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Myb repeats.

acted farther upstream.
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(Background: SNAP190, the largest subunit of the snRNA-activating protein complex (SNAPc), interacts with DNA via 4.5

Results: Each Myb repeat was mapped on U1 gene promoter DNA by site-specific protein-DNA photo-cross-linking.
Conclusion: The N-terminal repeats contacted DNA nearer the transcription start site, whereas the C-terminal repeats inter-

Significance: Structural insights were obtained into SNAPc bound to snRNA gene promoter sequences.
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Myb repeats ~52 amino acid residues in length were first
characterized in the oncogenic Myb transcription factor, which
contains three tandem Myb repeats in its DNA-binding domain.
Proteins of this family normally contain either one, two, or three
tandem Myb repeats that are involved in protein-DNA interac-
tions. The small nuclear RNA (snRNA)-activating protein com-
plex (SNAPc) is a heterotrimeric transcription factor that is
required for expression of small nuclear RNA genes. This com-
plex binds to an essential promoter element, the proximal
sequence element, centered ~50 base pairs upstream of the
transcription start site of snRNA genes. SNAP190, the largest
subunit of SNAPc, uncharacteristically contains 4.5 tandem
Myb repeats. Little is known about the arrangement of the Myb
repeats in the SNAPc-DNA complex, and it has not been clear
whether all 4.5 Myb repeats contact the DNA. By using a site-
specific protein-DNA photo-cross-linking assay, we have now
mapped specific nucleotides where each of the Myb repeats of
Drosophila melanogaster SNAP190 interacts with a Ul snRNA
gene proximal sequence element. The results reveal the topolog-
ical arrangement of the 4.5 SNAP190 Myb repeats relative to the
DNA and to each other when SNAP190 is bound to a U1l pro-
moter as a subunit of SNAPc.

The small nuclear RNA-activating protein complex
(SNAPc),? also known as PSE-binding transcription factor
(PTE), is required to activate transcription of genes encoding
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the snRNAs and certain other small stable RNA molecules
(1-13). Drosophila melanogaster SNAPc (DmSNAPc) is a het-
erotrimer that consists of subunits known as DmSNAP190,
DmSNAP50, and DmSNAP43 (14, 15). The three subunits of
DmSNAPc form a stable complex in the absence of DNA and
are all required together for sequence-specific interaction with
a DNA promoter element called the proximal sequence ele-
ment A (PSEA). The PSEA is conserved at a location about
40— 60 base pairs upstream of the transcription start site of fly
snRNA genes (7, 16).

The atomic structure of SNAPc is unknown. However, site-
specific protein-DNA photo-cross-linking experiments have
provided significant information about the arrangement of the
three fruit fly subunits relative to the PSEA sequence and to
each other on the DNA (14, 17). As summarized in Fig. 1,
DmSNAP190 cross-linked to 13 specific phosphate positions
extending between Ul PSEA nucleotide positions 1 and 25
(indicated by yellow spheres on the DNA double helix). Those
studies furthermore indicated that DmSNAP50 cross-linked
to phosphate positions located between 13 and 22, and
DmSNAP43 cross-linked to phosphates between 18 and 40
when DmSNAPc was bound to a Ul snRNA gene PSEA (posi-
tions indicated by the green and blue spheres, respectively, in
Fig. 1) (14, 17).

By combining the site-specific protein-DNA photo-cross-
linking technique with subsequent site-specific chemical cleav-
age of the polypeptides, it was further possible to map yet
smaller domains within DmSNAP50 and DmSNAP43 that
interacted with specific nucleotide positions in the PSEA (18).
A preliminary mapping was also accomplished of DmSNAP190
domains that interacted with the three positions 1, 12, and 24 of
the Ul PSEA (18). In the current work, we have significantly
extended those studies to localize the regions of DmSNAP190
that interact with each of the 10 remaining cross-linkable
nucleotide positions of the Ul PSEA.

A distinctive feature of metazoan SNAP190 is that it contains
4.5 Myb repeats (14, 20). Myb repeats were first characterized
as three imperfect repeats, termed R1, R2, and R3 (each ~52
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amino acids residues in length), that constitute the DNA-bind-
ing domain of the c-Myb transcription factor (21, 22). Such
Myb repeats have been found in a large family of fungal, plant,
and animal DNA-binding proteins. Although c-Myb and many
other Myb-related proteins contain three tandem repeats of
this type, many other members of this family contain only two
Myb repeats (e.g. the maize C1 and P proteins and budding
yeast Rap1p) or a single repeat (e.g. human TRF1, rice RTBP1,
and fission yeast Taz1p) (23-29). To our knowledge, metazoan
SNAP190 is the only characterized polypeptide that contains
more than three tandem Myb repeats.

The studies reported here reveal that all 4.5 Myb repeats of
DmSNAP190 are located in close proximity to the DNA. Fur-
thermore, based upon these data and the solved crystal struc-
tures of the repeats of the Myb protein itself, it became possible
to accurately model the three-dimensional spatial arrangement
of the 4.5 DmSNAP190 Myb repeats on the DNA when
DmSNAPc binds to the U1 PSEA sequence. Somewhat surpris-
ingly, we also discovered that several of the nucleotides in the 3’
half of the PSEA did not cross-link to any of the Myb repeats but
rather cross-linked to the N-terminal domain of DmSNAP190
that precedes the Myb repeats.

EXPERIMENTAL PROCEDURES

DmSNAPc Constructs, Expression, and Purification—The
preparation of untagged and N- and C-terminally FLAG-tagged
constructs encoding DmSNAPc subunits has been described
previously (30). The DmSNAP190 constructs with point muta-
tions that eliminated and/or introduced hydroxylamine cleav-
age sites (asparaginyl-glycyl (NG) peptide bonds) have also
been described previously (18). (One new N-terminally tagged
DmSNAP190 construct was prepared for this work with a sin-
gle NG peptide bond at residues 189 -190.)

DmSNAP190, DmSNAP50, and DmSNAP43 were co-over-
expressed in stably transfected Drosophila S2 cells each under
the control of the metallothionein promoter (14, 15, 30). A
FLAG tag was always present on the DmSNAP190 subunit
except when we wished to express untagged DmSNAP190; in
those cases, the DmSNAP43 subunit was expressed with an
N-terminal FLAG tag. DmSNAP complexes were purified by
FLAG immunoaffinity chromatography as described previ-
ously (30). Electrophoretic mobility shift assays were carried
out to confirm the DNA-binding activity of each of the FLAG-
purified DmSNAPc variants (30).

Site-specific Protein-DNA Photo-cross-linking, Hydroxyl-
amine Digestion of Proteins, and Analysis of Cleaved Frag-
ments—Double-stranded DNA probes that each contained a
photo-cross-linking agent (azidophenacyl group) located at a spe-
cific individual phosphate position within or downstream of the
U1 PSEA sequence were prepared exactly as described in detail
previously (18). Briefly, two shorter synthetic oligonucleotides
were annealed to a longer synthetic oligonucleotide and ligated
to form a fully complementary double-stranded *>P-labeled
photo-cross-linking probe. To provide one example, a probe
with cross-linker at position 7 of the non-template strand of the
U1 PSEA was prepared by annealing each of the two oligonu-
cleotides 5-GCTATGACCATGATTACGAATTCATTCT-
TATAATT-3" and 5'-*CCxCAACTGGTTTTAGCGGTAC-
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CGCCATGGAAAGGTATGGGATCC-3' (where the PSEA is
underlined, the asterisk indicates a >*P, and x indicates the posi-
tion of a phosphorothioate derivatized with azidophenacyl bro-
mide) to the following 79-mer template strand oligonucleotide:
3'-CGATACTGGTACTAATGCTTAAGTAAGAATATTA-
AGGGTTGACCAAAATCGCCATGGCGGTACCTTTCCA-
TACCCTAGG-5". The annealed oligonucleotides were then
ligated with T4 DNA ligase to generate the double-stranded
probe. Probes with cross-linker at other specific phosphate
positions on the non-template strand were generated by vary-
ing the position of the centrally located 3’ and 5’ ends of the two
shorter synthetic oligonucleotides. Analogous strategies using
complementary oligonucleotides were utilized to prepare
probes with the cross-linking agent in the template strand of
the DNA.

Photo-cross-linking reactions were carried out exactly as
described previously (18). Briefly, FLAG-purified DmSNAPc
was incubated with DNA probe in the dark for 30 min, followed
by irradiation with UV light. Following irradiation, cross-linked
samples were subjected to DNase I and S1 nuclease digestion to
remove all but about 2 or 3 nucleotides of the DNA probe.
Cross-linked proteins were cleaved specifically at NG peptide
bonds by dialysis against freshly prepared 1.8 M hydroxylamine
reagent at 45 °C for 5 h (18, 31). Samples were then prepared as
described in detail recently (18) for electrophoresis through
denaturing 11% polyacrylamide gels. Following electrophore-
sis, gels were dried and subjected to autoradiography.

Immunoblots of Hydroxylamine-digested DimSNAPc— Affin-
ity-purified FLAG-tagged DmSNAPc samples were treated
exactly as described above for digestion with hydroxylamine
except that the incubation with the DNA photo-cross-linking
probe and the UV irradiation were omitted. Immunoblotting
was carried out as described previously (30). N-terminal FLAG-
tagged fragments of DmSNAP190 were detected by using alka-
line phosphatase-conjugated monoclonal antibody against the
FLAG epitope (Sigma, catalog no. A9469). C-terminal frag-
ments of DmSNAP190 were detected by using a primary anti-
body that was a rabbit polyclonal antibody generated against a
14-amino acid peptide from the C terminus of DmSNAP190
(14). The secondary antibody was alkaline phosphatase-conju-
gated goat anti-rabbit IgG(Fc) (Promega, catalog no. S3731).

RESULTS

Identification of DmSNAP190 Myb Domain Repeats That
Cross-link to U1 PSEA Positions 3, 5, and 7 of the Non-template
DNA Strand—1In the 5’ portion of the U1 PSEA, DmSNAP190
can be cross-linked to phosphate positions 1, 3, 5, and 7 of the
non-template strand (Fig. 1) (17). The photo-cross-linking pro-
tocol employed transfers a **P radiolabel in the DNA to nearby
amino acid residues of any protein present in close proximity to
the nucleotide position that contains the cross-linking agent.
By carrying out hydroxylamine digestion of the protein at NG
peptide bonds subsequent to the site-specific protein-DNA
photo-cross-linking, it is possible to map or localize the region
in the protein to which the cross-linking occurs. By employing
such a strategy, we recently determined that phosphate posi-
tion 1 of the U1 PSEA cross-linked to a region of DmSNAP190
located between amino acid residues 359 and 483 (18).
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FIGURE 1. lllustration summarizing the nucleotide positions where each
of the three DmSNAPc subunits cross-link to U1 gene promoter
sequences. The bar at the top is a schematic representation of the U1 pro-
moter region with the relative positions of the PSEA and PSEB indicated. The
negative numbers below the bar indicate the positions of the PSEA and PSEB
relative to the U1 gene transcription start site. The top row of numbers shows
the numbering system used for identifying the PSEA positions (positions
1-21) and beyond the PSEA into the PSEB (positions 30-37). The phosphate
positions to which DmSNAP190, DmSNAP50, and DmSNAP43 cross-link (as
part of DNA-bound DmSNAPc) are indicated by the yellow, green, and blue
colored spheres, respectively, on the double-helical DNA below. Magenta
bases comprise the PSEA, and cyan bases comprise the PSEB. The template
and non-template stands are rendered in dark gray and light gray, respec-
tively. The phosphate positions to which DmSNAP190 cross-links are explic-
itly numbered on the uppermost DNA helix.

Fig. 2 shows results of experiments designed to map the
regions of DmSNAP190 that cross-link to positions 3, 5, and 7
of the U1 PSEA. A schematic representation of DmSNAP190 is
shown at the top of Fig. 2A. The 4.5 Myb repeats are labeled R/,
Ra, Rb, Rc, and Rd. The locations of hydroxylamine cutting sites
(NG peptide bonds) engineered by site-directed mutagenesis
into seven separate DmSNAP190 constructs are labeled H, Ha,
A, B, C, D, and E. The N- and C-terminal fragments expected
after hydroxylamine digestion of each construct are repre-
sented in the lower part of Fig. 2A by the darkly shaded and
unshaded areas, respectively. Each construct contained a FLAG
tag at its N terminus.

The first two panels in Fig. 2B (lanes 1-14) show immuno-
blots of these seven DmSNAP190 constructs following hydrox-
ylamine digestion and detection with either antibodies specific
for an epitope at the C terminus or specific for the tag at the N
terminus. Lanes 1-7 show the locations in the gel of the C-ter-
minal fragments that decrease in size from left to right, and
lanes 8—14 reveal the positions of the N-terminal fragments
that increase in size from left to right.

The next panel of Fig. 2B (lanes 15-20) shows an autoradio-
gram of 3’P-labeled fragments after photo-cross-linking of
DmSNAPc site-specifically to position 3 of the Ul PSEA and
subsequent hydroxylamine digestion of the protein. The pat-
tern of decreasing fragment sizes in lanes 15-19 is consistent
with the cross-linking of phosphate position 3 to the C-terminal
fragment in each of the constructs H through D. In contrast, it
was the N-terminal fragment of construct E that cross-linked to
position 3 (lane 20). Taken together, these results indicate that
phosphate position 3 cross-linked to DmSNAP190 C-terminal
of cut site D but N-terminal of cut site E. We thus can conclude
that a domain of DmSNAP190 located between amino acid res-
idues 410 and 483 cross-linked to phosphate position 3 of the
Ul PSEA.
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Lanes 21-26 of Fig. 2B show the results of photo-cross-link-
ing the same six DmSNAPc constructs to position 5 of the U1
PSEA. Cross-linking of the C-terminal fragments of constructs
H, A, and B was evident in lanes 21-23, whereas the N-terminal
fragments from constructs D and E cross-linked (lanes 25 and
26). However, as previously noted (18), the N-terminal and
C-terminal fragments from construct C migrated to very nearly
the same position on the gel (lanes 5 and 12). Thus, it was not
possible to unambiguously ascertain from these data alone
whether the N-terminal or C-terminal fragment from con-
struct C was responsible for the band in lane 24.

To distinguish between those two possibilities, photo-cross-
linking was subsequently carried out with DmSNAPc that con-
tained one of three different DmSNAP190 constructs: either
untagged DmSNAP190, N-terminally tagged DmSNAP190, or
C-terminally tagged DmSNAP190, each with the hydroxyl-
amine cleavage site at position 358. These three constructs are
shown at the top of Fig. 2C. (The tag at the N terminus increased
the size of the N-terminal fragment by ~2.3 kDa compared
with the untagged N-terminal fragment, and the tag at the C
terminus increased the size of the C-terminal fragment by ~5.7
kDa.) These three cross-linking reactions to phosphate 5 were
then run side-by-side on the same gel (Fig. 2C, lanes 4—6). In
lane 5, the fragment from N-terminally tagged DmSNAP190
migrated more slowly than the cross-linked fragment from
C-terminally tagged or untagged DmSNAP190. This result
indicates that, after cleavage at position 358, the N-terminal
fragment of DmSNAP190 cross-linked to phosphate position 5.
The pattern from the converse result (if cross-linking occurred
C-terminal of amino acid residue 358) is exemplified in lanes
1-3 of Fig. 2C, which exhibits the C-terminal cross-linking pat-
tern expected for position 3. Taken together, we can conclude
that amino acids of DmSNAP190 between residues 306 and 358
cross-linked to phosphate position 5 of the Ul PSEA.

When experiments were carried out with the cross-linking
agentat position 7 in the U1 PSEA, the pattern shown in Fig. 2B,
lanes 27-32, was obtained. Lanes 27 and 28 revealed that the
C-terminal fragment of DmSNAP190 cross-linked when cleav-
age occurred following amino acid residue 168 or 247. How-
ever, when cleavage occurred following residue 305 (construct
B, lane 29), the N-terminal fragment cross-linked most
strongly, although the C-terminal fragment continued to cross-
link but with less intensity. Thus, phosphate 7 of the U1 PSEA
cross-linked to amino acid residues both N-terminal and C-ter-
minal of residue 305 of DmSNAP190. When DmSNAP190
cleavage occurred at either position 409 or 483 (constructs D
and E), only the N-terminal fragment cross-linked (Fig. 2B,
lanes 31 and 32). This means that phosphate 7 of the Ul PSEA
cross-linked to DmSNAP190 residues only to the N-terminal
side of residue 409.

There remained a possibility that position 7 of the U1 PSEA
could cross-link to residues C-terminal to residue 358
(although N-terminal to position 409). The experiments shown
in Fig. 2C, lanes 7-9, discount that possibility because the band-
ing pattern reveals that only the N-terminal fragment cross-
linked. Taking all of these data into account, we conclude that
phosphate 7 of the U1 PSEA cross-linked strongly to residues of
DmSNAP190 localized between 248 and 305 and cross-linked
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FIGURE 2. Localization of domains of DMSNAP190 that cross-link to U1 PSEA positions 3, 5, and 7 of the non-template strand. A, schematic represen-
tation of the hydroxylamine cleavage patterns of DMSNAP190 constructs used in the photo-cross-linking studies. The top bar shows structural features of
DmSNAP190, which consists of 721 amino acid residues and 4.5 Myb repeats designated Rh, Ra, Rb, Rc, and Rd. The position of each of the hydroxylamine
cutting sites (NG peptide bonds) in each of the individual DmSNAP190 constructs is shown above the bar at the very top. The shaded and unshaded regions
below represent the N-terminal and C-terminal fragments produced by chemical cleavage of each of the constructs. Constructs H through E each contain an
N-terminal FLAG tag and a single NG peptide bond at a variable position within or flanking the Myb repeats. B, all gel results shown are subsequent to
hydroxylamine digestion of DImSNAPc from cell lines separately expressing the DmSNAP190 variants represented by constructs H to E shown in A. The first two
panels show immunoblots using antibodies against a C-terminal peptide of DmSNAP190 (lanes 1-7) or antibodies against the FLAG epitope at the N terminus
of each construct (lanes 8—-14). Lanes marked M contain molecular weight markers. Arrowheads (unshaded for C-terminal fragments and shaded for N-terminal
fragments) point out the specific cleavage products of interest. Lanes 7 and 14 are from the same gels as lanes 1-6 and 8-13, respectively. Lanes 15-32 show
autoradiography results of protein-DNA photo-cross-linking of the DMmSNAP190 constructs H, A, B, C, D, and E to U1 PSEA position 3 (lanes 15-20), position 5
(lanes 21-26), or position 7 (lanes 27-32). In lane 29, both the N- and C-terminal fragments of construct B cross-linked to position 7. FL, position of bands
corresponding to full-length undigested N-tagged DmSNAP190. C, constructs UT, NT, and CT are untagged, N-tagged, and C-tagged, respectively, and each
has a single NG peptide bond at position 358. (Construct NT and construct C (from A) are actually identical but are labeled differently in different parts of the
figure for clarity.) The three panels below show autoradiograms of protein-DNA photo-cross-linking of DmSNAP190 constructs UT, NT, and CT to U1 PSEA
position 3 (lanes 1-3), position 5 (lanes 4-6), or position 7 (lanes 7-9). The symbols alongside the gel indicate the origin of each band and correspond to the
schematic diagrams of the constructs above. Unshaded arrowheads point to bands representing C-terminal fragments, and shaded arrowheads point to
N-terminal fragments. Bands corresponding to residual undigested full-length DmSNAP190 (untagged, N-tagged, and C-tagged) are observed in the upper
part of each panel. D, schematic drawing indicating the region of DmSNAP190 that cross-linked to each of the positions 3, 5, and 7 of the U1 PSEA. Dark shading,
stronger cross-linking; lighter shading, weaker cross-linking.
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FIGURE 3. Localization of domains of DMSNAP190 that cross-link to U1 PSEA positions 8, 10, and 14 of the template strand. Lanes 1-9, lanes 10-18, and

lanes 19-24 show autoradiograms of the results of photo-cross-linking DmSN

AP190 NG variants to U1 PSEA phosphate positions 8, 10, and 14, respectively.

Lanes and bands are labeled as indicated in the legend of Fig. 2. Unshaded arrowheads point to bands corresponding to C-terminal fragments that cross-linked,
and shaded arrowheads point to cross-linked N-terminal fragments. The term 50 FL to the left of lane 19 indicates a band in lanes 19-24 that is due to the

cross-linking of DmSNAPS50 (full-length) to phosphate position 14 (see Fig. 1
DmSNAP190 that cross-linked to each of the positions 8, 10, and 14 of the U1
cross-linking that was more obviously weaker on the original autoradiograms.

with less intensity to residues between 306 and 358. The results
of cross-linking phosphate positions 3, 5, and 7 to DmSNAP190
are summarized in Fig. 2D.

Identification of DmSNAP190 Myb Domain Repeats That
Cross-link to U1 PSEA Positions 8, 10, and 14 of the Template
Strand—Previous work revealed that DmSNAP190 cross-
linked to phosphate positions 8, 10, 12, and 14 of the template
strand in the central region of the U1 PSEA (Fig. 1) (17). More
recent work determined that phosphate position 12 cross-
linked to a region of DmSNAP190 between amino acid residues
306 and 358 (18). To further investigate the DmSNAP190
DNA-binding pattern to the Ul PSEA, we next examined the
cross-linking of phosphate position 8 of the template strand to
DmSNAP190. The pattern of cross-linking (Fig. 3, lanes 1-9)
revealed that position 8 of the U1 PSEA cross-linked C-termi-
nal to residue 306 (construct B, lane 3) but N-terminal to resi-
due 409 (construct D, lane 5). Results shown in lanes 7-9
indicated that the cross-linking occurred C-terminal to
DmSNAP190 residue 358. We can therefore conclude that Ul
PSEA position 8 cross-linked to amino acid residues of
DmSNAP190 localized between positions 359 and 409.

Phosphate position 10 of the Ul PSEA exhibited a cross-
linking pattern (Fig. 3 lanes 10 —15) that was remarkably similar
to that obtained with position 8 (lanes 1—-6). Notably, however,
the results in lanes 16 —18 are the converse of those observed in
lanes 7-9. Thus, position 10 cross-linked to DmSNAP190 res-
idues N-terminal of position 358. We therefore can conclude
that Ul PSEA position 10 cross-linked to DmSNAP190 resi-
dues located between positions 306 and 358. Previous work

NOVEMBER 16, 2012« VOLUME 287 +NUMBER 47

and Ref. 17). The diagram at the bottom of the figure indicates the region of
PSEA. Dark shading, stronger cross-linking; lighter shading, somewhat weaker

found that the nearby position 12 of the Ul PSEA likewise
cross-linked to this same region of DmSNAP190 (18).

Consequently, we next examined the cross-linking of
DmSNAP190 to position 14 of the Ul PSEA (Fig. 3, lanes
19-24). This position produced a significantly different pat-
tern. (Background bands that result from the cross-linking of
DmSNAP50 to phosphate position 14 are also observed on this
gel.) Cross-linking to DmSNAP190 occurred C-terminal of
position 168 (construct H, lane 19) but N-terminal of position
305 (construct B, lane 21). However, the results with construct
A (lane 20) revealed that position 14 cross-linked to fragments
both N-terminal and C-terminal of position 247. As a result, we
can conclude that DmSNAP190 residues between 169 and 247
as well as residues between 248 and 305 are in close proximity to
phosphate position 14 of the Ul PSEA. The results of cross-
linking phosphate positions 8, 10, and 14 to DmSNAP190 are
summarized at the bottom of Fig. 3.

Identification of DmSNAP190 Domains That Cross-link to
U1 PSEA Positions 17 and 25 of the Non-template Strand—We
next examined the domains in DmSNAP190 that cross-link to
phosphate positions 17 and 25 in the non-template strand of
the DNA. Each of these positions presented specific challenges
in comparison with the previously described work. For exam-
ple, phosphate position 17 cross-links with very much higher
intensity to DmSNAP50 than it does to DmSNAP190 (17). As a
result, very strong bands of cross-linked DmSNAP50 (full-
length and hydroxylamine-cleaved products) appear on a gel
after DmSNAPc cross-linking to position 17. At position 25, on
the other hand, the DmSNAP190 cross-linking signal is very

JOURNAL OF BIOLOGICAL CHEMISTRY 39373



Arrangement of SNAP190 Myb Repeats on U1 Gene Promoter DNA

Protein-DNA Photo-cross-linking to:

U1 PSEA U1 PSEA
Position 17 Position 25
HABCDE HABCDE

190 FL < s o o s
e
X - [~

50 FL

50 (1-234)

43 (1-192)

50 (1-179
( ) or (193-363)

1 2 3 45 6
FIGURE 4. Localization of domains of DMSNAP190 that cross-link to U1
PSEA positions 17 and 25 of the non-template strand. Lanes 7- 6 and lanes
7-12 show autoradiograms of the results of photo-cross-linking six different
DmSNAP190 NG variants to U1 PSEA phosphate positions 17-25, respec-
tively. Labeling of lanes and bands is as indicated in the legend of Fig. 2; shaded
arrowheads point to cross-linked N-terminal fragments, and the unshaded
arrowhead points to a faint cross-linked C-terminal fragment. X, the absence
of a band in lane 1 that would be expected at the indicated position if there
were cross-linking to the C-terminal fragment of construct H. Positions 17 and
25 cross-link not only to DmSNAP190 but also to DMSNAP50 and DmSNAP43,
respectively (see Fig. 1 and Ref. 17). This necessarily results in additional
bands present in all lanes of each panel. 50 FL and 43 FL indicate the positions
of the cross-linked full-length (undigested) DmSNAP50 and DmSNAP43,
respectively. The designations 50(7-234), 50(1-179), and 43(1-192) or (193-
363) point out the positions of DMSNAP50 and DmSNAP43 hydroxylamine
digestion products with the numbers in parentheses indicating the amino acid
positions at the beginning and end of those fragments. The bands near the
bottom of the gel would be expected to obscure a possible cross-linked N-ter-
minal fragment of DmSNAP190 produced by digestion of construct H (lanes 1
and 7).

7 8 910 11 12

weak compared with the positions already discussed (17), so
long autoradiography exposures were required to detect the
signal. Furthermore, position 25 cross-links to DmSNAP43 as
well as to DmSNAP190 (17); therefore, DmSNAP43 bands
appear in the gel in addition to the DmSNAP190 bands.

The results of these experiments with positions 17 and 25 are
shown in Fig. 4. In the experiment with cross-linker at position
17 (lanes 1-6), N-terminal fragments from constructs A, B, and
E could readily be identified (lanes 2, 3, and 6). Furthermore,
upon careful observation, the N-terminal fragment from con-
struct D could be observed just above the full-length
DmSNAP50 band in lane 5, and the DmSNAP190 band in lane
4 co-migrated with the DmSNAP50 band. It was clear from
these data that position 17 cross-linked N-terminal of
DmSNAP190 residue 247 (the cleavage site in construct A). It is
further notable that no cross-linked C-terminal band was visi-
ble in lane I (expected position marked by an X). The absence
of this C-terminal band implies that position 17 cross-linked to
DmSNAP190 on the N-terminal side of residue 168, a region
that precedes the Myb domain. Unfortunately, this smaller
N-terminal fragment of DmSNAP190 (i.e. residues 1-168)
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FIGURE 5. Localization of domains of DmSNAP190 that cross-link to U1
PSEA positions 20 and 22 of the template strand. Lanes 7- 6 and lanes 7-12
show autoradiograms of the results of photo-cross-linking six different
DmSNAP190 NG variants to U1 PSEA phosphate positions 20 and 22, respec-
tively. Labeling of lanes and bands is as indicated in the legend of Fig. 2; shaded
arrowheads point to cross-linked N-terminal fragments. X, the absence of
bands in lanes 1 and 7 that would be expected at the indicated positions if
there were cross-linking to the C-terminal fragment of construct H. Besides
cross-linking to DmSNAP190, position 20 also cross-links to DmSNAP50 and
DmSNAP43, and position 22 cross-links to DmSNAP50. Bands corresponding to
the full-length DMSNAP50 and DmSNAP43 subunits and their digestion prod-
ucts are indicated alongside the panels as explained in the legend to Fig. 4.

would be expected to co-migrate with and be obscured by the
very strong DmSNAP50(1-179) band that lies near the bottom
of the gel.

When the cross-linking agent was at position 25, the pattern
obtained was very similar to that obtained with position 17.
However, a weak yet clear band that corresponds to a C-termi-
nal cross-linked fragment could be observed from construct H
(Fig. 4, lane 7). This result indicates that position 25 cross-
linked at least weakly to DmSNAP190 residues between 169
and 247. However, it does not exclude the possibility that posi-
tion 25 might also cross-link to residues N-terminal of residue
168. The band corresponding to DmSNAP190 fragment 1-168
would be expected to overlap with and be obscured by the
DmSNAP43 cleavage product band near the bottom of the
panel.

Identification of DmSNAP190 Domains that Cross-link to Ul
PSEA Positions 20 and 22 of the Template Strand—We next
performed experiments to identify the regions of DmSNAP190
that are in close proximity to positions 20 and 22 of the tem-
plate strand of the U1 PSEA. At position 20, both DmSNAP43
and DmSNAP50 cross-link more strongly than DmSNAP190
(17). At position 22, DmSNAP50 cross-links more strongly
than DmSNAP190 (17). Despite the presence of intense bands
that arise from DmSNAP43 and DmSNAP50 and their hydrox-
ylamine digestion products in the autoradiograms of Fig. 5,
most of the DmSNAP190 bands could also be readily discerned.

For phosphate positions 20 and 22 (Fig. 5, lanes 1-12), it was
readily apparent that both positions cross-linked to a region of
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Protein-DNA Photo-cross-linking to U1 PSEA:
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FIGURE 6. The N-terminal domain of DmSNAP190 cross-links to phosphate positions 17, 25, 20, 22, and 24 of the U1 PSEA. Autoradiograms are shown
of the results of photo-cross-linking DMSNAP190 constructs H, Ha, and A (Fig. 2) to U1 PSEA phosphate positions 17, 25, 20, 22, and 24. Unshaded arrowheads
point to C-terminal fragments that were cross-linked in lanes 4, 5, 13, and 14, whereas shaded arrowheads point to N-terminal fragments that cross-linked. The
shaded arrowheads in parentheses point to the location of a presumed band in lanes 1,4, 7, 10, and 13 that would correspond to an N-terminal cross-linked
fragment following hydroxylamine digestion of DMSNAP190 construct H but is obscured by the strong bands arising from digestion products of DmSNAP50
or DMSNAP43. The lower section of the figure indicates the region of DMSNAP190 that cross-links to each of the positions 17, 25, 20, 22, and 24 of the U1 PSEA
based upon the results shown in this figure as well as Figs. 4 and 5. Dark shading, regions of stronger cross-linking; lighter shading, region of weaker

cross-linking. Position 24 cross-linked with approximately equal intensities both N-terminal and C-terminal of DMSNAP190 residue 189.

DmSNAP190 N-terminal of amino acid residue 247 (the cleav-
age site in construct A, lanes 2 and 8). Furthermore, and nota-
bly, there was no band visible in either lane I or lane 7 that
would arise from cross-linking to the C-terminal fragment of
construct H (expected position indicated by X). This result sug-
gested that positions 20 and 22 cross-linked to the N-terminal
fragment of construct H (residues 1-168) that would be
obscured by the very dark DmSNAP50/43 bands at the bottom
of the gel. To shed more light on this subject, the experiments
shown in Fig. 6 were performed.

Phosphate Positions in the 3'-Half of the Ul PSEA Contact
Residues within the N-terminal Domain of DmSNAP190—Re-
sults presented in Figs. 4 and 5 implied that the region N-ter-
minal of the Myb domain of DmSNAP190 may cross-link to the
U1 PSEA at phosphate positions 17, 25, 20, and 22. To investi-
gate this subject further, we prepared a new DmSNAP190 con-
struct with an NG peptide bond at position 189. This hydrox-
ylamine cut site is just N-terminal of Rh of the Myb domain. We
named this construct Ha (Fig. 2A4). The relative positions
migrated by the N- and C-terminal fragments following
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hydroxylamine digestion of this construct are revealed in the
immunoblot shown in Fig. 2B, lanes 2 and 9.

DmSNAPc that contained DmSNAP190 construct Ha was
used in photo-cross-linking reactions with positions 17, 25, 20,
and 22 of the U1 PSEA (Fig. 6, lanes 2, 5,8, and 11). In each case,
this cross-linking reaction was flanked by lanes containing
reactions with DmSNAP190 constructs H and A. Furthermore,
because earlier work had indicated that a region of
DmSNAP190 between residues 169 and 247 had cross-linked to
phosphate position 24 (18), we decided to examine whether
phosphate 24 might be capable of cross-linking in addition to
the domain of DmSNAP190 between residues 1 and 168.
Therefore, reactions (Fig. 6, lanes 13—15) were also carried out
with the Ha construct and cross-linking agent at position 24 of
the template strand to complement the previously published
data.

Interestingly, each of the panels revealed a new band that
migrated in the gel at the relative position corresponding to the
N-terminal fragment of construct Ha (DmSNAP190 residues
1-189) cross-linked to the DNA (Fig. 2B). This band is quite
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FIGURE 7. Localization and model of DMSNAP190 domains interacting with the U1 PSEA. A, summary diagram indicating the regions of DmSNAP190 that
cross-link to 13 phosphate positions in the U1 PSEA. In the lower section of A, stronger cross-linking is represented by the dark shading, and weaker cross-linking
is shown by the lighter shading. B, model of the 4.5 Myb repeats of DmMSNAP190 interacting with the U1 PSEA based upon the photo-cross-linking data
summarized in A. The method and rationale of the modeling are explained in the text. Phosphate positions 1-25 of the U1 PSEA are explicitly labeled. The yellow
oval represents the N-terminal domain of DMSNAP190 that precedes the Myb repeats and is shown interacting with phosphates 17, 20, 22, 24, and 25. The gray
circle represents the C-terminal domain of DmSNAP190, which is not known to cross-link to the U1 DNA. C, the same model of the 4.5 Myb repeats shown in B
but viewed from upstream of the U1 PSEA looking toward the transcription start site. Phosphate position 1 is explicitly labeled; the other visible phosphate
positions are 3,5, and 7. D, a more comprehensive model of the entire DmSNAP complex based upon photo-cross-linking studies, including DmSNAP50 (green
ovals) and DmSNAP43 (blue ovals) (18). The numbers within the ovals indicate the extent of the amino acid residues in the domains of DmSNAP50 and of
DmSNAP43 that have been mapped to specific nucleotide regions of the U1 PSEA (18).

distinctin lanes 5, 8, and 14 of Fig. 6, corresponding to reactions
with phosphate positions 25, 20, and 24. In lanes 2 and 11, the
bands are less distinct due to the partial overlap with the very
intense bands that result from cross-linking to DmSNAP50 at
positions 17 and 22.

Further information can be gleaned from lanes 4, 5, 13, and
14, which exhibit high molecular weight bands that correspond
to the C-terminal fragment of DmSNAP190 in those lanes. The
appearance of these bands indicates and confirms that amino
acids C-terminal as well as N-terminal of residue 189 cross-
linked to phosphate positions 25 and 24 of the U1 PSEA. Inter-
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estingly, no evidence of a corresponding band was visible when
the cross-linking agent was at position 17, 20, or 22 (lanes 2, 8,
and 11), suggesting that these phosphate positions cross-linked
only to the most N-terminal fragment (and furthermore con-
sistent with the lack of C-terminal fragment bands in lanes 1, 7,
and 10). The results of the photo-cross-linking reactions for
positions 17, 25, 20, 22, and 24 are summarized in the lower part
of Fig. 6.

Arrangement of DmSNAP190 Domains That Interact with
the U1 PSEA—Fig. 7A provides a comprehensive summary that
regionalizes the domains of DmSNAP190 that cross-link to
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specific phosphate positions of the Ul PSEA. This diagram is
based upon results presented in Figs. 2— 6 and previously pub-
lished for positions 1, 12, and 24 (18).

To better understand the molecular structure of
DmSNAP190 and its interaction with the DNA, we took advan-
tage of the known coordinates of the co-crystal structure of the
c-Myb DNA-binding domain complexed with a specific DNA
recognition sequence (Protein Data Bank entry 1H88) (32). To
generate a theoretical model of the DmSNAP190 Myb repeats
bound to DNA, we used a Web-based structural alignment tool
(SWISS-MODEL Repository) (38). Repeats R2 and R3 of the
c-Myb protein itself contain recognition helices closely packed
in a head-to-tail fashion that together make sequence-specific
contacts over a distance of about 6 base pairs in the major
groove of the DNA. R1, on the other hand, lies farther from the
DNA axis and does not make base-specific contacts (32, 33).
Because DmSNAPCc has 4.5 Myb repeats, whereas c-Myb itself
has only three repeats, we modeled Rc and Rd of SNAP190
using the R2 and R3 repeats of c-Myb as templates. We then
repeated the use of the alignment tool to model Rh, Ra, and Rb
of DmSNAP190 using as templates R1 (latter half), R2, and R3,
respectively, of c-Myb in its DNA-bound structure. All Protein
Data Bank files were visualized and manipulated using PyMOL
(Schroedinger LLC, New York).

After obtaining modeled structures for the DmSNAP190
Myb repeats bound to DNA as described above, we then man-
ually aligned the phosphodiester backbone of the Myb DNA
with the backbone of the U1:95Ca PSEA and flanking DNA
sequence modeled as B-form DNA. The precise nucleotide
positions used for the alignment were chosen to give the best
agreement with the photo-cross-linking data summarized in
Fig. 7A.

Indeed, we found that a good fit consistent with the cross-
linking data could be obtained when the DmSNAP190 Myb
repeats were placed on the DNA as shown in Fig. 7B. (Also see
supplemental Protein Data Bank File 1.) The major criterion for
placing the modeled protein domains was proper Myb repeat
proximity to the corresponding cross-linked phosphates. In the
model presented, the four “recognition helices” of Rd, Re, Rb,
and Ra all lie in the major groove of the DNA and potentially
could contact base pairs 1-12 of the PSEA.

Rd, Rc, Rb, and the latter half of Ra (the helix-turn-helix
portion) are all modeled as canonical Myb repeat structures in
Fig. 7B. However, we found no way to model Rh and the first
half of Ra as completely folded Myb repeats and still maintain
consistency with the fact that the cross-linking data require Rh
(or regions near Rh) to be in the vicinity of phosphates 24 and
25. In the Myb structure, each repeat is separated from its
neighboring repeat by a relatively unstructured loop, and
within each repeat, there are three a-helices that are separated
by turns (32-34). By considering the loops and turns of Rh and
Ra to be flexible pivot points, we could generate a feasible struc-
ture (as modeled in Fig. 7B) that fits the cross-linking data with-
out disturbing the predicted a-helices of Rh and Ra.

Fig. 7C shows the same structure as Fig. 7B but viewed along
the axis of the DNA from upstream of the PSEA toward the
transcription start site. As the last 3.5 Myb repeats of
DmSNAP190 (i.e. Rd, R¢, Rb, and the last half of Ra) track along
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the major groove of the DNA, they nearly circumscribe the
DNA. This is somewhat reminiscent of the structure of DNA-
binding proteins that contain multiple zinc fingers of the
C2-H2 type (35, 36).

To our knowledge, the N-terminal domain of DmSNAP190
(residues 1-189) has no sequence similarity to any other known
protein, so we can make no predictions of its structure. How-
ever, we have found that it cross-links to U1 PSEA phosphate
positions 17, 20, 22, 24, and 25. Thus, this 189-residue domain
is represented in Fig. 7B as a yellow oval in proximity to those
phosphate positions in the PSEA. In contrast, the C-terminal
domain of DmSNAP190 (residues 483—721, represented by the
gray circlein Fig. 7B) has not been observed to contact the DNA
of the U1 PSEA.

DISCUSSION

DmSNAPI90 Myb Repeat Interaction with the Ul PSEA—
We have used a site-specific protein-DNA photo-cross-linking
assay combined with site-specific protein digestion to map
domains in DmSNAP190 that contact each of the 13 phosphate
positions that can be cross-linked to DmSNAP190 when
DmSNAPc binds to a U1 PSEA. To our knowledge, SNAP190 is
unique in that it is the only protein that possesses more than
three tandem Myb repeats.

The data that we have obtained from our photo-cross-linking
experiments have allowed us to model the DmSNAP190 Myb
repeats on the DNA of the Ul PSEA. This work suggests a
unique framework in which the four recognition helices of Ra,
Rb, Rc, and Rd can fit into the major groove of the DNA, where
they can potentially make base-specific contacts with a 10-12-
base pair segment of DNA that constitutes the most highly con-
served region of the insect PSEA (16).

On the other hand, the cross-linking data appear to be
incompatible with the putative two helices of Rh and the first
helix of Ra adopting a canonically folded Myb repeat structure.
This region of the protein must stretch between phosphate 14
and phosphates 24-and 25 on the DNA. This is entirely feasible
if the loops and turns of these repeats are considered to be
flexible, allowing the three putative helices in this region of the
protein to “unfold” while still retaining their local helical sec-
ondary structure. Indeed, we have made this assumption when
carrying out the modeling of Rh and Ra illustrated in Fig. 7B. An
alternative possibility for relieving this constraint imposed by
the cross-linking data would be to introduce a downward bend
into the DNA when viewed from the orientation shown in Fig.
7B. However, this would require a quite radical bend. Further-
more, earlier studies in our laboratory indicated that the DNA
is only modestly bent upon the binding of DmSNAPc, and this
modest bend is toward the upper surface of the DNA as ori-
ented in Fig. 7B (37).

Although we have modeled the complex on B-form DNA, it
is not our intention to suggest that the DNA is completely in
B-form over this entire region. Indeed, the DNA-bending
investigations from our laboratory cited above indicate that to
be unlikely. Also, in a co-crystal with c-Myb and C/EBPf3, the
DNA structure is bent but only modestly (32). Thus, in the
absence of additional information, it seems reasonable to model
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DmSNAP190 bound to B-form DNA, taking into account that
some deviation from the B-form is likely.

Compatibility of the Model with DmSNAPc Subunit-Subunit
Interaction Studies—In a previous study, we mapped domains
of DmSNAP50 and of DmSNAP43 that cross-link to a number
of specific nucleotide positions in the Ul PSEA (10, 18). An
overlay of the results of those studies with the current findings
is shown in Fig. 7D. It is likely from those photo-cross-linking
results that the interfaces among the three proteins and the
DNA are likely to be quite convoluted in the 3’-half of the
PSEA, but nevertheless, more clarity is developing regarding
the arrangement of the DmSNAPc subunits relative to the DNA
and to each other.

In still another study, we mapped domains of DmSNAP190,
of DmSNAP50, and of DmSNAP43 that were required for sub-
unit-subunit interactions (30). Those findings indicated that a
region of DmSNAP190 between amino acid residues 63 and 176
was required for interaction with DmSNAP50. This region is
included in the N-terminal domain of DmSNAP190 that cross-
linked to phosphate positions 17, 20, 22, 24, and 25. Interest-
ingly, the DNA photo-cross-linking studies placed this N-ter-
minal domain of DmSNAP190 into close proximity to
DmSNAP50 residues 110-377 (Fig. 7, B and D) that are
involved in interacting with DmSNAP190 (10, 30). The same
protein-protein interaction studies also revealed that interac-
tion between DmSNAP190 and DmSNAP43 was dependent
upon residues 1-172 of DmSNAP43 interacting with Myb
domain residues of DmSNAP190. The DNA cross-linking stud-
ies place this N-terminal domain of DmSNAP43 into the prox-
imity of the Rh and Rarepeats of DmSNAP190 but probably not
in proximity to the Rb, Rc, and Rd repeats (Fig. 7D). This sug-
gests that DmSNAP43 interacts primarily with the Rh and Ra
repeats of DmSNAP190. The interaction of DmSNAP43 with
DmSNAP190 may prevent the Rh and Ra repeats of
DmSNAP190 from adopting a canonical Myb repeat structure
on the DNA.

In conclusion, these studies indicate that each of the 4.5 Myb
repeats of DmSNAP190 is in close proximity to the DNA when
DmSNAPc binds to the Ul PSEA, and the repeats are ordered
with the C-terminal repeat (Rd) farthest from the transcrip-
tion start site and the most N-terminal repeat (Rh) closest.
Furthermore, and unexpectedly, the N-terminal domain of
DmSNAP190 that precedes the Myb repeats can contact mul-
tiple phosphate positions in the 3'-half of the Ul PSEA. This
finding places the N-terminal domain of DmSNAP190 in an
ideal location, where it could possibly interact with promoter-
bound TBP, an interaction that has been observed on the pro-
moters of U6 genes in the human system (19).
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