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Most small nuclear RNAs (snRNAs) are synthesized by RNA polymerase II, but U6 and a few others are
synthesized by RNA polymerase III. Transcription of snRNA genes by either polymerase is dependent on a
proximal sequence element (PSE) located upstream of position —40 relative to the transcription start site. In
contrast to findings in vertebrates, sea urchins, and plants, the RNA polymerase specificity of Drosophila
snRNA genes is intrinsically encoded in the PSE sequence itself. We have investigated the differential inter-
action of the Drosophila melanogaster PSE-binding protein (DmPBP) with Ul and U6 gene PSEs. By using a site
specific protein-DNA photo-cross-linking assay, we identified three polypeptide subunits of DmPBP with
apparent molecular masses of 95, 49, and 45 kDa that are in close proximity to the DNA and two additional
putative polypeptides of 230 and 52 kDa that may be integral to the complex. The 95-kDa subunit cross-linked
at positions spanning the entire length of the PSE, but the 49- and 45-kDa subunits cross-linked only to the
3’ half of the PSE. The same polypeptides cross-linked to both the Ul and U6 PSE sequences. However, there
were significant differences in the cross-linking patterns of these subunits at a subset of the phosphate
positions, depending on whether binding was to a U1 or U6 gene PSE. These data suggest that RNA polymerase
specificity is associated with distinct modes of interaction of DmPBP with the DNA at Ul and U6 promoters.

In higher eukaryotes, four of the major small nuclear RNAs
(snRNAs) found in spliceosomes (U1, U2, U4, and US) are
synthesized by RNA polymerase II (RNAP II), but U6 snRNA
is synthesized by RNA polymerase III (RNAP III) (2, 3, 9, 18,
22). The U6 gene promoter is representative of an unusual
class of RNAP III promoters that contain a TATA box but lack
internal promoter elements (5, 15, 19, 30). Promoters of
snRNA genes transcribed by either RNAP II or RNAP III
contain an essential proximal sequence element (PSE) at a
conserved location approximately 40 to 65 bp upstream of the
transcription start site that is required for the initiation of
snRNA transcription (4, 9, 18, 26, 29, 30, 32, 36).

In Drosophila melanogaster, the PSE is more specifically
named the PSEA to distinguish it from a second, even more
proximal conserved element, PSEB, present in the promoters
of Drosophila snRNA genes transcribed by RNAP II (36). The
PSEB is located at the TATA box position but is a poor TATA
box sequence (consensus CATGGAg/aA) (16). PSEB is sepa-
rated from the upstream PSEA by 8 bp of nonconserved se-
quence (16, 36). Drosophila U6 genes, on the other hand,
contain a canonical TATA box rather than a PSEB, and the
TATA box is separated by 12 bp from the upstream PSEA (4).

In vertebrates and sea urchins, the PSEs of U1 and U2 genes
are interchangeable with the PSEs of U6 genes (14, 17, 23). In
these organisms, the PSEs are therefore not responsible for the
determination of RNAP specificity. Surprisingly, recent results
from our lab revealed that the Ul and U6 PSEAs are not
interchangeable in the Drosophila system. In fact, the RNAP
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specificity of Drosophila snRNA genes is determined by the
sequence of the 21-bp-long PSEA itself, not by the presence of
a TATA box versus PSEB or by differences in the spacing of
these elements relative to the PSEA (11). Our results indicated
that the U1 and U6 PSEAs, even though they were identical at
16 of 21 base positions, exclusively recruited RNAP II and
RNAP III, respectively (11). Further data indicated that all five
base differences between the U1 and U6 PSEAs contributed to
RNAP specificity, but the differences at base positions 19 and
20 played a major role in determining the RNAP specificity of
the Drosophila snRNA promoter (11).

The PSE-binding protein (PBP) was first identified in the
human system in HeLa cell extracts (31). It was further char-
acterized by two groups and alternatively named proximal
transcription factor (PTF) (20) or snRNA activator protein
complex (SNAP.) (25). This factor was capable of activating
U1 and U2 transcription in vitro by RNAP II and U6 and 7SK
transcription by RNAP III (8, 25, 34). PTF and SNAP, each
contain four subunits with approximate molecular masses of
180 to 200, 50 to 55, 44 to 45, and 43 to 45 kDa (8, 34).
Molecular cloning and sequencing of the three smallest sub-
units indicated that they are identical in SNAP_ and PTF (1, 7,
8, 24, 35). Because each of these subunits is required for
snRNA transcription by either RNAP II or RNAP III, it seems
that the same protein complex functions at both classes of
vertebrate snRNA gene promoters. The fact that the PSEA
plays a major role in determining RNA polymerase specificity
in Drosophila poses the question of whether a similar complex
functions at both RNAP II and RNAP III snRNA promoters
in insects.

Our lab recently reported the partial purification and char-
acterization of the D. melanogaster PSEA-binding protein
(DmPBP) (27). Like SNAP./PTF, DmPBP is a multisubunit
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U1 PSEA template oligos:
non-template strand:

5' -TATGACCATGATTACGAATTCATTCTTATAATTCCCAACTGEGTTTTAGCGGTACCGCCATGGAAAGGTATGGGATCCTCA-3 "

template strand: 3 ' -CGATACTGGTAGTAATGCTTAAGTAAGAATAT TAAGEGTTGACCAAAATCGCCATGGCGGTACCTTTCCATACCCTAGG-5"

U6 PSEA template oligos:
non-template strand:

5'-TATGACCATGATTACGAATTCATTCTTATAATTCTCAACTGCTCTTTCCGGTACCGCCATGGAAAGGTATGGGATCCTCA-3 "

template strand: 3 ' -CGATACTGGTAGTAATGCTTAAGTAAGAATATTAAGAGTTGACGAGARAGGCCATGGCGGTACCTTTCCATACCCTAGG -5

U1 PSEA mutant template oligo:

template strand: 3 -CGATACTGGTAGTAATGCTTAAGTAAGAATtccggatGTTGACCAAAATCGCCATGGCGGTACCTTTCCATACCCTAGG-5"

FIG. 1. Preparation of 3?P-labeled site-specific photo-cross-linking probes. The double-stranded probes were prepared by using long (~80 nucleotides) synthetic
template oligonucleotides (shown in the lower part), chemically derivatized oligonucleotides labeled at the 5" end with *?P, and appropriate upstream primers. The “R”
stands for an azidophenacyl moiety coupled to a phosphorothioate residue in the downstream primer, and the asterisk indicates a 3?P radiolabel. For details, see
Materials and Methods. The lower part shows the actual sequences of the long template oligonucleotides used to generate the probes. Note that the Ul and U6 PSEA
template oligonucleotides have exactly the same sequence with the exception of five base changes (denoted by underlines) within the sequence of the PSEA (shown
in boldface). The mutant template contains seven base changes at the upstream end of the Ul PSEA which are indicated by lowercase letters.

protein, and it is capable of specifically activating transcription
of Drosophila Ul and U6 genes in vitro in a soluble nuclear
extract (27). By using a site-specific protein-DNA photo-cross-
linking technique (13), we here show that DmPBP contains
three subunits that are in close proximity to the DNA. The
site-specific cross-linking assay has further allowed us to map
the translational and rotational positions of these subunits
relative to the PSEA. Importantly, the data also reveal that
significant conformational differences exist in the DmPBP-
DNA complexes depending on whether they are assembled
with the Ul or U6 PSEA sequence. These differences may lead
to the recruitment of polymerase-specific factors in subsequent
steps of preinitiation complex assembly.

MATERIALS AND METHODS

Source of DmPBP. The soluble nuclear fraction (SNF) was prepared by using
purified nuclei from 0- to 12-h Drosophila embryos as described by Kamakaka et
al. (12) and modified by Su et al. (27). A fraction enriched in DmPBP activity was
prepared by fractionating the SNF on DEAE-cellulose and heparin-agarose
chromatography columns as previously described (27). The fraction eluting from
the heparin-agarose column in 300 mM KCI (HA300 fraction) was approximately
10-fold enriched relative to the SNF in the DmPBP DNA-binding activity as
estimated by an electrophoretic mobility shift assay (EMSA). The HA300 frac-
tion was dialyzed against 25 mM HEPES (adjusted to pH 7.6 with KOH)-12.5
mM MgCl,-0.1 mM EDTA-10% (by volume) glycerol-100 mM KCI and was
concentrated by centrifugation in an Ultrafree-15 centrifugal filtration device
(Millipore) to a final protein concentration of approximately 2.8 mg/ml. This
fraction was used for all of the EMSA and photo-cross-linking experiments
described in this report.

DNA probes and competitors for EMSA analysis. The radiolabeled U1 PSEA
probe used for Fig. 2 consisted of the 80-base-long nontemplate strand oligonu-
cleotide (shown in the lower section of Fig. 1) annealed to its complement. The
U6 PSEA probe consisted of a similar double-stranded oligonucleotide but with
U6-specific changes at five positions (Fig. 1). For use as EMSA probes, they were
radiolabeled with [y->P]JATP and polynucleotide kinase. Each of these probes
also contains a PSEB sequence 8 bp downstream of the Ul or U6 PSEA. The
flanking sequences (and those between the PSEA and PSEB) do not correspond

to sequences found in the wild-type U1 or U6 promoters, but they are identical
to those in constructs used previously to investigate the cis-acting determinants
of RNAP specificity at Drosophila snRNA gene promoters (11). When used to
promote transcription, the first sequence (with the Ul PSEA) specifically pro-
moted RNAP II transcription in vitro, and the second sequence (with the U6
PSEA) specifically promoted RNAP III transcription (11).

U1 and U6 PSEA competitor oligonucleotides (used for Fig. 2, lanes 3, 4, 10,
and 11) were prepared by annealing the template and nontemplate DNA strand
oligonucleotides shown in the lower part of Fig. 1. A second and distinct com-
petitor oligonucleotide that contained the Ul PSEA (shown in boldface) was
prepared by annealing the oligonucleotides 5'-CGCGTTCGTTGCAATTCCCA
ACTGGTTTTAGCTGCTCAGCC-3" and 5'-ATGGCTGAGCAGCTAAAACCA
GTTGGGAATTGCAACGAACG-3'. This double-stranded oligonucleotide,
which contains the wild-type U1-95.1 gene promoter sequence from positions
—72 to position —32, shares only the PSEA sequence with the competitor
oligonucleotides described above. The sequence flanking the PSEA is unrelated,
and there is no PSEB. This oligonucleotide was used as the competitor in lanes
6 and 13 of the EMSA shown in Fig. 2, as well as in the photo-cross-linking assays
that contained specific competitor. The nonspecific competitor used in the same
experiments was comprised of the annealed oligonucleotides 5'-GATCAAACC
GCGCGCTGCATGCCGGGAGCACCAC-3' and 5'-GATCGTGGTGCTCCC
GGCATGCAGCGCGCGGTTT-3'.

EMSA reaction conditions. Protein-DNA complexes were formed in a 10-pl
reaction volume containing 4 wl of DmPBP HA300 fraction and a final buffer
composition of 12.5 mM HEPES (pH 7.6)-50 mM KCI-6.25 mM MgCl,-0.05
mM EDTA-5% (by volume) glycerol. Samples also contained 1 ug of poly(dI-
dC) - poly(dI-dC) and 1 pg of poly(dG-dC) - poly(dG-dC). When competitor
oligonucleotides were added, they were incubated with HA300 fraction for 5 min
before addition of the probe (20,000 cpm). Then the reaction mixtures were
incubated at room temperature for 30 min. Samples were electrophoresed in 5%
(29:1 acrylamide/bisacrylamide ratio) native gels in a running buffer consisting of
45 mM Tris base, 45 mM boric acid, and 1.25 mM Na,EDTA (pH 8.3) at 200 V
for 1 h at room temperature. Gels were dried prior to autoradiography.

Site-specific protein-DNA photo-cross-linking probes. Fifty different probes,
each containing cross-linking reagent at a unique position, were prepared to scan
through the U1 and U6 PSEA sequences on both the template and nontemplate
strands. The cross-linking reagent and method have been described previously by
Yang and Nash (33) and Lagrange et al. (13). Briefly, DNA oligonucleotides 25
bases long were synthesized on a 1-pmol scale, using solid-phase B-cyanoeth-
ylphosphoramidite chemistry on an ABI392 automated synthesizer. Phosphoro-
thioate was incorporated 5’ of the third nucleotide from the 5’ end of the
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oligonucleotide during synthesis by using tetraethylthiuram disulfide (Applied
Biosystems). The phosphorothiolate-substituted oligonucleotides were gel puri-
fied, and 50 nmol of each was derivatized with 1 mg of azidophenacyl bromide
(Sigma) in 220 pl of methanol and 55 pl of water for 3 h at 37°C. The oligonu-
cleotides were ethanol precipitated, and 10 pmol of each was phosphorylated by
using [y->*P]ATP (7,000 Ci/mmol) and polynucleotide kinase.

The double-stranded site-specific cross-linking probes were prepared as out-
lined in Fig. 1. A derivatized oligonucleotide and an upstream primer (10 pmol
of each) were annealed to 2 pmol of a 79-mer or 80-mer template oligonucleo-
tide that contained the template or nontemplate strand sequence of the U1 or
U6 PSEA. The primers were extended by using T4 DNA polymerase and the
four deoxynucleoside triphosphates. T4 DNA ligase was used to seal the nick at
the 5’ end of the derivatized oligonucleotide, and the product was gel purified to
eliminate excess primer, incomplete extension products, and any remaining un-
ligated product.

To prepare probes with cross-linking reagent in the template strand, the
80-base-long U1 and U6 PSEA nontemplate strand oligonucleotide shown in the
lower section of Fig. 1 were used as templates for the synthesis of the second
strand. For incorporation of cross-linking reagent into the nontemplate strand,
the Ul or U6 template strand oligonucleotides (Fig. 1) were used. To generate
mutant cross-linking probes a Ul template strand oligonucleotide synthesized
with seven base alterations at the upstream end of the PSEA was used (Fig. 1).
Each of the 50 chemically derivatized probes that contained wild-type sequence
retained its ability to bind to DmPBP by EMSA, but the mutant probes were not
recognized (data not shown).

Photo-cross-linking reactions and analysis. Samples of the derivatized DNA
fragments (20,000 cpm) were mixed with HA300 fraction in a 10-pl reaction
volume as described for EMSA. After 30 min at 25°C in the dark, reaction
mixtures were irradiated with UV light (emission maximum at 312 nm) for 10
min, using a Spectrolinker XL-1500 UV cross-linker (Spectronic Corporation).
Nuclease digestions were performed by adding 0.5 wl each of 200 mM CaCl,, 4
mM phenylmethylsulfonyl fluoride, leupeptin (100 pg/ml), aprotinin (200 g/
ml), and 2 pl (2 U) of DNase I (Promega). Following a 15-min incubation at
25°C, 0.7 pl of 10% sodium dodecyl sulfate (SDS) was added and the mixtures
were heated at 65°C for 3 min. The following items were then added: 0.69 .l of
1.75 M acetic acid, 0.57 wl of 30 mM ZnSO,, 0.57 pl of 4 mM phenylmethylsul-
fonyl fluoride, and 0.4 ul (370 U) of S1 nuclease (Gibco BRL). Samples were
incubated at 37°C for 20 min. The reactions were terminated by the addition of
1 pl of 1.5 M Tris-HCI (pH 8.8), 7.7 pl of 10 M urea, and 6 pl of 5X loading dye
(0.3125 M Tris-HCI [pH 6.8], 50% glycerol, 10% SDS, 24% 2-mercaptoethanol,
0.125% bromphenol blue). The samples were heated for 3 min at 95°C and
electrophoresed through SDS-10% polyacrylamide gels. Gels were dried, and
the cross-linked peptides were detected by autoradiography.

For the experiments shown in Fig. 4C in which the DmPBP complex was
purified by EMSA, the reactions were scaled up 40-fold: 160 pl of HA300
fraction was incubated with 800,000 cpm of probe in a 400-ul volume. Following
UV exposure, the DmPBP-PSEA complex was separated on a 5% native gel. The
shifted band was detected by autoradiography and was sliced from the gel. The
protein-DNA complex was eluted in a Centrilutor (Amicon) and concentrated by
using Centricon-10 microconcentrators. Bovine serum albumin (100 pg per sam-
ple) was added to reduce the nonspecific adhesion of the cross-linked protein.
Samples were digested with nuclease and loaded onto an SDS gel.

RESULTS

PSEA sequences from Drosophila Ul and U6 genes compete
for the same DNA binding activity. A **P-labeled synthetic
double-stranded DNA oligonucleotide that contained the Ul
PSEA sequence was prepared and used as a probe in EMSA
analysis. Incubation of this probe with a protein fraction
(HA300) enriched in DmPBP activity resulted in the appear-
ance of a single band of retarded mobility following native gel
electrophoresis (Fig. 2, lanes 2 and 7). Previous work indicated
that this activity specifically and exclusively protected the re-
gion of the PSEA sequence from nuclease digestion in a
DNase I footprinting assay (27). Furthermore, it was shown
that the DmPBP activity detected by EMSA cofractionated
over three subsequent chromatography columns with an activ-
ity that specifically stimulated Ul and U6 transcription in a
PSEA-dependent manner (27). Consistent with its ability to
activate both Ul and U6 transcription, the DmPBP activity
detected by EMSA (Fig. 2) was competed by oligonucleotides
that contained either the U1 or U6 PSEA sequences but not by
a nonspecific oligonucleotide that lacked a PSEA sequence
(lanes 3 to 5). Moreover, an oligonucleotide that contained the
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FIG. 2. The Ul and U6 PSEA sequences interact with the same DNA-
binding activity (i.e., DmPBP). EMSAs were performed with a radiolabeled
probe that contained the U1 PSEA sequence (lanes 1 to 7) or a similar probe that
contained the U6 PSEA sequence (lanes 8 to 14). Reactions also contained 4 .l
of a heparin-agarose fraction partially enriched for the DmPBP DNA-binding
activity (11), except those in lanes 1 and 8, which contained no added protein.
Reactions in lanes 3, 4, 10, and 11 each contained 1 pmol (100 ng) of unlabeled
competitor DNA oligonucleotides that were identical in sequence to the radio-
labeled U1 or U6 PSEA probes as indicated above the lanes. Reactions shown in
lanes 5 and 12 each contained 100 ng of a nonspecific oligonucleotide as a
competitor. Those loaded in lanes 6 and 13 each contained 1 pmol (50 ng) of an
oligonucleotide with the sequence of the wild-type Ul promoter. This latter
oligonucleotide contains no sequences in common with the radiolabeled probes
except for the 21-bp PSEA. Titration of the specific competitor oligonucleotides
in other experiments (not shown) indicated that the inhibition of binding was
dependent on the concentration of the competing oligonucleotides.

U1 PSEA, but no other sequence in common with the probe,
also competed for this DNA-binding activity (lane 6).

In a reciprocal assay with a *?P-labeled probe that contained
the U6 PSEA sequence, we detected a DmPBP-DNA complex
that was similar in mobility to that formed with the fragment
containing the U1 PSEA (Fig. 2, lanes 9 and 14). This complex
was specifically competed by the homologous U6 sequence as
well as by a similar oligonucleotide that contained the Ul
PSEA sequence instead (Fig. 2, lanes 10 and 11). Importantly,
the complex was also competed by an oligonucleotide that
contained the Ul PSEA but no other sequences in common
with the U6 probe (Fig. 2, lane 13). These results indicate that
the same DmPBP activity is capable of binding specifically to
both the Ul and U6 gene PSEA sequences.

Site-specific protein-DNA photo-cross-linking identifies
DmPBP subunits and reveals their differential interaction
with the Ul and U6 PSEA sequences. We used a site-specific
protein-DNA photo-cross-linking technique (13) to investigate
the interaction of DmPBP with the DNA. Our goals were
threefold: (i) to gain knowledge about the subunit structure of
DmPBP; (ii) to study the arrangement of these subunits rela-
tive to the DNA; and (iii) to determine whether DmPBP-DNA
complexes formed with the Ul and U6 PSEAs exhibit distinc-
tive features. To accomplish these goals, we prepared 50 dif-
ferent site-specific probes that scanned through the template
and nontemplate strands of the Ul and U6 PSEAs at every
other phosphate position. In the center of Fig. 3, the phosphate
positions that were individually derivatized with cross-linking
reagent are indicated by asterisks above and below the se-
quences of the Ul PSEA (left) and the U6 PSEA (right).
Phosphate position 1 corresponds to the phosphate that links
the first and second bases of the PSEA. Odd-numbered phos-
phates were derivatized on the nontemplate strand, and even-
numbered phosphates were analyzed on the template strand.
Following UV-mediated photo-cross-linking and extensive nu-
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FIG. 3. Site-specific protein-DNA photo-cross-linking reactions that scan through the PSEA sequences of Drosophila U1 and U6 genes. Fifty different radiolabeled
site-specific photo-cross-linking probes were incubated in separate reactions with the HA300 fraction that contains the DmPBP activity. Following UV irradiation,
polypeptides that cross-linked to the DNA were detected by SDS gel electrophoresis and autoradiography. The sequences of the U1 (left) and U6 (right) PSEAs (and
five bases downstream of the PSEAs) are shown between the upper and lower panels. The five-base-pair differences between the Ul and U6 sequences are indicated
by underlining. The phosphate positions on the template and nontemplate strands that were derivatized with cross-linking reagent are indicated by asterisks. The
numbers below the upper panels and above the lower panels indicate the individual lanes that contain the cross-linking results from the correspondingly numbered
phosphate positions. (According to our numbering system, the phosphate designated 1 is the phosphate that links the first and second nucleotides in the PSEA. This
differs from the standard International Union of Pure and Applied Chemistry convention, which would require that all the phosphate positions on the nontemplate
strand be increased by a value of 1.) The upper panels show the results of cross-linking to the nontemplate strand of the U1 PSEA (left) and to the nontemplate strand
of the U6 PSEA (right). The lower panels show the results of cross-linking to the complementary template strands. The positions migrated by molecular weight markers
are shown in the center. The molecular masses of the specifically cross-linked polypeptides, identified in this and later experiments (Fig. 4 and 5), are indicated to the
far left and far right.

clease digestion, the cross-linked polypeptides were separated position 11 in the nontemplate strand of the U6 PSEA than to
by SDS gel electrophoresis and detected by autoradiography. the same position in the Ul PSEA.

Bands corresponding to three polypeptides with apparent Differences in the cross-linking patterns dependent on
molecular masses of 45, 49, and 95 kDa were readily visualized whether DmPBP was bound to a Ul or U6 PSEA were more
in the autoradiograms (Fig. 3). Each of these three polypep- pronounced when the template strand was analyzed (Fig. 3,

tides cross-linked in a distinctive manner that was dependent lower left and lower right panels, respectively). The same three
upon the site of incorporation of the cross-linking reagent (Fig. polypeptides (45, 49, and 95 kDa) that intensely cross-linked to
3). When the nontemplate strand was analyzed, the pattern of the nontemplate strand PSEA sequences also cross-linked

cross-linking was generally similar whether DmPBP was bound strongly to the template strand, and again each polypeptide
to a Ul PSEA or a U6 PSEA (upper left and right panels, cross-linked with a distinctive pattern that depended on the
respectively). However, there were a few notable differences. position of the cross-linking reagent. Although there were

For example, the 95-kDa polypeptide cross-linked strongly to many similarities in the cross-linking of DmPBP to the U1 and
phosphate position 1 in the U1 PSEA, but it failed to cross-link U6 sequences, there were also several pronounced differences.
to the same position in the U6 PSEA. At positions 11, 13, and For example, the 49-kDa polypeptide cross-linked most in-
19 in the nontemplate strand, there were differences in the tensely to position 22 of the U1 PSEA but to position 14 of the
relative cross-linking intensity of the 95-kDa subunit depend- U6 PSEA. The 45-kDa polypeptide cross-linked most intensely
ing on whether a Ul or U6 PSEA sequence was used. Third, to position 20 of the Ul PSEA but to position 16 of the U6
the 45-kDa subunit cross-linked with a greater intensity to PSEA. The 95-kDa polypeptide cross-linked strongly to posi-
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tions 2 and 4 of the U6 PSEA, but it cross-linked weakly to the
identical positions in the Ul PSEA sequence. From these data,
we conclude that the 45-, 49-, and 95-kDa polypeptides ap-
proach the backbone of the DNA differently depending on
whether DmPBP is bound to a Ul or U6 PSEA sequence.

Specificity of the cross-linking reactions. Besides the three
most intense bands discussed above, a number of weaker bands
were visible in the autoradiograms shown in Fig. 3. Conceiv-
ably, these could be integral subunits of DmPBP that are not as
closely associated with the DNA. Alternatively, since the
HA300 fraction is still a relatively crude preparation of
DmPBP, these bands could be due to nonspecific photo-cross-
linking, or they could derive from other proteins that are re-
cruited to the DNA by DmPBP. To differentiate between these
possibilities, as well as to confirm that the previously identified
three polypeptides were legitimate components of DmPBP, an
extensive series of control experiments were performed.

First, a mutant PSEA sequence that had the first seven bases
altered at the 5" end of the PSEA was used to prepare cross-
linking probes that were not effectively recognized by DmPBP.
The seven-base mutation utilized in the PSEA sequence was
previously shown to destroy U1l promoter activity (36) and to
prevent complex formation with DmPBP in an EMSA (data
not shown). As additional controls for specificity, reactions
that contained specific and nonspecific competitor oligonucle-
otides were included with each set of incubations.

Figure 4A shows results using probes derivatized at several
different positions on the nontemplate strand of the U1 PSEA.
At phosphate position 11, four bands (mobilities correspond-
ing to 45, 52, 95, and 230 kDa) cross-linked to the wild-type
probe (Fig. 4A, lane 3) but not to the mutant probe (lane 4).
Moreover, these four bands were competed by a competitor
oligonucleotide containing the U1 PSEA sequence (lane 2) but
not by a nonspecific oligonucleotide (lane 1). A band migrating
at approximately 210 kDa also appeared to be competed by the
specific oligonucleotide but not by the nonspecific oligonucle-
otide (lanes 1 to 3). However, this band, and another one
running at approximately 150 kDa, cross-linked to the mutant
probe as well (lane 4). Therefore, these two bands are not
specific to the DmPBP-DNA complex.

When the cross-linker was located at position 13 of the
nontemplate strand of the Ul PSEA (Fig. 4A, lane 8), five
bands (45, 49, 52, 95, and 230 kDa) were cross-linked to the
probe. (In other experiments [data not shown], a better reso-
lution of the 52-kDa band was obtained.) None of these five
bands cross-linked to the mutant PSEA sequence, and all were
competed by the Ul-specific oligonucleotide but not by the
nonspecific oligonucleotide (lanes 6 to 9). With cross-linker at
position 17, only the 49- and 95-kDa bands were cross-linked
specifically, and at position 21, only the 45-kDa subunit was
specifically cross-linked (lanes 11 to 20). In summary, the ex-
periments shown in Fig. 4A confirmed the specificity of the
three interactions previously discussed and provided an indi-
cation that two additional polypeptides (52 and 230 kDa) may
be associated with the DmPBP activity as well.

As a second approach to examining the specificity of the
reactions, photo-cross-linked samples were treated with
ethidium bromide prior to being electrophoresed through
EMSA gels (Fig. 4B). Ethidium bromide intercalates into
DNA and can disrupt sequence-specific protein-DNA interac-
tions but does not disrupt covalent links between protein and
DNA. Figure 4B (lanes 1 to 5) shows results using a probe that
was internally labeled with **P and derivatized with cross-
linking reagent at phosphate position 17 in the Ul nontem-
plate strand. Lane 1 shows a reaction in which essentially all of
the probe was shifted to a position in the gel characteristic of
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the DmPBP-DNA complex. UV irradiation of the sample only
marginally reduced the stability of the complex (lane 2), but a
U1 competitor oligonucleotide completely disrupted complex
formation (lane 3). When ethidium bromide was added to the
mixture prior to UV irradiation, the DmPBP-DNA complex
was similarly disrupted (lane 4). However, if DmPBP was co-
valently cross-linked to the DNA by UV irradiation prior to the
addition of ethidium bromide, the signal still remained (lane
5). This indicates that the DmPBP-DNA complex identified by
EMSA indeed contained polypeptide constituents that were
covalently cross-linked to the DNA. It then follows that these
cross-linked polypeptides from the DmPBP complex should be
detectable in SDS gels (as demonstrated in Fig. 3).

Figure 4B (lanes 6 to 19) shows the results of similar exper-
iments in which the cross-linking reagent was introduced at a
number of other positions within the U1 or U6 probes. In each
case, ethidium bromide was added to the samples following
covalent cross-linking by UV irradiation. At each position, a
covalently cross-linked DmPBP-DNA complex was visible,
with the exception of position 9 of the Ul nontemplate strand,
which correlates with the finding that at this position no cross-
linked polypeptides were detected by SDS gel electrophoresis
(Fig. 3, upper left panel). At each derivatized phosphate, there
is a reasonable correlation between the intensity of the shifted
EMSA band and the sum of the intensities of bands detected
on the SDS gels in Fig. 3. In the absence of ethidium bromide,
all of the probes were strongly shifted (data not shown).

A third and final method was used to further correlate the
radiolabeled bands visualized on SDS gels with the DmPBP-
DNA complex detected by EMSA. Cross-linking reactions
were scaled up 40-fold, and the covalently cross-linked prod-
ucts were electrophoresed through a native EMSA gel. The
specific band corresponding to the DmPBP-DNA complex was
sliced from the gel and eluted, and the cross-linked polypep-
tides were analyzed by SDS gel electrophoresis (Fig. 4C). The
even-numbered lanes show results obtained when the DmPBP
complex was purified by EMSA gel electrophoresis prior to
analysis on SDS gels, and the odd-numbered lanes show results
obtained in a cross-linking reaction without this prior purifi-
cation step (conditions similar to those used in the experiments
shown in Fig. 3). The EMSA purification step simplified the
electrophoretic profile by eliminating certain background
bands that apparently were due to nonspecific cross-linking or
due to proteins only weakly associated with the DmPBP-DNA
complex prior to EMSA gel electrophoresis.

A careful examination of the even-numbered lanes in Fig.
4C revealed five bands in the EMSA-purified DmPBP-DNA
complex that cross-linked specifically to the PSEA. Of the
phosphate positions analyzed, the 45-kDa band cross-linked
most intensely to positions 19 and 21 of the nontemplate strand
(lanes 10 and 12) but was also visible in lanes 2, 4, 14, 20, and
22. The 49-kDa product cross-linked very intensely at positions
15 and 17 (lanes 6 and 8) but was also clearly visible in lanes 4,
16, 18, and 22. The 95-kDa polypeptide cross-linked at a num-
ber of positions on both the template and nontemplate strands.
A weakly cross-linked 52-kDa band was present in lanes 2 and
14, and the 230-kDa band was clearly evident in lanes 4, 14,
and 16. These results identify five distinct bands on the SDS gel
associated with the DmPBP activity and confirm the data
shown in Fig. 4A that was obtained using the mutant probe and
competitors.

Side-by-side comparison of the cross-linking patterns of
DmPBP to Ul and U6 PSEAs at selected phosphate positions.
The results presented in Fig. 3 revealed a number of differ-
ences in the cross-linking patterns depending on whether
DmPBP was bound to a Ul or U6 PSEA sequence. To more
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FIG. 4. (A) Specificity of the photo-cross-linking reactions. Cross-linking reactions were carried out at selected phosphate positions on the nontemplate strand of
the Ul PSEA as indicated above each panel. Lanes 3, 8, 13, and 18 show reactions performed identically to those shown in Fig. 3. The reactions loaded in lanes 4, 9,
14, and 19 were performed under the same conditions but using a mutant PSEA probe (bottom of Fig. 1) not recognized by DmPBP. Reactions loaded in the remaining
lanes were performed similarly but in addition contained 250 ng of either a Ul PSEA-specific competitor (comp.) oligonucleotide or a nonspecific competitor
oligonucleotide as indicated above the lanes. The sequences of the competitor oligonucleotides are shown in Materials and Methods. Panels shown represent different
lengths of exposures to optimize the clarity of the bands in each individual panel. (B) Demonstration that the photo-cross-linking probes can be covalently cross-linked
to the DmPBP activity originally identified by EMSA. Reactions shown in lanes 1 to 5 were performed with a U1 photo-cross-linking probe derivatized at position 17
in the nontemplate strand. Following incubation of the probe with the HA300 fraction which contained the DmPBP activity, all samples (except the one loaded in lane
1) were irradiated with UV light. A U1 PSEA competitor oligonucleotide was included in the incubation shown in lane 3. Ethidium bromide (final concentration, 0.11%
[wt/vol]) was added to the sample loaded in lane 4 10 min prior to UV irradiation, but the order was reversed for the sample shown in lane 5 (i.e., UV irradiation
followed by ethidium bromide). Reactions loaded in lanes 6 to 19 were performed as the one shown in lane 5 but with a variety of cross-linking probes derivatized at
selected phosphate positions in either the Ul or U6 PSEA nontemplate strand as indicated above the corresponding lanes. (C) Identification of stably associated
subunits of DmPBP by native gel purification of DmPBP-DNA complexes prior to SDS gel electrophoresis. Photo-cross-linking probes were derivatized at selected
phosphate positions on the template or nontemplate strand of the U1 PSEA, incubated with the HA300 DmPBP fraction, and irradiated with UV light. Samples shown
in the even-numbered lanes were then electrophoresed in EMSA gels, and the band corresponding to the DmPBP-DNA complex was sliced out. The complex was then
eluted, concentrated, digested with nucleases, and run on SDS gels. Samples shown in the odd-numbered lanes were prepared using the standard protocol without
EMSA purification.
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FIG. 5. Differential cross-linking of DmPBP to the Ul and U6 PSEAs at
selected phosphate positions. Photo-cross-linking probes derivatized at a variety
of positions on the template or nontemplate strands of the U1 or U6 PSEAs (as
indicated above the lanes) were cross-linked to the HA300 DmPBP fraction.
Reactions performed with the Ul and U6 PSEAs were run side by side on SDS
gels to facilitate the comparison of the cross-linking patterns.

closely examine these differences, reactions were performed
with the Ul and U6 PSEA probes, and the cross-linking prod-
ucts were run side by side in SDS gels (Fig. 5). At position 1 in
the nontemplate strand, the 95-kDa subunit cross-linked
strongly to the Ul PSEA, but cross-linking to the U6 PSEA at
this position was undetectable (compare lanes 1 and 2). At
position 11, the 52-kDa polypeptide cross-linked only to the
U1 PSEA, but the 45-, 95-, and 230-kDa bands cross-linked to
both the Ul and U6 PSEAs (lanes 3 and 4). All five polypep-
tides cross-linked to position 13 of the Ul PSEA (lane 5), but
only the 49-, 95-, and 230-kDa bands cross-linked to this po-
sition in the U6 PSEA (lane 6).

On the template strand, an even larger number of differ-
ences could be noted. The results at several of these positions
are shown in Fig. 5, lanes 7 to 14. It is particularly notable that
at position 14, the 49-kDa subunit cross-linked more intensely
to the U6 PSEA than to the Ul PSEA (lanes 9 and 10), yet at
position 22, the opposite was true (lanes 13 and 14). At phos-
phate position 18 (lanes 11 and 12), the 45-kDa protein cross-
linked to both PSEA sequences, yet the 49-kDa subunit cross-
linked only to the Ul PSEA. In summary, the same
polypeptides were cross-linked to the Ul and U6 PSEA se-
quences, but there was variation in how they approached the
DNA phosphate backbone depending on the PSEA sequence
bound.

Summary of the cross-linking data and graphical visualiza-
tion of the arrangement of DmPBP subunits relative to the
DNA. Figure 6A summarizes in tabular form the results of the
cross-linking data at all 50 positions analyzed on the template
and nontemplate strands of the Ul and U6 PSEA sequences.
Four levels of cross-linking intensities, ranging from weak to
very strong, are indicated. In Fig. 6B, the data for the three
subunits of DmPBP (45, 49, and 95 kDa) that cross-linked
strongly to the PSEA are projected onto B-form DNA. Al-
though the DNA may be distorted from B form when bound to
DmPBP, Fig. 6B nevertheless provides visual information
about the surfaces of the DNA approached by the various
subunits of DmPBP. (Since the 52- and 230-kDa bands were
always weak, it is less likely that they represent polypeptides
intimately associated with the DNA.)

(i) The 45-kDa subunit. The smallest subunit detected in the
photo-cross-linking assay interacted with the DNA near the 3’
end of the 21-bp PSEA sequence and beyond. With the DNA
sequence oriented as shown in Fig. 6B, the 45-kDa subunit
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apparently approaches the DNA from above, spanning the
minor groove between positions 16 and 25 (Fig. 6B, upper left
graphic). The strongest cross-link between the 45-kDa subunit
and the Ul PSEA occurred at position 20 of the template
strand, which is on the front face of the DNA oriented as in
Fig. 6B. In contrast, with the U6 PSEA (Fig. 6B, upper right
graphic), the strongest cross-links occurred with position 11 of
the nontemplate strand and position 16 of the template strand.
This suggests that the 45-kDa subunit may be more intimately
associated with the major groove between positions 11 and 16
when DmPBP is bound to the U6 PSEA versus its interaction
with the Ul PSEA.

(i) The 49-kDa subunit. The cross-linking pattern to the U1
PSEA (Fig. 6B, left middle graphic) indicates that the 49-kDa
subunit approaches the front surface of the DNA (in the ori-
entation shown) and spans the major groove between positions
13 and 22 and the minor groove between positions 12 and 17.
On the U6 PSEA, the contacts with positions 18 to 22 on the
template strand are either missing or are greatly reduced (Fig.
6B, middle right graphic), suggesting that the 49-kDa subunit is
less intimately associated with the far 3’ end of the U6 PSEA
than it is with the corresponding region of the U1 PSEA. The
strong cross-link to position 15 of the Ul nontemplate strand
is replaced with a very strong cross-link to position 14 of the
template strand of the U6 PSEA, indicating a more intimate
approach to the minor groove of the U6 PSEA between phos-
phates 12 to 17. Together, these data suggest that the 49-kDa
subunit contacts the PSEA primarily through the major groove
on the U1 PSEA but through minor groove interactions on the
U6 PSEA.

(iii) The 95-kDa subunit. The cross-linking pattern of the
95-kDa subunit is very complex. This subunit interacts exten-
sively with the DNA throughout both the Ul and U6 PSEAs
and even beyond into the 3’'-flanking sequence. Within the 5’
half of the PSEA, the 95-kDa subunit approaches from the
front surface of the DNA (as oriented in Fig. 6B); however,
toward the 3’ end of the PSEA, the interaction is primarily with
the lower face. When all of the cross-linking interactions are
taken into consideration, the 3" end of the PSEA appears to be
nearly completely buried within the DmPBP complex.

The 95-kDa polypeptide is the only subunit closely associ-
ated with the upstream third of the PSEA sequence. Since the
first seven nucleotides of the PSEA are essential for activity
and recognition by DmPBP, it follows that the 95-kDa subunit
almost certainly plays a role in the binding of DmPBP se-
quence specifically to the PSEA. It is interesting that differ-
ences in the cross-linking pattern occur at the 5’ end of the Ul
and U6 PSEAs even though the first 6 bp are identical (and
there is only one difference in the first 13 bp). This suggests
that the differential protein-DNA interactions that occur in the
3’ half of the PSEA can be transmitted, presumably through
allosteric effects, to establish differences in the local protein-
DNA environment at the 5’ end of the PSEA as well.

DISCUSSION

Identification of polypeptides associated with the DmPBP
activity. We have used site-specific protein-DNA photo-cross-
linking (13) to investigate the interaction of the D. melano-
gaster PSEA-binding protein with the Ul and U6 gene PSEA
sequences. By using this technique, we have identified three
polypeptides (45, 49, and 95 kDa) that cross-linked strongly at
a number of phosphate positions and therefore reside in rela-
tively close proximity to the DNA. We identified by SDS gel
electrophoresis two additional bands (52 and 230 kDa) that
cross-linked specifically to the PSEA, yet weakly and at fewer
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FIG. 6. Summary of the results of the site-specific photo-cross-linking of DmPBP subunits to the Ul and U6 PSEAs. (A) Tabular representation of the cross-linking
results accumulated from the experiments shown in Fig. 3 to 5 and other experiments not shown. Four different relative intensities of cross-linking, ranging from weak
(w) to very strong (+++), are indicated. (B) Representation of the cross-linking data on B-form DNA. The template strand is differentiated from the nontemplate
strand by a darker gray shading. Phosphate positions are indicated by spheres on the DNA backbone strands. Phosphates on the nontemplate strand are numerically
labeled. Phosphate positions that covalently cross-linked to the indicated subunits are shown in color. Those that cross-linked very strongly (++ or +++ in panel A)
are indicated by red spheres. Furthermore, the DNA backbone strand is colored surrounding those phosphate positions that were cross-linked with a relative intensity
of + or greater, whereas it is left uncolored near positions where there was weak or no detectable cross-linking. The five base pairs that are different in the U1 and
U6 PSEAs are indicated by a thicker dark blue shading. This illustration is not meant to suggest that the DNA is necessarily in B form when bound to DmPBP. This

illustration was generated by using the program SETOR (6).

locations. Among other possibilities, these latter two bands
could represent subunits of DmPBP that do not reside in close
proximity to the DNA. Alternatively, it is conceivable that
these bands arise from position-specific incomplete nuclease
digestion. For example, we cannot exclude the possibility that
a fraction of the cross-links to the 95-kDa polypeptide at po-
sitions 8 to 14 result in exceptional stabilization of the complex
and corresponding resistance to nuclease digestion, resulting in
the appearance of a 230-kDa band. Further studies will be
required to assess the relationship of the putative 52- and
230-kDa polypeptides to DmPBP structure and function. On
the other hand, the data provide striking evidence for three
DmPBP subunits (45, 49, and 95 kDa) that are intimately
associated with the DNA. The length of the arm of the cross-
linking reagent used in these studies conceivably permits co-
valent links to be formed with polypeptides that approach
within about 11 A of the phosphate phosphorus atom (13). The
length and flexibility of this arm undoubtedly account at least

in part for the fact that multiple subunits can often be cross-
linked to the same derivatized phosphate position.

Human SNAP_/PTF contains at least four distinct subunits,
three of which are in the size range of 43 to 55 kDa (8, 34). This
raises the possibility that the Drosophila polypeptides found in
the 45-, 49-, and 52-kDa bands may be homologous to the
human subunits of similar size. The fourth subunit in human
SNAP./PTF (SNAP190 or PTFa) has a molecular mass of 180
to 200 kDa and can be photo-cross-linked to a bromodeoxyuri-
dine (BrdU)-substituted probe, indicating that it is in close
contact with the DNA (34). Since our photo-cross-linking data
indicate that the Drosophila 95-kDa subunit makes extensive
contacts with the DNA throughout the PSEA sequence, the
95-kDa polypeptide may be functionally homologous to the
largest human subunit. The gene for human SNAP190 has
recently been cloned and was found to code for a protein with
4.5 Myb repeats (10). Interestingly, the Drosophila U1 and U6
PSEA sequences used in the studies reported here each con-
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tain a consensus Myb recognition element at positions 9 to 13
(sequence AACNG [21, 28]). This sequence occurs in a region
of the PSEA contacted primarily by the 95-kDa subunit (Fig. 6).

In earlier work from this lab, a probe that contained BrdU as
a photo-cross-linking agent cross-linked strongly to DmPBP
polypeptides that ran with apparent relative mobilities corre-
sponding to 59 and 61 kDa on SDS gels (27). We have since
investigated the relationship between those bands and the ones
identified in the current study, and we have determined that
the discrepancy in apparent molecular masses is due to the
nuclease digestion protocols used following covalent cross-
linking. When the cross-linking studies with the BrdU-substi-
tuted probe were repeated with the nuclease digestion protocol
described in Materials and Methods, the cross-linked product
comigrated with the 49-kDa subunit identified in the current
study (data not shown), whereas digestion according to the
previous procedure using DNase I and micrococcal nuclease
resulted in bands migrating at 59 to 61 kDa (27). The less
stringent nuclease digestion protocol used in the earlier study
apparently left a larger number of nucleotides residually at-
tached to the protein that slowed its migration through the
SDS gel. Thus, the polypeptide that cross-linked strongly to the
earlier probe (which had BrdU incorporated at positions 15,
16, 17, and 18 in the nontemplate strand) appears identical to
the 49-kDa polypeptide identified in the present study. Since
the 49-kDa polypeptide cross-linked very strongly to phos-
phate 17 in the nontemplate strand, experiments with both
types of cross-linking reagent (BrdU or phosphorothioate
based) suggest that the 49-kDa subunit is in very close contact
with the DNA in this region of the PSEA. Henry et al. (7)
demonstrated that the 50-kDa subunit of SNAP, could be
cross-linked to DNA by using a BrdU-substituted probe. It is
therefore possible that the 50-kDa subunit of SNAP, and the
49 kDa subunit of DmPBP may be homologous polypeptides.

RNAP specificity and the differential binding of DmPBP to
the Ul and U6 PSEAs. In vertebrates, sea urchins, and plants,
the PSEs upstream of RNAP II-transcribed and RNAP III-
transcribed snRNA genes are interchangeable. However, this
is not true in Drosophila where the sequence of the PSEA itself
plays a major role in determining RNAP specificity (11). The
finding that the PSEA in Drosophila is the major determinant
of RNAP specificity predicts that DmPBP should interact dif-
ferently with the PSEA sequences from U1 and U6 genes. The
photo-cross-linking data obtained in the present study provide
evidence that this indeed is true. Although the PSEA se-
quences in the photo-cross-linking probes are identical at 16 of
21 base positions and the flanking sequences in the photo-
cross-linking probes are completely identical, we detect signif-
icant differences in the cross-linking patterns to the two probes.

The four bases at positions 14, 16, 19, and 20 differ between
the Ul and U6 PSEAs, and each contributes to the RNAP
specificity of the PSEA (11). It is therefore of interest that
many of the most significant differences in the photo-cross-
linking patterns occur near to these bases. For example, at
phosphate position 14 on the template strand, the 49-kDa
subunit cross-linked much more intensely to the U6 PSEA
than to the Ul PSEA (Fig. 3, 5, and 6). Conversely, the same
subunit cross-linked strongly to positions 18 and 20 of the Ul
PSEA but did not cross-link to these same positions of the U6
PSEA. (In the numbering scheme used, the phosphate is ad-
jacent to but on the downstream side of the base with the same
number.)

The 45-kDa subunit also exhibited significant differences in
its cross-linking pattern that correlate with the base differences
responsible for polymerase specificity. For example, the cross-
linking intensities of this subunit are greatest at position 16 in
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FIG. 7. Schematic model of the subunits of DmPBP bound to the U1 and U6
PSEAs. DmPBP assumes a different conformation depending on whether it is
bound to a Ul PSEA (left) or to a U6 PSEA (right). In comparison to the
interaction with the Ul PSEA, the 49-kDa subunit lacks contacts with the
extreme 3’ end of the U6 PSEA, and the 45-kDa subunit has stronger contacts
with the central region of the U6 PSEA. The position of four of the five base
differences between the Ul and U6 PSEAs are shown.
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the template strand when bound to the U6 PSEA but greatest
at position 20 when bound to the Ul PSEA (Fig. 3 and 6).
Nonetheless, differences in the cross-linking of the 45-kDa
subunit also occurred at more distant sites where the Ul and
U6 PSEAs are identical in sequence (e.g., position 11 on the
nontemplate strand). Thus, differential interactions resulting
from base differences at one site can affect the local protein-
DNA environment at a distant site as well.

Relative position of the DmPBP subunits on the PSEA. The
data presented in Fig. 6 yielded information about the arrange-
ment of the subunits of DmPBP relative to the DNA. Figure 7
presents a schematic model that is consistent with the photo-
cross-linking data. The 95-kDa subunit is in close proximity to
the DNA over the entire length of the PSEA. If the DNA is
oriented such that this subunit approaches the front surface of
the DNA in the 5’ half of the PSEA, then toward the 3’ half of
the PSEA the 95-kDa subunit would primarily contact the
DNA from below. The 49- and 45-kDa subunits also interact
specifically with the 3’ half of the PSEA (Fig. 7). In the model,
the 49-kDa subunit approaches from the front surface of the
DNA, whereas the 45-kDa subunit approaches the PSEA from
above. The 49-kDa subunit is intimately associated with the
extreme 3’ end of the U1 PSEA by major groove contacts, but
these are missing with the U6 PSEA (Fig. 6 and 7).

Our results are therefore consistent with a mechanism in
which the same core set of DmPBP subunits bind to the U1 and
U6 PSEAs, but they do so differently, resulting in conforma-
tional differences in the overall DmPBP-DNA complex (Fig.
7). Five base differences between the Ul and U6 PSEAs are
sufficient to induce these two distinct modes of binding. We
believe that these conformational differences in the DmPBP-
DNA complex may lead during subsequent steps of preinitia-
tion complex assembly to the exclusive recruitment of the cor-
rect polymerase-specific factors and the respective RNAP
themselves. We have obtained no evidence to support the
existence of polymerase-specific factors that interact directly
with the PSEA sequences. If such factors were present in the
HA300 fraction, we would expect to detect them in the photo-
cross-linking assay. However, we cannot rule out that direct
interactions between the PSEA and polymerase-specific fac-
tors may occur in a more completely assembled snRNA preini-
tiation complex.
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