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The P4 promoter of the parvovirus minute virus of mice contains a single degenerate GC box sequence which
binds the transcription factor Spl with high affinity. The two protomers of murine Spl were affinity purified,
and their interactions with the P4 promoter were examined. Several unusual features were observed.
Methylation interference experiments demonstrated that Spl makes contacts with both DNA strands, including
the central guanine as well as an adenine residue on the cytidine-rich strand of the GC box. UV photocross-
linking revealed that the 95- and the 105-kDa protomers cross-link exclusively to opposite strands of the GC
box. These results suggest that the phosphorylation of the 95-kDa Spl protomer results in a change in the way
Spl is positioned on the P4 GC box and identifies a high-affinity GC box motif.

The transcription factor Spl regulates the basal level of
expression of many cellular and viral genes (22). Currently,
it is thought that either the 95- or the 105-kDa protomer of
Spl binds to the 10-nucleotide DNA sequence element, the
GC box, by specifically contacting guanine residues within
the element. The apparent molecular weight difference be-
tween the two protomers is due to the phosphorylation state
(15). A GC box consensus sequence has been derived and
divided into high- and low-affinity sequences on the basis of
competition studies for Spl binding (20). Both protomers
show equal and high affinity for the GC box sequences in the
21-bp repeats of simian virus 40 (SV40) despite the difference
in phosphorylation state between the two protomers (15).
The Spl-DNA interaction usually involves the contacting of
guanine residues only on the guanine-rich strand. One ex-
ception to this general rule is the human immunodeficiency
virus long terminal repeat promoter's GC boxes I and III in
which guanine residues on the cytidine-rich strand of the GC
box were shown by methylation protection experiments to
be contacted by Spl (18).
The P4 promoter of the parvovirus minute virus of mice

[MVM(p)] is also activated by Spl in an apparently unusual
manner. In vitro, the P4 promoter is a strong promoter, yet
it was shown by deletion mutagenesis to be primarily acti-
vated by a single nonconsensus GC box and a consensus
TATA element (1). Moreover, in crude nuclear extracts, the
MVM P4 GC box was also found to be as strong a competitor
for Spl binding as the high-affinity GC boxes in the 21-bp
repeats of SV40. The consensus sequence which ranks the
strength of GC boxes failed to predict the strength of the P4
GC box. To define the Spl-P4 GC box interaction further, we
have purified murine Spl (mSpl) from A92L nuclear extracts
and analyzed the molecular basis of the high-affinity inter-
action between mSpl and the MVM(p) P4 GC box. Our
results indicate that Spl binds to the P4 promoter in an
unusual manner. These observations led us to reanalyze the
composition of GC box sequences found in promoters to
elucidate conserved sequence motifs in the GC box element
which might influence Spl binding affinity.

* Corresponding author.

MATERIALS AND METHODS

Plasmids and oligonucleotides. The plasmid pMB415 was
made by ligating the BamHI-PstI P4 promoter-containing
fragment from MVM(p) into the Bluescript KS(+) vector.
The plasmid pP4- was constructed by ligating the BamHI-
PstI P4 promoter-containing fragment into the BS KS (-)
vector. The SV40 early promoter was derived from the
plasmid pSV2XCAT which has an XbaI linker placed in the
AccI site in pSV2CAT.
Chromatography resins. WGA sepharose was prepared by

coupling wheat germ agglutinin (WGA) (Sigma) to commer-
cially available CNBr-activated Sepharose CL-4B (PL Bio-
chemicals) according to the manufacturer's instructions. The
final amount of WGA coupled was 5 mg/ml of resin. Oligo-
nucleotide Sepharose was prepared by coupling the oligonu-
cleotide duplex BG 1/2 (containing the sequence from nucle-
otide [nt] 137 to nt 173 with three non-base-paired adenines
at its left end [Fig. 1A]) to CNBr-activated Sepharose CL-4B
according to the protocol of Amdt-Jovin et al. (3). The final
concentration of oligonucleotide coupled was 100 ,ug/ml of
resin.

Cell culture and nuclear extracts. Murine A92L fibroblasts
were grown in spinner flasks in Jokliks Dulbecco modified
Eagle medium (GIBCO-BRL) supplemented with 5% fetal
calf serum. The cells were harvested at a density of 5 x 105,
and nuclear extracts were prepared according to the method
of Dignam (1) except for the following modifications. All
buffers contained the following protease inhibitors: phenyl-
methylsulfonyl fluoride, metabisulfite, and benzamidine at
0.5 mM; EDTA and EGTA [ethylene glycol-bis(P-amino-
ethyl ether)-N,N,N',N'-tetraacetic acid] at 0.1 mM; and
aprotinin, leupeptin, and pepstatin at 50 ,ug/ml]. The cells
were lysed in hypotonic buffer (20 mM HEPES [N-2-hydrox-
yethylpiperazine-N'-2-ethanesulfonic acid; pH 7.9], 10 mM
KCl, 1.5 mM MgCl2, 20% glycerol) that also contained 1%
(vol/vol) Nonidet P-40 (NP-40; Calbiochem) and 2% (wt/vol)
polyvinyl alcohol (PVA) (Fluka) to stabilize the nuclei. The
nuclei were pelleted at 10,000 x g for 15 min and gently
resuspended in high-salt buffer (0.6 M KCl, 20 mM HEPES,
1.5 mM MgCl2, 20% glycerol, 0.1% NP-40, 10% [wt/vol]
sucrose [Schwartz-Mann]). The nuclei were extracted on a
nutator for 1 h at 4°C. The nuclear debris was removed by
centrifuging at 80,000 x g in a SW-50 rotor for 30 min. The
supernatant was dialyzed against 100 volumes of buffer D (20
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mM HEPES, 0.1 M KCl, 20% glycerol. 0.1% NP-40) which
was changed three times, once every 40 min; the total
dialysis time was 2 h.

Purification of mSpl. The freshly prepared nuclear extract
was applied to a 4-ml WGA Sepharose column at 15 ml/h.
The flowthrough fraction was aliquoted into Eppendorf
tubes and frozen in liquid nitrogen. The column was washed
with 16 ml of buffer D. The bound proteins were eluted by
adding 4 ml of buffer D containing 0.3 M N-acetyl glucose-
amine (Sigma), mixing the resin, and allowing the resin to
stand for 10 min prior to elution. The column was washed
with 4 ml of buffer D-GlcNAc solution. Then, ZnCl2 was
added to the eluted proteins to a final concentration of 10
,uM, and salmon sperm DNA was added to a final concen-
tration of 0.4 ,ug/ml of eluate. No magnesium was added to
any of the buffers used in the oligonucleotide sepharose
chromatography. The protein solution was placed on a
nutator for 10 min. After nutation, the protein was applied to
a 1-ml column of BG1/2 oligonucleotide Sepharose at a flow
rate of 15 ml/h. The eluate from this step was recycled over
the column twice. The column was washed with 4 volumes
of buffer D. Proteins were eluted by adding 1.2 ml of buffer
D containing 0.6 M KCl, mixing the resin with a pipette tip,
waiting 10 min, and eluting the released proteins. The
remainder of the proteins were collected by washing the
column with 1 ml of 0.6 M KCl-buffer D. The eluted proteins
were diluted to a KCI concentration of 0.1 M, ZnCl2 was
added to 10 ,uM, and salmon sperm DNA was added to 5
ng/ml. The protein solution was reapplied to a fresh BG1/2
sepharose column, and the above steps were repeated. The
final eluted protein was aliquoted into 50- and 100-,ul aliquots
and rapidly frozen in liquid nitrogen. The protein composi-
tion of various stages of the purification was analyzed by
sodium dodecyl sulfate (SDS)-polyacrylamide gel electro-
phoresis (PAGE) (26), and the gels were stained by the
method of Ansorge (2).
DNase I footprinting. The MVM P4 promoter footprinting

template is a BamHI-NcoI fragment. It is prepared by
restriction digestion of pMB415 (1) with either NcoI (C rich)
or BamHI (G rich), followed by dephosphorylation with calf
intestinal phosphatase. After three phenol-chloroform-
isoamyl alcohol (PCIA) extractions and two cycles of etha-
nol precipitation, the concentration of the template DNA
was determined by UV spectrophotometry. A typical foot-
printing probe labelling reaction involved 2 pmol of template
which was kinased by using T4 polynucleotide kinase and
[_y-32P]ATP (NEN; >6,000 Ci/mmol) followed by a 3-h
restriction digest with either BamHI or NcoI. An aliquot of
the labelled DNA was removed, and its specific activity was
determined by trichloroacetic acid precipitation. The la-
belled DNA was purified by PCIA, passed through a Biogel
P-6 spin column, and resolved on a native Tris-borate-
EDTA-5% polyacrylamide gel. The 260-bp promoter frag-
ment was excised from the gel and eluted by diffusion
overnight with a buffer containing 0.5 M NH4 acetate,
Tris-HCl [pH 7.5], 0.1 mM EDTA, and 0.1% SDS. The
eluted DNA was purified by PCIA extraction and ethanol
precipitation and was passed through a Biogel P-6 spin
column. The concentration of the labelled, purified probe
was determined by measuring the radioactivity by scintilla-
tion spectrometry of an aliquot and dividing by the specific
activity.
For the footprint binding reactions, the probe was mixed

with 4 ,ug of crude nuclear extract or 1 ,ul of WGA or DNA
Sepharose fractions. Each reaction contained 60 mM KCI, 6
mM MgCl2, 12 mM HEPES [pH 7.9], 12% glycerol, and 2%

PVA, and 1 jig, 100 ng, or 10 ng of (dI-dC)n was added to the
reaction for the respective protein sources. The mixture was
incubated for 15 min at 30°C. The rest of the protocol has
been described (9). The footprinting reactions were resolved
on a 6% polyacrylamide-urea (19:1) sequencing gel. Se-
quencing ladders were prepared by previously described
protocols (21).
The footprinting competition assays were conducted by

mixing the competitor with the end-labelled probe before
adding the affinity-purified Spl. The remainder of the proto-
col was the same as the footprinting reaction outlined above.
The competitors which were used are as follows. The P4
competitor was an oligonucleotide with the P4 promoter
sequences from nucleotide 137 to 173. The SV40 early
promoter 21-bp repeat competitor fragment is 187 bp long
and contains the SV40 sequences between nt 5173 and 115,
the SfaNI-HindIII fragment. The SV40 early promoter en-
hancer competitor fragment is 72 bp long and contains the
SV40 sequences between nt 115 and 187, the SfaNI-XbaI
fragment. The adenovirus major late competitor was an
oligonucleotide containing the sequences from nt -90 to -48
relative to the initiation of transcription.
The SV40 fragments were derived by digesting the plasmid

pSV2XCAT (containing an 8-bp XbaI linker inserted into the
SV40 early promoter AccI site of pSV2CAT) (1) with either
XbaI or HindlIl and then labelled by kinasing. To produce
the uniquely end-labelled footprinting probe, the XbaI-la-
belled plasmid was digested with BglII and the HindIII
end-labelled plasmid was digested with PvuII. The probes
were purified and quantitated as outlined above. The SV40
templates were DNase I footprinted following the same
protocol as for the MVM P4 promoter templates.
MPE footprinting. The P4 promoter fragments were foot-

printed with methidium propyl-EDTA (MPE) (gift from P.
Dervan) by the method outlined by Briggs et al. (6).

Methylation interference. The templates used in DNase I
footprinting reaction were also used in the methylation
interference reaction. The DNA was methylated according
to the method of Hendrickson and Schlief (14). The condi-
tions for the mobility shift were the same as in the DNase I
footprinting reaction discussed above. The bound and free
bands were localized by autoradiography of the wet gels,
excised, and eluted by electroelution overnight into TEA
electrophoresis buffer (26) containing 0.01% SDS. The
eluted samples were PCIA extracted twice and precipitated
by using ethanol with 10 ,g of yeast rRNA as carrier. The
samples were cleaved with piperidine, lyophilized, resus-
pended in formamide dyes, and run on a 6% (19:1) sequenc-
ing gel.

Mobility shift. The templates and DNA binding conditions
used for mobility shift reactions were the same as those of
the DNase I footprinting experiments (see above). Any
competitor DNAs in a particular reaction were added with
the labelled template at the beginning of the binding reaction.
After the incubation at 30°C, the DNA-protein complexes
were resolved on a vertical agarose gel and electrophoresed
at 80 V at room temperature. The buffer in the gel was 20
mM TEA electrophoresis buffer with 0.05% NP-40. For the
P4 promoter, the agarose (Bio-Rad) concentration used was
2% and the gel was run for 3 h. A similar gel was used for the
SV40 early promoter fragments except that the agarose
concentration was 1.5%. The gels were run in 20 mM TEA
electrophoresis buffer. The gel was cast between frosted
glass plates with 1-mm vinyl spacers.
The competitors used in the mobility shift assay were as

follows. The P4 promoter is the 415-bp BamHI-PstI frag-
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ment. The adenovirus major late promoter fragment is a
457-bp fragment spanning from nt 5774 to 6231 in the
adenovirus 5 genome. The SV40 early promoter 21-bp repeat
competitor fragment (SfaNI-HindIII) is 187 bp long and
contains the SV40 sequences between nt 5173 and 115.

In vitro transcription and primer extension. The standard
transcription reaction (20 ,ul) was described previously (1).
The primer extension conditions were described by Jones et
al. (19). The transcription reconstitution reactions were as
described by Jackson and Tjian (17). The primer that was
used was complementary to nt 259 to 285 in the MVM(p)
genome. Particular amounts of materials are defined in the
figure legends.
UV photocross-linking. Single-stranded M13 DNA was

isolated by superinfecting JM101 cells which harbored either
pMB415 or pP4- with the helper phage R408 according to
the manufacturer's instructions (Stratagene). Either the T3
or the T7 promoter primer was annealed to the purified
single-stranded DNA and the primers were extended by
using the Kleenow fragment of DNA Poll with 5-Br-dUTP,
[a-32P]dGTP, dCTP, and dATP as substrates. The BamHI-
NcoI fragment was isolated by restriction digestion and
purification on a native 5% polyacrylamide gel. The fragment
was used in a mobility shift assay as described above. The
remainder of the protocol has been described by Gallinari et
al. (10). The samples were run on a SDS-6% polyacrylamide
(30:1) gel. Dimethylpimelimidate (DMP) for cross-linking
was prepared by the method of Cover (8). Samples were
treated with DMP by adding 1 ,l of neutralized 20 mM DMP
to the binding reactions (20 Rd) and allowing the mixture to
react for 10 min at 30°C. These samples were processed in
the same manner as the non-DMP-treated samples.

RESULTS

Purification of mSpl. The two mSpl protomers were
purified from mouse A92L fibroblasts to near homogeneity
by using a procedure based on the method outlined for the
human Spl (hSpl) proteins (17). One significant change was
that the DNA affinity resin used an oligonucleotide contain-
ing sequences from the P4 promoter (Fig. 1A, BG1/2) cou-
pled as a single duplex oligomer to Sepharose CL-4B beads.
The purification was initially hampered by the persistence of
a potent protease activity which contaminated even the final
highly enriched affinity fraction. Thus, high levels of prote-
ase inhibitors were required throughout the purification
scheme (see Materials and Methods) to ensure the integrity
of the proteins. Moreover, the crude extract apparently has
high levels of glycosidic enzymes, since prolonged dialysis
or a freeze-thaw step resulted in significant amounts of Spl
flowing through a WGA-Sepharose affinity column. Conse-
quently, the freshly prepared nuclear extracts were immedi-
ately fractionated, and the entire purification was completed
in 1 day. The purified protein appears as a doublet on a
silver-stained SDS-polyacrylamide gel (Fig. 1B, lane A2).
The purification was followed by DNase I footprinting
assays (Fig. 1C). Because of the inclusion of high levels of
the peptide protease inhibitor leupeptin, it was difficult to
calculate overall yields of mSpl by spectrophotometric dye
binding assays, yet, as judged by silver staining, the yield
from 3 x 109 cells ranged from 10 to 20 p.g.

Further characterization of the purified protein demon-
strated that it was biologically active and biochemically
similar to hSpl. Purified mSpl was capable of enhancing
transcription from the P4 promoter in a depleted crude
nuclear extract (Fig. 2, lane 2 versus lanes 5, 7, and 9).

Purified mSpl cross-reacted strongly with a polyclonal anti-
Spl antiserum raised against HeLa cell Spl (data not
shown). By using the galactosyl transferase assay (16),
purified mSpl was strongly labelled with [3H]galactose, as
were some of the proteolytic degradation products (data not
shown). As a further check on the activity of mSpl, we
demonstrated that mSpl forms footprints on the late strand
of the GC boxes in the SV40 early promoter (Fig. 3).
The MVM P4 GC box is a high-affinity Spl binding site. In

a mobility shift competition assay, the P4 GC box was
originally shown to compete strongly for Spl binding by
using either crude human (HeLa cell) or crude murine (A92L
cell) nuclear extracts (1). Since the P4 promoter contains
homologies to three overlapping transcription factor binding
site (Fig. 1A), it was possible that the affinity of Spl for the
P4 promoter was due to an interaction of Spl with another
transcription factor(s). Therefore, purified mSpl was used in
a mobility shift competition assay to compare the competi-
tive strength of the GC boxes in the SV40 21-bp repeats to
the MVM P4 GC box using either an end-labelled P4 pro-
moter fragment (Fig. 4A) or an SV40 early promoter frag-
ment as the reporter (Fig. 4B). With either probe, it is clear
that the P4 promoter is as avid a competitor as the SV40
21-bp repeats, especially when one considers that there are
six GC boxes, including two of high affinity in the SV40
promoter fragment used as a competitor (20). The avidity of
mSpl for the P4 GC box was also tested in a competition
assay using DNase I footprinting (Fig. 4C), in which the
competitors were oligonucleotides. Again, both the SV40
and MVM promoters exhibit high-affinity binding. The re-
sults of these experiments support the earlier observation (1)
that Spl binds tightly to the MVM P4 promoter.
The mobility shift assay also provided some insight into

the interaction of Spl with the SV40 21-bp repeats. In Fig.
4B, the P4 promoter fragment was labelled, incubated with
Spl, and the P4-Spl complex was run as a molecular weight
marker alongside the labelled SV40 early promoter frag-
ment. There were two discrete complexes formed on the
SV40 fragment. The lower band (Bi) has the same mobility
as the band formed by the P4 promoter fragment which
corresponds to one Spl protomer binding to the SV40 21-bp
repeats. The upper band (B2) corresponds to two molecules
of Spl binding. The results of methylation interference
studies on the shifted bands lend support to there being
several different partially filled GC boxes in each band,
because no specific pattern of interference was seen in either
band (24). Apparently, either one of the two high-affinity GC
boxes in the 21-bp repeats can be bound by Spl in the lower
complex.
Spl contacts both strands of the P4 GC box. Methylation

interference experiments were conducted to define the gua-
nine and adenine residues in the P4 GC box which were
contacted by Spl. The results of these experiments are
shown in Fig. 5. For stable binding to the P4 GC box, mSpl
contacts seven guanine residues on the G-rich plus strand,
including a guanine which is outside of the normal decamer
consensus sequence limit. The large methylation interfer-
ence footprint is consistent with the results of MPE-Fe(II)
footprinting in which a 17-bp footprint extending beyond the
decamer limits of the GC box is seen (Fig. 6). Interestingly,
methylation interference experiments conducted on the
C-rich minus strand revealed that the central guanine and a

peripheral adenine are contacted by mSpl (Fig. SB). We
obtained similar results when purified hSpl was used instead
of mSpl in the methylation interference assays (data not
shown). The large number of residues that Spl contacts in
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FIG. 1. MVM P4 promoter sequence and purification of mSP1. (A) A partial sequence of the P4 promoter of MVM(p); transcriptional
initiation occurs at nt 205. The plus (+) and minus (-) strands are indicated. LM-1 (nt 150 to 159), LM-GC (nt 159 to 168), LM-3 (nt 171 to
180) are BglII linker insertion mutants (1); promoter sequences which are replaced by the linker are denoted by the dark line. BG1/2 is an

oligonucleotide which contains sequences (nt 137 to 173) from the P4 promoter (underlined) used to purify mSpl. The ElA sequence is an 8
of 10 nucleotide match to the ElA enhancer element (13). The GT1 sequence is a seven of eight nucleotide match to the GT1 element in the
SV40 early promoter (28). The GC box is a ten of ten match to the GC box consensus sequence (20). (B) Aliquots of murine fibroblast A92L
nuclear extract (C), WGA flowthrough fraction (WF), WGA GlcNAc eluate (WE), and a TCA precipitate of 50 ,ul of a 0.6 M KCl fraction from
the second DNA Sepharose column (A2) were electrophoresed on a SDS-6 to 12% polyacrylamide gradient gel and silver stained. The affinity
fraction (lane A2) contains a prominent doublet of bands at 95 and 105 kDa (arrow) and two fainter bands at -67 and 45 kDa which cross-react
with a polyclonal anti-hSpl antibody and therefore appear to be proteolytic degradation products of full-length Spl. (C) Autoradiogram of
DNase I footprinting assay of affinity fractions. Lane Y is a C+T sequencing reaction. Lane G is a G sequencing reaction. The top strand (+)
and the bottom strand (-) of the P4 promoter are indicated. The lanes are marked as follows: -, no protein; Al, 1 ,ul of 0.6 M eluate from
DNA Sepharose column 1; A2F, 1 ,ul of flowthrough fraction from DNA Sepharose column 2; A2, 1 ,ul of 0.6 M KCl fraction from DNA
Sepharose column 2. The position of the GC box is indicated by the open rectangle.

the P4 GC box led us to inquire about the number of Spl
protomers which were binding to this GC box; usually, one
protomer of Spl contacts only 3 or 4 guanine residues on the
G-rich strand of a GC box.
Spl protomers assymmetrically cross-link to the P4 GC box.

We used the mobility shifted P4-mSpl complex in Fig. 4 as
the starting point for the UV photocross-linking of mSpl to
the P4 promoter fragment. This complex had already been
demonstrated (Fig. 4 and 5) to be the result of a specific

P4-mSpl interaction. The UV photocross-linking scheme
that we used combines two methods which were recently
reported (10, 12). This method, summarized in Fig. 7A,
involves generating promoter fragments which are substi-
tuted with Br-dUTP and [a-32P]dGTP on one strand by
primer extension of a primer annealed to a single-stranded
M13 template. The promoter containing fragment is isolated
by restriction digestion, purified, and used in a mobility shift
assay, and the resultant DNA-protein complexes are photo-
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FIG. 2. Primer extension analysis of enhanced P4 promoter tran-
scription. Transcription reconstitution from the P4 promoter. The
amounts of WGA flowthrough (WGA FI) fraction (an Spl depleted
fraction) and the affinity-purified Spl A2 fraction (DNA Affinity)
used in the reactions are indicated above each lane. Lanes 1 to 3,
WGA flowthrough fraction alone (2, 4, and 6 p.1, respectively);
Lanes 4, 6, and 8, 2 p1 of WGA FT fraction added; Lanes 5, 7, and
9, 4 pL. ofWGA FT fraction. Lanes 4 and 5 were supplemented with
affinity-purified mSpl (1 of 0.6 M eluate from DNA Sepharose
column 1). Lanes 6 and 7 were supplemented with mSpl (1 of 0.6
M KCI fraction from DNA Sepharose column 2). Lanes 8 and 9 were
supplemented with 1 of 0.6 M KCI fraction from a third DNA
Sepharose column. Compare lane 2 (depleted) to lanes 5, 7, and 9
(supplemented). The primer extension product of a correctly initi-
ated P4 transcript is 82 nucleotides long. Lane M is radioactively
end-labelled pBR322 MspI fragments.

cross-linked in the gel. Advantages of this method include
the following: (i) the template is randomly labelled and there
are no assumptions as to which guanine residues will be
contacted by a DNA binding protein; (ii) because M13 clones
containing either the plus or minus strands can be isolated
for selective strand labelling, it allows the examination of
possible contacts on both strands; and (iii) the specificity of
the method originates from the isolation of a particular
mobility-shifted band for cross-linking analysis. Since the P4
promoter forms only one band in the mobility shift assay
when mixed with purified Spl and this band was shown by
methylation interference to be a specific interaction with the
GC box, we were confident that the interactions that were
being detected in the cross-linking assay were specifically
those of Spl binding to the GC box of the P4 promoter.

Figure 7B shows the results of cross-linking mSpl to the
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FIG. 3. DNase I footprinting assay of mSpl bound to the late
strand of the SV40 early promoter. Four femtomoles of the G-rich
strand of the SV40 early promoter was end labelled and incubated
with no protein (-), 1 p.1 of crude A92L nuclear extract (lane Cl), 1
and 2 p.1 of WGA Sepharose GlcNAc eluate (lanes Al-i and Al-2,
respectively), and 1 and 2 p.1 of 0.6 M KCI fraction from DNA
Sepharose column 2 (lanes A2-1 and A2-2, respectively). Lanes Y
and G are the C+T and G Maxam and Gilbert sequencing reactions,
respectively.

P4 GC box. When the G-rich plus strand was substituted
with Br-dUTP and [a-_32P]dGTP, only the 95-kDa protomer
of mSpl cross-linked to theP4 GC box; the 105-kDa pro-
tomer was not detected. In contrast, when the C-ri'ch minus
strand was labelled, the 105-kDa protomer cross-linked to
the GC box. We concluded from these results that the two
Spl protomers are contacting opposite strands of the P4 GC
box. In Fig. 7B, the lanes marked DMP + show the results
of an attempt to chemically cross-link the 95- and 105-kDa
protomers together by using DMP (1.1-nm linker) and then
mobility shifting and UV photocross-linking to the P4 pro-
moter in the gel matrix. We had hoped to see the appearance
of a new band of approximately 200 kDa, which would
indicate that the two promoters of Spl had been cross-linked
together. However, we were unable to detect any dimeric
species of Spl which cross-linked to the labelled DNA.
Both the photocross-linking and the methylation interfer-

ence assays were performed on the same mobility-shifted
complex. Thus, the results of the two types of experiments
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FIG. 4. Mobility shift and DNase I footprinting competition assays. (A) Mobility shift of 4 fmol of end-labelled P4 promoter fragment

(BamHI-NcoI, 260 bp) bound by 1 l.l of affinity-purified (passage two) mSpl. The lanes contain no competitor (-), cold adenovirus major late
promoter fragment (Ad), cold P4 promoter fragment (P4), or cold SV40 early promoter fragment (SV40). The competitors were present at
either 4 or 8 fmol. Competitors are described in Materials and Methods. (B) Mobility shift of 4 fmol of end-labelled SV40 early promoter
fragment (HindIII-PvuII, 342 bp) bound by affinity-purified (passage two) mSpl. The competitors were the same as described above. The lane
labelled P4* contains 4 fmol of end-labelled P4 promoter fragment bound by 1 ,ul of affinity-purified (passage two) mSpl. (C) DNase I
footprinting competition of affinity-purified (passage two) mSpl binding to the P4 promoter (4 fmol of BamHI-NcoI fragment). The plus (+)
and minus (-) strands are indicated. Lanes R and G, Maxam and Gilbert A+G and G sequencing reactions, respectively. Lanes: NP, no
protein; -, no competitor; P4, cold P4 promoter fragment at 40 and 80 fmol; LMGC, cold GC box linker scanning mutation promoter fragment
at 40 and 80 fmol; Ad, cold adenovirus major late promoter at 80 fmol; SG, SV40 21-bp repeats at 80 fmol; SE, SV40 enhancer at 80 fmol.
Competitors are described in Materials and Methods.

taken together imply that either both promoters of Spl are
binding to the P4 GC box individually and that their confor-
mations differ such that they are cross-linked to opposite
strands or that both promoters of Spl are binding simulta-
neously to the P4 GC box and are unreactive to cross-linking
by DMP.
GC box consensus sequence. The current Spl consensus

sequence predicted that the P4 GC box would be a low-
affinity binding site, yet the experimental evidence showed
that it was a strong recognition site for Spl. In an effort to
resolve the paradox of these findings, we decided to analyze
the distribution of sequences found in GC boxes. Figure 8
shows an analysis of the distribution of nucleotides in 64
promoter-associated GC boxes which have been reported in
the literature. In this analysis we did not rank the sequences

in order of their Spl affinity; such a method had failed to
predict the strength of the P4 GC box. The distribution of
nucleotides in the GC boxes surveyed produces essentially
the same consensus sequence as the one previously pub-
lished (20) despite there being 34 different GC box se-
quences. The guanines at positions 3, 4, and 6 are absolutely
conserved in all of GC boxes surveyed. Guanine residues 3,
4, and 6 have been shown to be important residues by
methylation interference and protection for Spl binding (5,
11, 18, 20).

In examining the sequences collected in Fig. 8, we noted
that there are nine GC boxes with a thymine at position 7.
Interestingly, the thymine at position 7 correlates with Spl
making contacts on both strands of the GC box element in all
three of the GC boxes which have been characterized.
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FIG. 5. Methylation interference. (A) Summary of residues (un-
derlined) which interfere with mSpl binding to the P4 GC box when
methylated. The conditions used in the mobility shift assay are
described in Materials and Methods. (B) Methylation interference
results. The P4 promoter G-rich (+) and C-rich (-) strands are
indicated. Lane Y, C+T sequencing ladder; lane G, G sequencing
ladder; lane B, bound fraction; lane F, free fraction. The positions of
the guanine residues which are contacted is indicated on the right
side of each panel of lanes.

Moreover, both the P4 and human immunodeficiency virus
GC box 3 are high affinity (18). We propose that the thymine
residue at position 7 of the GC box is indicative of a subclass
of high-affinity GC boxes.

DISCUSSION
P4 promoter is GC box activated. The main conclusion of

the P4 promoter mutagenesis studies was that the P4 pro-
moter is a GC box-driven promoter (1). The purification of
mSpl as the dominant protein binding to the P4 promoter and
the demonstration that affinity-purified mSpl is able to
enhance transcription from the P4 promoter in a depleted
nuclear extract substantiate this conclusion. The low level of
transcription that persists from the P4 promoter may be due
to close (20 nucleotides) positioning of the P4 TATA box to
the RNA initiation site. This basal activity is consistent with
the results of chloramphenicol acetyltransferase assays with
a deletion mutant of the P4 promoter which has all of the
sequences upstream of the TATA box deleted yet still
retains low-level activity (1). Further proof of this hypothe-

FIG. 6. MPE footprinting of P4 promoter. The P4 promoter
G-rich (+) strand and C-rich (-) strand are indicated. Lane -, no
protein; lane +, 2 ,ul of 0.6 M KCl fraction from DNA Sepharose
column 2; lane R, A+G sequencing ladder; lane G, G sequencing
ladder. The reaction conditions are described in Materials and
Methods.

sis is found in the results of recent viral reconstruction
experiments from the Pintel laboratory (23). The BglII linker
scanning mutations in the P4 promoter (Fig. 1A) were
reconstructed into a full-length, infectious MVM(p) clone,
and after transfection, the transfected cell supernatant was
assayed for the production of viable virus in a plaque assay.
The linker mutants replacing the GC box (LM-GC) and the
TATA box (LM-3) were lethal; no detectable virus was
recovered. A linker mutant in the sequence immediately
upstream of the GC box, LM-1, reduced the yield of recov-
erable virus 25-fold. Since the linker mutations reside in viral
sequences which appear to exclusively regulate early gene
transcription and are not likely to be involved in packaging
and virus assembly, the results demonstrate that in vivo the
P4 promoter requires an intact GC box and TATA box for
activity. Furthermore, the finding that sequences adjacent to
the GC box decamer are required for in vivo activity is
supported by the results of the methylation interference
experiments (Fig. 5). The experiments revealed that one of
the guanine residues replaced by the linker is contacted by
Spl. Indeed, repeated attempts to map the potential contact
residues within the LM-GC and LM-1 mutants by methyla-
tion interference and UV photocross-linking experiments
using purified mSpl were unsuccessful (24), indicating that
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FIG. 7. UV photocross-linking of mSpl to the P4 GC box. (A)
Schematic diagram of the M13-derived probe cross-linking scheme
described in detail in Materials and Methods. (B) Proteins cross-
linked to the P4 Promoter DNA fragment (BamHI-NcoI) labelled
with Br-dUTP and [U_-32P]dGTP on either the plus (+) or the minus
(-) strand as indicated. The reaction mixtures which were treated
with dimethylpimelimidate prior to electrophoresis and UV cross-
linking(DMP) are indicated as DMP +. The 105-kDa Spl protomer
specifically binds the minus strand while the 95-kDa protomer binds
the plus strand.

both linker insertion mutations disrupt contacts necessary
for mSpl binding.

Different classes of GC boxes. At this time, there is suffi-
cient evidence to define two classes of high-affinity GC
boxes. One class is certainly the class with a guanine at
position 7, where one protomer of Spl binds to each GC box
element (7). This class of GC boxes is recognized with equal
affinity by both protomers of Spl, and the proteins contact
only the G-rich strand. We suggest that the P4 GC box is
representative of another class of high-affinity GC box with
a thymine at position 7, where Spl makes contacts with
guanines on both strands of the GC box element. All of the
members of this class that have been characterized are
contacted by Spl on both strands. With respect to this point,
the recent work of Thiesen and Bach is illuminating (27).
They used a nitrocellulose filter binding assay with purified
Spl to select oligonucleotides with high-affinity GC boxes
from a pool of oligonucleotides which had random se-
quences. Their analysis offers a neutral assessment of Spl
DNA sequence affinity. In accordance with our proposal,
one of the two high-affinity oligonucleotides that was se-
lected, S3, contains a thymine at position 7 (AGGGCGT
ATA).
Spl switches or heterodimers? An unusual feature of Spl's

binding to the P4 GC box is the asymmetric cross-linking of
the two Spl protomers to the positive and negative strands.
Recently, Jackson et al. reported that the 95- and 105-kDa

4 4 - |2 1 14 8 7

6 - - - 62 - - 3 3 36

36 60 64 64 - 64 54 44 50 8

18 - - - - - 9 3 3 13

FIG. 8. Summary of GC box motifs. GC box sequences were
collected from the literature, and the occurence of specific sequence
motifs was compiled. The promoters whose GC boxes were used are
listed as follows: adenosine deaminase (ADA) human (3), ADA
murine (1), adenovirus E2A-Late (1), adenovirus pIX (1), B19-P6
(1), beta-DNA Pol (3), canine parvovirus (1), cytochrome C (2),
5-crystallin (1), dihydrofolate reductase (4), epidermal growth factor
receptor (1), -y-fibrinogen (1), H-1 (parvovirus) (1), human growth
hormone (1), human immunodeficiency virus long terminal repeat
(3), hydroxymethyl glutaryl coenzyme A reductase (2), hypoxan-
thine phosphoribosyltransferase (1), Hsp7O (1), herpes simplex virus
immediate-early 3 (5), herpes simplex virus thymidine kinase (2),
monkey promoter (3), metallothionein (1), MVM(p) P4 (1), MVM(i)
P4 (1), MVM P38 (1), nuclear factor I (transcription factor) (1),
cH-Ras (6), SV40 (6), and the rat U2 (1).

forms of Spl showed equal affinity for the GC boxes in the
SV40 21-bp repeats despite their being differentially phos-
phorylated by a DNA-dependent kinase (15). However, they
did not specify whether the individual protomers showed
equal affinity for both strands of the GC box. Our results
demonstrate that the two protomers cross-link to different
sequences in the P4 GC box. Since the cross-linked samples
were exhaustively digested with 100 U of DNase I (35 ,uU
are used in a DNase I footprinting reaction) and micrococcal
nuclease prior to SDS-PAGE, we feel that this would re-
move any residual non-cross-linked DNA which could arti-
factually increase the apparent molecular weight of the
cross-linked species. Further proof that the two bands are
representative of distinct protein species is found in the
protease sensitivity of the two protomers. Initial attempts to
cross-link proteins to the P4 promoter revealed that the
95-kDa protomer cross-linked to the G-rich strand when it
was radioactively labelled. With the label on the opposite
strand, a faint band at 105 kDa was visible, as were several
discrete lower-molecular-weight bands corresponding to
proteolytic degradation products of the full-length Spl pro-
tomers; similar degradation products have been reported by
others (6). When the concentration of protease inhibitors
was raised to 50 p,g/ml, the 105-kDa band increased in
intensity, while the lower-molecular-weight bands decreased
in intensity. In contrast, the intensity of the 95-kDa band
remained unchanged. Collectively, the results demonstrate
that the Spl 95-kDa protomer makes contacts which allow it
to be cross-linked to the G-rich strand of the GC box and
reciprocally, the 105-kDa protomer makes different contacts
which allow it to be cross-linked to the C-rich strand.
Furthermore, since the M13 cross-linking experiments were
conducted with affinity-purified protein under conditions
which do not favor phosphorylation of the 95-kDa protomer,
it is unlikely that a 95-kDa protomer contacting the C-rich
strand was preferentially phosphorylated and converted into
the 105-kDa protomer during the incubation reaction.

SDS PAGE
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We have considered two different models of Spl binding
to the P4 GC box to explain the footprinting and cross-linking
data. In the first model, Spl binds to the P4 promoter as a
monomer contacting both strands of the P4 GC box as
suggested by the methylation interference assay. In this
context, the mobility shift patterns in Fig. 4 show that the
lowest bound state of either the 21-bp repeats or the P4
promoter contains one Spl protomer. The differences in the
cross-linking susceptibility of the two protomers suggests
that the conversion of the 95-kDa protomer into the 105-kDa
protomer changes the proximity of reactive residues on Spl
relative to the Br-dUTP residues in or flanking the P4 GC
box. Whether the phosphorylation of Spl changes the cross-
linking susceptibility by electrostatically repelling a reactive
intermediate or causes a conformational switch in Spl is
unclear. However, using a mobility shift assay, Jackson et
al. report that both isoforms of Spl bind the SV40 high-
affinity GC box with equal avidity (15).
An alternate model is that two Spl protomers are simul-

taneously bound to the P4 GC box as a dimer. Previously,
Courey et al. have postulated that Spl could not form dimers
when both Spl protomers were bound to adjacent GC boxes
(7). However, they did detect the presence of a subpopula-
tion of Spl which can dimerize in solution. The possibility
exists that by using the P4 GC box sequences in the DNA
affinity column, we have enriched a subpopulation of Spl
which can form dimers. Still, there are no data to suggest
that the two protomers of Spl have different affinities for
sequences in the GC box, and this is an inherent weakness in
the dimer model. Because we were using a mixture of both
protomers in our assays, we are unable to directly test
whether both isoforms of Spl are required to produce the
observed methylation interference pattern or even the mo-
bility shift pattern.
The first model is the simplest explanation of our data. Our

inability to cross-link together the two promoters of Spl in
the gel-shifted band argues against the simultaneous pres-
ence of both protomers on the same P4 GC box. Addition-
ally, the absence of a protein-bound band with a faster
mobility than either the P4 GC box or the SV40 21-bp repeats
in the mobility shift assay indicates that either Spl binds as
a dimer to all GC boxes or that it binds as a single protomer.
Moreover, the dimer model is predicated on the untested
assumption that a single protomer of Spl can't contact both
strands of the P4 GC box. Different cross-linking approaches
will need to be tried in order to absolutely prove or disprove
the presence of Spl dimers on the GC box. Additionally, the
differences in the mobility of the cross-linking adducts may
be simply due to the cross-linking of a larger piece of DNA
to Spl when it cross-links to the C-rich strand as opposed to
the G-rich strand. If this were true, it does not explain the
susceptibility of the C-rich cross-linking adduct to proteases
in the original binding reaction.
Thus, these results highlight an unusual manner in which

Spl can bind to a GC box and raise the possibility that
different conformations of Spl protomers are involved in a
general mechanism of regulating transcription from GC
boxes. Characterization of the way in which phosphoryla-
tion influences Spl's interaction with the rest of the tran-
scription apparatus awaits the purification of the adaptor
molecules which link Spl and transcription factor IID (25).
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