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Transition in Specification of Embryonic
Metazoan DNA Replication Origins

Olivier Hyrien,*t Chrystélle Maric,t Marcel Méchali*

In early Xenopus embryos, in which ribosomal RNA genes (rDNA) are not transcribed,
rDNA replication initiates and terminates at 9- to 12-kilobase pair intervals, with no
detectable dependence on specific DNA sequences. Resumption of ribosomal RNA
(rBNA) synthesis at late blastula and early gastrula is accompanied by a specific repres-
sion of replication initiation within transcription units; the frequency of initiation within
intergenic spacers remains as high as in early blastula. These results demonstrate that
for rRNA genes, circumscribed zones of replication initiation emerge in intergenic DNA"
during the time in metazoan development when the chromatin is remodeled to allow gene

transcription.

Eukaryotic DNA replication initiates at
multiple replication origins spread along
the length of each chromosome. In yeast,
replication origins correspond to specific
nucleotide sequences (I). In higher eu-
karyotes, the nature of replication origins is
much less clear. For example, initiation can
occur at any of a large number of sites in a
55-kbp zone downstream of the Chinese
hamster dihydrofolate reductase (DHFR)
gene, even though some sites may be pre-
ferred (2—4). Several other studies have sug-
gested a lack of specific origin sequences in
metazoan cells (I, 2). On the other hand,
replication of the ‘human B-globin gene
cluster may be regulated by a DNA se-
quence located between the 8- and B-glo-
bin genes (5).

The tandemly repeated, highly con-
served rRNA genes (Fig. 1A) provide an
interesting model of eukaryotic replicons.
Electron microscopy studies of replicating
DNA or chromatin have long suggested
that initiation is restricted to the rDNA
intergenic spacer in many protozoan and
metazoan species [references in (6, 7)].
Analysis of replication intermediates (RIs)
by two-dimensional (2D) gel electrophore-
sis confirmed that replication initiates in
the rDNA spacer, the noncoding sequences
between genes, at specific sites in Saccharo-
myces cerevisiae (8, 9) and Physarum
polycephalum (6) and in a broad zone in
human cells (10). A replication fork barrier
was also found at the 3’ end of ribosomal
genes in several species (7—11). »
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In contrast to this conserved pattern of
fixed sites or zones of initiation and termi-
nation, replication initiates and terminates

at random sequences, though at regular 9-

to 12-kbp intervals, in the rDNA of Xeno-
pus early blastulae (12). Plasmids contain-
ing the Xenopus rDNA sequences also
showed random initiation and termination
of DNA replication in Xenopus eggs or egg
extracts (13, 14). An important difference
with the other experimental systems is that
transcription of the zygotic genome, includ-
ing rRNA genes (15), is repressed in eggs
and early embryos. In order to analyze the
relation between transcription and replica-
tion at this locus, we investigated whether
resumption of tRNA synthesis after the Xen-
opus mid-blastula transition is accompa-
nied by changes in chromosomal rDNA
replication.

RIs of the restriction fragments (Fig. 1A)

.were analyzed by 2D gel electrophoresis

(Fig. 1C). The principle of this technique is
to resolve replication fork—containing re-
striction fragments according to both mass
and shape (16) (Fig. 1B). The relative
amounts of bubbles, double forks, and sim-
ple forks of a given fragment reflect the
frequencies of initiation and termination
within that fragment.

At the mid-blastula stage, each restric-
tion fragment showed a strong bubble arc, a
simple fork arc, and a double fork triangular
smear, indicating that initiation and termi-
nation occur at multiple positions through-
out tDNA repeats. These patterns are es-
sentially similar to those we found previous-
ly for the early blastula stage (12).

At later stages, the ratio of bubbles to
simple forks was visibly decreased in frag-
ments B, C, D, and E but not in fragment
A. RIs were measured on a PhosphorImager



in order to quantitate these changes in sev-
eral independent experiments and to esti-
mate the frequency of initiation and termi-
nation within each fragment at each stage.
These frequencies are defined as the num-

transcription units. A similar low level of
initiation in transcription units was recent-
ly reported for two other initiation zones in
adult mammalian cells (20), including that
of human rDNA. It is therefore possible

REPORTS

that the origin site of Xenopus rRNA genes
does not become further restrictive during
development. Two-dimensional gel analysis
of Xenopus rDNA in differentiated cells has

yet to reach a higher sensitivity than previ-

ber of events per kilobase pair of DNA

sequence, and their calculation takes into

account the size of the fragment as well as A B
the percentage of its various Rls (12, 17) YT =

— %
(Table 1 and Fig. 2). The frequency of R T meot XL e ) ong 15t dimension
initiation in fragments B, C, D, and E de- i Spacer —eta—— Transcrption unit——st ldimension Bubble
creased by a factor of 2 to 5 from early Syt B Y e Symmetric O
blastula to early gastrula (Fig. 2). The de- o o ) e | double Y el
crease was sharper between mid- and late L op e & ow —<
blastula. In contrast, the frequency of initi- REIELE, Sk E e B S Simple Y
ation in fragment A increased 1.4-fold dur- ot e Asymmetric .
) : . - SR T D double Y
ing the same time period. It is important to E p——

remember that the portion of a fragment ; T e
where bubbles can be reliably detected is Linear DNA
limited to its inner third (18). Therefore, c ; T =
(i) the reduction of initiation observed for ™
fragments B, C, D, and E affects the com-
plete transcription unit and (ii) the only Mid-
sequences of the A fragment that contrib- .
ute to its bubble arc are approximately
those belonging to the right half of the
intergenic spacer. The low incidence of
bubbles in the C and D fragments implies a
reduction of initiation over the edges, but Late
not the center, of the A fragment. blastula
The ratio of initiation frequency in tran-
scription units relative to intergenic spacers
was calculated for each developmental stage
by analyzing the same DNA sample on the
same blot with the two Eco RI probes A and
B (Fig. 3). This normalization eliminated
any potential artefact caused by unequal RI
losses in different experiments. The fre-
quency of initiation was nearly the same in - B c
the intergenic spacers (fragment A) and in Fig. 1. Two-dimensional gel electrophoretic analysis of Xenopus rDNA replication intermediates. (A)
the transcription units (fragment B) at early ~ Organization of X. laevis rDNA repeat unit, restriction map, and restriction fragments used in this study.
blastula, but decreased progressively in tran- E, Eco RI; B, Bam HI; H, Hind IIl. (B) Diagram of 2D gel electrophoretic patterns (16) generated by the
scription units relative to spacers (to one- ?hree basic forms: of replica‘tion fork—cpntainipg restrictign fragments. Fragments are separated accord-
third of the original value) as development pg to mass (that is, replication extent) in the first dimension apd to sha_lpe ir_\ the second dimension. Thus,
proceeded. The decrease in fragments C single forks (simple forks, or Y) are resolved from frggments with ’(wo diverging forks (bubbles, or O) ortwo
and D appeared even stronger than in frag- converging forks ((_10ut.>lt.a.fo.rks, or H). Blpt gnalygus of c_>vgrlappmg fragments enables deductlon‘ of ’_(he
; position of replication initiation and termination sites within the mapped locus (73, 76). (C) Replication
ment B (Fig. 2). intermediates of fragments A to E from mid-blastula (8000 cells), late blastula (16,000 cells), and early
We conclude that from mid-blastula to gastrula (32,000 cells) embryos. Replication intermediates cut with Bam HI, Eco RI, or Hind Il were
early gastrula, replication initiation became  prepared as described (72), with a further purification on benzyl-naphtyl-DEAE cellulose chromatography
repressed in the precursor rRNA coding (29). Two-dimensional gel electrophoresis, blotting, and hybridization were done as described (12).
sequences but continued in the intergenic

spacer at a similar or slightly higher fre-
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ously achieved (11), in order to address
these questions and to allow direct compar-
ison with transcription and chromatin
stiucture data (21).

In contrast to the TDNA origin specifi-
cation, termination events became uni-
formly distributed along the rDNA repeats

“at early gastrula. Double forks were still
detected everywhere, but in smaller per-
centages, consistent with a moderately larg-
er replicon size (Figs. 1 and 2). Intriguingly,
the average frequency of termination was
higher than the average frequency of initi-
ation (Fig. 2). As previously observed (12),
this may arise from the loss of bubbles or
from a slowing of replication forks as they
approach their termination site. This differ-
ence in the two average frequencies was
found at all stages studied and does not
affect our conclusions.

Strong replication fork barriers (RFBs)
have been observed in the tDNA of yeast
(8, 9), pea (7), human (10), or Xenopus
(11) cultured cells. Short exposures of the
fork arc of the D fragment, either before or

after the mid-blastula, revealed only a weak
discontinuity, suggesting that only a minor-
ity of forks slow down at the 3’ end of the
transcription unit (22). A peculiar DNA
structure may slow progression of some forks
independently of rRNA transcription.
However, the later establishment of a point
at which progression of most forks is halted
may require a higher rRNA transcription
rate or formation of a complex with an as
yet unidentified specific RFB-binding pro-
tein (11, 12). In conclusion, the develop-
mental establishment of a strong RFB is not
coincident with that of a preferential initi-
ation zone in Xenopus tDNA.

Ribosomal RNA transcription is repressed
in the early embryo and resumes progressively
from late blastula onward (15). Transcription
through origins has been shown to interfere
with autonomous. plasmid replication (23)
and . may in itself suppress origin function.
However this hypothesis cannot easily ex-
plain our results. At least 75 to 80% of tran-
scription units would need.to be activated at
late blastula to account for the three- to four-

Table 1. Quantitation of replication intermediates (RIs) and calculations of initiation and termination
frequencies. Rls were quantitated on a Phosphorimager and corrected for partial overlap, and frequen-
cies were calculated, as described (12, 17). Data for early blastula are from (72). The variable size of
fragments A, C, D, and E is due to length polymorphism of the intergenic spacer. ND, not detectable.

. Percent of total Rls Frequency (per kbp) of
Fragment and stage z:;a egEEgB; -
O H Y initiation termination

A (early blastula) 7.5- 85 9.1 33.2 57.7 0.052 0.084
A (mid-blastula, exp. 1) 7.0- 9.0 19.9 35.4 44.7 0.083 0.093
A (mid-blastula, exp. 2) 6.4- 8.8 8.0 38.0 54.0 0.053 0.093
A (late blastula, exp. 1) 7.0- 9.5 10.8 40.0 49.2 0.060 0.090
A (late blastula, exp. 2) 6.9- 8.4 12.2 36.5 51.3 0.067 0.093
A (late blastula, exp. 3) 7.5- 9.0 7.8 30.0 62.2 0.044 0.077
A (early gastrula, exp. 1) 7.0- 8.0 13.5 40.0 46.5 0.078 0.103
A (early gastrula, exp. 2) 7.0- 8.0 8.1 42.3 49.6 0.055 0.094
A (early gastrula, exp. 3) 6.9- 8.5 171 32.9 50.0 0.078 0.110
B (early blastula) 4.9 5.3 32.6 62.1 0.057 0.133
B (mid-blastula, exp. 1) 4.9 7.0 25.0 68.0 0.064 0.116
B (mid-blastula, exp. 2) 4.9 5.4 29.8 64.8 0.055 0.127
B (late blastula, exp. 1) 4.9 3.4 24.0 72.6 0.035 0.111
B (late blastula, exp. 2) 4.9 2.5 20.2 77.3 0.026 0.099
B (late blastula, exp. 3) 4.9 1.5 19.2 80.5 0.016 0.094
B (early gastrula, exp. 1) 4.9 2.7 25.0 72.3 0.029 0.112
B (early gastrula, exp. 2) 4.9 2.6 19.8 77.6 0.027 0.098
C (early blastula) 4.2 10.1 36.9 52.9 0.110 0.170
C (mid-blastula) 41- 4.2 14.4 20.5 65.1 0.119 0.126
C (late blastula, exp. 1) 4.2 4.0 16.5 79.5 0.044 0.102
C (late blastula, exp. 2) 4.4- 4.6 ND 20.2 79.8 ND 0.106
C (early gastrula, exp. 1) 4.3- 4.5 1.7 15.5 82.8 0.019 0.091
C (early gastrula, exp. 2) 4.3- 5.0 ND 21.9 78.1 ND 0.108
D (early blastula) 4.5 10.0 30.9 59.1 0.096 0.145
D (mid-blastula) 4.5 12.4 19.7 67.9 0.100 0.114
D (late blastula, exp. 1) 4.5 2.7 23.5 73.8 0.031 0.119
D (late blastula, exp. 2) 4.5 ND 22.0 78.0 ND 0.112
D (early gastrula, exp. 1) 45- 4.8 2.4 25.3 72.3 0.028 0.119
D (early gastrula, exp. 2) 4.3- 4.7 ND 23.3 76.7 ND 0.111 »
E (early blastula) 12.7-14.2 31.7 63.6 4.7 0.072 0.072
E (mid-blastula) 12.0-13.5 21.4 32.7 45.9 0.053 0.056
E (late blastula, exp. 1) 13.5-15.0 1.4 27.7 60.9 0.032 0.044
E (late blastula, exp. 2) 13.0-15.0 5.6 29.3 65.1 0.020 0.044
E (early gastrula, exp. 1) 10.0-12.0 7.9 22.2 69.9 0.030 0.048
E (early gastrula, exp. 2) 12.5-13.5 5.6 26.7 67.7 0.021 0.046
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fold repression of replication initiation within
transcription units that we observed. The pro-
portion of active units in these embryos,
which slowly resume transcription (15), is
certainly lower (0 to 25%), because in active-
ly transcribing cultured cells this proportion is
only 25% (21). The formal possibility that at
late blastula a high proportion of rRNA genes
would be transcribed, but at a low rate, seems
unlikely because in all systems thus far studied
(21), each tRNA gene appears either inactive
or fully active. Furthermore, in X. laewis, all
intergenic spacers downstream of active genes
are mostly or entirely transcribed by RNA
polymerase | as a result of inefficient tran-
scription termination at the 3’ end of the gene
(21, 24). Interestingly, recent reports of meta-
zoan replication origins within expressed
genes show that transcription does not neces-
sarily interfere with replication initiation
(25).

The confinement of DNA replication ini-
tiation to circumscribed zones may be related
to the determination of a locus for transcrip-
tion rather than to the actual, high-level tran-
scription of the gene. The inner third of the A
fragment contains a complex battery of re-
peated promoter and enhancer elements that
can bind the rRNA transcription factor UBF
(26). Transcription factors can stimulate ani-
mal virus replication independently of tran-
scription (27), and intergenic DNA-bound
UBF may act similarly and facilitate access by
the replication initiation machinery after the
mid-blastula transition. Whether this origin
specification subsequently helps to activate
rRNA transcription remains to be explored.
Nevertheless, the role of transcription factors
in viral DNA replication need not reflect the
controls imposed on cellular DNA replica-
tion. Alternatively, some chromatin remodel-
ing after the mid-blastula transition, distinct
from the active process of transcription, might
distinguish transcription units from intergenic
regions and render them refractory to replica-
tion initiation.
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Fig. 3. Changes in the ratio of initiation in fragment
B relative to fragment A. Both probes were used
to analyze the same DNA sample on the same blot
for each developmental stage. The mean ratios
and standard errors were calculated from the data
in Table 1.



In either model, the apparent sequence
specificity of some metazoan replication or-
igins would result from modulation by the
nuclear context of a primarily nonsequence-
specific initiation mechanism. Indeed, Xeno-
pus egg extracts are able to initiate DNA
replication specifically within the Chinese
hamster DHFR initiation zone if intact G-
phase nuclei are used as the substrate (28).
This finding was suggested to result from
nuclear structure rather than transcription,
although it remains to be demonstrated that
Xenopus egg extracts do not carry out tran-
scription in these experiments.

The confinement of replication initia-
tion outside of genes may have had different
evolutionary consequences in organisms
with different ways of life (I, 12). Protozoa
and viruses with small genomes, little inter-
genic DNA, and requirements for rapid
growth could have been favored by the
emergence of efficient, sequence-specific
replication origins. On the contrary, a non—
sequence-specific initiation mechanism
may adapt with greater flexibility to the
variety of proliferation rates and nuclear
contexts found in a metazoan organism.
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A Left-Handed Parallel 3 Helix in the Structure of
UDP-N-Acetylglucosamine Acyltransferase

Christian R. H. Raetz and Steven L. Roderick*

UDP-N-acetylglucosamine 3-O-acyltransferase (LpxA) catalyzes the transfer of (R)-3-
hydroxymyristic acid from its acyl carrier protein thioester to UDP-N-acetylglucosamine.
LpxA is the first enzyme in the lipid A biosynthetic pathway and is a target for the design
of antibiotics. The x-ray crystal structure of LpxA has been determined to 2.6 angstrom
resolution and reveals a domain motif composed of parallel 8 strands, termed a left-
handed parallel g helix (LBH). This unusual fold displays repeated violations of the protein
folding constraint requiring right-handed crossover connections between strands of par-
allel B sheets and may be present in other enzymes that share amino acid sequence
homology to the repeated hexapeptide motif of LpxA.

The outermost membrane monolayer - of
Gram-negative bacteria is composed pri-
marily of the lipid A moiety of lipopolysac-
charide (LPS). The first step of lipid A
biosynthesis in Escherichia coli is catalyzed
by the cytosolic enzyme LpxA, which acts
specifically to transfer the 14-carbon fatty
acid, (R)-3-hydroxymyristate, from its acyl
carrier protein thioester to the 3'-OH posi-
tion of UDP-N-acetylglucosamine (I).
LpxA and other enzymes of lipid A biosyn-
thesis are essential for bacterial growth, as
well as the maintenance of the permeability
barrier function of the outer membrane (2).

The IpxA gene from E. coli has been
cloned and encodes a subunit of 262 residues
(3). The amino acid sequence is similar to
that of several other enzymes, most of which
are bacterial acetyl- and acyltransferases (4—
6), including the enzyme that catalyzes the
third step of lipid A biosynthesis, UDP-3-O-
(R-3-hydroxymyristoyl)-glucosamine M-
acyltransferase (LpxD; FirA) (7). The region
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of sequence similarity common to all of these
enzymes is a tandem-repeated imperfect six-
residue sequence motif termed a “hexapep-
tide repeat” (6) or an “isoleucine patch” (5).
This motif is characterized by an aliphatic
residue at every sixth position (usually Ile,
Val, or Leu) and a small residue (Ala, Sert,
Cys, Val, Thr, or Asn) preceding the hydro-
phobic residue at position i-2. Glycine often
occupies the position immediately after the
aliphatic residue position. The hexapeptide
repeat sequence motif occurs 28 times in
LpxA within the NH,-terminal 186 residues.

The x-ray crystal structure of LpxA was
solved by the method of isomorphous re-
placement with two heavy-atom derivatives
and refined to a conventional R factor of
18.4% at 2.6 A resolution (8, 9). Crystallo-
graphic statistics are presented in Table 1.
The atomic model reveals that LpxA is a
trimer composed of three identical subunits
that are related by a crystallographic three-
fold rotation axis (Fig. 1). Each subunit is
composed of two domains: an NH,-terminal

"domain of predominantly parallel B-sheet

structure (residues 1 to 186) and a COOH-
terminal domain (residues 187 to 262) con-
taining four o helices. The polypeptide
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