mone may be involved in receptor binding
for both classes of receptors. By analogy
with GH and GM-CSF, this would indicate
that the exposed surface of helix D or the
residues on the “side” of the bundle on
helices A and C are most likely to be
implicated in receptor binding.

It seems that a four-helical bundle with
the distinctive “double-overhand” topology
is a common structural scaffolding adopted
by all the cytokines that bind receptors
belonging to the hematopoietic superfamily
and subclass III receptor tyrosine kinases.
This structural motif is preserved across a
diverse array of hormones that often possess
no detectable sequence homology.
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Consequences of Replication Fork Movement
Through Transcription Units in Vivo

Sarah French

To examine the basis for the evolutionary selection for codirectionality of replication and
transcription in Escherichia coli, electron microscopy was used to visualize replication from
an inducible ColE1 replication origin inserted into the Escherichia coli chromosome up-
stream (5') or downstream (3’) of rrnB, a ribosomal RNA operon. Active rrnB operons were
replicated either in the same direction in which they were transcribed or in the opposite
direction. In either direction, RNA polymerases were dislodged during replication. When
replication and transcription were codirectional, the rate of replication fork movement was
similar to that observed in nontranscribed regions. When replication and transcription
occurred in opposite directions, replication fork movement was reduced.

RNA polymerases (RNAPs) and DNA
polymerases (DNAPs) are highly processive
enzyme complexes that use the same DNA
template to guide their activities. Unless

" transcription and replication are spatially or

temporally separated, there may be times in
the cell cycle when RNAPs and DNAPs
must compete for right-of-way along the
same stretch of DNA. Replication in Esch-
erichia coli is initiated bidirectionally from a
single site, oriC. In rich medium, the time
it takes to replicate the chromosome is
longer than the doubling time of the cell
(I). In order for each daughter cell to
receive a full chromosomal complement
under these conditions, a new round of
replication must be initiated before the
previous round is completed. Six or more
replication forks may, therefore, be present
on the chromosome at the same time.
Rapid cell growth also requires high
amounts of gene expression to provide ad-
equate amounts of cellular precursors. Be-
cause DNA replication in E. coli proceeds
at 20 times the rate of transcription (2, 3),
collisions between RNAPs and DNAPs can
occur. How are these conflicts resolved?
The bacterial chromosome apparently is
organized to avoid head-on collisions be-
tween DNAPs and RNAPs (4, 5). Codirec-
tionality of replication and transcription
predominates, especially for genes that are
frequently transcribed (5). Of the genes
known to encode protein synthesis machin-
ery, 90% are transcribed in the same direc-
tion in which they are replicated. It has
been postulated that, if replication and
transcription are codirectional, replication
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forks can follow slowly behind RNAPs until
transcription is terminated (5). At that
point, replication can continue at its nor-
mal speed. Head-on collisions would be
more difficult to resolve, consistent with an
apparent evolutionary selection against
their occurrence.

-Researchers’ efforts to visualize the inter-
action between replication and transcrip-
tion (6) have been subject to uncertainties
about where the replication originated,
what the transcriptional state of the DNA
was before replication, and whether ob-
served replication forks were moving or
stationary. I have inserted here an induc-
ible replication origin into the E. coli chro-
mosome in a region that is well character-
ized, easily recognized, and frequently tran-
scribed. Using the Miller chromatin spread-
ing technique (7, 8) in conjunction with
electron microscopy, I observed the posi-
tions of replication forks relative to tran-
scribing RNAPs after induction of replica-
tion.

The inducible replication origin was in-
serted upstream or downstream of rmB. One
of seven ribosomal RNA (rRNA) operons in
E. coli, rmB is a good template over which
to view the interaction of replication and
transcription because it is long [5.4 kb (9)]
and actively transcribed [12 RNAPs per
kilobase (7)]. The rRNA operons are easily
recognized in chromatin spreads by their
unique morphology (Figs. 1A and 2A).
They are densely packed with RNAPs, and
the processing of transcripts between the
16S and 23S cistrons (10) gives rise to two
gradients of increasing transcript length. -
The rmB operon can be identified by its
proximity to the tufB transcription unit 4
kb downstream (7). No other rm operon




has a similar pattern of downstream tran-
scription.

Plasmid pLA512 (11) provided the in-
ducible replication origin. A lacUV5 pro-
moter replaces the primer promoter of the
ColE1 replication origin in pLA512. Rep-
lication in pLA512 is unidirectional,
primed by read-through transcription from
lacUV5, and requires induction by isopro-
pylthiogalactoside (IPTG). An advantage
of unidirectional replication is that the
origin can be used as a reference point from
which the extent of replication can be
measured. Although ColEl replication is
primed by RNAP and initiated with DNAP
I, a switch to the normal E. coli replicative
DNAP (DNAP III) occurs less than 1 kb
from the ColEl origin (12). Replication
from pLAS512 was therefore considered an
adequate model for chromosomal replica-
tion.

Using homologous recombination, I in-
serted the entire pLA512 plasmid into the
E. coli chromosome (13). Upstream of rmB,
pLA512 was inserted into btuB and orient-
ed so that replication and rmB transcription
occurred in the same direction (strain
CF78). Downstream from rmB, pLA512
was inserted into birA so that inducible
replication and rmB transcription proceed-
ed in opposite directions and were oriented
toward each other (strain CF95).

numbers of origins fired within a few min-
utes of IPTG addition for interactions be-
tween replication and transcription to be
analyzed. In strain CF78, 25% (n = 78)
and 40% (n = 86) of observed pLAS512
origins had fired after 4- and 6-min expo-
sures to IPTG, respectively (15). In CF95,
24% (n = 25) and 37% (n = 125) of the
origins had fired after 4 and 6 min, respec-
tively. The imprecise synchrony of pLA512
replication after induction may be ex-
plained by the observation that only 5% of
ColE1 primer transcripts initiate DNA syn-
thesis in vivo (16).

After induction of codirectional replica-
tion in strain CF78, replication forks were
observed between the pLA512 origin and
rmB (Fig. 1A) or within rmB (Fig. 1B), but
in most cases (Table 1), the replication fork
had already traversed rmB (Fig. 1C).
Whenever a replication fork was observed
in rmB, RNAPs were present in front of the
replication fork but were absent from the
newly replicated strands in the 2 to 3 kb
immediately behind the fork (n = 4) (Fig.
1B). Repopulation of rmB with RNAPs

REPORTS

could be observed after the replication fork
had passed further downstream. Eight rmB
daughter pairs (n = 34) were observed that
were only partially repopulated by RNAPs
(Fig. 1C). All displayed normal transcrip-
tion complexes at their 5’ ends but lacked
transcription complexes at their 3’ ends.
Where the position of the moving fork
could be estimated (n = 4), the extent of
repopulation of rmB paralleled the time
elapsed since replication. Transcription
patterns on daughter duplexes were sym-
metric whether or not rmB was fully repop-
ulated with RNAPs.

A comparison of replication fork posi-
tions in the rmB region of CF78 4 and 6
min after induction of replication (Table 1)
suggests that replication fork movement
was not slowed by RNAPs transcribing
rmB. In E. coli, the rate of replication fork
movement is estimated to be 1 kb/s (2),
whereas the transcription elongation rate
for tRNA is 42 nucleotides per second (3).
If replication forks were constrained to fol-
low behind transcribing RNAPs, it would
take 2.2 min rather than 5 to 6 s to

Table 1. Positions of replication forks in strains CF78 and CF95 4 and 6 min after induction of

pLAS512 replication with IPTG.

Numbers of replication forks (%)

Strains CF78 and CF95 were grown to  gyrain E{ép,%sT“ée Between
mid-log phase (optical density at 550 nm (min) pLA512 origin In rmB Beyogd
was 0.3 to 0.5) in LB medium (14) at 37°C. and rmB m
IPTG (0.1 mM) was added, and 4 to 6 min
later the cultures were prepared for electron CFr8 g g (1(323 g (1((152; :1?,3 gg:;
microscopy. Replication from pLA512 was  (rg5 6 6 (16%) 26 (68%) 6 (16%)

not completely synchronous, but sufficient

Fig. 1. Electron micrographs of strain CF78 after induction of replication with
IPTG. Open arrow, pLA512 origin. Solid arrow, advancing replication fork. Bar
represents 1 kb. (A) Replication fork approaching rmB. (B) Replication fork in
rmB. Failure to observe a large protein complex at the replication fork may be
due to loss of replication proteins during chromatin spreading and the low
electron density of DNAP. (C) Reinitiation of transcription at rmB. Replication
has proceeded downstream of rmB. Insufficient time has elapsed for tran-
scription of the 23S cistron to be completed. The downstream replication fork
could not be located because replication had proceeded beyond the rpoBC
operon, where this grid-square ended.
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Fig. 2. Electron micrographs of strain CF95 after induction of replication with
IPTG. The distance between tufB and rmB has increased to 9.3 kb because
of the insertion of pLA512 at birA. Unidirectional replication from pLA512
proceeds toward rmB and is in the direction opposite to rmB transcription.
Open arrow, pLA512 origin. Solid arrow, moving replication fork. Bar repre-
sents 1 kb. (A) Replication fork approaching rmB. (B) Replication fork in rmB.
(C) The rmB operon can be completely replicated in the direction opposite to
that in which it is transcribed. Because transcription is disrupted during
replication, the transcriptional activity observed here must have been initiated
after passage of the replication fork.
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replicate rmB. From sequence analysis, the
distance from the pLA512 origin to rmB in
CF18 is 4.2 kb (17, 18) (4.8 = 0.5 kb;
mean = SD; n = 44; by electron microsco-
py) and is similar to the length of rmB [5.4
kb (9)]. The number of replication forks
observed in rmB was similar to that ob-
served between rmB and the origin, sug-
gesting that the rate of replication fork
movement was similar in both nontran-
scribed and transcribed regions. Replication
forks did not accumulate in rmB, and most
replication that was observed had proceed-
ed downstream.

The exact positions of forks that had
replicated rmB could generally not be de-
termined because daughter strands became
obscured by cell debris or the edge of a
sample grid was reached (5 to 60 kb down-
stream) before the replication fork was en-
countered. Strands downstream of 22 rmB
pairs were photographed; 7 could be fol-
lowed for more than 40 kb, 13 for more
than 25 kb.

The absence of RNAPs behind replication
forks that move through rmB faster than
RNAP:s transcribe the operon, combined with
the normal appearance of transcription com-
plexes in front of the forks, suggests that
RNAPs are dislodged from the DNA during
replication. Repopulation of rmB, as well as of
the less highly transcribed tfB and rpoBC
operons (7), by RNAPs occurred in a promot-
er-proximal to promoter-distal fashion, con-
sistent with the idea of reinitiation of tran-
scription occurring at an operon that is
cleared of transcription complexes.

Dissociation of stationary RNAPs from a
DNA template during replication has been
observed in vitro with bacteriophage T4
replication proteins (19) and required the
presence of a T4-encoded helicase (dda).
Similar to E. coli, replication rates in the in
vitro T4 system were much greater than
transcription rates, and replication and
transcription were codirectional. In the ab-
sence of dda helicase, replication forks were
blocked by promoter-bound RNAPs, but
they could follow slowly behind transcrib-
ing RNAPs. In the presence of dda heli-
case, replication rates were rapid, and rates
were similar with or without RNAPs or
transcription. It is possible that, as in the
case of T4, a helicase is involved in the
efficient replication of active transcription
units in E. coli.

Between the 14th and 15th mitotic cy-
cle, in Drosophila melanogater embryos (cel-
lular blastoderm), Ubx transcription com-
plexes apparently are not disrupted during
chromosome replication (20). Because the
rate of replication is similar to the rate of
transcription in these cells (20, 21), repli-
cation forks may passively follow RNAPs
without difficulty.

In strain CF95,
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replication from

pLA512 is initiated between tufB and rmB
(Fig. 2A), and the active replication fork
moves toward the 3’ end of rmB. In con-
trast to observations in yeast, which suggest
that 3’ ends of rRNA genes are effective
barriers to replication forks approaching
from downstream (22), replication forks
originating from pLA512 entered the 3’
end of mB (Fig. 2B) and were able to
completely replicate the operon (Fig. 2C).
Transcription complexes of normal density
and appearance were observed in front of
replication forks extending from 0.1 to 5.1
kb (n = 26) into rmB but were absent from
the replicated portion of rmB behind the
forks. In five replication bubbles, one to
three particles, but no fibrils suggestive of
transcripts, were associated with rmB. It
appears that, regardless of the relative di-
rections of replication and transcription,
RNAPs are dislodged during replication.
-In CF95, the distance from the pLA512
origin to rmB is 4.7 kb by sequence analysis
(17, 23), 5.2 £ 0.5 kb (mean = SD; n =
32) by electron microscopy, and similar to
that in CF78. The proportion of replication
forks observed between pLA512 and rmB in
CF78 and CF95 was similar (Table 1),

indicating that rates of replication outside

" active transcription units were the same in

these two strains and were independent of
the direction of replication. The relative
direction of replication and transcription,
however, drastically affected the rate at
which rmB was replicated. In CF95, 6 min
after IPTG addition most replication from
pLA512 had not yet progressed beyond rmB
(Table 1).,

Orientation-dependent differences that
might contribute to the disparity observed
between replication rates for rmB in CF78
and CF95 include changes in protein-pro-
tein interactions and altered amounts of
supercoiling. When replication and tran-
scription are codirectional, RNAPs and the
leading strand DNAP use the coding DNA
strand as template, and negative supercoils
behind transcribing RNAPs may cancel
positive supercoils generated in front of the
replication fork (24). When replication and
transcription occur in opposite directions,
the leading strand DNAP replicates the
noncoding strand, and direct head-on col-
lisions occur between RNAPs and the dnaB
helicase traveling on the coding strand.
RNAPs and replication forks now generate
positive supercoils toward one another. If a
large increase in positive supercoil density
between converging polymerase complexes
is responsible for retarding replication fork
movement in CF95, this effect occurs only
over short distances. Replication forks did
not accumulate between pLA512 and rmB,
and most replication forks observed in rmB
were within 200 bp or less of the nearest
RNAP. The close approach of replication
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forks to RNAPs agrees with observations
that the propagation of transcriptionally
induced supercoils in vivo is limited (25).

The location of pLA512 in CF95 al-
lowed the study of the interaction of repli-
cation and transcription only at rmB; there-
fore, conclusions cannot be directly drawn
about the effect that moderately active or
short transcription units would have on
replication forks approaching from down-
stream. Placement of pLA512 downstream
of 1poBC so that interactions can be ob-
served through rpoBC and tufB, as well as
through rmB should clarify this matter.
Although transcription is disrupted during
replication, the degree of disruption is de-
pendent on the relative orientation of rep-
lication and transcription. Thus, the orien-
tation of a gene may ultimately affect its
expression.
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Induction of Mucosal and Systemic Immunity to a
Recombinant Simian Immunodeficiency Viral Protein

T. Lehner,* L. A. Bergmeier, C. Panagiotidi, L. Tao, R. Brookes,
L. S. Klavinskis, P. Walker, J. Walker, R. G. Ward, L. Hussain,
A. J. H. Gearing, S. E. Adams

Heterosexual transmission through the cervico-vaginal mucosa is the principal route of
human immunodeficiency virus (HIV) infection in Africa and is increasing in the United
States and Europe. Vaginal immunization with simian immunodeficiency virus (SIV) had
not yet been studied in nonhuman primates. Immune responses in macaques were in-
vestigated by stimulation of the genital and gut-associated lymphoid tissue with a recom-
binant, particulate SIV antigen. Vaginal, followed by oral, administration of the vaccine
elicited three types of immunity: (i) gag protein p27—specific, secretory immunoglobulin A
(IgA) and immunoglobulin G (IgG) in the vaginal fluid, (i) specific CD4* T cell proliferation
and helper function in B cell p27-specific IgA synthesis in the genital lymph nodes, and (iii)
specific serum IgA and IgG, with CD4* T cell proliferative and helper functions in the

circulating blood.

Vaginal transmission of SIV has been
achieved experimentally in macaques, re-
sulting in the development of an acquired
immunodeficiency syndrome (AIDS)-like
syndrome (I1). This route of infection re-
sembles heterosexual transmission of HIV
in humans. Although systemic immuniza-
tion strategies have protected against intra-
venous challenges with infectious SIV (2),
they have not prevented vaginal transmis-
sion (1). In view of these observations and
the prevalence of heterosexual transmission
of HIV in humans, the development of a
simian model of vaccination that can pre-
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Brookes, L. S. Klavinskis, P. Walker, J. Walker, R. G.
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vent genital transmission of SIV has been
emphasized (3).

We have shown that protein p1, encod-
ed by the yeast retrotransposon Ty, can be
used as a carrier for recombinant antigens
and that pl fusion proteins self-assemble
into hybrid virus-like particles (Ty-VLP)
(4). Systemic immunization studies demon-
strated that hybrid particles that carry the
SIV gag protein p27 (SIV p27:Ty-VLP)
induce both circulating antibody and T cell
responses in macaques (4). Administration
of SIVmac,s, whole, inactivated vaccine or
synthetic peptides by the mucosal route did
not induce an effective immune response
(5). We therefore attempted to use SIV
p27:Ty-VLP to stimulate the mucosal-asso-
ciated lymphoid tissue (6). The SIV
p27:Ty-VLP was conjugated to the GM1
ganglioside receptor-binding subunit of
cholera toxin (CTB), which has potent
mucosal adjuvant properties (7). We used
two separate immunization regimes to assess
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the p27:Ty-VLP/CTB vaccine that was ad-
ministered by nontraumatic vaginal and
oral instillation. Three macaques received
two oral, followed by three vaginal, admin-
istrations (O-V), and four macaques re-
ceived two vaginal, followed by three oral,
administrations (V-O) of the vaccine. Four
macaques were used as controls by admin-
istration of p27:Ty-VLP without CTB, p27
conjugated to CTB (p27/CTB), or p27
alone, all by the O-V route to one macaque
each, or by administration of Ty-VLPs con-
jugated to CTB (Ty-VLP/CTB) by the V-O
route to one macaque.

Sequential examination of vaginal, rec-
tal, salivary, and serum antibodies before
and after each of the oral and vaginal
immunizations with p27:Ty-VLP/CTB
showed that IgA (Fig. 1 and Table 1) and
IgG (Fig. 2 and Table 1) were specifically
raised to p27 (anti-p27). IgA and IgG
anti-p27 in vaginal fluid were found after
the first or second oral or vaginal immuni-
zation in one macaque in each group. In the
other macaques immunized by the O-V
route, antibodies increased after the fifth
mucosal immunization. The macaques in
the second group immunized by the V-O
route showed an increase in antibodies after
the fourth or fifth mucosal immunization.
Similar results were found with serum IgA
and IgG, except that these were detected
earlier (Figs. 1 and 2). Salivary IgA, but
not IgG, appeared early, after the first or
second vaginal immunization in the V-O
group and to a lesser extent in the O-V
group (Table 1). Rectal washings showed
anti-p27 IgA in only three out of seven
macaques and IgG in one out of seven
macaques after the fifth mucosal immuniza-
tion. Of the four control macaques, those
immunized with p27:Ty-VLP, p27 alone, or
Ty-VLP/CTB did not show IgA or IgG in
vaginal and rectal fluids, whereas p27/CTB
elicited some antibodies in vaginal fluid
(Figs. 1 and 2). However, all but Ty-VLP
elicited serum IgA and IgG anti-p27. Im-
munization with p27/CTB or p27 also in-
duced salivary IgA and IgG (Table 1).
One-way analysis of variance (ANOVA) of
vaginal anti-p27 IgA in macaques immu-
nized with p27:Ty-VLP/CTB by the V-O
route, as compared with the control group,
showed a significant difference (P =
0.017), and anti-p27 IgG was also signifi-
cant (P = 0.022). Although vaginal IgA
elicited by the O-V sequence of immuniza-
tion was significant (P = 0.025), IgG (P =
0.44) did not reach the 5% level of signif-
icance. By either sequence of immuniza-
tion, serum anti-p27 IgA was not signifi-
cant if the immunized group was compared
with the control group (P = 0.057 and
0.143) because among the control
macaques all but Ty-VLP/CTB elicited se-
rum IgA (Figs. 1 and 2). However, serum
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