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Vertebrate small nuclear RNA (snRNA) gene promoters contain a distal, enhancer-like region that is
composed of an octamer motif adjacent to at least one other element. Here we show that a human U6
snRNA distal region contains a SPH motif previously found in several chicken snRNA gene enhancers
and the 5’-flanking region of vertebrate selenocysteine tRNA genes. SPH binding factor (SBF) was
detected in either chicken or HeLa cell extracts that could bind SPH elements in a species-independent
manner. Both human and chicken SBF required divalent cation to bind effectively to DNA. DNase 1
footprinting experiments indicated that human SBF specifically protected the human U6 SPH element.
Furthermore, a SBF polypeptide of approximately 85 kDa was detected in both HeLa and chicken extracts
following ultraviolet light-mediated cross-linking to human U6 or chicken U4 SPH elements. A part of the
human U6 SPH element was quite sensitive to mutation, as demonstrated by both specific protein binding
and transcription assays. From these data it is apparent that the distal regions of some RNA polymerase
III-and RNA polymerase II-transcribed small RNA promoters are virtually identical in composition, and
their mechanisms of transcriptional activation are possibly quite similar.
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PROMOTERS for vertebrate small nuclear RNA ers are distinguished by the presence of a TATA

(snRNA) genes consist of similar transcriptional box in this region that is absent in the pol II
control elements even though they are recognized snRNA gene promoters. Paradoxically, it is the
by either RNA polymerase II (pol II) or pol III presence of the TATA box that determines pol III
[reviewed in (5,12,25)]. Most genes for the abun- specificity (14,15).

dant spliceosomal snRNAs are transcribed by pol A distal region upstream of position —200 is
II (U1, U2, U4, and US snRNAs), whereas the U6 present in both classes of vertebrate snRNA gene
snRNA promoter is recognized by pol III. Both promoters and has some properties of a transcrip-
classes of promoters contain a snRNA-specific tional enhancer. The distal region contains one
proximal sequence element (PSE) within 70 bp of copy of an octamer motif and an adjacent se-
the transcription start site. Vertebrate U6 promot- quence element that varies among different sn-
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RNA promoters. The octamer motif is recognized
by the well-studied ubiquitous transcription fac-
tor, Oct-1 [reviewed in (8)]. Some of the adjacent
sequence elements that have been identified in pol
II-transcribed snRNA gene distal regions include
SPH motifs (3,19,20,27), a Spl binding site
(2,10,22), an AP-2 binding site (23), a CCAAT
motif (1), and a cyclic AMP response element
(23). One of our laboratories has identified an oc-
tamer-adjacent element in a human U6 gene that
we denoted as NONOCT, and we detected a factor
from cultured human cell extracts that binds
NONOCT (6). The relative structural simplicity
and conservation of snRNA gene promoters
makes them attractive for investigations into
mechanisms of transcriptional activation.

In this report we demonstrate that the U6 NON-
OCT element is an example of the previously char-
acterized snRNA SPH motif, well-studied in
chicken genes by one of our laboratories
(3,19,20,27). Thus, the organization of the human
U6 (pol III) distal control region is remarkably
similar to that of chicken Ul and U4B genes (pol
I). Moreover, we detected a Mg”*-dependent
SPH binding activity in HeLa cell extracts that
is similar to chicken SPH binding factor (SBF).
Furthermore, we identified a region of the U6
SPH element that is quite sensitive to point muta-
tion as determined by effects on transcriptional
activity and on efficiency of human SBF binding
to several mutant templates.

MATERIALS AND METHODS
Plasmid Constructions

A plasmid containing the human U6 NONOCT-
(SPH) and octamer motifs (pGEM/NPLUSO)
was constructed by annealing the oligonucleotides
5’ -GATCCTATTTCCCATGATTCCTTCATAT
TTGCATAT-3’ and 5'-GATCATATGCAAATA
TGAAGGAATCATGGGAAATAG-3’, followed
by ligation into the BamHI site of pGEM3Zf(—)
(Promega). This plasmid was used for PCR to pre-
pare probes for gel mobility shift and DNase I
footprinting reactions as described below.

Plasmids containing random mutations within
the human U6 NONOCT(SPH) motif were con-
structed using oligonucleotides containing ran-
domized segments in a PCR-based protocol. The
two oligonucleotides that were used separately for
these constructions were:

RMI: 5'-TCTAGAGGATCC(C/N)C/N)(T/N)
(A/N)(T/NYT/N)(T/NYC/N)CCATGAT-3’
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RM2: 5'-TCTAGAGGATCCCCTATTTC(C/N)
(C/NYA/NNT/NYG/NYA/NYT/N)YT/N)-
(C/N)CTT CATA

At each randomized position the DNA synthesizer
inserted a mixture containing 62.5% of the wild-
type base plus 12.5%, each, of the other three
bases. Each randomized oligonucleotide was used
for PCR with a bottom-strand oligonucleotide
whose 5’ end corresponded to position —1 of the
human Ué gene and the OCTCONMUT/maxiU6
plasmid (6). The PCR product was restricted with
BamHI and Ndel (cuts at position — 69 of human
U6 flanking region) and gel purified. RM plas-
mids were constructed by ligation of this PCR
fragment with an ~ 410 bp Ndel-EcoRI fragment
containing a human Ué maxigene (13) and the
pGEMB3Zf(—) vector (Promega) restricted with
BamHI and EcoRI. Thus, all RM plasmids con-
tained 244 bp of 5’-flanking sequence with a dis-
rupted consensus octamer motif and random mu-
tations within the NONOCT(SPH) region, and
were in the context of a human U6 maxigene.

Sequences of all mutant U6 promoter templates
were determined by the dideoxy method. Purified
plasmids were prepared by alkaline lysis of bacte-
rial cells, CsCl gradient centrifugation, and chro-
matography on Bio-Gel A5m resin (BioRad).
DNA concentrations were determined spectropho-
tometrically using absorbance at 260 nm and veri-
fied by visual examination of ethidium bromide-
stained agarose gels.

Extracts and Protein Fractions

HeLa nuclear extract was purchased from Pro-
mega (cat. #E3110, lot #169301), divided into ali-
quots, and stored in liquid nitrogen until use.
HeLa S100 extract was prepared and fractionated
on phosphocellulose and DEAE-cellulose as de-
scribed previously (6).

Chicken nuclear extract was prepared from 8-
10-day embryos, and SBF was partially purified
for the experiments described in Figs. 4 and 7B
by heparin agarose chromatography as previously
described (19). For the experiment described in
Fig. 1C, SBF was further purified by sequence-
specific DNA affinity chromatography using an
affinity resin prepared by the method of Wu et al.
(26) with the following annealed oligonucleotides:
5'-GATCAAACCGCGCGCTGCATGCCGGGA
GCACCAC-3’ and 5'-AGCATCGATAGCTGT
GGTGCTCCCGGCATGCAGCGCGCGGTTTG
ATC-3’. Compared to previous results, we ob-
served that the SBF purified on this affinity resin
contained an elevated amount of the species of
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SBF that forms the faster migrating ¢l complex
on mobility shift gels [e.g., compare Fig. 1C, lanes
3, 5, and 6 of this report with Fig. 4 in (27)].
Because the SBF c1 and ¢2 complexes have identi-
cal DNase I footprints (Miyake and Stumph, un-
published data), we believe that the cl complex
may be due to a specific proteolysis of SBF that
occurs during purification.

Electrophoretic Mobility Shift Assays

Experiments shown in Figs. 1, 2, and 4. For
the experiments shown in Figs. 1 and 2, a DNA
fragment was generated by PCR using the plasmid
U1¥(0,S) (3) as a template and the oligonucleo-
tides 5'-AAGTTCTAGATCGCCAGGGTTTTC
CCAGTC-3’ and 5'-CTCCACGCCGAAGGTA
CGCT-3’ as primers. The first oligonucleotide is
identical to pUC19 vector DNA sequence located
250 to 279 bp upstream of the Ul transcription
start site in U1¥(0,S), except for the underlined
nucleotides that were altered to introduce Xbal
and Dpnll restriction sites. The second oligonucle-
otide is complementary to positions —118 to
— 137 in the U1 gene 5’-flanking DNA. PCR with
these primers and U1¥(0,S) as a template gener-
ated a fragment 162 bp in length that contained
the Ul enhancer and could be cut near each end
with Dpnll. Following Dpnll digestion, the 118
bp central fragment was isolated by polyacryl-
amide gel electrophoresis and labeled with **P by
filling in the 3’ recessed ends. For the experiment
shown in Fig. 4 the cUISPH and NONOCT(long)
double-stranded oligonucleotides (Table 1) were
labeled by a similar fill-in reaction.

Various amounts of unfractionated HeLa nu-
clear extract or affinity-purified chicken SBF
(Figs. 1 and 2) or heparin-agarose fractionated
chicken SBF (Fig. 4) were incubated in a 20 ul
reaction volume containing 10 mM Tris-HCI (pH
7.5), 50 mM NacCl, 11 mM dithiothreitol, 5% glyc-
erol, 1 mM EDTA, 6 ug of poly(dA-dT)- poly(dA-
dT), and 20,000-30,000 cpm (~0.5 ng) of *P-
labeled DNA. For the binding assays, MgCl, was
either omitted from the reactions or was included
at various concentrations as indicated in the text
and figures. For certain experiments, unlabeled
competitor oligonucleotides, corresponding to the
chicken Ul octamer motif or SPH motif or the
human U6 NONOCT(long) sequence (Table 1),
were added as described in the text and figure leg-
ends. The DNA/protein complexes were resolved
from unbound DNA in native 4% polyacrylamide
gels. The gels were electrophoresed in a cold room

at 120 volts (22 mA) in 25 mM Tris-HCI (pH 8.3),
190 mM glycine, 1 mM EDTA as running buffer
without circulation.

Experiments shown in Figs. 3 and 8D. A ra-
diolabeled DNA fragment containing the human
U6 NONOCT(SPH) and octamer motifs was pre-
pared by PCR using pGEM/NPLUSO plasmid
DNA, SP6 promoter primer (Promega) radiola-
beled with [y-**P]JATP and polynucleotide kinase,
and T7 promoter primer (Promega). The 140-bp
PCR product was purified by agarose gel electro-
phoresis, incubated with proteins, and electropho-
resed on 4% polyacrylamide gels as described pre-
viously (6), except for variations described in the
figure legends. All binding reactions contained
MgCl, at a final concentration of 2 mM. The
sequences of unlabeled competitor oligonucleo-
tides used for experiments in Fig. 3 are listed in
Table 1.

DNase I Fooltprinting

For footprinting the human U6 distal region
sequence, the singly end-labeled DNA fragment
was the same one as described above for gel shift
reactions. Approximately 3 fmol (20,000 dpm)
was mixed with or without protein in a total vol-
ume of 25 ul containing 40 ug of poly(dI-
dC)-poly(dI-dC) per ml, 2 mM MgClL, 16 mM
4 - (2 - hydroxyethyl) - 1 - piperazineethanesulfonic
acid (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 CaCl, was added to a
final concentration of 0.1 mM, followed by 1 ul of
DNase I (15 ng/ul). After incubation for 2 min at
room temperature the reaction was quenched by
adding EDTA, and DNA was extracted and elec-
trophoresed on a 10% polyacrylamide/8.3 M urea
gel as described previously (6).

Transfection Experiments

Transient transfection assays using human 293
cells and primer extension to quantitate RNA lev-
els were performed exactly as described previously
(6). Relative radioactivity in specific bands on
polyacrylamide gels was quantitated using a Fujix
BAS2000 Phosphorimager (Fuji).

UV Cross-Linking

Internally radiolabeled double-stranded oligo-
nucleotides containing the linked human U6
NONOCT(SPH) and octamer motifs or the
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TABLE 1
OLIGONUCLEOTIDES USED FOR ELECTROPHORETIC MOBILITY SHIFT EXPERIMENTS
Name Length Sequence
cUISPH 34 GATCAAACCGCGCGCTGCATGCCGGGAGCACCAC
TTTGGCGCGCGACGTACGGCCCTCGTGGTGCTAG
c¢U10CT 22 GATCGGAGCATGCAAATTAACT
CCTCGTACGTTTAATTGACTAG
OCTCON 17 GATCCATATTTGCATAT
GTATAAACGTATACTAG
NONOCT 20 GATCCTATTTCCCATGATTC
(short) GATAAAGGGTACTAAGCTAG
NONOCT 30 GATCAGGGCCTATTTCCCATGATTCCTTCA
(long) TCCCGGATAAAGGGTACTAAGGAAGTCTAG
NONOCTMUT* 20 GATCCTtcTagagATGATTC
GAagAtctcTACTAAGCTAG
tRNASERSEC 20 CCGTTTCCCAGAATGCGCGG
GGCAAAGGGTCTTACGCGCC
7SKCACCC 20 CATGCCCCACCCATCTGCAA
GTACGGGGTGGGTAGACGTT
HU3 20 GTTTGTGATTGGCTGTCATT
CAAACACTAACCGACAGTAA
SP1 22 ATTCGATCGGGGCGGGGCGAGC
TAAGCTAGCCCCGCCCCGCTCG
AP-2 26 GATCGAACTGACCGCCCGCGGCCCGT

CTAGCTTGACTGGCGGGCGCCGGGCA

*Lower-case letters indicate nucleotide changes between NONOCTMUT and NONOCT.

chicken U4B SPH element were prepared essen-
tially by a previously described technique (24). For
the human U6 probe, oligonucleotides NPLU-
SOBT: 5'-GATCATATGCAAATATGAAGGA
ATCATGGGAAATAG-3’ and UVI1: 5'-CTAT
TTCCCA-3’ were annealed and filled in with
Klenow DNA polymerase, [a-’P]dATP, 5-
bromo-2’-deoxyuridine-5’-triphosphate (Sigma),
dCTP, and dGTP. For the chicken U4 SPH
probe, the two oligonucleotides 5'-GCATA
GCGCgaaCCAGCATGCaTaGCGGCCGCCCA -
3’ and 5'-TGGGCGGCCG-3' were annealed and
filled in with Klenow DNA polymerase and dN-
TPs, including 5-bromo-2’-deoxyuridine-5’-
triphosphate and [«-*P]dCTP. This probe was
based upon the chicken U4B gene SPH motif se-
quence, but contains several substitutions shown
in lower case letters to maximize the incorporation
of BrdU and radiolabel. These substitutions did
not significantly affect binding of SBF in competi-
tive mobility shift assays (data not shown).

For the experiment shown in Fig. 7A, approxi-
mately 40 fmol (100,000 dpm) of U6 probe was
mixed with 11 ug HeLa phosphocellulose extract
in a solution with a total volume of 20 ul contain-
ing 100 ug of poly(dI-dC)-poly(dI-dC) per ml, 2
mM MgCl,, 50 mM KCl, 10 mM HEPES (pH 7.9),
10% glycerol, 0.1 mM EDTA, 0.5 mM dithio-
threitol, 0.5 mM phenylmethylsulfonyl fluoride,

0.5 ng/ml of pepstatin A, and 0.5 ug/ml of leu-
peptin. Each mixture contained unlabeled oligo-
nucleotide competitors as detailed in the figure
legend. Samples were incubated at 30°C for 30
min and irradiated for 15 min with 254 nm ultravi-
olet light in a Stratalinker UV Crosslinker (Strata-
gene). During irradiation the samples were held in
ice at a distance of approximately 11 cm from
the bulbs to the bottom of the tube. Immediately
following irradiation, CaCl, was added to a final
concentration of 10 mM and DNA was digested
with a mixture of micrococcal nuclease (Sigma) at
2.8 units/ml and RQ1 DNase I (Promega) at 83
units/ml at 37°C for 30 min. Samples were then
diluted twofold with SDS loading buffer and elec-
trophoresed on 10% polyacrylamide Laemmli
gels. Dried gels were autoradiographed with an
intensifying screen.

For the experiment shown in Fig. 7B, approxi-
mately 50 fmol of U4B SPH probe (150,000 cpm)
was incubated with 5 pg chicken SBF heparin
agarose fraction or 7 ug HeLa phosphocellulose
fraction in a total volume of 24 ul containing 2
pg poly (dI-dC)- poly(dI-dC), 20 mM HEPES (pH
7.9), 5 mM MgCl,, 0.01 mM ZnCl,, 0.2 mM
EDTA, 16% glycerol, and 2 mM dithiothreitol.
Some reactions contained 3 pmol of competitor
oligonucleotide as described in the legend. After
incubation at 20°C for 30 min, the open tubes
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were irradiated with 312 nm ultraviolet light for
45 min at a distance of 10 cm. CaCl2was added to
a final concentration of 10 mM, followed by 0.5
units of DNase | and 0.02 units of micrococcal
nuclease. Samples were incubated at 37°C for 1h
and analyzed by electrophoresis in 8% polyacryl-
amide Laemmli gels.

RESULTS

A Mg2+Dependent DNA Binding Activity in a
Hela Cell Extract Has Properties Similar to
Chicken SBF

A 147-bp DNA fragment containing the oc-
tamer and SPH motifs of the chicken Ul snRNA
gene enhancer (sequence shown in Fig. 1A) was
incubated with increasing amounts of HelLa cell
extract, and protein-bound DNA was separated
from free DNA by native gel electrophoresis. In
the absence of MgCI2 two complexes of retarded
mobility were apparent (labeled Oct-1 and X in
Fig. IB, lanes 1-5). The band labeled Oct-1 was
previously shown to be due to an activity that
footprints on the octamer sequence in the Ul en-
hancer (20), undoubtedly the ubiquitous Oct-1
factor originally identified in HelLa extract. In the
presence of MgCI2 (5 mM), two additional com-
plexes (labeled SBF and Y) could be observed (Fig.
IB, lanes 6-10), although the Y complex was
poorly resolved from the X complex in the experi-
ment shown in Fig. IB.

It seemed possible that the Mg2+dependent
DNA binding activity present in HeLa cell extracts
could be due to a human homolog of chicken SBF.
Therefore, we next investigated the Mg2+ depen-
dence of chicken SBF DNA binding activity by
using SBF prepared from chicken embryo nuclear
extracts and purified by sequence-specific DNA
affinity chromatography (Fig. 1C, lanes 2, 3, 5,
and 6). In the absence of MgCI2 only a low level
of binding of SBF to the Ul enhancer was ob-
served (lanes 2 and 6). In contrast, inclusion of 5
mM MgCl2resulted in strong SBF c2 and cl com-
plex formation (lanes 3 and 5). Thus, the specific
binding of chicken SBF to DNA is highly depen-
dent upon the presence of Mg2+ in the binding
reaction. The ability of SBF to bind DNA in-
creased sharply between 0.5 and 1.5 mM MgCI2
but decreased above 5 mM MgCI2 (results not
shown). Moreover, it was notable that the chicken
SBF c2 complex and the Mg2+dependent HelLa
complex migrated with nearly identical mobilities.
The similarity of these properties provided initial
evidence that the HeLa extract contains a factor

homologous to chicken SBF. [It is worth noting
that the SBF c2 complex is believed to represent
the DNA/protein complex that contains full-
length chicken SBF, whereas cl is likely due to
a specific degradation product of SBF produced
during purification (our unpublished results).]

To confirm the identities of the complexes
formed on the chicken Ul enhancer, the competi-
tion assays shown in Fig. 2 were performed. In-
creasing amounts of unlabeled octamer motif oli-
gonucleotide specifically competed away the
Mg2+independent band labeled Oct-1 (lanes 1-5),
but not the Mg2+dependent band labeled SBF.
Conversely, unlabeled SPH motif oligonucleotide
specifically competed away the SBF band (lanes
6-9), but not the Oct-1 band. These competition
experiments provided strong evidence that the des-
ignated bands are due, respectively, to human
Oct-1 and to a second human protein with DNA
binding properties very similar or identical to
chicken SBF.

The Human U6 NONOCT Element Is Similar to
aSmall RNA Gene SPH Element

In previous work we identified a distinct DNA
sequence immediately upstream of the consensus
octamer motif of a human U6 snRNA gene that
was required for efficient template activity in tran-
sient transfection experiments and was bound by
a factor in crude HeLa cell extracts (6). It was
important to determine whether this transcrip-
tional control element was novel or another repre-
sentative of a previously identified family of ele-
ments. Although the extent of the U6 NONOCT
sequence was not known, we noticed some se-
quence similarity within this region to motifs lo-
cated adjacent to octamers of other small RNA
gene distal promoter regions. For example, within
the NONOCT region, 7 out of 10 bp were identical
with a bovine tRNA@@)Sc SPH motif [CCCA
GAATGC (16)], 6 out of 10 bp were identical with
a chicken Ul snRNA gene SPH motif [CCCGG
CATGC (19,20)], 6 out of 8 bp matched an AP-2
consensus that is found in the human U4 snRNA
gene 5'-flanking region [CCC(A/C)N(G/C)(G/
C)(G/C) (23)], 5 out of 9 bp matched a sequence
including the CACCC motif from a human 7SK
gene [CACCCATCT (11)], and 7 out of 10 bp
were identical with the sequence surrounding the
CCAAT motif from a rat U3 snRNA gene distal
region [CCAATCATAC (1)].

Complementary, 20-mer oligonucleotides in-
cluding the human 7SK CACCC, rat U3 CCAAT,
and bovine SPH motifs (Table 1) were synthesized
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FIG. 1. Identification of a DNA binding activity in HeLa cell extracts similar to chicken SBF. (A) Sequence of the enhancer region
in the chicken U 1”7 (0,S) construction. The octamer and SPH motifs are indicated by underlining. Lower-case letters indicate changes
from the wild-type sequence, but these do not significantly affect enhancer activity (19). (B) ldentification of a Mg2+-dependent
DNA binding activity in HeLa cell extracts that interacts with the chicken U1 gene enhancer. A 118-bp 3P-labeled DNA fragment
containing sequences of the Ul enhancer was incubated with increasing amounts of HeLa cell nuclear extract, and protein/DNA
complexes were resolved by electrophoretic mobility shift assays. Complexes observed in the absence of MgCI2 (lanes 1-5) are
indicated to the left of the autoradiograph, whereas complexes formed in the presence of 5 mM MgCI2 (lanes 6-10) are indicated to
the right. (C) Similarity of electrophoretic mobilities and Mg2+-dependent DNA binding properties of chicken and human SBF/DNA
complexes. Assays were performed as in (B), except that in lanes 2, 3, 5, and 6 the protein fraction used contained SBF purified from
chicken embryo nuclear extracts by heparin agarose and DNA affinity chromatography. The SBF used in this experiment had been
dialyzed against buffer containing 12.5 mM MgCI2. Thus, there is a minor contribution of MgCI2from the added SBF (e.g., ~0.4
mM MgCI2final concentration in lane 6).

and annealed to use as competitors in a gel mobil- taining a set of clustered point mutations (NON-
ity shift assay. In addition, double-stranded Spl OCTMUT,; Fig. 3A, lanes 7, 8). Of the other com-
and AP-2 oligonucleotides were purchased from petitor DNAs, only the bovine tRNA@Sx)Sc SPH
Promega and used as competitors (Table 1). The motif decreased the amount of Nonoct complex
gel mobility shift assay employed a probe contain- (tRNASERSEC; Fig. 3A, lanes 9, 10). Therefore,
ing both the NONOCT and consensus octamer it is possible that the human U6 NONOCT motif
(OCTCON) motifs of the human U6 distal region is a representative of the small RNA SPH ele-
and a crude HelLa cell SI00 extract containing ments.

both binding activities (Fig. 3). The upper band To further test the specificity of the NONOCT-
of the major doublet corresponds to an octamer (SPH) binding factor we used an oligonucleotide
complex because it was completely eliminated by corresponding to the chicken Ul snRNA gene
an excess of OCTCON oligonucleotide (Fig. 3A, SPH motif in a competition gel mobility shift
lanes 2-4). The lower band of the doublet corre- assay. This oligonucleotide served as a very effi-
sponds to a Nonoct complex, because it was com- cient competitor in our reactions with the human
peted by the NONOCT oligonucleotide (Fig. 3A, U6 distal region probe and a HeLa cell SI00 ex-

lanes 5, 6), but not a similar oligonucleotide con- tract (Fig. 3B, lanes 6-8). Binding to the chicken
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FIG. 2. Competition of specific complexes by synthetic oligo-
nucleotides containing octamer and SPH motifs. Electropho-
retic mobility shift assays were performed as in Fig. 1 using a
constant amount of HelLa nuclear extract (0.5 /d) in the pres-
ence of 5 mM MgCl2and increasing amounts of octamer com-
petitor (cUIOCT; 0.2, 1, 5, 25, and 125 ng, lanes 1-5), increas-
ing amounts of SPH motif competitor (cUISPH; 0.2, 1, 5, and
25 ng, lanes 6-9), or no competitor (lane 10). Cold competitor
oligonucleotides were mixed with the labeled DNA fragment
prior to adding the extract. Note that the band labeled Oct-1
was specifically competed by the octamer oligonucleotide, and
the band labeled SBF was specifically competed by the SPH
motif oligonucleotide. Although the molecular compositions
of the X and Y complexes were not directly investigated in this
study, the data are consistent with the possibility that the X
complex contains two molecules of Oct-1, and that the Y com-
plex contains both Oct-1 and SBF.

Ul SPH DNA was at least as good as to the hu-
man U6 NONOCT DNA (Fig. 3B, lanes 3-5).

The converse experiment was performed also,
in which a protein preparation containing chicken
SPH binding factor (SBF) was used for gel mobil-
ity shift experiments. The human U6 NONOCT
oligonucleotide was a specific competitor for
binding of SBF to a chicken U1 SPH motif (Fig.
4, compare lanes 5-7 with lanes 8-11), although
not as effective as the homologous chicken Ul
SPH competitor (lanes 2-4). Furthermore, spe-
cific chicken SBF complexes were formed on a
radiolabeled human U6 NONOCT probe (lane
12), and these were competed with either a chicken
Ul SPH or U6 NONOCT oligonucleotide, but not
with a nonspecific DNA oligonucleotide (Fig. 4,
lanes 13-21).

These results confirm that the human U6 NON-

OCT element is a bona fide small RNA gene pro-
moter SPH motif. A comparison of the human U6
sequence with several functional SPH motifs, as
well as a consensus sequence derived from them,
is shown in Fig. 5. Of the six sequences, the hu-
man U6 is the most divergent, and this probably
accounts for it being a less effective competitor in
the band shift assays than the chicken U 1sequence
(Figs. 3B and 4). The left, or distal, portion of the
U6 SPH motif is the most conserved relative to
the consensus sequence. The right end, on the
other hand, is more divergent. Particularly strik-
ing is the absence of the GCG triplet in the last
three positions that are perfectly conserved in the
other examples. Perhaps this divergence is related
to the fact that the right end of the SPH motif in
the human U6 distal region is directly abutted to
the adjacent octamer motif with no intervening
nucleotides.

Characterization ofHuman SPH Binding Factor

To further analyze the binding of the HeLa cell
factor to the SPH motif of the human U6 distal
region, we performed DNase | footprinting exper-
iments using partially purified transcription fac-
tor. Two steps of fractionation, using phosphocel-
lulose and DEAE-cellulose chromatography,
yielded a fraction that protected only the U6 SPH
motif sequence (Fig. 6, compare lanes 2 and 3).

In addition, we used an ultraviolet light-
mediated DNA/protein cross-linking assay to esti-
mate the molecular weight of both the HeLa and
chicken SPH binding factors. Internally labeled
probes containing either the human U6 SPH and
octamer motifs (Fig. 7A) or chicken U4 SPH mo-
tif (Fig. 7B) were prepared by filling in a partially
duplex oligodeoxynucleotide with bromodeoxyur-
idine triphosphate and deoxynucleoside triphos-
phates, one of which was radiolabeled with 2P.
After incubation with partially fractionated HelLa
extract (P.35) or a chicken SBF fraction, followed
by cross-linking with UV light, the samples were
digested with nucleases and electrophoresed on an
SDS gel.

Several polypeptides were detected by autoradi-
ography after irradiating the HelLa extract that
had been incubated with a human U6 distal region
probe (Fig. 7A). One polypeptide of approxi-
mately 85 kDa was specifically correlated with
SBF binding because it was competed by addition
of unlabeled U6 NONOCT oligonucleotide during
the reaction (Fig. 7A, lane 3), but not by inclusion
of an oligonucleotide containing a “nonspecific”
sequence (Fig. 7A, lane 1), nor by one containing
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FIG. 3. Competition of the human U6 NONOCT(SPH) complex by oligonucleotides containing vertebrate SnRNA
gene distal region elements. (A) Radiolabeled DNA probe containing wild-type human U6 NONOCT(SPH) and
OCTCON sequences was used for electrophoretic mobility shift assays as described in the Materials and Methods
section. Each sample contained approximately 3 fmol of probe DNA and 2 /xg of protein from a HeLa cell S100
extract. Competitor double-stranded oligonucleotides (sequences given in Table 1) were mixed into binding reactions
prior to addition of the HeLa extract in amounts denoted above each lane. In (B), a longer version of the NONOCT-
(SPH) region sequence was used [NONOCT((long) in Table 1]. Comparison of the efficiency of competition by the
NONOCT(long) and NONOCT [“short”; (A) and (6)] oligonucleotides indicated a greater than 10-fold higher affinity

for the longer oligonucleotide (results not shown).

the consensus octamer motif (Fig. 7A, lane 2).
Because the phosphocellulose-fractionated HelLa
extract contains very little Oct-1, the absence of a
radiolabeled polypeptide competed by the octamer
oligonucleotide was not surprising.

We extended these results by irradiating a
chicken U4B SPH probe bound by either a
chicken SBF preparation or the same HelLa phos-

phocellulose fraction used in the previous experi-
ment. A specific 85-kDa hSBF polypeptide was
cross-linked to the chicken SPH probe (Fig. 7B,
lane 6) that was competed by addition of excess
unlabeled U6 NONOCT or chicken U1 SPH oligo-
nucleotides (Fig. 7B, lanes 7 and 8), but not by
the same amount of a nonspecific oligonucleotide
(Fig. 7B, lane 9). When a chicken SBF preparation



HUMAN U6 DISTAL REGION AND SPH BINDING FACTOR

NONOCT
QUISPH NONOCT - NS

cUl SPH
CUISPH NONOCT NS

Labeled Probe:
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FIG. 4. Competition of the chicken SBF/DNA complex by the human U6 NONOCT
(SPH) element. Electrophoretic mobility shift reactions in lanes 2-21 contained
chicken SBF [approximately 5 /*g of the heparin agarose fraction (19)] and 5 mM
MgClI2. Double-stranded oligonucleotides containing the chicken U1 SPH motif (lanes
1-11) or human NONOCT(SPH) element (lanes 12-22) were used as radiolabeled
probes. Approximately 300 pg of radiolabeled probe was used in each binding reac-
tion. Unlabeled competitor oligonucleotides corresponding to the chicken Ul or hu-
man U6 SPH motif (or a nonspecific oligonucleotide, NS) were added as indicated
above the lanes in the following amounts: 5 ng in lanes 2, 5, 8, 13, 16, 19; 25 ng in
lanes 3, 6, 9, 14, 17, 20; and 100 ng in lanes 4, 7, 10, 15, 18, 21. No competitor
was added in lanes 11 and 12. The sequences of the cUISPH and NONOCT((long)
oligonucleotides used as probes and competitors are shown in Table 1. The nonspe-
cific oligonucleotide competitor (NS) consisted of the following annealed sequences:
5'"-GATCGGTTCAGGGAGCGCGCCGGCGCGCTGTGACGTAG-3" and 5'-GA
TCCTACGTCACAGCGCGCCGGCGCGCTCCCTGAACC-3".
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was used for cross-linking, two specific polypep-
tides were detected as evidenced by competition
with both unlabeled U6 NONOCT and chicken
U 1 SPH oligonucleotides but not by a nonspecific
oligonucleotide (Fig. 7B, lanes 1-4). Significantly,
the largest polypeptide of 85 kDa comigrated with

the HelLa cross-linked polypeptide (compare lanes
1 and 6), a result consistent with the nearly identi-
cal mobilities of chicken and HeLa SBF-DNA
complexes in the electrophoretic mobility shift
assay (Fig. 1C). A second specific polypeptide of
approximately 65 kDa was also detected after

chicken UL -186 ctc ccg gca tgc age geg (7nts)OCTrev
chicken U4B OCTrev(5nts) -205 ttc cca gca tgc ctc gcg
chicken U4X OCTrev(6nts) -205 ctc ccg gca cac CcC gecg
X. laev/s tRNA(Ser)Sec -212 gTa CCA GCA TGC CTC GCG
bovine tRNA(Ser)Sec -228 ttc cca GaA tgc gcg geg (2 nts)OCTforw
human U6 -239 ttc cca tgA Ttc cTt cat (O nts)OCTrev

SPH consensus

ttc cca gca tgc ctc gcg

FIG. 5. Comparison of sequences of snRNA distal region SPH motifs and
spacing to octamer motifs. The sequences of several SPH motifs and of a
consensus derived from them are shown. Also noted are the distance to and
the orientation of the octamer motif that is nearby the SPH element for all
but the Xenopus tRNA (&S promoter. The consensus sequence of OCTforw
is ATGCAAAT and OCTrev is ATTTGCAT. The sequences listed are from
the following references: chicken Ul (20), chicken U4B and U4X (9), X.
laevis tRNA (S (16), bovine tRNA(@)Sc (7), and human U6 (13).
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FIG. 6. DNase | footprint over the NONOCT(SPH) region of
the human U6 distal region. A singly end-labeled DNA frag-
ment containing the human U6 NONOCT(SPH) and octamer
motifs was prepared, incubated with fractionated HelLa cell
extract, treated with DNase I, and electrophoresed as described
in the Materials and Methods section. The human SBF fraction
(approximately 15 jiig) that was incubated with the probe to
generate the sample in lane 2 was HelLa S100 extract fraction-
ated in series over phosphocellulose and DEAE-cellulose as
described previously (6). Lane 1 displays the result of Maxam-
Gilbert G-reaction cleavage of the probe that was used as a
marker, and lane 3 shows DNase | cleavage of the probe car-
ried out in the absence of protein. The lane marked “X” was a
misloaded sample irrelevant to the results presented here.

cross-linking, which could correspond to the
higher mobility SBF cl/DNA complex (Fig. 1C,
lanes 3, 5, 6).

Correlation of Transcription With
SBF Binding Activity

Using plasmid templates containing random
mutations introduced into the region of the U6
SPH element, we determined the importance of
individual base pairs on U6 expression and tran-
scription factor binding. These mutants were con-
structed in a U6 maxigene plasmid that contained
a clustered set of point mutations to inactivate the
consensus octamer motif, because previous results

KUNKEL ET AL.

demonstrated that mutation either of the U6 SPH
element (NONOCTMUT in Fig. 8A) or of the
consensus octamer (OCTMUT), alone, caused
only a minor reduction in U6 expression, but when
combined caused an 8-10-fold decrease (6). The
specific mutants isolated and used for these stud-
ies are listed in Fig. 8A. The three templates,
RM1-1, RM2-7, and RM2-C, each contained mu-
tations in the human U6 SPH motif that decreased
its similarity to the consensus sequence.

Each mutant plasmid template was introduced
into separate dishes of cultured human 293 cells
along with a plasmid containing a chicken (3
tubulin gene as a control for variation in transfec-
tion efficiency. U6 maxigene transcription from
each mutant plasmid was measured using a primer
extension assay, normalized to the O-tubulin sig-
nal, and compared to that from the wild-type.
Representative results are shown in Fig. 8B and
summarized graphically in Fig. 8C. In these exper-
iments, the distal region accounted for only a
fourfold effect on U6 expression (dI-148 in Figs.
8B, C). As found previously, expression from a
template containing substitutions only in the oc-
tamer motif was reduced only slightly, to approxi-
mately 75% of wild-type (RM2-13 in Figs. 8B, C).
Thus, the range of expression of these mutants
was expected to vary between 25% and 75% of
wild-type. Each of the mutant templates exhibited
a reduced level of U6 maxigene expression. Signif-
icantly, the cluster of three point mutations in
RM2-C, or even a single C to T transition in
RM2-7, inactivated the ability of the U6 SPH mo-
tif to stimulate transcription. The single C to A
transversion in RM1-1 was not quite as severe but
also reduced expression markedly.

We used the same mutant plasmids as competi-
tors in gel mobility shift reactions to examine the
efficacy of binding of human SPH binding factor
(SBF) to the substituted DNA elements. Prelimi-
nary experiments demonstrated that the SBF/
DNA complex could be competed by the addition
of 50-1000 ng of supercoiled plasmid DNA con-
taining a normal SPH-like sequence. These
amounts corresponded to approximately a 7-130-
fold molar excess of competitor plasmid DNA
over the radiolabeled probe. The average of re-
sults from two experiments for each competitor is
graphed in Fig. 8D. All of the mutants were much
less efficient competitors than templates contain-
ing normal SPH motifs (w.t. and RM2-13). A
good correspondence existed between competitive
ability in the gel mobility shift reaction and level
of expression in the transfection assay; that is,
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FIG. 7. Ultraviolet light-mediated cross-linking to identify a DNA binding polypeptide of human and chicken SBF. An
internally radiolabeled double-stranded oligonucleotide probe containing the human U6 NONOCT(SPH) and octamer
motifs (A) or chicken U4B SPH motif (B) was prepared, incubated with protein, irradiated with ultraviolet light,
treated with nucleases, and electrophoresed as described in the Materials and Methods section. (A) The human U6 SPH
motif probe was incubated with HelLa extract protein fractionated over phosphocellulose as described (6). During the
binding reactions, samples contained unlabeled double-stranded oligonucleotide competitors: lane 1: 3 pmol nonspe-
cific DNA (N.S.); lane 2: 3 pmol OCTCON; lane 3: 3 pmol NONOCT(long). The sequences of OCTCON and
NONOCT((long) are shown in Table 1. The N.S. oligonucleotide contained the following sequences that had been
previously annealed: 5 -GATCCAGTCTGATCAGACTG-3" and 5'-GATCCAGTCTGATCAGACTG-3". Samples
were electrophoresed on a 10% polyacrylamide gel. The arrow marked “hSBF” delineates the polypeptide that is
specifically cross-linked to the NONOCT(SPH) element. Although this particular experiment did not include a lane of
coelectrophoresed protein markers, the average apparent molecular weight of the hSBF polypeptide from four other
experiments was approximately 85,000. (B) The chicken U4B SPH probe was incubated with the chicken SBF heparin
agarose fraction (lanes 1-5) or with the HeLa P.35 fraction (lanes 6-10). Binding reactions for lanes 1, 5, 6, and 10
contained no added competitor oligonucleotides. Samples run in the other lanes contained competitor oligonucleotides
as follows: lanes 2, 7: 3 pmol NONOCT(long); lanes 3, 8: 3 pmol cUISPH; lanes 4, 9: 3 pmol of a nonspecific
oligonucleotide with the sequence described in the legend to Fig. 4. Reactions loaded in lanes 5 and 10 were not
irradiated with UV light, nor treated with nucleases. Samples were electrophoresed in an 8% polyacrylamide gel
alongside protein markers whose mobilities are delineated to the right.

poor competitors exhibited low levels of expres-
sion.

DISCUSSION

Many vertebrate sSnRNA gene distal sequence
elements contain two adjacent motifs, one of
which binds Oct-1 transcription factor. We dem-
onstrated that the distal region of the pol IllI-
transcribed human U6 gene is composed of a SPH
element immediately abutted to an octamer motif.
This composition is common to some pol Il sn-
RNA gene enhancer regions such as those associ-
ated with chicken U1 and U4B promoters (19,27).
Thus, both pol ll-and pol Ill-transcribed, natu-
rally occurring snRNA gene promoters employ
highly similar activating regions. Homologous
SPH elements have also been identified in the 5'-
flanking region of pol Ill-transcribed selenocyste-

ine tRNA genes from several vertebrate species,
although no octamer motif is present in the Xeno-
pus tRNA@)Scpromoter (16,17).

The interelement spacing and orientations of
the SPH and octamer motifs is quite variable
among promoters that contain both elements (Fig.
5). Indeed, we have found that U6 maxigene ex-
pression in transfected human 293 cells was not
significantly affected when insertions of 5 or 10
bp were added between the SPH and OCT ele-
ments (G. Kunkel, unpublished results). In con-
trast, the normal spacing of the SPH and octamer
elements was necessary for highest transcriptional
levels of the chicken UL snRNA gene injected into
Xenopus oocytes and when linked to a Xenopus
U6 proximal promoter (3,17). Nevertheless, elec-
trophoretic mobility shift experiments provided
no evidence for cooperative binding of chicken
SBF and octamer protein to chicken U 1 enhancer
DNA (T. Cheung and W. Stumph, unpublished
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FIG. 8. Mutations located in the human U6 NONOCT(SPH) region decrease U6 maxigene expression in transfected cells and are
inefficient competitors in electrophoretic mobility shift assays. (A) Locations of mutations in templates used in these experiments.
Sequences are aligned according to the SPH consensus from Fig. 5. The NONOCTMUT clustered point mutant was described
previously (6). Random mutations were introduced using a degenerate primer by PCR as described in the Materials and Methods
section. Two degenerate primers, RM1 and RM2, were used in separate PCR preparations, and the region of degeneracy for each
primer is delineated by the lines. All random mutation (RM) plasmids also contained a clustered point mutation to disrupt the
consensus octamer motif [OCTCONMUT in (6)]. (B) Transient expression of U6 maxigene templates containing random mutations
in the region of the NONOCT(SPH) element after transfection of human 293 cells. U6 maxigene expression in transfected cells was
detected by primer extension analysis and electrophoresis on 10% polyacrylamide/8.3 M urea gels. “MaxiU6” represents the primer
extension product from U6 maxigene RNA, and “c/33” represents the major primer extension product from transcripts initiated from
a chicken /3-tubulin gene contained in a cotransfected plasmid used as a control to normalize for variable transfection efficiency and
RNA recovery. The lane marked “M” contained radiolabeled DNA fragments from Mspl digestion of pGEMI plasmid DNA. The
“dl-148” plasmid used to generate the sample electrophoresed in lane 2 was a U6 maxigene template lacking 5'-flanking sequence
upstream of —148, and, hence, missing the distal region. (C) Quantitation of transfection experiments. Primer extension products
that had been electrophoresed on polyacrylamide gels were quantitated with a Fujix BAS2000 Phosphorimager (Fuji). After back-
ground subtraction, the level of each maxiU6 band was normalized according to the ¢/33 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 bar represents the average
value from at least four separate experiments (actual number of samples tested given in parentheses above each bar), and the height
from the midpoint of the error bar shows one standard deviation from the mean. All mutant templates contained a disrupted
consensus octamer motif. The “NONOCT-/OCTCONMUT” template contained both disrupted octamer and NONOCT(SPH) motifs
[NONOCTMUT in (A)]. (D) Electrophoretic mobility shift assays using NONOCT(SPH) region random mutant templates as
competitors. A radiolabeled probe containing both the NONOCT(SPH) and octamer motifs from the human U6 distal region was
prepared and used for gel shift assays as described in the Materials and Methods section except all binding reactions contained 20 /*g/



HUMAN U6 DISTAL REGION AND SPH BINDING FACTOR 71

results). A synergistic role for chicken SBF and
Oct-1 is apparent from transcriptional studies
(3,19,20,27), but the mechanism for this syner-
gism is not understood, and its elucidation will
require use of purified transcription factors.

The activities of several mutant forms of the
U6 SPH motif were analyzed in U6 transcription
assays in transfected cells and as competitors in
protein/DNA binding assays. Each of these mu-
tants demonstrated a direct relationship between
DNA binding and transcriptional stimulation by
an activator protein. Although our collection of
mutants is limited, the results point to the special
significance of C residues at positions —7 and —6
(RM1-1 and RM2-7). Previous mutagenesis of the
chicken U4B SPH motif demonstrated the impor-
tance of C residues at positions —6 and —5 (27).
Unfortunately, we did not recover any mutants at
nucleotide —5 of the U6 SPH clement. The
RM2-C triple point mutant was especially deleteri-
ous, and this is not unexpected because it differs
from the consensus sequence at all three mutant
positions.

We have also made the interesting observation
that SBF requires MgCl, to bind to DNA. CaCl,
can substitute for this divalent cation requirement
(results not shown). However, neither ZnCl, nor
CuCl, was able to substitute for MgCl, in the
DNA binding assay, eliminating the possibility
that trace contamination of zinc or copper in the
MgCl, solution actually mediated the positive ef-
fect. A strong dependence on Mg®* concentration
has also been observed for the sequence-specific
binding of TFIIIA to the internal control region
of 5S RNA genes (4), although to our knowledge
the mechanism by which Mg?* exerts this effect is
not known.

The presence of homologous SPH motifs in

small RNA gene promoters from diverse verte-
brate species (human, bovine, chicken, amphib-
ian) and the cross-species binding specificity ex-
hibited by chicken and human SBF demonstrates
a conserved role for this protein in transcriptional
activation. Our laboratories have also detected
SBF activity in extracts from Xenopus oocytes and
bovine liver (results not shown). Recently, a
c¢DNA clone was isolated that encodes a protein
from Xenopus laevis that specifically recognizes
the selenocysteine tRNA gene SPH motif (Staf)
(21). Interestingly, amphibian Staf, a zinc finger
protein, was found to be highly homologous to
a human protein of unknown function, ZNF76.
However, it is not likely that the hSBF we detect
in electrophoretic mobility shift and UV-mediated
protein/DNA cross-linking experiments is ZNF76
because no ZNF76 transcripts were detected in
HeLa cells (18). Instead, the ZNF76 transcript is
highly enriched in testis. Furthermore, our esti-
mate of the size of a DNA binding hSBF polypep-
tide (~ 85 kDa) is larger than the predicted size of
the 514-amino acid ZNF76 polypeptide (~57
kDa). However, we cannot be certain in our exper-
iments that the cross-linked nucleotides do not af-
fect the mobility of the hSBF polypeptide in SDS
gels. Whether human and/or chicken SBF are re-
lated to amphibian Staf will require molecular
characterization of their cDNAs.
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FIG. 8. (continued)

ml poly(dI-dC)- poly(dI-dC) and 20 ug/ml plasmid DNA. Binding reactions contained 2 ug of protein from a HeLa S100 extract. To
effect specific competition of the hSBF/DNA complex, 50, 300, or 1000 ng of plasmid DNAs containing a normal NONOCT(SPH)
motif (RM2-13) or mutant templates were substituted for the same amount of pPGEM3Zf(—) DNA in binding reactions. Radioactivity
in hSBF/DNA complexes separated on native polyacrylamide gels was determined using a Fujix BAS2000 Phosphorimager (Fuji).
After background subtraction, the amount of radioactivity at each titration point was compared as a percentage to the signal from
the sample where only 1 ug pGEM3Z{(—) vector, and no specific competitor, was used as the plasmid DNA. Each data point is the

average of two experiments.
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