distal region of the Pol III-transcribed
human 7SK gene, whose promoter is closely related to those
of vertebrate U6 genes (20, 28, 29), contains a CACCC-box
element (19). A role for the nonconsensus octamer elements
in the 7SK gene distal region is not certain (18, 19), although
these sites are bound by purified octamer binding factors in
vitro (30). However, the potential for octamer factor function of the 7SK promoter is clear, since purified Oct-1 and
Oct-2 stimulate Pol III-mediated transcription in vitro (30,
31), and the presence of a consensus octamer motif acts as a
potent activator sequence in vivo (18, 31). Interestingly, a
single octamer motif is sufficient for stimulation of this Pol
III small RNA promoter, whereas the enhancers of Pol II
snRNA genes generally are composed of two elements, one
of which is an octamer motif.
The lack of an efficient in vitro transcription system for Pol
II snRNA gene promoters has delayed progress in understanding the molecular mechanism of this important class of
enhancer-like elements. In contrast, in vitro transcription
from Pol III snRNA gene promoters has been detected much
more easily such that the formation of transcriptional complexes and the roles of purified factors can be studied (21, 26,
30, 34, 39, 46, 47). Therefore, we have begun the characterization of a human U6 snRNA gene distal region as a step to
delineate the mechanism of snRNA gene activation. We
demonstrate that full activation of this U6 promoter in vivo
depends on both the consensus octamer motif and a nearby
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prototypes of the subclass of RNA polymerase III (Pol
III)-transcribed genes that contain upstream promoters and
no intragenic control region (10, 20, 29). The organization of
these promoters is remarkably similar to those of genes
transcribed by RNA Pol II. A general division of the
vertebrate U6 gene promoter differentiates (i) a proximal
region within 70 bp of the transcriptional start site consisting
of an snRNA gene proximal sequence element (PSE) and a
TATA element from (ii) a distal region greater than 200 bp
upstream that usually contains an octamer motif. Similarly,
promoters of the vertebrate Pol II snRNA genes (e.g., Ul
and U2 genes) contain PSE and octamer motifs in nearly
identical locations but lack recognizable TATA boxes (9).
snRNA promoters are among the most powerful ones in
rapidly growing cells. It has been estimated that a human Ul
or U2 transcript destined for completion must be initiated
every 2 to 4 s (3, 9). The distal region plays a major role in
the efficiency of snRNA promoters, accounting for a 5- to
100-fold level of activation of both Pol II- and Pol IIImediated transcription in transfected mammalian cells or
injected Xenopus oocytes (3, 4, 6, 17, 19, 22, 27, 40).
Enhancers of snRNA genes and mRNA genes are not
completely interchangeable, suggesting that the mechanism
of snRNA gene activation may be distinct (8, 11, 43, 44).
Many Pol II-transcribed snRNA gene distal regions have
been dissected and found to be composed of an octamer
element and a second sequence element in close proximity.
Some of the second sequence elements that have been
identified include Spl binding sites (2, 14, 45), SPH motifs (7,
35, 36, 50), an AP-2 binding site (48), a cyclic AMP (cAMP)
response element (48), and a CCAAT motif (1, 38). In the
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The promoters of vertebrate U6 small nuclear RNA genes contain a distal control region whose presence
results in at least an eightfold level of transcriptional activation in vivo. Previous transfection experiments have
demonstrated that most of the distal control region of a human U6 gene resides in a restriction fragment located
from -244 to -149 relative to the transcriptional start site. Three octamer-related motifs that bind
recombinant Oct-1 transcription factor in vitro exist in this segment of DNA. However, transfection of human
293 cells with various plasmid templates in which these Oct-i binding sites had been disrupted individually or
in combination showed that only the consensus octamer motif located between positions -221 to -214 was
functional. Even so, the consensus octamer motif mutant template was expressed at only a moderately reduced
level relative to the wild-type promoter. When another octamer-related sequence located nearby, one that did
not bind Oct-i in vitro, was disrupted along with the perfect octamer site, expression was reduced fivefold in
transfected cells. A factor that binds this functional, nonconsensus octamer site (NONOCT) was detected in
crude cellular extracts. However, the NONOCT sequence was not essential for activation, since its disruption
caused only a 40% reduction in U6 gene expression, and mutagenesis to convert the NONOCT sequence to a
consensus octamer motif restored wild-type expression. Furthermore, in vitro transcription of a human U6
proximal promoter joined to a single copy of the octamer motif was stimulated by the addition of recombinant
Oct-i protein.
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element that we refer to as NONOCT. A protein distinct
from Oct-1 recognizes the NONOCT element in crude
cellular extracts. However, the NONOCT element is not
required for efficient stimulation of the human U6 promoter,
since wild-type transcriptional levels can be obtained in
transfection experiments when the NONOCT sequence is
replaced by another perfect octamer motif. Furthermore, in
vitro transcription directed by this promoter is stimulated by
recombinant Oct-i (rOct-1) protein with a template containing a single octamer motif.

GTTAGAGAGATAAggtaccTrAATTTGACTGTAA - 165),
OCT3MUTWT (-190 GATAATTAGAATTAAccatggTGT
AAACACAAAGAT -155), OCT3MUT2 (-190 GATAAggt
accTTAAccatggTGTAAACACAAAGAT -155), and CON
VROCT [(-252) GAAGAGGGCCTAT'Tg-CATGATTCC
TTCATA -221].
The OCT3MUT2 oligonucleotide was used to disrupt the
OCT3 DNA sequence in a template that contained a mutated
OCT2 site. The CONVROCT oligonucleotide converted the

wild-type NONOCT sequence to a consensus octamer sequence, a change that resulted in the deletion of 1 bp. Inserts
from recombinant M13mpl8 replicative-form DNAs containing desired mutations were subcloned into the pGEM1
vector (Promega) for use in transfection experiments.
For use in in vitro transcription experiments, the 5'
flanking region of the U6 promoter in the U6/(GGAT)1o
plasmid (21) was deleted to position -84 by restriction with
DraI and EcoRI and ligation into plasmid pGEM3Zf(-)
(Promega) that had been restricted with SmaI and EcoRI
[dl-84/U6(GGAT)10]. A single consensus octamer motif
contained in a double-stranded oligonucleotide (OCTCON;
sequence given below) was ligated into the BamHI site of
the dl-84 construct to yield plasmid +OCT/dl-84/U6

(GGAT)10.

The sequences of all mutant U6 promoter templates were
verified by dideoxy sequencing. Purified plasmids were
prepared by alkaline lysis of bacterial cells, CsCl gradient
centrifugation, and chromatography on Bio-Gel ASm resin
(Bio-Rad). DNA concentrations were determined spectrophotometrically by using A2m and verified by visual examination of ethidium bromide-stained agarose gels.
Preparation of extracts for gel mobility shift analysis and in
vitro transcription. The culturing of human 293 spinner cells
and preparation of S100 extracts have been described previously (21). For some experiments, S100 extracts were prepared from HeLa spinner cells by identical methods. As an
initial step to fractionate transcription factors and in order to
deplete the extract of endogenous Oct-1 protein, the S100
sample, dialyzed against buffer D (0.1 M KCl, 20 mM N-2-
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hydroxyethylpiperazine-N'-2-ethanesulfonic acid [HEPES;
pH 7.9], 20% glycerol, 0.2 mM EDTA, 0.5 mM dithiothreitol), was chromatographed over phosphocellulose (Pll;
Whatman) at a concentration of 10 mg of protein per ml of
resin equilibrated in buffer D. For in vitro transcription
experiments, proteins were eluted with a single step of 0.6 M
KCl-20 mM HEPES (pH 7.9)-20% glycerol-0.2 mM EDTA0.5 mM dithiothreitol and dialyzed against buffer D (P0.1-0.6
extract). The flowthrough (0.1 M KCl) included Oct-1 and
NONOCT factors, as determined by gel mobility shift analysis. Further fractionation of the NONOCT factor was
achieved by chromatography of the phosphocellulose
flowthrough sample over DEAE-cellulose (DE52; Whatman)
at a concentration of 12 mg of protein per ml of resin
equilibrated in buffer D. The protein fraction containing
NONOCT factor was eluted from DE52 with buffer D
containing 0.2 M KCl and dialyzed against buffer D (DEO.2
extract). Extracts were kept frozen at -80°C until use.
Protein concentration was determined by the Bradford
method (5).
Purification of rOct-1 protein. Escherichia coli BL21(DE3)
pLysS cells containing the human oct-i cDNA (42) ligated
into a pET vector (41) were supplied by the D. 0. Peterson
laboratory (Texas A&M University). rOct-1 expressed from
these cells contains 35 extra amino acids fused to the amino
terminus that are encoded by a combination of the pET
vector, the pBS M13+ vector (Stratagene) carrying the oct-1
insert, and the untranslated leader sequence of the oct-1
insert. Expression of rOct-1 was induced by the addition of
isopropyl-3-D-thiogalactopyranoside to a concentration of 1
mM and incubation at 37°C for 3 h. After centrifugation, the
cell pellet was resuspended in 3 volumes of 50 mM Tris (pH
7.9)-i mM EDTA-12.5 mM MgCl2-20% glycerol-0.5 M
KCl-1 mM dithiothreitol. The cell suspension was treated
sequentially with phenylmethylsulfonyl fluoride (final concentration of 0.5 mM) and lysozyme (final concentration of
0.5 mg/ml), sodium deoxycholate (final concentration of
0.05%), and DNase I (final concentration of 4.2 ,ug/ml). After
centrifugation (12,000 x g, 15 min, 4°C), the pellet was
washed with 1 M urea-0.1 M Tris (pH 8.5), centrifuged
again, and suspended in 4 ml of 5 M guanidine hydrochloride-S50 mM Tris (pH 7.9)-i mM EDTA-12.5 mM MgCl2-1
mM dithiothreitol. Solubilized protein was diluted twice in a
sequential manner with an equal volume of the buffer described above lacking guanidine hydrochloride (concentration reduced to 1.25 M) at room temperature and dialyzed
overnight versus TMO.1 buffer (50 mM Tris [pH 7.9], 1 mM
EDTA, 12.5 mM MgCl2, 20% glycerol, 0.1 M KCl, 1 mM
dithiothreitol) at 4°C. Oct-1 protein was purified by chromatography over Sephacryl S200-HR equilibrated in TMO.1
buffer and OCTCON oligonucleotide DNA affinity chromatography. The affinity column matrix was prepared by using
a 17-mer containing the U6 gene consensus octamer sequence (OCTCON; sequence given below) annealed and
ligated as described previously (16) and affixed to Affi-Prep
10 activated resin (Bio-Rad) as described previously (49).
Sephacryl fractions containing rOct-1 were pooled, adjusted
to a final concentration of 9 ,ug of poly(dl-dC) per ml, and
incubated with 1 ml of packed OCTCON oligonucleotide
resin for 1 h at 4°C. The mixture was poured into a small
column, washed with 20 mM HEPES (pH 8.0)-20% glycerol-0.1% Nonidet P-40-1 mM dithiothreitol-0.1 M KCl, and
step eluted with the same buffer containing 0.2 M KCl, 0.4 M
KCI, and 0.7 M KCl. Oct-i protein was eluted after addition
of buffer containing 0.7 M KCl and dialyzed versus buffer D
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MATERIALS AND METHODS
Plasmid constructions. Plasmids containing a human U6
maxigene with a wild-type promoter, a deletion of the 5'
flanking region to position -148 (dl-148), and clustered point
mutations in the TATA element (TATAMUT), PSE (PSE
MUT), and consensus octamer motif (OCTCONMUT; previously called OCTMUT) have been described before (2123). Other plasmids containing mutated sequences were
constructed by the same oligonucleotide-directed techniques, using M13mpl8 single-stranded DNA templates that
included uracil residues (24). Oligodeoxynucleotides used
for these constructions were as follows (nucleotide changes
from the wild-type promoter sequence are shown in lowercase type): NONOCTMUT (-256 GCAGGAAGAGGGCCT
tcTagagATGATTCCTTCATA -221), OCT2MUT (-200 CT
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at 4°C. The protein was stored at -80°C in single-use

TATITCCCATGATTC; NONOCTMUT, gatcCTtcTagag
ATGATTC; and N.S. (nonspecific competitor), gatcCAGTC

TGATCAGACTG.
Transfection experiments. Subconfluent monolayer 293
cells in 100-mm dishes were cotransfected with 10 ,ug of a U6
maxigene plasmid DNA and 5 ,ug of plasmid DNA containing
the chicken 1-tubulin gene (a control for transfection efficiency and RNA recovery), using the calcium phosphatemediated method described previously (13, 22). Total RNA

CCTA TTTCCCATGA TTCCTTCATA TTTGCATATA CGATACAAGG

-244

-200 CTGTTAGAGA GATAATTAGA ATTAATTTGA CTGTAAACAC AAAGATATTA

OCT2
GT

-201

OCTCON

NONOCT

-151

OCT3

-149

FIG. 1. Sequence of a human U6 snRNA gene distal region. The
sequence of the top strand of a HaeIII-RsaI restriction fragment
located from positions -244 to -149 upstream of the U6 transcription start site is shown. Various octamer-related sequences are
underlined and described in the text.

was isolated 45 to 52 h posttransfection. Specific transcripts
were detected by primer extension and polyacrylamide gel
electrophoresis and quantitated by direct counting of the
dried gel with a Betascope 603 blot analyzer (Betagen) as

described previously (13).
In vitro transcription. C-free transcription reactions were
carried out by mixing 200 ng of plasmid DNA containing the
U6/(GGAT)10 gene and 300 ng of pGEM1 plasmid DNA with
10 pl of phosphocellulose-fractionated S100 extract (P0.10.6, a single-step elution from 0.1 to 0.6 M KCl as described
earlier; approximately 12 ,g of protein), using conditions
otherwise described previously (21). rOct-1 protein was
diluted with buffer D and added to some reactions just prior
to the P0.1-0.6 extract. A constant amount of a radiolabeled,
synthetic transcript prepared as described previously (21)
was added to the stop mixture to control for variable
recovery of RNA. Nucleic acids were separated on 10%
polyacrylamide-8.3 M urea minigels (6 cm in length) run in
Tris-borate-EDTA buffer and visualized by autoradiography.
RESULTS
Multiple sites in a human U6 gene distal region are bound by
Oct-i protein in vitro. In previous work, the most significant
stimulation of human U6 maxigene expression in transfected
human cells was shown to originate from a restriction
fragment spanning positions -244 to -149 of the 5' flanking
region (22). [Since that publication, we have discovered that
an extra T was mistakenly included in an oligo(dT) run of the
sequence at -100; hence, the positions upstream are renumbered here.] The sequence of this fragment of DNA is shown
in Fig. 1. In addition to the octamer motif (OCTCON), which
had been noticed previously because of a perfect match to
the consensus sequence, closer inspection revealed several
other octamer-related sequences. Two of these sequences
have a 6-of-8-bp match to the consensus and are referred to
as OCT2 and OCT3. A third motif is upstream of the
OCTCON element, and has a 7-of-8-bp match within a span
of 9 bp. We have named this motif NONOCT.
To investigate the potential of the ubiquitous octamerbinding protein, Oct-1, to bind to these sites, we purified
rOct-1 from E. coli and carried out a DNase I footprinting
assay. As expected, the OCTCON motif was protected on
both strands from DNase cleavage by the addition of rOct-1
(Fig. 2A). The protected region spanned approximately 20
bp. In addition, another area of protection was apparent that
covered the 0CT2/OCT3 region. Interestingly, the 3' portion
of OCT3 was not completely protected from DNase I cleavage. Indeed, the most complete bottom-strand footprint was
centered over the OCT2 motif, with only partial protection
extending in the direction of OCr3 (Fig. 2A). Because the
DNase I cleavage sites were relatively weak on naked DNA
in the 0CT2/OCT3 region, we could not determine the
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aliquots.
DNase I footprinting. A singly end-labeled DNA fragment
containing the U6 gene distal region was prepared via
polymerase chain reaction amplification by standard procedures. The sequences of two oligonucleotides used for
amplification (numbers denote the position in the human U6
gene 5' flanking region) were -307 GCAAAACGCACC
ACGTGACG -288 and -130 TTCTACGTCACGTATTTT
GT -149.
One oligonucleotide (17 pmol) was labeled on the 5' end
with [,y-32P]ATP and T4 polynucleotide kinase and mixed
with the other oligonucleotide (17 pmol) and a linearized U6
plasmid template (10 ng). Radiolabeled DNA fragments were
purified by electrophoresis on polyacrylamide or agarose
gels. For the footprinting reaction, approximately 3 fmol
(20,000 dpm) of radiolabeled DNA fragment was mixed with
various concentrations of rOct-1 in a total volume of 25 ,u
containing 40 pug of poly(dl-dC) per ml, 5 mM MgCl2, 16 mM
HEPES (pH 7.9), 0.16 mM EDTA, 16% glycerol, 80 mM
KCl, and 0.8 mM dithiothreitol for 30 min at 30°C. Then
CaCl2 was added to a final concentration of 0.1 mM, after
which 1 RI of DNase I (5 ,ug/ml) was added immediately.
After incubation for 2 min at room temperature, the enzyme
digestion was stopped by the addition of EDTA to 9 mM,
protein was removed by phenol-CHCl3 extraction, and DNA
fragments were separated on 8% polyacrylamide-8.3 M urea
gels and then subjected to autoradiography with an intensifying screen. Radiolabeled probes that had been cleaved
partially by using the Maxam and Gilbert G-specific reaction
(37) were used as electrophoresis markers.
Gel mobility shift assay. Radiolabeled DNA fragments
were prepared by polymerase chain reaction using the
primers listed above. To isolate a probe excluding the OCT2
and OCT3 sites, linearized OCT2MUT plasmid DNA was
used as the template, and the amplified DNA fragment was
restricted with KpnI enzyme to truncate within the disrupted
OCT2 site prior to purification of the NONOCT/OCTCON
fragment by gel electrophoresis. Approximately 3 fmol of
radiolabeled fragment was added to a binding mixture that
contained 80 ,g of poly(dl-dC) per ml, 2 mM MgCl2, 8 mM
HEPES (pH 7.9), 8% glycerol, 0.08 mM EDTA, 40 mM KCI,
and 0.4 mM dithiothreitol. Proteins supplied by an S100
extract (approximately 2.5 ,ug) or the DEO.2 extract (approximately 6.5 pug) were added last, and the mixture was
incubated for 30 min at 30°C. Samples were electrophoresed
on 4% polyacrylamide gels containing 6.7 mM Tris-3.3 mM
sodium acetate-1 mM EDTA (pH 7.5) at room temperature.
Gels were dried and autoradiographed with an intensifying
screen. Double-stranded oligonucleotide competitors were
annealed as described previously (16), diluted, and added to
the binding reaction mixture prior to the protein as specified
in the figures. The sequence of the top strand of each
competitor DNA fragment (each end has a GATC 5' overhang denoted by lowercase letters) was as follows: OCT
CON, gatcCATAT'TGCATAT; OCT2, gatcATAATTAGA
ATFA; OCT3, gatcTTAATITGACTGT; NONOCT, gatcC
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FIG. 2. DNase I protection analysis using recombinant Oct-1 protein with human U6 snRNA gene distal region probes. (A) Wild-type U6
DNA probes were prepared by the polymerase chain reaction, using end-labeled oligonucleotides corresponding to either strand. For
each reaction, approximately 3 fmol of DNA was incubated with the designated amount of rOct-1 protein, treated with DNase I, and
electrophoresed on an 8% polyacrylamide sequencing gel. The concentration of the rOct-1 sample used for this experiment was approximately
0.15 mg/ml. Top-strand samples were loaded early and thus electrophoresed farther into the gel. In the lanes marked G, samples of each probe
were treated according to the Maxam and Gilbert G-specific reaction procedure to use as gel markers. (B) Bottom-strand probes for the
wild-type (w.t.) U6 promoter and a template with a set of clustered point mutations in the OCT2 sequence (OCT2MUT) were end labeled at
position -130, using U6-specific primers in a polymerase chain reaction. Approximately 3 fmol of DNA was incubated with the indicated
amount of rOct-1, treated with DNase I, and electrophoresed as described for panel A and in Materials and Methods.
gene

precise extent of protection. When a set of clustered point
mutations was introduced into the OCT2 sequence
(OCT2MUT; sequence shown in Materials and Methods),
we found a smaller region of protection by rOct-1, including
only the 3' half of the OC`T2/OCT3 region (Fig. 2B). Thus,
multiple Oct-1 binding sites exist in the OCT2/OCT3 region,
although the protected nucleotides appear to be displaced
slightly with respect to the sequences corresponding to the
octamer-like motifs. In contrast to the OCTCON, OCT2,
and OCT3 sites, we could detect no protection over the
NONOCT motif on either strand of DNA by this assay. We
conclude that rOct-1 binds to the OCTCON motif and within
the OCT2/OCT3 sequence but not to the NONOCT motif.
To determine whether octamer-binding protein present in
a human cell extract could bind to these octamer-related
sequences present in the U6 gene distal region, we used a gel
mobility shift assay. A distal region DNA probe including
wild-type sequence from -307 to -186, and thus containing
the NONOCT and OCTCON sites but lacking the OCT2 and
OCT3 sequences, was incubated with an S100 extract from
human 293 cells. Several protein-DNA complexes were
resolved on a polyacrylamide gel (Fig. 3A, lane 2). The
major band (marked Oct) and at least two bands of slower
mobility (marked with arrows) were competed for efficiently
when a double-stranded oligonucleotide containing the consensus octamer motif was included in the binding reaction

(Fig. 3A, lanes 2 through 5). Therefore, it is likely that the
major band corresponds to a complex of the relatively
abundant Oct-i protein with the U6 distal region probe.
Indeed, a complex of nearly the same mobility was detected
when rOct-1 protein was incubated with the probe and
electrophoresed (results not shown). When double-stranded
OCT2 or OCT3 competitor oligonucleotide was added, competition of the octamer-related complexes was observed,
although it was noticeably less efficient compared with the
OCTCON competitor (Fig. 3A, lanes 6 through 11). The
OCT3 oligonucleotide was a somewhat better competitor
than the OC172 oligonucleotide. In agreement with the inability of rOct-1 to bind specifically to the NONOCT sequence
in a footprinting assay, excess NONOCT oligonucleotide did
not compete efficiently for the formation of the major octamer-binding protein-DNA complex (Fig. 3A, lanes 13
through 16). Significantly, a large molar excess of a nonspecific competitor oligonucleotide did not reduce the intensity
of any bands, except at the highest concentration used,
where the intensities of all bands were reduced slightly (Fig.
3A, lanes 17 through 19). At very high concentrations of
NONOCT oligonucleotide, we did notice some reduction of
the octamer protein-DNA complex in most experiments
(Fig. 3A, lane 16; Fig. 3B, lane 6). It is possible that Oct-1
has a greater affinity for the NONOCT sequence than for
random DNA. Thus, results obtained by using proteins
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FIG. 3. Gel mobility shift analysis of protein-DNA complexes
assembled on the U6 gene distal region. (A) A DNA probe containing wild-type NONOCT and OCTCON sequences was prepared by
using an end-labeled U6-specific top-strand oligonucleotide and an
unlabeled bottom-strand oligonucleotide by polymerase chain reaction amplification using an OCT2MUT template. The probe was
truncated by KpnI restriction within the mutated OCT2 sequence
and purified by gel electrophoresis. Approximately 3 fmol of DNA
was incubated with approximately 2.5 p,g of S100 extract protein
from 293 cells and loaded directly on a 4% polyacrylamide gel in
Tris-acetate-EDTA buffer. Double-stranded oligonucleotide competitor DNAs were added prior to addition of the extract as
indicated above the lanes. One, 10, and 100 ng of OCTCON, OCT2,
and OCT3 oligonucleotides correspond to approximately 30-, 300-,
and 3,000-fold molar excesses compared to the radiolabeled probe.
Twelve, 60, and 350 ng of NONOCT and N.S. (nonspecific) oligonucleotide correspond to approximately 300-, 1,500-, and 9,000-fold
molar ratios. (B) Another gel mobility shift assay using a partially
fractionated HeLa cell extract enriched in NONOCT factor. Approximately 3 fmol of radiolabeled probe DNA containing the
OCTCON and NONOCT sites was mixed with the amount of
unlabeled competitor oligonucleotide noted above each lane and
incubated with approximately 6.5 p,g of DEO.2 extract prepared as
described in Materials and Methods. Samples were electrophoresed
as described for panel A and in Materials and Methods. NONOCT,
NONOCTMUT, and OCTCON competitor DNAs were added prior
to the addition of protein at molar ratios of 30- to 3,000-fold excess
compared with the radiolabeled probe. The band marked with the
asterisk represents an unidentified complex that is competed for
efficiently by all three oligonucleotides at the highest amounts
tested.

supplied by human cell extracts corroborate those obtained
by using purified rOct-1 protein, demonstrating the ability of
Oct-1 to bind to the OCTCON motif and, at somewhat lower
affinities, to the OCT2 and OCT3 sequences but not with
high affinity to the NONOCT sequence.
The NONOCT sequence is bound by a factor distinct from
Oct-1 that is present in an S100 extract. As shown in the
footprinting (Fig. 2) and gel mobility shift (Fig. 3) experiments, the NONOCT sequence was not bound efficiently by
Oct-1 protein in vitro. However, a complex of greater
mobility was competed for significantly by inclusion of
NONOCT oligonucleotide in the gel mobility shift assay
reaction (band marked Nonoct in Fig. 3A, lanes 13 through
16; also Fig. 3B). Although the NONOCT complex band was
consistently reduced in intensity by addition of the
NONOCT competitor, this band persisted even at the highest concentration of oligonucleotide used in most experiments (Fig. 3A, lane 16). Perhaps another band comigrated
with that representing the NONOCT complex, since these
experiments used an unfractionated extract. Addition of the
NONOCT competitor oligonucleotide reduced the intensities of the slower-mobility bands also (marked with the
arrows in Fig. 3A), although the competition was not as great
as with the OCTCON competitor. These slower-mobility
bands could correspond to complexes containing both Oct-1
protein and NONOCT factor. The NONOCT complex was
detected by using S100 extracts prepared from 293 or HeLa
cells. Furthermore, we carried out gel mobility shift experiments using a partially fractionated extract preparation in
which the NONOCT factor was enriched relative to Oct-1 by
chromatography of the S100 extract over phosphocellulose
and DEAE-cellulose columns. Using this extract, Oct and
NONOCT complexes of approximately equal intensities are
detected after gel electrophoresis (Fig. 3B, lane 2). The
NONOCT complex is competed for by addition of the
NONOCT oligonucleotide, whereas its presence is unchanged by the addition of an oligonucleotide with clustered
mutations in this element (NONOCTMUT) or by the OCT
CON oligonucleotide (Fig. 3B; compare lanes 3 through 5
with lanes 7 through 10 and lanes 11 and 12). As noted
above, at very high concentrations of NONOCT oligonucleotide, the Oct-1 complex is reduced (Fig. 3B, lane 6).
Furthermore, an unidentified complex marked with the
asterisk is competed for by all three oligonucleotide competitors in this experiment and is therefore unlikely to represent
formation of a sequence-specific protein-DNA complex (Fig.
3B, lanes 6, 10, and 12). We conclude that a factor present in
these extracts, which is distinct from Oct-1, recognizes a
sequence in the NONOCT oligonucleotide.
The OCTCON and NONOCT sequences are functional
elements in the human U6 distal region. To determine
whether the consensus and nonconsensus octamer sequences are transcriptionally active in the context of the
human U6 gene distal region, we constructed a set of
plasmid DNA templates in which these sites were disrupted
by clustered point mutations within specific elements or in
various combinations of mutated elements in a U6 maxigene
(Fig. 4A). Since the precise extents of the factor binding sites
within the OCT2/OCT3 and NONOCT regions were not
determined, each mutant template contained six nucleotide
changes relative to the normal sequence of each element.
Indeed, the DNase I footprints (Fig. 2) indicated a slight
incongruence of the protected nucleotides relative to the
OCT2 and OCT3 sequences. Each plasmid DNA was introduced into human 293 cells by using a calcium phosphatemediated transient expression transfection assay. Total
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FIG. 4. Transient expression of U6 maxigene templates containing disrupted distal region elements after transfection of human 293
cells. (A) Diagram of U6 maxigene plasmid DNA templates used for
the transfection experiments. A single letter from A to M is used to
denote each template in panels B and C. w.t., wild type. (B) Typical
results of U6 maxigene expression in transfected cells as detected by
primer extension analysis and electrophoresis on 10% polyacrylamide sequencing gels. Each panel shows the results from different
experiments. U6 represents the primer extension product from U6
maxigene RNA, and c03 represents a set of bands corresponding to
transcripts initiated from a chicken ,-tubulin gene contained in a
cotransfected plasmid used as a control to monitor variable efficiency of transfection and RNA recovery. The lanes marked Msp
are radiolabeled DNA fragments from MspI digestion of pGEM1
plasmid DNA used as gel electrophoresis markers. Sizes are indicated in nucleotides. (C) Quantitation of transfection experiments.
The results originating from at least three separate dishes of transfected cells were included in the analysis except for the TATAMUT
(B) and PSEMUT (C) templates. Primer extension products that had
been electrophoresed on polyacrylamide gels were quantitated with
a Betagen Betascope 603 blot analyzer. After background subtraction, the level of each U6 band was normalized according to the c03
band intensity in that lane and compared with that from a wild-type
(w.t.) U6 maxigene template included in each experiment. The
height of each column represents the average value, and the error
bar shows 1 standard deviation from the mean.

RNA was isolated approximately 2 days after addition of the
DNA, and U6 maxigene-specific transcripts were detected
by primer extension and polyacrylamide gel electrophoresis.
A plasmid that carried a chicken 1-tubulin gene was included
in each sample as a control for transfection efficiency and
RNA recovery. Typical primer extension assay results from
various experiments are shown in Fig. 4B. Each distal region
mutant template was tested in at least three independent
transfections, and the transcriptional signal relative to that of
the wild-type promoter was quantitated (Fig. 4C). In these
experiments, the presence of the distal region stimulated U6
gene transcription approximately 10-fold (compare template
G [dl-1481 with template A [wild type]). In comparison,
disruption of a proximal sequence element, the TATA element (template B) or the PSE (template C), resulted in a
more severe drop in transcriptional efficiency (approximately 50-fold). Disruption of the consensus octamer motif resulted in only a small reduction of U6 gene expression
(template D [OCTCONMUT]). When the OCT2 and OCT3
nonconsensus octamer motifs were mutated individually,
expression remained at wild-type levels (templates H
[OCT2MUT] and I [OCr3MUTJ). Even when all three sites
that bound Oct-1 protein in vitro were disrupted in the same
plasmid (template K), the transcriptional signal was not
significantly lower than when the consensus octamer motif
alone was mutated. Hence, the presence of the OCT2 and
OC3 sites was insignificant in the transient expression
assay.
Disruption of the NONOCT sequence alone resulted in a
moderate reduction of U6 maxigene expression (Fig. 4,
template E [NONOCTMUJT]). The decrease in transcription
was consistently greater for a template with a mutated
NONOCT sequence (template E) than for one with a disrupted OCTCON motif (template D), although this difference
was very minor. Significantly, when the NONOCT and OC
TCON sequences were disrupted in the same template, distal
region function was eliminated almost completely (template F
[OCTCON-/NONOCI-MUT]). Mutations within NONOCT
and OCT2 in the same plasmid (template L) resulted in only a
moderate reduction reminiscent of the NONOCTNMUT signal
(template E), demonstrating again the insignificant role of the
OCr2 sequence in vivo. These transfection results indicate
functional roles for both the NONOCT and OCTCON sequences.
The presence of a NONOCT sequence is not required for

maxmal transcriptional activation by the distal region. Introduction of clustered point mutations within the NONOCT
sequence reduced U6 maxigene expression to approximately
60% of the wild-type level (Fig. 4, template E; Fig. 5, lane 4),
but this level of transcription was significantly above that
from a promoter lacking the distal region entirely. Therefore,
the NONOCT sequence is not absolutely required for some
degree of transcriptional activation. To determine whether
the maximal level of expression could be obtained without
the NONOCT site, we converted it to a consensus octamer
sequence by site-directed mutagenesis (CONVROCT template; sequence shown in Materials and Methods). Expression from the CONVROCT template was at wild-type levels
in transfected 293 cells (Fig. 5; compare lanes 5 and 6). The
average result from three separate experiments was 110%

(+18 [1 standard deviation]) compared with that of a wildtype promoter. Thus, in the absence of the NONOCT
sequence, two rather closely spaced consensus octamer

motifs at the normal distal region location can act as a potent
transcriptional activator.
rOct-1 protein can stimulate human U6 gene transcription
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FIG. 5. Conversion of the NONOCT element to a consensus
octamer motif results in wild-type U6 maxigene expression in
transfected 293 cells. (A) Diagram of U6 maxigene templates used
for the transfection experiment shown in panel B. w.t., wild type.
(B) U6 maxigene expression from mutant or wild-type templates
shown in panel A. Following transfection of 293 cells, total RNA
was isolated from each dish, and specific transcripts were detected
by primer extension analysis. maxiU6 denotes the U6 maxigene
transcript primer extension product, and c,3 denotes primer extension products from the cotransfected chicken ,-tubulin gene plasmid
added to each dish as a control for transfection efficiency and RNA
recovery. The lane marked M contains radiolabeled DNA markers
from an MspI restriction digest of pGEM1 plasmid DNA. Sizes are
indicated in nucleotides.

FIG. 6. Recombinant Oct-1 protein stimulates transcription from
a human U6 promoter in vitro. Human U6 promoter templates
lacking or containing a single octamer motif are diagrammed at the
bottom. The 5' boundary of the consensus octamer motif is located
at position -101 relative to the transcriptional start site and is
therefore 35 bp upstream of the 5' boundary (position -66) of the
PSE sequence. Two hundred nanograms of the designated plasmid
DNA was incubated with extract depleted in octamer protein
(P0.1-0.6 extract) with or without the addition of Oct-1 protein as
described in Materials and Methods. An equivalent volume of 0.1 ,ul
of rOct-1 protein corresponds to a mass of approximately 1.5 ng.
Transcripts were electrophoresed on 10% polyacrylamide-8.3 M
urea minigels. The band designated recovery control shows a
synthetic transcript that was added to each transcription reaction
prior to extraction of nucleic acids to monitor RNA recovery.

with one containing a single octamer motif (results not
shown).
DISCUSSION

in vitro. Purified Oct-1 and Oct-2 transcription factors have
been shown to stimulate transcription by RNA Pol III from
a human 7SK gene promoter (30, 31). Previously, in vitro
transcription from U6 genes in crude S100 extracts has
demonstrated only a minor role, if any, of distal sequences
(12, 21, 22, 47). However, a recent report demonstrated that
the close positioning of an octamer binding site and the 7SK
gene PSE potentiated the binding of PSE transcription factor
and resulted in significant activation by Oct-1 protein (31).
Therefore, we constructed a human U6 plasmid containing a
C-free cassette (21) with a single OCTCON sequence at a
location adjacent to the proximal promoter (Fig. 6, +OCT
template; the legend provides details regarding the spacing
between the PSE and octamer sites). Transcription was
carried out in a 293 cell S100 extract chromatographed on
phosphocellulose to effect depletion of endogenous Oct-1
protein. Gel mobility shift analyses indicated that both Oct-1
and NONOCT factor did not bind to phosphocellulose under
the conditions used (0.1 M KCl), so the transcription extract
was depleted in NONOCT factor also (results not shown).
Addition of approximately 1.5 ng of rOct-1 to the depleted
extract with the +OCI template stimulated transcription
five- to sixfold (Fig. 6). In other experiments, we found that
the level of transcriptional stimulation varied from approximately 3- to 10-fold when a comparable mass of rOct-1 was
included in the reactions. Addition of the same amount of
rOct-1 to a reaction with a U6 promoter lacking an octamer
motif resulted in no transcriptional stimulation (Fig. 6,
-OCT template). The relative ability to activate transcription was unchanged when a U6 proximal promoter template
containing two copies of the octamer motif was compared

The promoters of Pol III-transcribed, vertebrate U6 snRNA genes are organized quite similarly to Pol II-transcribed snRNA genes and unlike many other class III genes
that contain intragenic control regions (10, 20, 29, 33). Both
Pol II- and Pol III-transcribed snRNA genes contain distal
sequence elements greater than 200 bp upstream from the
transcriptional start site. We have identified two elements in
the distal region of a human U6 snRNA gene that are
necessary for full transcriptional activation in transfected
293 cells. One element is the previously characterized octamer motif that is bound by Oct-1 protein in vitro (4, 6). The
other element is not recognized by Oct-1 with high affinity,
and we refer to it as NONOCT.
The presence of two functional elements in the human U6
distal region, one of which is an octamer motif, is a characteristic shared by snRNA genes that are transcribed by RNA
Pol II. We have not delineated yet the precise boundaries of
the second element. At least a portion of that site must be
located within the set of 6 bp that were mutated to give the
NONOCTMUT template. The same set of mutations contained in the NONOCJMUT template also eliminated the
ability to compete for binding of a NONOCT factor detected
in cultured cell extracts. Repeated attempts to obtain a
distinct footprint over the NONOCIT region using crude
extracts have been unsuccessful so far.
In addition to an octamer motif, several other transcriptional control elements have been identified as part of
snRNA gene distal regions. The well-characterized Spl
transcription factor binds to sites in the human and Xenopus
U2 and the Xenopus U6 gene distal regions (2, 14, 25, 45).
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resulted in no effect on U6 maxigene expression in vivo.
Furthermore, a plasmid template containing clustered mutations that destroy all of the sites recognized by Oct-1 within
the region examined here (OCTCON, OCT2, and OC73
sites) was transcribed at a level not significantly below that
of a plasmid with only a disrupted consensus octamer motif.
Therefore, results from our transfection experiments discount any significant roles for the nonconsensus Oct-1
binding sites. It is quite possible that these results are
explained by differential affinity of Oct-1 among these various binding sites. Indeed, the individual OCT2 or oc03
sequences were poorer competitors in gel mobility shift
experiments than was the consensus octamer sequence.
However, this interpretation is not entirely consistent when
the DNase footprinting experiments are considered. We
detected little difference in the degree of protection over
these various sites as the Oct-1 protein concentration was
increased. Another possible explanation to account for the
absence of any role of the OCI2 and OCT3 sites in vivo is
that these sites are blocked by a specific chromatin configuration and therefore rendered inoperative. Perhaps a
phased nucleosome covers the OCT2/OCT13 region while
leaving the NONOCI and OCTCON sites available for
binding by their requisite transcription factors. Further
analysis of the structure of Pol III gene enhancer-like regions
will yield important insight into the mechanisms employed to
activate transcription from eukaryotic promoters.
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