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A Promoter with an Internal Re

gulatory Domain

Is Part of the Origin of Replication in BPV-1

ARNE STENLUND, GARY L. BREAM, MICHAEL R. BOTCHAN

Extrachromosomal elements that are stably maintained at a constant copy number
through cell doublings are a good model system for the study of the regulation of DNA
replication in higher eukaryotes. Previous studies have defined both cis and trans
functions required for the regulated plasmid replication of the bovine papilloma virus
in stably transformed cells. Here, a sequence known to be a cis-dominant element of
the replication origin of the plasmid is shown to contain a promoter for transcription.
Both in vitro and in vivo assays have been used to define this promoter and show that a
sequence located just 3’ to the transcriptional start site is required for activity. This
DNA sequence element, which has been defined through deletions, coincides with a
binding site for a cellular factor and is also required for a functional origin of
replication. Possible models for how a transcription factor may play a role in the
regulation of DNA replication are discussed.

HE MECHANISMS BY WHICH THE

eukaryotic DNA replication process

is regulated are unknown (1). In
particular, the structural features of a func-
tional origin of DNA replication in higher
eukaryotes and the nature of the factors that
govern its activity have not been explored.
However, the process of DNA replication is
probably regulated at several different levels
since it is a central part of the events in the
cell cycle that commit the cell to divide. At
present, virtually everything that is known
about the process and the requirements for
initiation of replication stems from studies
of viral systems (2). Chromosomes from
latent viruses that replicate as nuclear plas-
mids provide a model system in that their
DNA synthesis must be regulated in order
to maintain a constant copy number per
nucleus. We are studying the regulation of

bovine papilloma virus (BPV) DNA replica-
tion since this replicon appears to be intri-
cately regulated to ensure orderly replication
(3, 4). The viral components required for
replication of BPV have been identified
genetically (§). Two viral genes encoded in
part by a single open reading frame (ORF)
are required in the replication events (6).
The R gene, which is encoded from the 3’
part of the E1 ORF acts in a positive way on
replication, while the M gene, which is
encoded by the 5’ part of the E1 ORF,
serves as a negative regulator of DNA repli-
cation (4, 6, 7). It has been suggested that
the activity of the M gene is what ensures
the regulated and stable copy number of the
DNA in transformed cells (4, 7).

Department of Molecular Biology, University of Califor-
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Fig. 1. (A—C) Mapping of the site of initiation for the P1 promoter. (A) The
subcloned fragment of BPV shown in (C) was assayed for promoter activity with
an in vitro transcription system. The gel shows runoff transcripts generated in the
absence (—) or presence (+) of a-amanitin by digestion of the template with
restriction enzymes Hpa I, Bam HI, and Eco RI. Lane M is a size marker. P1 and
P2 below the lanes indicate at which promoter the runoff transcripts were
initiated. A summary of the results is shown in (C). (B) Primer extension of in
vitro and in vivo RNA. A synthetic oligonucleotide primer complementary to the
sequence between 7284 and 7305 was used for primer extension. The templates
were RNA synthesized in vitro in the absence or presence of a-amanitin. Nuclear
and cytoplasmic RNA was isolated from ID13 cells. In the lane labeled control,
RNA extracted from an in vitro transcription reaction without added DNA
template was used for extension. The sequence ladder that serves as a marker was
generated by dideoxy sequencing (31) of the plasmid used as a template for in
vitro transcription, with the same primer used above. The template plasmid used
for in vitro transcription assays was constructed by inserting a 1.5-kb Hind ITI-Pst
I fragment from BPV into the polylinker of pUC18. The fragment is located
between nucleotides 6958 and 471 in the BPV genome. Whole-cell extracts were
prepared according to Manley et al. (32), and runoft transcription assays were
carried out essentially as described (33) except that a-amanitin, where used, was
added at 4 pg/ml. Primer extension analysis was carried out as described (34).
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The BPV genome contains two cis-acting
sequence elements, PMS1 and PMS2, which
can establish marker DNA’s as stable plas-
mids (8). Electron microscopic analysis indi-
cates that the region of the viral genome
containing PMSI is a site for initiation of
DNA replication (9). The cis-acting region
defining PMS1 is itself genetically complex,
and mutational analysis of the PMSI region
has revealed at least two essential sequence
domains (10). Domain 2 is defined as the
core element for DNA replication, while the
upstream domain, domain 1, has been de-
fined as a “replication enhancer” in that it
functions in a position- and orientation-
independent manner and can be replaced by
other well-characterized viral enhancers
(10).

We now describe a promoter that is em-
bedded in the core origin domain of PMSI.
Small deletions, which define the core origin
of replication, also define regulatory ele-
ments for the promoter. It seems possible
that a subset of factors required for tran-
scription also have a function for initiation
of replication. Furthermore, the promoter
has an absolute requirement for sequences
downstream of the cap site for function both
in vivo and in vitro.

In transformed cells harboring BPV plas-
mids, a complex set of transcripts all derive
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from one strand that also encodes the eight
early open reading frames (11, 12). A major
previously identified promoter, designated
P2, lies just upstream of these open reading
frames. It defines the 3’ border of an ap-
proximately 1-kb-long region called the up-
stream regulatory region, URR, that con-
tains regulatory elements shown to be impor-
tant both for replication and transcription (10,
13). (See diagrams in Figs. 1 and 4.)

The existence of occasional truncated
complementary DNA’s (¢cDNA’) that in-
clude sequences upstream of the P2 promot-
er had indicated that another transcriptional
start may exist within the URR. We decided
to test for promoter activity in the URR
with an in vitro transcription assay. A 1.5-kb
fragment that includes the URR was sub-
cloned, and the plasmid was assayed for
transcriptional activity in a HeLa cell ex-
tract. Runoff transcripts were generated by
digestion of the template with restriction
enzymes. Digestion of the template with
Hpa I gives rise to a 770-bp transcript,
which would correspond to a transcriptional
start approximately around nucleotide 7175
(Fig. 1A, left). This runoff product is not
observed when the in vitro reaction is car-
ried out in the presence of a-amanitin (4 pg/
ml), indicating that the transcript is the
product of RNA polymerase II. The start

site was confirmed by generation of shorter
runoff transcripts by digestion of the plas-
mid with Cla I and Bgl I, which cut up-
stream of Hpa I. To substantiate the accura-
cy of our in vitro system for BPV transcrip-
tion, we generated runoff transcripts from
the known promoter P2 by digestion of the
vector with Bam HI or Eco RI (Fig. 1). The
size of these runoffs, 405 and 425 bp,
respectively, corresponds well with a cap site
at nucleotide 89, which occurs in vivo (11,
12). To more accurately determine the novel
point of initiation, we synthesized an oligo-
nucleotide complementary to the sequence
between 7284 and 7305 and used that for
primer extension on in vitro transcribed
RNA. The size of the extension product (P1)
places the in vitro start at nucleotide 7186
(Fig. 1B). Interestingly, this places the cap site
of the promoter within the sequences defined
as necessary for ori function.

The P1 promoter was further character-
ized for sequences required for transcription
in vitro. Deletions removing sequences up
to 45 nucleotides upstream of the cap site
had little or no effect on transcription, but
deletions downstream of the cap site did
have measurable effect (Fig. 2). In vitro
transcribed RNA from different supercoiled
templates was subjected to primer extension
analysis with the same primer that was used
previously. As an internal standard, a pseu-
do wild-type template was included in each
transcription reaction. This template has a
linker inserted at nucleotide 7212, between
the sequence complementary to the primer
and the cap site. Therefore, the extension
product is correspondingly 16 nucleotides
longer than that for the wild-type template.
Primer extension analysis on RNA tran-
scribed in vitro from three different tem-
plates with deletions downstream of the cap
site (Fig. 2) shows that a deletion between
nucleotide 7187 and 7234 (D234) (10),
which removes 48 nucleotides downstream
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of the cap site, completely abolishes tran-
scriptional initiation from the P1 cap site.
Two additional mutants were generated for
further analysis of the regulatory element
defined by the D234 mutant. Mutant D20
lacks only the 3’ 20 nucleotides of the D234
deletion, while mutant D28 lacks the 28
nucleotides just proximal to the cap site
(Fig. 2B). The mutant D20 shows transcrip-
tional activity similar to that of the wild type
as measured by the ratio between pseudo
wild-type and mutant extension products,
while the mutant D28 lacks detectable tran-
scriptional activity altogether. The faint
band that can be seen in the D28 lane is a
background band that is particularly strong
in this lane. These results establish a distinc-
tive feature of the P1 promoter; sequences
downstream of the cap site are required for
transcription in vitro, and the important
sequences are located in a 28-nucleotide
region immediately 3’ to the cap site.

. The cis-acting DNA sequences required
for transcription are binding sites for pro-
teins which presumably interact with RNA
polymerase (14). In order to establish
whether the deleted sequences in the D28
deletion corresponded to such a target site
for a DNA binding protein, we performed a
deoxyribonuclease (DNase) footprint analy-
sis of the region around the P1 cap site (15).
A fragment labeled at nucleotide 7028 was
mixed together with a heparin-agarose frac-
tionated HeLa cell extract and treated with
DNase to assay for protected regions. A
protected region downstream of the cap site
corresponds almost exactly to the sequences
deleted in the D28 deletion (Fig. 2B). The
footprint extends three nucleotides into the
sequences deleted in the D20 deletion,
which may account for why the transcrip-
tional activity of the D20 mutant is slightly
lower than wild type.

To determine whether the in vitro results
described above were also relevant for tran-
scription in vivo, we linked the DNA frag-
ments containing the mapped cap site to the
chloramphenicol acetyltransferase (CAT)
gene. The constructs were assayed for
expression in vivo by transfection into
mouse cells and subsequent quantitation of
enzyme activity in cell extracts. When the
CAT coding sequence was joined to a 316-
nucleotide BPV fragment at a position 90
nucleotides downstream of the P1 cap site,
the fragment had promoter activity (Fig. 3).
The activity of the fragment was greater in
untreated C127 cells than in their BPV-
transformed counterpart ID13 cells. To cor-
rect for differences in transfection efficiency
between the two cell lines, expression of
RSV-CAT (RSV, Rous sarcoma virus),
transfected in parallel, was measured and
used to normalize the values since transfec-
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tion efficiencies are consistently higher for
the transformed cells. The activity of the
promoter was greater in the absence of BPV
gene products, indicating that the P1 pro-
moter may be niegatively regulated by BPV
encoded or induced factors.

When the CAT coding sequence was
joined to the BPV sequence at a position
one nucleotide downstream of the cap (the
5’ end of the D234 deletion was used to
insert CAT), less than 0.1% acetylation of
the substrate resulted. This level of acetyla-
tion is comparable to those obtained after
transfection with CAT constructs that lack
promoters. Our experiments leave little
doubt that the internal element defined in
vitro is a promoter element. If the active
elements of the P1 promoter were located
entirely 5’ to the cap site, we would expect
significant levels of CAT activity from the
D234 CAT construct.

Having established the location of thie.in
vitro start and that the promoter was active
in vivo, we determined what transcripts
were generated from it. We observed earlier
that no cytoplasmic RNA could be detected

Fig. 2. (A) Primer exten- A
sion analysis on RNA-tran-
scribed in vitro templates
with deletions downstream
of the site of initiation. The
respective supercoiled tem-
plates were mixed together
with a pseudo wild-type
template and transcribed in
vitro. The resulting RNA
was used as template for
primer extension analysis,
and the extension products
for each mutant and pseudo
wild-type pair were analyzed
on a sequencing gel. In sepa-
ratc  quantitative experi-
ments, the pseudo wild-type
templates were equivalent in
strength to within 10 to
20%. Here, the pseudo wild
type was used as an internal
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on Northern blots with nick-translated
probes from the URR, and we tried to
increase the sensitivity by treating the trans-
formed cells with cycloheximide prior to
harvest. In other viral systems, cyclohexi-
mide increases steady-state levels of viral
RNA (I6). This is true also for BPV; inhib-
iting protein synthesis 4 hours before har-
vest increases the yield of BPV messenger
RNA (mRNA) 10- to 50-fold, depending
on transcription unit (17, 18). Also, since
very small exons of spliced mRNA might
escape detection in a Northern analysis, we
analyzed nuclear RNA, expecting that a true
precursor RNA would offer a greater area of
hybridization and therefore give a stronger
signal. Two major bands in nuclear RNA
hybridizing to the three different probes
used were observed (Fig. 4). The lower
molecular weight band, 4.2 kb long, corre-
sponds to a previously characterized nuclear
RNA which originates at the P2 promoter
and extends to the common poly(A) site at
4203 (11). This RNA initiates downstream
of the URR probe and consequently hybrid-
izes only to probes A and C, which are
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control, and its concentration was not adjusted to be identical to wild type. Arrows indicate where the
primer extension products for each template is expected to run, together with the expected sizes in
nucleotides. The mutant templates that did not give rise to detectable products are in parenthesis. The
sequence ladder on the left was generated as described in Fig. 1, and serves as a size marker. (B) The
DNase protection assay of the P1 promoter region. A DNA fragment containing the promoter region
was 5' labeled at nucleotide 7028, mixed with a HeLa cell extract fractionated on heparin agarose, and
subjected to limited digestion with DNase. In lane 0, no extract was added; in lanes 1, 2, and 3, cither 3,
5, or 7 ul of extract was added, respectively. Lane G is a sequence marker, generated by Maxam and
Gilbert sequencing (35) of the same fragment that was used for the protection assay. To the right of the
gel, the extent of the protected region is shown by an open bar. The relation of the protected region to
the deletions D28 and D20 is indicated, and the site of transcriptional initiation is shown by an arrow.
In vitro transcription and primer extension were carried out as described (Fig. 1). The wild-type template
consisted of a BPV fragment extending between the Xba I at nucleotide 6132 and the Sma I site at
nucleotide 945, cloned into the polylinker of pUC18; the pseudo wild-type template was identical to the
wild-type template, except for the insertion of two Bam linkers (16 nucleotides) at nucleotide 7213; the
mutant D234 was identical to the wild-type template except that the sequence between nucleotide 7186 and
7234 was replaced with a Bam linker; D234" is identical to D234, except that pML was used as a vector
rather than pUCI18; the mutant D28 was identical to the wild-type template except that the BPV sequences
between nucleotide 7213 and 7234 were replaced by a Bam linker; the mutant D20 lacked the BPV
sequences between nucleotide 7187 and 7213, which were replaced by a Bam linker. Also, the vector used
in this case was pML rather than pUC18. The DNase footprint experiments were done as described (36)
except that heparin agarose fraction h.3 (33) was used.
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located in the P2 transcription unit. The
larger band, 5.0 kb, hybridizes also to the
URR probe (B) and has sequences upstream
of the P2 promoter. The size of this tran-
script corresponds well with a colinear RNA
starting around 7200 and extending to the
common poly(A) site. Additional evidence
that this nuclear RNA initiates at the P1
promoter at 7186 was obtained by primer
extension on nuclear RNA with the same
primer that was used previously. The exten-
sion product for in vivo nuclear RNA (Fig.
1B) has exactly the same size as for in vitro
RNA, which means that the same start site is
used. Primer extension on cytoplasmic RNA
gave rise to a very faint, not readily detect-
able band, possibly because the sequence
complementary to the primer is spliced out
of some cytoplasmic RNA species.
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Fig. 3. Comparison of P1 promoter activity in
CI127 and ID13 cells. A construct with the P1
promoter linked to the CAT gene was transfected
onto C127 and ID13 cells at three different DNA
concentrations. The CAT activity was measured
48 hours after transfection and plotted as a func-
tion of the quantity of transfected DNA per 50-
mm plate. To correct for differences in transfec-
tion efficiency between the two cell lines, the
numbers were normalized to the expression of
RSV-CAT (37) in both cell types in transfections
carried out in parallel. Extracts from cells trans-
fected with a promoterless CAT plasmid yielded
less than 0.1% conversion. The normalization
factor used was 1.9, meaning that the expression
of RSV-CAT in ID13 cells was 1.9-fold higher
than in C127 cells. This riment was repeated
several times with essentially the same result. The
P1 CAT plasmid was constructed by inserting an
Hind III-Nar I fragment from nucleotide 6958
to 7274 immediately upstream of the CAT coding
sequence in the promoterless plasmid CAT 3M
(38). Transfections of C127 and ID13 cells were
performed as described (39), and cells were har-
vested 48 hours after the transfection. Assays for
CAT activity were carried out as described (40)
except for a few modifications. Cells were lysed by
repeated cycles of freezing and thawing, and the
protein concentration in the lysate was deter-
mined (41). The reactions contained 0.125M tris
Hle 4[:H 7.8, 1 mM acetyl coenzyme A, 0.25 nCi
of [**C]chloramphenicol, and 75 pg of protein
from the cell extracts, and were incubated over-
night at 37°C.
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Northern analysis of cytoplasmic RNA
showed no detectable hybridization to the
URR when nick-translated probes were
used, even after treatment with cyclohexi-
mide; however, when high specific activity
SP6 probes were used, two major bands, 1.4
and 1.8 kb, hybridizing to a small URR
probe (Fig. 4A, lane D, +CH) were ob-
served. This probe spans the origin of repli-
cation and the start site for the P1 promoter.
This technique offered the sensitivity suffi-
cient to detect these RNA’s, even in cells not
treated with cycloheximide (Fig. 4, lane D).
Because the P1 start is linked to the origin of
replication we wanted to know if the major
1.4- and 1.8-kb RNA’s detected by the “D
probe” were linked to the ORF El. As
mentioned above, although genetic evidence
indicates that this ORF must be involved in
regulating viral DNA replication, no cyto-
plasmic RNA containing this region has
been reported. Hybridization to two probes

A Nuclear RNA

from the E1 region (E and F) in addition to
a URR probe (D) was observed (Fig. 4).
The probe E, from the 3’ end of the El
OREF, shows the presence of two bands that
correspond exactly in size to the RNA’s
detected with the URR probe. The probe F,
from the 5’ end of the E1 ORF, shows a
more complex pattern with several addition-
al bands above 1.8 kb. The high molecular
weight band visible in both lanes E and F
corresponds to the 4.2-kb nuclear RNA
from the P2 promoter and its presence in
cytoplasmic RNA is probably due to nuclear
leakage. The 5.0-kb precursor is less abun-
dant, especially in cells not treated with
cycloheximide, and is not visible on this
exposure. From these results we conclude
that the P1 promoter gives rise to at least
two stable cytoplasmic transcripts that in-
clude sequences from the E1 ORF.

The Pl promoter has a very unusual
structure. Both in vitro and in vivo the

Cytoplasmic RNA
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Fig. 4. (A) Northern blot analysis of transcripts from the P1 promoter. Strips of filters hybridized to the
probes are designated by the letter below each strip; the location of these probes on the BPV genome is
shown in the right panel. The three strips to the left were cut from the same gel, and each contain
poly(A)-selected nuclear RNA from approximately 2 x 107 ID13 cells that were treated with
cycloheximide before harvest. The three strips to the right were cut from one gel, and each contain
poly(A)-selected cytoplasmic RNA from 2 X 107 ID13 cells that were not treated with cycloheximide.
The middle lane contains cytoplasmic RNA from ID13 cells that were treated with cycloheximide. (B)
Part of the BPV genome, complete with the location of the cight early open reading frames and the
URR region. The nick-translated probes (A, B, and C) consist of BPV fragments subcloned into the
polylinker of tEUCI& The SP6 probes (D, E, and F) consist of BPV fragments subcloned into the
polylinker of the SP 64/65 vectors. BPV sequences in the different probes were for probe A and F: 945
to 1299, probe B: 6958 to 93, probes C and E: 1987 to 2446, probe D: 6958 to 7352. Cells were
grown in Dulbecco’s modified Eagle’s medium with 10% fetal calf serum. Cycloheximide was added to
the medium at 35 pg/ml 4 hours prior to harvest. Nuclear RNA was extracted and poly(A)-selected
(42). Cytoplasmic RNA was prepared as described (43). Formaldehyde-formamide denatured RNA
was fractionated in 1% agarose gels containing 2.2M formaldehyde (44). After the blotting to
nitrocellulose, hybridization was carried out in a solution containing 50% formamide, 50 mM Hepes
(pH 7.4), 5% Denhardt’s solution, yeast RNA (250 pg/ml), 3x SCC, single-stranded salmon sperm
DNA (100 pg/ml), 0.1% SDS, and 5% dextran sulfate. Nick-translated probes were hybridized at
42°C, and RNA probes at 60°C. The filters were washed in 2x SSC, 0.1% SDS at 68°C. Filters probed
with RNA probes were then washed again in 0.2Xx SSC, containing 0.1% SDS (68°C). DNA probes
were labeled by nick-translation. RNA probes were generated as described (45).
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promoter seems to have an absolute require-
ment for sequences just downstream of the
cap site. In contrast, other transcriptional
clements that have been found within a
transcription unit, such as the immunoglob-
ulin heavy chain enhancer, augments a basal
level promoter and are not readily assayed in
vitro (19). It may seem paradoxical that a
transcription factor would bind downstream
of the site of initiation since the transcrip-
tion complex would have to pass through
this region. It is, however, well established
that for polymerase III transcription, bind-
ing of promoter factors to the internal pro-
moter element is an obligatory requirement
for transcription both in vivo and in vitro
(20). The internal promoter element of P1 is
defined by small deletions (Fig. 5). The 28-
nucleotide sequence defined as necessary for
promoter function coincides with a binding
site for a factor present in a transcriptionally
active extract, and also shows homology to
two previously defined transcriptional ele-
ments. The sequence motif CCACACCC is
an upstream domain of the B-globin pro-
moter (21) and that sequence is perfectly
conserved within the P1 promoter element
(Fig. 5). Furthermore, the homology be-
tween this —80 domain of the B-globin
element, a distal BPV enhancer motif, and
an SV40 enhancer domain has been noted
previously (22). The downstream element
also contains a representative of a motif
ACCNgGGT, which is repeated ten times
within the URR of BPV, and also occurs at
high frequency in other papillomaviruses
(23). Interestingly, a subset of this sequence,
ACCGN4CGGT, has been shown to form
at least part of the binding site for the
viral trans-acting enhancer factor E2
(24).

The P1 promoter is located in domain 2
of PMS1, which is the core origin of replica-
tion for BPV. This replication element, pre-
viously defined by linker insertion mutagen-
esis, extends from nucleotide 7116 to 7234
(10). The P1 promoter is completely includ-
ed within this region; the sequences re-
quired for full activity in vitro extend be-
tween nucleotide 7142 and 7213. Further-
more, one specific deletion between nucleo-
tides 7187 and 7234 (D234), which is
negative for replication as reported (10),
also abolishes transcription from P1, indi-
cating that, in addition to the physical over-
lap, some sequences might be involved in
both transcription and replication. One pos-
sibility is that the factor binding to the D28
region, which we believe is required for
transcription from P1, also doubles as a
factor required for replication. A similar
situation exists in the adenovirus system, in
that nuclear factor 1, NFI, which is required
for replication of adenovirus DNA, is identi-
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cal to the transcription factor CTF (25). In
this latter case, though, no transcriptional
function appears to be associated with the
factor at the adenovirus origin.

The novel class of transcripts originating
from the P1 promoter includes sequences
from the 3" and 5’ ends of the E1 ORF.
Therefore we find it reasonable to believe
that the replication factors M and R that are
encoded from the E1 ORF are provided by
the P1 promoter. This conclusion is sup-
ported by the finding that a mutant that
lacks P1 promoter activity is also unable to
complement either R or M mutants (26),
suggesting that the promoter mutant is un-
able to produce these factors.

The location and function of the P1 pro-
moter points to an involvement of the pro-
moter in regulation of replication. The pro-
moter-ori arrangement in BPV is reminis-
cent of the organization in $V40 and poly-
oma virus, where the replication factor (T
antigen) is transcribed from the early pro-
moter adjacent to the origin of replication.
This arrangement, where the promoter for
the positive replication factor is located very
close to the origin of replication, is, curious-
ly enough, copied in BPV, which otherwise
has a completely different genome organiza-
tion. This appears especially significant since
in BPV there are no apparent constraints
imposed on the localization of the promot-
er. The P1 promoter is located almost 1 kb
upstream of the first major open reading
frame (Fig. 4). In $V40 and polyoma virus,
one reason for the physical association be-
tween origin of replication and early pro-
moters seems to be the dual function of the
positive replication factor, which has to act
both as a replication factor and regulator of
its own transcription (27). Autoregulation
of the positive replication factor may also
exist in BPV, as would be indicated by the
down regulation of the P1 promoter that we
observe in ID13 cells.

An important question is what precise
function the transcriptional components
have for BPV replication per se, and why an
enhancer and the sequence at the promoter
are required for replication even when all
trans-acting factors are provided by other
means. Our favored explanation for the en-
hancer requirement is that the enhancer
element serves the same or a similar function
for replication as it would for transcription,
namely, to assure the proper association of
transcription factors with the promoter.
Therefore, if replication itself requires a
transcription factor at the P1 promoter, the
enhancer could be part of the system that
supplies this factor. The Epstein-Barr virus
(EBV) EBNA protein, which is required for
EBYV plasmid replication (28), also can act as
a transcriptional enhancer factor if its bind-
ing sites are placed in cis to a heterologous
promoter (29). It is possible that the func-
tion of EBNA in replication, as well as in
transcription, is to serve as an enhancer
factor that interacts directly in, or provides
other factors that can function for, both
replication and transcription. The require-
ment for a cis-acting enhancer for BPV
replication has specificity. The domain 1 of
PMSI can be replaced by enhancers from
polyomavirus and MLV (murine leukemia
virus) (10), but the E2-induced enhancer
(13) that is also located in the URR cannot
serve in this function (10). The compatibil-
ity of an enhancer with the origin may be
determined by the factor requirement of the
origin of replication and the ability of the
enhancer to supply these specific factors.

Several plausible functions for transcrip-
tion factors at the ori can be envisioned. (i)
RNA synthesis is required for initiation of
DNA replication; (ii) the transcription fac-
tors serve a nonspecific function where
binding of the factor facilitates a chromatin
structure that is compatible with initiation
of replication; and (iii) the replication ma-

D234

1

D28 D20

'

1
| 1
CACCTAATAAAAATCACTTAATAGCAATGTGCTGTGTCAGTTGTTTATTGGAACCACACCCGGTACACATCCTGTCCAGCATTT
L ]

Footprint

F
Domain 1

Fig. 5. A schematic representation of the PMSI region. The lower part shows the two domains of
PMS1, the upper part is an enlargement of the sequence around the P1 cap site. The cap site is indicated
by an arrow, the region protected from DNase digestion is bracketed, and the deletions used are shown
above the sequence. The boxed sequence is a representative of a motif, ACCNsGGT, which is repeated
ten times in the URR of BPV and also occurs at high frequency in other papilloma viruses.
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chinery interacts specifically with a factor or
factors bound to the transcriptional ele-
ments. All of these possibilities are compati-
ble with our findings, but we believe that
some aspect of point (ii) or (iii) is more
likely. For §V40, polyomavirus, and adeno-
virus priming at the initiation step does not
require RNA polymerase II, but is achieved
by either a special virus encoded or cellular
primase-polymerase. It is more difficult to
distinguish between the functions (ii) and
(iii), since both specific and nonspecific
functions for DNA replication could be
carried out by factors that have specificity in
terms of DNA binding.

Association of transcriptional elements
with origins of replication is a common
observation. It is difficult to conclude
whether this association is a general feature
of origins, or if it reflects specific regulatory
requirements for the respective replication
systems, or a combination of both. An ex-
ample that indicates that this association is
not only a feature of viral regulation is the
chorion genes of Drosophila. It has been
shown that the chorion gene promoter re-
sides within the origin of amplification for
the chorion genes (30) and, even though
this may represent a special case, it is possi-
ble that transcriptional elements are a gener-
al feature of cellular origins of replication as
well. The link between enhancers, promot-
ers, and replication origins in viruses may
point to a method to regulate replication
more directly than simply through transcrip-
tional regulation of levels of trans-acting
factors. If an intrinsic part of replication
origins is a transcription factor binding site,
the activity or state of this factor could
directly influence the rate of replication initi-
ation at the origin. In this way, a cycle of
modifications (or other events) could serve
to coordinately regulate both replication
and transcription.
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Retroviruses and Mouse Embryos: A Rapid Model for
Neurovirulence and Transplacental Antiviral Therapy

ARLENE H. SHARPE, RUDOLF JAENISCH, RUTH M. RUPRECHT

A murine model in which neurotropic retroviral infection can be studied over short
periods of time was developed. Microinjection of Cas-Br-E virus into midgestation
mouse embryos caused paralysis and death within 25 days after birth, in contrast to
virus-infected neonates which develop disease only after 4 months. To evaluate
whether antiviral drugs could cross the placental barrier and influence the course of the
disease, the drug 3’-azido-3'-deoxythymidine (AZT) was administered to infected
embryos through the drinking water of pregnant females. AZT treatment markedly
retarded the onset and course of virus-induced central nervous system disease,
permitting animals to survive beyond 4 months of age. These results are evidence for
effective antiviral treatment during gestation and in the perinatal period and are of
potential significance for the management of maternal transmission of the acquired

immune deficiency syndrome (AIDS) virus.

OTH THE PROGRESSIVE NEUROLOG-

ical syndromes caused by human im-

munodeficiency virus [HTLV-III/
LAV/HIV (1)] and the increasing frequency
of acquired immune deficiency syndrome
(AIDS) in the perinatal period (2) are seri-
ous complications of AIDS virus infection.
No short-term animal model systems exist in
which to study retroviral neurovirulence and
treatment strategies for neonatal and in
utero infections. Here we establish a murine
model system that allows the rapid study of
both the interaction of retroviruses with the
developing embryo and virus-induced dis-
cases of the central nervous system (CNS).
We demonstrate that transplacental antiviral
therapy with 3’-azido-3’-deoxythymidine

(AZT) (3) is an effective treatment for rap-
idly fatal CNS disease following virus infec-
tion of embryos in utero.

The murine neurotropic type C retrovi-
ruses Cas-Br-E (isolated from a wild mouse
population) and temperature-sensitive vari-
ants of Moloney murine leukemia virus
(Mo-MuLV) induce progressive lower mo-
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