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We have identified a novel brain-derived single-stranded-DNA-binding protein that interacts with a region of
the human neurotropic JC virus enhancer designated the lytic control element (LCE). This nuclear factor, LCP-1
(for lytic control element-binding protein 1), specifically recognizes the LCE, as determined by gel retardation
assays. Alkylation interference showed that specific nucleotides within the LCE were contacted by LCP-1.
Subsequent experiments revealed that point mutations within the LCE differentially affected LCP-1 binding. UV
cross-linking and competition analysis suggested that the LCP-1 DNA-protein complexes were 50 to 52 and 100
to 120 kDa in size. Promoter mutations that affected LCP-1 binding reduced early mRNA transcription during
the early phase of the lytic cycle. However, upon DNA replication in the presence of JC virus T antigen, when
early mRNA initiation shifts to new locations indicative of the late phase, the LCP-1 mutations had no effect. We
suggest that the JC virus early transcription unit is differentially regulated by LCP-1 prior to but not after DNA
replication, suggesting a novel mechanism by which DNA structure regulates eukaryotic gene expression.

JC virus (JCV) is an excellent model system for examining
the regulation of tissue-specific gene expression in the cen-
tral nervous system. JCV is an opportunistic polyomavirus
responsible for the fatal demyelinating disease progressive
multifocal leukoencephalopathy (26, 27). Unlike simian virus
40 (SV40) and other polyomaviruses, JCV has an unusually
narrow tissue tropism. In immunocompromised hosts, JCV
lytically infects oligodendroglial cells, the myelin-producing
cells in the central nervous system, while in cell culture, JCV
replicates efficiently only in primary human fetal glial cells
(26). The narrow tissue tropism of JCV can be attributed, at
least in part, to the transcriptionally restricted expression of
the early genes to glial cells, as examined by transient-
transfection assays (8, 15, 37), cell fusion experiments (3),
and experiments with transgenic mice (32, 39).

It has been shown previously that the viral enhancer
contains a repeated pentanucleotide sequence within the OP,
region, 5'-AAAAAAAAGGGAAGGGATGGCTG-3’, which
downregulates transcription initiation from the viral late
promoter as well as a heterologous promoter in glial cells
(36). Others have found that this A+G-rich motif is required
for T-antigen (T-Ag)-mediated replication of JCV DNA (23)
and the related human polyomavirus BK virus (6). Multiple
nuclear factors derived from glial cells have been found to
interact with this sequence, in particular a 56-kDa protein
(30, 36), although the functions of these proteins have not
been determined. More recent results with a heterologous
promoter have indicated that the pentanucleotide repeat may
function as an orientation-dependent activator/repressor
(35a), suggesting that this region may represent a novel
multifunctional element capable of interactions with several
nuclear proteins involved in the regulation of both viral
transcription and DNA replication. Therefore, we have
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designated the pentanucleotide repeat sequence the lytic
control element (LCE) for JCV.

In the present study, we have begun to identify, charac-
terize, and purify the nuclear proteins derived from brain
tissue which interact with the LCE. We have found several
complexes which appear to interact with this region. In
particular, we have identified a novel sequence-specific
complex, lytic control element-binding protein 1 (LCP-1),
which recognizes only single-stranded DNA. We have iden-
tified sets of point mutations that specifically affect the
binding of LCP-1 to its target sequences within the LCE.
These point mutations, when placed back into the full-length
promoter, affected transcription from the early promoter
prior to DNA replication (early-early mRNAs [Ex mRNAs])
but not after DNA replication (late-early mRNAs [Lg
mRNAs]). We discuss how LCP-1 may be involved in the
regulation of the early promoter during the course of the JCV
lytic cycle in glial cells as well as the potential role of similar
transcription factors in the regulation of cellular growth and
gene expression.

MATERIALS AND METHODS

DNA-protein interactions. Oligonucleotides were synthe-
sized commercially by Oligos Etc., Guilford, Conn., and gel
purified by denaturing gel electrophoresis and UV shadow-
ing prior to use. The sequences of the oligonucleotides were:

OP,; 5'-GATCCAAAAAAAAGGGAAGGGATGGCTG-3'

3. GTTTTTTTTCCCTTCCCTACCGACCTAG-5' OPg
OP,, 5'-GATCCAAAAAAAACAGATCTAATGGCTG-3'

3. GTTTTTTTTGTCTAGATTACCGACCTAG-5' OP,
OP,, 5'-GATCCAAAAAAAATGGAACGGAG-3’
OP,, 5'-GATCCAAAAAAAAGTGAAGCGAG-3'
OP,; 5'-GATCCAAAAAAAAGGTAAGGCAG-3'
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Fresh monkey brain was obtained from Perkasave
(Quakertown, Pa.) and kept frozen at —70°C until use.
Nuclear extracts were prepared as described previously (1).
The protein concentration was measured with a kit from
Bio-Rad and determined to be 2 mg/ml.

Gel retardation experiments were performed essentially as
described before (36). Briefly, double- and single-stranded
DNAs were end labeled with *?P and gel purified. Approxi-
mately 30,000 cpm of probe was incubated with 4 pg of
nuclear extract on ice for 15 min prior to electrophoresis on
native 9% polyacrylamide-0.5x TBE gels. In competition
experiments, extracts were incubated with unlabeled DNAs
on ice for 15 min before the probe was added.

For methylation and carbethoxylation interference assays,
end-labeled oligonucleotides were alkylated with dimethyl
sulfide (DMS) or diethylpyrocarbonate (DEPC) (Sigma) as
described previously (35). Binding reaction mixes were
scaled up fivefold, using 300,000 cpm of modified probe. Gel
retardation was carried out as above, and the wet gel was
exposed overnight. Free and bound oligonucleotides were
isolated from the gel and cleaved for 30 min at 95°C in 1 M
piperidine (Sigma). Following several rounds of lyophiliza-
tion, the products were electrophoresed on a denaturing 20%
polyacrylamide gel.

In UV cross-linking experiments, binding reactions were
carried out as above with 1 g of total protein from partially
purified fractions. Complexes were cross-linked for 30 min at
room temperature with a hand-held long-wave UV light. The
resulting complexes were either analyzed directly by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) or loaded onto native gels and then analyzed by
SDS-PAGE as described in the text. The dried gel shown in
Fig. 5 was exposed to a phosphor screen and the complexes
were detected with a Phosphorlmager (Molecular Dynam-
ics), whereas the gels shown in Fig. 6 were visualized by
standard autoradiography.

Plasmids and site-directed mutagenesis. All enzymes and
reagents used in cloning and sequencing were purchased
from either New England Biolabs, Boehringer Mannheim
Biochemicals, or U.S. Biochemicals and used according to
the supplier’s recommendations. The plasmid pBEL,-JC
was constructed by replacing the SV40 control region in the
vector pBEL, (41) with the control region of the Mad I strain
of JCV. The Ncol fragment from plasmid pBJC (1) contain-
ing the early and late promoter regions was blunted with T4
DNA polymerase and gel purified. The SV40 sequences
were removed from the vector with HindIII, and the ends
were blunted with T4 DNA polymerase and ligated to the
JCV fragment.

The same Ncol fragment was cloned into the Smal site of
M13 mpl9 and mutagenized as described previously (19).
The sequences of the mutagenic oligonucleotides (mutated
bases are underlined) were: 3A, 5'-AAAAAAAATGGAA
CGGATGGCTGCCAGCC-3'; 4A, 5'-AAAAAAAAGTGAAG
CGATGGCTGCCAGCC-3'; and 5A, 5'-AAAAAAAAGGT
AAGGCATGGCTGCCAGCC-3'. The resulting mutants
were sequenced to identify clones containing the expected
mutations only in the ‘““A”> 98-bp repeat (see Fig. 1). The
HindIII-Pvull fragment containing the origin and the 98-bp
repeats from each mutant replaced the same fragment in the
parent plasmid to yield pBEL,-3A, -4A, and -5A. This entire
insert was sequenced again to ensure that no additional
mutations were present in the promoters of the pBEL,-
derived vectors.

Cell culture, transfections, and S1 nuclease protection.
U87-MG cells were maintained in Dulbecco’s modified Ea-
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gle’s medium supplemented with 10% fetal bovine serum
(GIBCO) and antibiotics. Cells were plated at a density of 2
x 106 cells per 10-cm dish and given fresh medium 4 h prior
to transfection by the calcium phosphate coprecipitation
method (10). Twenty-five micrograms of each pBEL,-de-
rived plasmid was cotransfected with 5 pg of either pUC19
or pBJC-T, a plasmid encoding JCV T-Ag under the control
of the herpes simplex virus ICP4 promoter (38).

Total RNA was isolated 40 h after transfection for S1
nuclease protection assays. Cells were washed twice with
phosphate-buffered saline and lysed in a buffer containing 4
M guanidinium isothiocyanate, 10 mM EDTA, and 140 mM
2-mercaptoethanol. The lysates from two 10-cm plates were
pooled and pelleted through a cushion of 5.7 M cesium
chloride-10 mM EDTA in a TL-100 rotor (Beckman) for 4.25
h at 70,000 rpm. Input plasmid DNA was subsequently
removed by digestion with RNase-free DNase I (Boehringer
Mannheim).

The S1 nuclease protection probe was derived essentially
as described previously (38). The fragment spanning the
globin cDNA sequence from +108 through the JCV early
region to nucleotide 111 was cloned into the Smal site in
M13 mp19. The universal primer was used to direct synthe-
sis of a uniformly labeled single-stranded probe 622 nucleo-
tides in length. Total RNA (30 pg) was resuspended with the
probe (20,000 cpm) in 20 pl of 80% formamide-40 mM
PIPES [piperazine-N,N’-bis(ethanesulfonic acid), pH 6.5]-
400 mM NaCl-1 mM EDTA, denatured for 15 min at 70°C,
and hybridized overnight at 37°C. S1 digestion was carried
out at 37°C for 1 h by adding 180 ul of 30 mM sodium acetate
(pH 4.6)-250 mM NaCl-1 mM ZnSO,-30 pg of denatured
pUC19 DNA per ml-120 U of S1 nuclease (Boehringer
Mannheim). The reaction mixes were subsequently phenol-
chloroform extracted, ethanol precipitated, and electro-
phoresed on a denaturing 6% polyacrylamide gel.

RESULTS

Identification of a novel DNA-binding protein, LCP-1. Our
attention has focused on the LCE within the JCV enhancer,
a region which may be involved in the regulation of both
viral transcription and DNA replication. The region contain-
ing the LCE in the A 98-bp repeat proximal to the origin (Fig.
1) displays an unusual DNA structure that is highly sensitive
to S1 nuclease and bromoacetaldehyde (2). Therefore, we
asked whether nuclear proteins could recognize different
structural forms of the LCE. Nuclear extracts from monkey
brain were prepared and tested for specific DNA-binding
activity with single- and double-stranded oligonucleotides
containing these sequences (Fig. 2A). Both the duplex
oligonucleotide OP,ds and the early-coding-strand oligonu-
cleotide OP, formed two complexes, A and B, of similar
mobilities in a gel retardation assay (Fig. 2A, lanes 1 and 3).
The late-coding-strand oligonucleotide OP,; , which contains
the AGGGAAGGGA sequence, formed a minor complex
similar in mobility to complex A. Interestingly, the major
DNA-protein complexes formed by OP,; , a doublet labeled
LCP-1a and LCP-1B (Fig. 2A, lane 2), were unique to this
probe.

Competition experiments were performed with single- and
double-stranded oligonucleotides containing either the wild-
type sequence (OP;) or a mutant variant (OP,) in order to
test both the structural and DNA sequence requirements of
the complexes (Fig. 2B). In this assay, unlabeled competitor
DNAs were incubated with nuclear extract prior to addition
of the OP,; probe. Unlabeled OP,; (Fig. 2B, lanes 2 and 3)
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FIG. 1. JCV control region consists of an origin of DNA repli-
cation (ori) and a 98-bp direct repeat. The Ex and Ly mRNA
initiation sites are shown above the control region, whereas the late
mRNA initiation sites are shown below, as determined previously
(14, 17). The box within each 98-bp repeat denotes the A+T-rich
region. The sequences surrounding the LCE (box) are shown for the
proximal A 98-bp repeat and are found on the late coding strand.
The shaded box below the sequence denotes the region of hyper-
sensitivity determined previously (2) that is found only in the A
98-bp repeat.
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competed efficiently for the complex, whereas OP,ds (Fig.
2B, lanes 4 and 5) was unable to sequester LCP-1. Compar-
ison of OP,; (Fig. 2B, lanes 2 and 3) with OP,; (Fig. 2B,
lanes 6 and 7) indicated that the AGGGAAGGGA sequence
was required for the formation of the LCP-1 complex.

The complex comigrating with band A (shown in Fig. 2B)
revealed wider sequence specificity than LCP-1. The inten-
sity of this complex was diminished only when OP,; was
used at a higher concentration as a competitor. Complex A
but not the LCP-1 complexes was observed when the OP,ds
probe was used (Fig. 2C, lane 1). The competition experi-
ments indicated that complex A had a different sequence
specificity than LCP-1. Both single- and double-stranded
OP, oligonucleotides competed effectively for this complex
(Fig. 2C, lanes 2 to 6). Moreover, OP,ds (lanes 6 and 7) and
OP, . (not shown) also competed for this activity. Complex
B was common to OP,g and OP,ds; however, it was not
reproducibly observed in our studies. Therefore, it appears
that the LCP-1 complexes were formed only on single-
stranded DNA containing the AGGGAAGGGA sequence
and may represent novel sequence-specific, single-stranded-
DNA-binding complexes present in brain nuclear extracts.

Specific nucleotide contacts made by the LCP-1 complexes.
Methylation and carbethoxylation interference assays were
used to determine which purine nucleotides were in close
contact with the LCP-1 proteins. DMS methylates DNA at
N-7 of guanosyl and N-3 of adenosyl residues (G > A).
DEPC carbethoxylates purines at N-7 (A > G). In these
experiments, OP,; was 3?P-end-labeled and chemically
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FIG. 2. (A) 5'-End-labeled single-stranded and duplex oligonucleotides were analyzed on native gels for their ability to form complexes
with a protein present in monkey brain nuclear extract. OP,z represents the early coding strand (lane 1), OP,; represents the late coding
strand (lane 2), and OP,ds represents duplex probe (lane 3). The doublet labeled LCP-1a and LCP-1B was unique to OP,; , and its sequence
specificity is analyzed in panel B. Complex A was common to all three oligonucleotides, and its specificity is analyzed in panels B and C.
Complex B was common to OP, and OP,ds but was not reproducibly observed. The sequences of the oligonucleotides are shown in Materials
and Methods. (B) Complexes formed by the OP;; single-stranded probe (lane 1). The upper doublet is LCP-1a/B; the lower doublet is complex
A. The specificity of these complexes was tested by preincubation of the extract with 10 or 100 ng of OP,; (lanes 2 and 3, respectively), OP,ds
(lanes 4 and 5, respectively), and the mutant OP,; (lanes 6 and 7, respectively). The new band that appeared in lanes 4 and 5 at the bottom
of the gel is free duplex oligonucleotides. (C) Complex A formed by the OP,ds oligonucleotide (lane 1). The specificity of complex A was
tested by preincubation of the extract with 10 or 100 ng of single-stranded OP;; (lanes 2 and 3, respectively), duplex OP,ds (lanes 4 and 5,
respectively), and the mutant duplex OP,ds (lanes 6 and 7, respectively). This set of samples was run on the same gel as the samples in panel
B, but the figure was separated for simplicity. The migration of complex A was identical to that in panel B.
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5'-AAAAAAAAGGGAAGGGATGGCTG -3'
123 456 7 8

FIG. 3. Free (F) and bound (B) oligonucleotides which were
premodified by either DMS (left) or DEPC (right) were isolated from
native gels, cleaved with piperidine, and analyzed on 20% acryl-
amide sequencing gels. The JCV sequences present within the OP;;
oligonucleotide are shown at the bottom, where the G residues are
numbered from the 5’ end of the oligonucleotide. G residues marked
with an asterisk interfere with LCP-1 binding after modification.

modified with either DMS or DEPC so that, on average,
there was less than one modification per oligonucleotide. In
gel retardation assays, modified residues which interfered
with LCP-1 binding were underrepresented in the bound
population of oligonucleotides. Therefore, free probe and
DNA bound in the LCP-1a and -1B complexes were isolated
after native gel electrophoresis, cleaved with piperidine, and
compared on sequencing gels.

The results with the DMS-modified oligonucleotide
showed that the LCP-1 complexes interacted specifically
with the LCE as well as with several adjacent residues.
Comparison of the bound and free DNAs indicated that G-1,
G-2, G-4, G-5, and G-6 of the pentanucleotide repeat as well
as the 3’ residues G-7 and G-8 were in close contact with
LCP-1 (Fig. 3). Similarly, the DEPC-modified oligonucleo-
tide identified the same guanosyl nucleotides as being in
contact with LCP-1. It does not appear that G-3 and the
3'-most G residue interfered with LCP-1 binding when
modified at N-7, and they may not be in close contact with
the complex. In addition, none of the adenosyl residues
appear to make critical contacts with LCP-1 at either the N-3
or N-7 position.

J. VIROL.
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FIG. 4. Extracts were incubated with increasing concentrations
of either single-stranded homologous or mutant competitor DNAs
prior to addition of the OP;; probe. The first lane in every set (lanes
1, 5,9, and 13) contains probe alone; other lanes contained 1, 10, or
100 ng, respectively, of the homologous OP,; (lanes 2 to 4) and the
mutant OP; (lanes 6 to 8), OP,; (lanes 10 to 12), and OPs; (lanes 14
to 16) DNAs. The sequences of the competitor DNAs are shown at
the bottom. This figure is a composite of two gels which were
electrophoresed in parallel and represents equivalent exposures.
Complex A was seen weakly in this exposure, migrating faster than
LCP-1, but is not marked. Note that longer exposure of the
autoradiogram showed that all three mutants effectively competed
for complex A at 100 ng (not shown).

Nucleotide requirements of the LCP-1 complexes. The
previous experiment identified specific residues within OP;;
which were critical for LCP-1 interactions. We were inter-
ested in determining the importance of the G residues within
the pentanucleotide repeat itself for binding. Therefore,
oligonucleotides which were missing contacts G-7 and G-8
and contained pairs of point mutations were synthesized.
These mutant oligonucleotides were used as competitors in
gel retardation experiments to test the specificity of the
LCP-1 complex for the core AGGGAAGGGA sequence
(Fig. 4). Formation of the LCP-1 complexes were abolished
by 10 and 100 ng of the homologous OP,; competitor (Fig. 4,
lanes 3 and 4). The OP5; mutant retained a reduced ability to
compete for LCP-1. At 1 and 10 ng, OPs; did not diminish
the LCP-1 complexes, but it competed well at 100 ng (Fig. 4,
lanes 14 to 16). However, the mutations present in OP;; and
OP,; severely affected the ability of these oligonucleotides
to bind and sequester LCP-1 (Fig. 4, lanes 6 to 8 and 10 to 12,
respectively). Even at 100 ng, which represented a greater
than 50-fold molar excess, no competition by these two
mutants was observed.

These data appeared to be consistent with the results of
the methylation and carbethoxylation interference experi-
ments. All three mutant oligonucleotides were missing con-
tact points G-7 and G-8. In addition, OP;; and OP,; had
transversion mutations at two contact points in the core
sequence (G-1 plus G-4 and G-2 plus G-5, respectively).
Therefore, only three of seven contact points for LCP-1
remained intact in these mutants. On the other hand, OPs;
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FIG. 5. (A) The LCP-1 complexes were UV cross-linked to the OP;; probe prior to loading on a native gel. LCP-1a (lane 1) and LCP-18
(lane 2) were cut separately from the wet gel, eluted, and loaded onto SDS-10% PAGE gels. The dried gel was exposed to a phosphor screen,
and the complexes were detected with a PhosphorImager (Molecular Dynamics). (B) Partially purified LCP-1 was covalently cross-linked to
labeled OP,; probe by UV light in the absence (lane 1) and presence (lanes 2 to 9) of 10 (lanes 2, 4, 6, and 8) and 100 (lanes 3, 5, 7, and 9)
ng of the unlabeled homologous or mutant competitor DNAs used in Fig. 4. The resulting DNA-protein complexes were analyzed directly on
SDS-10% PAGE gels and visualized by autoradiography. Two resolvable complexes of 50 to 52 kDa and a larger complex of 100 to 120 kDa
are labeled. The smear below the labeled complexes may be degradation products.

contains transversion mutations at G-3 and G-6, but only one
of the mutations affected a contact point within the LCE
(G-6). We suggest that since OPs; contained four of seven
contact points, it retained a reduced ability to bind LCP-1,
whereas the three contact points present in OP;; and OP,;
were not sufficient to bind LCP-1.

Characterization of the protein components of LCP-1.
LCP-1 was partially purified from monkey brain nuclear
extracts by ion-exchange chromotography in order to study
these proteins biochemically. The LCP-1 complexes were
isolated from the other OP, region-binding proteins with a
purification of approximately 17-fold (35a). These partially
purified protein fractions were used to characterize the
protein components of LCP-1 by UV cross-linking and
competition.

Initially, UV cross-linking was used to determine whether
there were differences between the protein components of
LCP-1a and LCP-1B. Proteins were cross-linked to end-
labeled OP,; by exposure to long-wave UV light for 30 min
prior to analysis by gel retardation. LCP-1a and LCP-1B
were cut separately from the wet gel, eluted into protein
sample buffer, and analyzed by SDS-PAGE. Our results
showed two cross-linked species present in both LCP-1a and
LCP-1B, a smaller complex of 50 to 52 kDa and a larger one
of 100 to 120 kDa (Fig. 5A). Although it was difficult to
resolve a clear size difference in this particular experiment,

it appeared that the 50- to 52-kDa component of LCP-18
migrated slightly faster than that of LCP-la. Moreover, a
faint minor band above the 50- to 52-kDa band was detected
in the LCP-1a complex. The integrity of this band has yet to
be determined. Later experiments in which cross-linked
proteins were loaded directly on protein gels resolved two
distinct complexes in this size range.

The sequence specificity of these complexes was tested by
performing competition experiments with the OP;, OP,, and
OP; mutant oligonucleotides. These unlabeled competitors
were incubated with the partially purified protein fraction
prior to addition of OP,; probe, cross-linked, and analyzed
immediately by SDS-PAGE. Resolvable 50- and 52-kDa
complexes as well as the 100- to 120-kDa band were detected
(Fig. 5B, lane 1). The smeared bands smaller than 50 kDa
appear to be degradation products. The homologous com-
petitor abolished binding of all of the proteins in the sample
at 10 and 100 ng (Fig. 5B, lanes 2 and 3). The OP5
oligonucleotide did not diminish protein binding much at 10
ng but competed well at 100 ng (Fig. 5B, lanes 8 and 9).
Neither OP;; (Fig. 5B, lanes 4 and 5) nor OP,; (Fig. 5B,
lanes 6 and 7) competed at either concentration of DNA.
These results mirrored the gel retardation results in Fig. 4
and confirmed that these DNA-protein complexes were
components of LCP-1.

Functional analysis of LCP-1 promoter mutations. In order
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FIG. 6. (A) Structures of the pBEL,-derived plasmids, showing the locations of the Eg and Ly, transcripts within the JCV control region.
Below are indicated the full-length S1 probe and the sizes of the fragments protected by the various early RNAs. The two asterisks above
the A 98-bp repeat show the positions of the 3A, 4A, and 5A mutations. The sequences of the mutations can be found in Materials and
Methods. nt, nucleotides. (B) S1 nuclease digestion products protected by RNAs isolated from transfection of the pBEL,-derived plasmids
into U87-MG glial cells. The Eg, mRNAs resulting from transfection of the wild-type (wt) plasmid pBEL,-JC (lane 1) or the mutants
pBEL,-3A (lane 2), pBEL,-4A (lane 3), and pBEL,-5A (lane 4) are indicated. (C) S1 nuclease-protected RNAs resulting from cotransfection
of pBEL, plasmids with pBJC-T. pBEL,-JC and pBEL,-3A plasmids were transfected either alone (lanes 1 and 2, respectively) or
cotransfected with pBJC-T (lanes 3 and 4, respectively). Only the Eg, product was detected in the absence of T-Ag (lanes 1 and 2), whereas
in the presence of T-Ag, the early initiation sites shifted as indicated (lanes 3 and 4). Cotransfection of pBEL,-4A and pBEL,-5A with pBJC-T
(lanes 5 and 6, respectively) gave similar results. Lg, was detected after longer exposure and did not differ among the samples (not shown).

to identify the possible function(s) of LCP-1 in the regulation
of JCV, site-directed mutations corresponding to OP,, OP,,
and OP; were introduced into the A 98-bp repeat of the
full-length JCV promoter. The B 98-bp repeat was not
mutagenized because it has been shown to be much less
sensitive to S1 nuclease and bromoacetaldehyde (2) and thus
less likely to be unpaired and capable of binding LCP-1. The
wild-type and mutant promoters were placed into plasmid
pBEL, (13, 41), a vector which contains two divergent
copies of the rabbit B-globin gene.

These plasmids were transfected either alone or with a
plasmid encoding JCV T-Ag into U87-MG cells. This cell
line was derived from a human glioblastoma which contained
a protein complex indistinguishable from LCP-1 (35a). Total
RNA was extracted at 40 h posttransfection and hybridized
to a uniformly labeled S1 probe complementary to the globin
cDNA and the JCV early region (Fig. 6A). This probe
mapped the early RNAs according to their initiation sites,
whereas the late RNAs protected a single fragment corre-
sponding to the break point between the globin and late
leader sequences.

Analysis of RNA derived from transfection of the wild-
type construct pBEL,-JC alone showed one protected spe-
cies, marked Eg, which corresponded to the major Eg
mRNAs (Fig. 6B, lane 1). RNA isolated from cells trans-
fected with the mutant plasmids pBEL,-3A and pBEL,-4A
reduced the levels of the Eg, transcripts (Fig. 6B, lanes 2 and
3). Transfection with the pBEL,-5A mutant gave approxi-
mately wild-type levels of the Eg, transcription products
(Fig. 6B, lane 4). These results were consistent with those of
the binding studies and suggested that LCP-1 regulates Eg
transcription initiation of JCV.

Cotransfection of pBEL,-JC with T-Ag, which initiates
DNA replication, mimics the late phase of the lytic cycle by
causing a shift in the early mRNA initiation sites from Eg, to
two new locations, L, and Lg, (17). Interestingly, the early
RNAs isolated from the cotransfection of pBEL,-3A with
T-Ag showed the same pattern and abundance of late-early
transcripts as in the wild type (Fig. 6C, compare lanes 3 and
4), whereas in the absence of T-Ag, the Eg, product level

was significantly lower than in the wild type (Fig. 6B and C,
compare lanes 1 and 2). The other mutants, pBEL,-4A and
pBEL,-5A, showed the same pattern and abundance of the
late-early RNAs (Fig. 6C, lanes 5 and 6). Further studies are
in progress to investigate the role of LCP-1 in transcription
of the JCV late promoter before and after DNA replication

@)

DISCUSSION

We have presented evidence that a single-stranded-DNA-
binding protein in brain nuclear extract specifically recog-
nized the LCE. The binding studies showed that LCP-1
recognized a specific sequence within the enhancer, and
point mutations that differentially affected LCP-1 binding to
that sequence were determined. These LCE point muta-
tions, when placed in the context of the full-length promoter,
affected JCV early gene transcription initiating from the E,
but not from either the Lg, (shown in Fig. 6C) or the Lg, (not
shown). The correlation between the binding and functional
assays suggested that LCP-1 regulates early gene transcrip-
tion during the early phase of the lytic cycle, prior to DNA
replication. However, during the late phase following repli-
cation, the mutations had no effect on Lg transcription,
suggesting a novel mechanism by which changes in DNA
structure may affect the interaction between a transcription
factor and its cognate binding site to regulate transcription
initiation.

The majority of eukaryotic transcription factors represent
a class of proteins which recognize and bind specific DNA
sequences to activate or repress transcription (11, 12, 21, 22,
34). The DNA target sequences for this growing class of
proteins have been fairly well characterized, but much less is
known about potential alternative structures of these cis
elements that may influence DNA-protein interactions.
From the existence of distinct DNase I- and Sl-sensitive
sites within the genome, it has been suggested that sub-
classes of sequence-specific proteins which recognize non-
B-DNA structures may exist (20). For example, DNA bend-
ing has been shown to strengthen the interaction of the



VoL. 66, 1992

Drosophila zinc finger protein suppressor of hairy wing
[su(HW)] with the octamer motif within the gypsy element
(33). The transcription factor MF-3 has recently been shown
to recognize both double- and single-stranded DNAs con-
taining both the MCAT and CArG motifs present in the
promoters of some muscle-specific genes (28). The protein
ssARS-T from Saccharomyces cerevisiae has been identified
as a sequence-specific single-stranded-DNA-binding protein
which regulates the initiation of DNA replication in yeast
cells (29). Thus, it appears likely that new classes of se-
quence-specific DNA-binding proteins might recognize alter-
native DNA structures to regulate both transcription and
replication.

The LCE has been previously shown to adopt a unique
DNA structure, described as a non-B-DNA right-handed
helix (2). Interestingly, the LCE in the A 98-bp repeat
proximal to the origin and early-early mRNA initiation site is
highly sensitive to S1 nuclease and bromoacetaldehyde in
negatively supercoiled DNA. In contrast, the same sequence
in the distal (B) 98-bp repeat shows little sensitivity to these
reagents, suggesting that neighboring sequences, such as the
origin, may influence the unusual structure of this region.
This difference may have functional consequences, since the
Er mRNAs initiate predominantly from the A repeat
TATATA box (17). Thus, while other factors may also be
involved, the structure of the LCE may be an important
determinant in the positioning of the Ex mRNA initiation
complex.

The LCE lies between the TATATA box and the recog-
nition site for a brain-specific activator protein (1, 16, 18).
We hypothesize that the affinity of LCP-1 for single-stranded
DNA contributes to the assembly of the Ex RNA initiation
complex at the A repeat TATATA box. We suggest that the
LCE in negatively supercoiled input DNA is single stranded,
allowing LCP-1 to bind and subsequently interact with the
transcription machinery. Following DNA replication, the
LCP-1 binding site may no longer be accessible, possibly due
to relaxation of the template by topoisomerase or the repli-
cation machinery. Failure to bind LCP-1 may then signal the
transcription complex to assemble at new locations on both
the early and late promoters. Therefore, the LCE may
regulate the early-to-late shift by changing the structure of
the region upon DNA replication, signaling transcription to
initiate at other locations within the viral control region.
Thus, the structure of the LCE may be important in regu-
lating JCV gene expression throughout the viral lytic cycle.

What role does JCV T-Ag play in mediating the shift of the
early mRNA initiation sites? We have already discussed a
possible indirect role for T-Ag via stimulation of viral DNA
replication, resulting in an altered chromatin structure that is
no longer recognized by LCP-1. In the case of SV40, it has
been suggested that there may be competition between the
Eg and L start sites for transcription initiation, so that
occupancy of the origin by T-Ag sterically hinders initiation
at the Eg site (25, 34). We do not favor this hypothesis, since
the presence of JCV T-Ag in the absence of DNA replica-
tion, as observed in the hamster glioma cell line HIC (8, 9),
is not sufficient to induce the shift from the early initiation
site in vivo and in vitro (17; unpublished data). On the other
hand, it is possible that JCV T-Ag may play a more direct
role, such as inactivating or sequestering LCP-1 so that it
can no longer bind DNA, as has been shown for SV40 T-Ag
and AP-2 (24).

Viruses represent interesting and convenient systems with
which to study the relationship between DNA structure and
mRNA transcription in eukaryotic cells. Our results suggest
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a novel mechanism of transcription regulation in which the
interaction of a transcription factor with its binding site may
be directly influenced by the structure of that region. Eluci-
dation of the mechanisms by which the structure of cis
elements regulates viral mRNA transcription will have im-
portant implications for the regulation of cellular mRNA
synthesis, particularly in rapidly proliferating cells and in
differentiating tissues.

At present, we have not identified any cellular genes
which may be regulated by LCP-1, but we have found
related DNA motifs in a number of cellular promoters. The
promoters of myelin basic protein and proteolipid protein
contain proximal elements that resemble the LCE sequence,
differing by a single nucleotide (5, 7). The neurofilament
heavy-chain gene promoter contains an A+G-rich element,
Pal-1, that appears to be involved in regulation of neurofil-
ament heavy-chain expression (21a). Interestingly, this se-
quence is present as a palindrome which can potentially alter
DNA structure and, perhaps, gene expression.
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