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res~des close to Ala16' in helix D. 

lumi-Rh state. Ala169. an amino acid in helix 
D presumed not to be close to the retinal 
binding site, is cross-linked in the lumi-, 
meta-I-, and meta-11-Rh stages. This requires 
a movement of helices (Fig. 5) and would 
necessarily alter conforn~ations of the cyto- 
plasmic loops connecting helices C/D and 
EIF, which have been implicated in transdu- 
cin activation (9, 12). It is proposed that 
TrpZ6' keeps 11-cis-retinal as an inverse ag- 
onist; thus, it is not surprising to see Trp265 in 
close proximity to the p-ionone ring both in 
Rh, the resting stage, and in batho-Rh, the 
first high-energy intermediate, while the ring 
moiety has flipped over in the more relaxed 
lumi-Rh and further intermediates. 

The femtosecond photoisomerization of 
1 1,12-ene leadmg to photo-Rh (Fig. 1) (37, 38) 
and then to batho-Rh does not involve move- 
ment of the ionone ring moiety; the highly 
strained all-trans polyene system aves rise to 
the red-shlfted absorption. 6 the baiho- to lumi- 
Rh step, the stored energy is dissipated by 
flip-over of the 6-ionone ring as well as relax- 
ation of the opsin so that helix D and Ala169 are 
situated near C-3 of the chromo~hore. In sub-
sequent steps, lumi- to meta-I- to meta-11-Rh, 
the helical movements change conformations of -
the extramembrane loops connecting C D  and 
ELF helices, but the environment surrounding 
the p-ionone does not change. The present pho- 
tocross-luhg studies where the visual trans- 
duction pathway has been traced in a tempera- 
ture-resolved rather than a time-resolved man- 
ner should be applicable to other GPCRs. 
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Bacterial Mode of Replication 
with Eukaryotic-Like Machinery 

-

in a Hyperthermophilic 
Archaeon 

Hannu Myllykallio,' Philippe ~opez,' 
Purification Lopez-~arcia,'* Roland Heilig,3 William ~ a u r i n , ~  

Yvan ~ivanovic,' Hewe Philippe,' Patrick Forterrell' 

Despite a rapid increase in  the amount of available archaeal sequence infor- 
mation, l i t t le is known about the duplication of genetic material in  the third 
domain of life. We identified a single origin of bidirectional replication in 
Pyrococcus abyssi by means of in  silico analyses of cumulative oligomer skew 
and the identification of an early replicating chromosomal segment. The rep- 
lication origin in  three Pyrococcus species was found t o  be highly conserved, and 
several eukaryotic-like DNA replication genes were clustered around it.As in  
Bacteria, the chromosomal region containing the replication terminus was a hot  
spot of genome shuffling. Thus, although bacterial and archaeal replication 
proteins differ profoundly, they are used t o  replicate chromosomes in a similar 
manner in  both prokaryotic domains. 

Recently, comparative genomics has revealed 
that most archaeal informational processes 
are similar to those in eukaryotes (I). This is 
especially striking in the case of DNA repli- 

cation because all putative archaeal DNA 
replication proteins have eukaryotic ho-
mologs only or, alternatively, are more close- 
ly related to their eukaryotic counterparts 
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than to their bacterial ones (2, 3). The lack of hovikoshii) in which major chromosomal re- crease the proportion of replication forks lo- 
conservation of replication factors in Eukaryd arrangements have occurred after their diver- cated close to the origin. After drug removal, 
Archaea and Bacteria is so striking that their gence (Fig. 1A). Although normal diagrams newly replicating DNA was radioactively la- 
independent development after divergence of oligomer skew (here, tetramer GGGT) beled, and the chromosomal distribution of 
from a last universal ancestor carrying an RNA could suggest multiple origins (Fig. IB), cu- radioactivity was determined by calculating 
genome has been suggested (3). Although re- mulative skew analyses of the same tetramer the relative abundance of labeled Not I frag-
cent experimental studies have confirmed pre- gave smooth curves for the two genomes with ments of P. abyssi, as resolved by contour- 
dicted enzymatic activities for many open read- one well-defined singularity and one broad clamped homogenous electric field electro- 
ing frames suggested to encode archaeal repli- peak, both at similar locations. The cumula- phoreses (CHEFS) (12). After 30 min of la- 
cation proteins ( 4 ) ,the processes through which tive skew pattern thus appears to be a stable beling, the highest relative intensity was re- 
chromosomes are replicated by these proteins feature of genome composition because it has producibly observed for the 80-kb fragment 
have remained enigmatic. Even whether Ar- not been altered by the chromosomal rear- (fragment 11 in Fig. 3), corresponding to the 
chaea have a single replication origin, like Bac- rangements between the two Pj~vococcus spe- well-defined singularity present in skew dia- 
teria, or multiple origins, like Eukarya, has been cies (Fig. 1A). Similar results (10) were ob- grams (marked with the arrow in Figs. l and 
unknown. In some bacteria, GC skew can be tained when the genome sequence of a third 
used to detect replication origins and termini Pyrococcus species, P. furiosus, was ana-
due to an excess of G over C in the leading lyzed (I  l) .  
strand of replication (5). Conventional GC The shape of the cumulative skew dia- 
skew analyses failed to identify strand asym- grams in Fig. 1B could be explained a priori 
metry in completely sequenced archaeal ge- by two different replication mechanisms: one 
nomes (6) ,suggesting the possibility of multi- of the two singularities could represent a 
ple origins, in agreement with the eukaryotic bidirectional replication origin, or they both 
nature of the archaeal replication apparatus. could represent monodirectional replication 
However, a single replication origin was sug- origins. To distinguish between these possi- 
gested by cumulative diagrams of GC or tet- bilities, we sought to identify an early repli- 
ramer skews in the Archaea Methanobacte- cating chromosome segment with informa- 
rium thernzoautotrophic~im (7, 8) and Pyvo- tion deduced from the complete genome se- 
coccus hovikoshii (8). quence of P. abyssi. In preliminary experi- 

The genome of P. abyssi has been recently ments, we found that uracil, but not thynudine, 0 50 100 150 200 
sequenced (9),  allowing the comparison of could be used to efficiently label chromosom- Time lmin) . , 
strand asymmetry in the genomes of two a1 DNA when cells were grown anaerobically 

Fig 2 Incorporation of 3H-labeled uracil into 
closely related organisms (P. abyssi and P. at 95OC (12). DNA synthesis in vivo was an ;lkaline-resistant form (DNA) of P, abyssi in 

fully inhibited by puromycin, a universal pro- the absence (control, dashed line with dia-
'Institut de Cenetique et Microbiologie, 2Laboratoire tein synthesis inhibitor (Fig. 2). By analogy monds) and presence of puromycin (200 kg/  
de Biologie Cellulaire, Universite de Paris-Sud, 91405 to the bacterial system, the residual incorpo- ml) (line with squares) is shown. Control exper- 
Orsay Cedex, France. 3Cenoscope, Centre National de ration of label into DNA observed in the iments (10) using alkaline lysis and deoxyribo- 
Sequenqage, Evry, France. presence of puromycin suggested that this nuclease I treatments of isolated nucleic acids 
*Present address: Department of Microbiology, Uni- from labeled cultures indicated that 30 t o  35% inhibitor specifically blocks the initiation step of the label was incorporated into DNA. Incor- versidad Miguel Hernandez, 03550 San Juan de Ali- 
cante, Spain. of DNA replication in P, abJ>ssi, poration of radioactive uracil was measured 
+TO whom correspondence should be addressed. E- In a further experiment, DNA replication after trichloroacetic acid precipitation of whole 
mail: forterre@igmors.u-psud.fr was arrested by puromycin, in order to in- cells by scintillation counting 

Fig. 1. (A) Pyrococcus A B 
genomes (PHO, P. 2,0 

PAB 
Noncumulative Cumulative 

horikoshii; PAB, P. ab- 
yssi) were compared 
using a BLAST tool  
and plotted against 
each other. Each data PHO 

point represents 100 
nucleotides with >80% 
identity between two p ,o 
genomes. Scale is giv- a 
en in increments of 
l o 6bp. (9) Noncumu-
Lative (Left) and cu- 0,5 
mulative (right) skews PAB 
of tetramer CCCT for 
the two Pyrococcus 
genomes. In each graph, 
the abscissa represents 
the whole length of 0 0.5 1.0 1.5 2.0 
the genome and is di- 
rectly comparable to  those in (A). The skews are defined as the relative integrated from the start of the genome, with positive and negative values 
excess of tetramer CCCT over its reverse complement ACCC in a sliding resulting in an ascending and a descending slope, respectively. As expected, 
window of 1150th of the genome. The position of the window is incre- cumulative diagrams provide a much more convenient and accurate display 
mented by 11240th of the genome, yielding 240 values. Obtained values are of the trends of the skew. In the genome of P. horikoshii and P. abyssi, a 
displayed as shown for the noncumulative skew. The values were also well-defined singularity point is detected (indicated by the arrows). 
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3). The lowest value was obtained for the 
fragment located opposite fragment I1 on the 
P. abyssi genome, corresponding to the broad 
peak of the cumulative skew diagram. As 
expected for an early replicating fragment, 
the relative labeling intensity of fragment I1 
gradually decreased when labeling was con- 
tinued for up to 90 min. The simplest expla- 
nation for our in silico and experimental data 
is thus that Pyrococcus sp. chromosomes are 
replicated bidirectionally from a fixed single 
origin located within the 80-kb fragment de- 
scribed above and that the replication termi- 
nus is located approximately opposite the 
origin. Finally, the experimentally mapped 
replication origin of P. abyssi corresponds to 
a transition from negative to positive GC 
skew, indicating an excess of G over C in the 

P abyssi sequence coordinate (kb) 

Fig. 3. Relative labeling intensities for P. abyssi 
Not I macrorestriction fragments are given. The 
abscissa indicates the middle point of the dif- 
ferent fragments (indicated by roman numerals 
at the top) in sequence coordinates. The rela- 
tive intensity of each fragment is plotted for 
three different time points of radioactive label- 
ing (30 min, line with circles; 60 min, line with 
triangles; 90 min, line with diamonds) and for 
fluorescent detection without puromycin treat- 
ment (line with squares). All curves have a 
minimal value of 1.0 but have been offset by 
increments of 0.25 for readability. The location 
of the well-defined singularity of' Fig. 1 is 
marked by the arrow. 

leading strand of these Archaea (5). 
The archaeal replication origin region that 

we identified does not contain typical se- 
quences recognized by the bacterial initiator 
protein, nor is DnaA obvious in archaeal 
genomes (2). Instead, they all contain an 
archaeal homolog of OrclICdc6 proteins that 
are involved in the initiation step of DNA 
replication in eukaryotes [reviewed in (13)l. 
These archaeal OrclICdc6 homologs are lo- 
cated immediately downstream of a large in- 
tergenic sequence [-800 base pairs (bp)] 
(14). This is the only highly conserved inter- 
genic sequence of >600 bp to be conserved 
in the three Pyrococcus genomes (15), sug- 
gesting a strong functional constraint for this 
region. This sequence contains a 45-bp cen- 
tral core with a single-nucleotide substitution 
between all three species, as well as many 
conserved direct and inverted repeats, similar 
to those present in'the predicted origin of M. 
thermoautotrophicum [(8); see also Web fig. 
1 (Id)]. In the three Pyrococcus species, the 
described origin region carries many genes 
encoding orthologs of proteins involved in 
both the initiation (e.g., Cdc610rcl) and the 
elongation steps of eukaryotic DNA replica- 
tion [e.g., replication factor C (RF-C)] (Fig. 
4). Grouping of replication genes near the 
origin has been reported in some bacteria and 
possibly helps the effective assembly of rep- 
lication forks onto the origin (1 7). 

Whereas the replication origin is highly 
conserved between the three Pyrococcus spe- 
cies, the chromosomal region containing the 
replication terminus is a hot spot of genome 
shuffling, as shown by the genome-to-ge- 
nome comparison between P. abyssi and P. 
horikoshii (Fig. 1A). Genetic instability in the 
terminus region has been also observed for 
Bacteria (18), and it could reflect a common 
mechanism for the termination of replication 
andlor chromosome segregation in all pro- 
karyotes. Indeed, in addition to bacterial-like 
cell division genes already detected in Ar- 
chaea [e.g., ftsZ, minD, and spoJ (8)], we 
noticed that Pyrococcus sp. and other Ar- 
chaea contain a XerC and XerD homolog 
(PAB0255 in P. abyssi), which in Bacteria are 
involved in the resolution of chromosomes at 
the end of the replication process (19). 

The successful identification of an ar- 

chaeal replication origin validates the use of 
archaeal replication proteins such as Cdc61 
Orcl and minichromosome maintenance 
complex (MCM) to understand the function- 
ing of their eukaryotic homologs (20). Be- 
cause the genome of P. abyssi encodes only 
two putative initiator proteins (MCM and 
Cdc610rc 1) in comparison to the complex set 
of proteins involved in yeast replication ini- 
tiation, the archaeal in vitro replication sys- 
tem could represent a minimal eukaryotic- 
like mechanism for initiation of DNA repli- 
cation. By itself, the replication of a prokary- 
otic chromosome from a single bidirectional 
replication origin by eukaryotic-like machiri- 
ery raises fundamental questions. For exam- 
ple, our data indicate that the P. abyssi chro- 
mosome is replicated in -45 min, i.e., once 
during every cell division. In this species, 
each replication fork must then be traveling at 
-20 kblmin along the archaeal chromosome. 
This value is much higher than those ob- 
served for Eukarya (2 to 3 kblmin), although 
similar values have been obtained for Bacte- 
ria [Escherichia coli, 50 kblmin; Caulobacter 
crescentus, 21 kblmin (21)l. The faster repli- 
cation rate in Archaea, as compared to that in 
Eukarya, could reflect the differences be- 
tween the two replication apparatus [e.g., dif- 
ferent replicative DNA polymerase and 
streamlining of several factors (2)] or a less 
compact nucleosomal structure (as expected 
for an actively transcribed genome with a 
high coding capacity). 

We failed to identify strand asymmetry by 
cumulative skew or tetramer analyses in the 
genomes of Methanococcus jannashii, Ar- 
chaeoglobus Jiclgidz1~, and Aeropyrum pernix 
and in some bacteria (22). Whether this implies 
the presence of multiple replication origins in 
these organisms or a limitation of the curnula- 
tive skew method remains to be established. 
However, the identification of both eukaryal 
and bacterial features in the Pyvococcus DNA 
replication mechanism already has evolutionary 
implications. The differences between replica- 
tion factors in EukaryaIArchaea and Bacteria 
have been explained by (i) their high evolution- 
ary rate triggered by the different replication 
modes in Eukarya and Bacteria (I), (ii) an 
independent development after their divergence 
(3), or (iii) a massive nonorthologous displace- 

Fig. 4. A physical map rad51 orcl 
of the P. abyssi origin zy . 00117 W(UI OW* 2273 2272 W71 2271 2270 24oa 22(W 22s5 m 0018 0078 2261 

region. The presence of ., .., .., .., .,-.,.., .., .., .., ..,':-.-- .., . . , m i i t -  - ~ ~ - . - @ j - . f i ~ - ~ -  . . . . . . . . . . . . . . . . . . . . . . . .  .:. -:.. 
genes for an archaeal 27.77 0070 &i2 2269 w75 2263 0079 

initiator (Orcl/Cdc6), 
two subunits of DNA Hellcase RF-C DNA Pol orlC 
polymerase (DNA Pol), 
DNA polymerase pro- Bacterial-like genes ' Archaea-specific genes m 
cessivity factor (RF-C), 
a Rad51 homolog, and Eukaryotic-like genes '. ..:.., P. abyssicandidate 
putative DNA helicase replication origin 
in the vicinity of the P. 
abyssi oriC are indicated. Numbers indicate annotated open reading frames in the P. abyssi genome (9). 
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ment (23). Because, in the case of P. abyssi, 
eukaryotic-like replication proteins are used in a 
manner similar to that in Bacteria, the first 
possibility is unlikely. It remains to be estab- 
lished if similarities of archaeal and bacterial 
replication systems are a consequence of their 
common prokaryotic life-style (convergence) 
or if they are evolutionarily related (homolo- 
gous). The latter hypothesis is supported by the 
observation that DnaA and OrclICdc6 belong 
to the same protein superfamily (24), suggest-
ing that all cellular replication initiation mech- 
anisms originated in a DNA-based ancestor. 
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Requirement of Mis6 

Centromere Connector for 

Localizing a CENP-A-Like 

Protein in Fission Yeast 


Kohta T a k a h a ~ h i , ' , ~ . ~Ee Sin chen,'n2 Mitsuhiro Yanagida ' ,2 -3 *  

Mammalian kinetochores contain the centromere-specific histone H3 variant 
CENP-A, whose incorporation into limited chromosomal regions may be im- 
portant for centromere function and chromosome segregation during mitosis. 
However, regulation of CENP-A localization and its role have not  been clear. 
Here we report that the fission yeast homolog SpCENP-A is essential for 
establishing centromere chromatin associated wi th  equal chromosome segre- 
gation. SpCENP-A binding t o  the nonrepetitious inner centromeres depended 
on Mis6, an essential centromere connector protein acting during C,-S phase 
of the cell cycle. Mis6 is likely required for recruiting SpCENP-A t o  form proper 
connection of sister centromeres. 

The kinetochore is a chromosomal architec- 
ture serving as the attachment site for spindle 
microtubules and is crucial for directing 
faithful chromosome segregation during mi- 
tosis (1). Because mutations in Mis6 and 
Misl2, two essential centromere proteins of 
the fission yeast Schi=osacchar.om~es pombe, 
disrupt centromere chromatin and cause high 
frequencies of missegregation (2, 3), it is 
thought that the composition andlor modifi- 
cations of the nucleosomes underlying cen-
tromere chromatin might be altered. Both 
mammalian CENP-A and its budding yeast 
homolog Cse4 function as essential histone- 
like components of the centromere nucleo- 
somes (4, 5) .  

To assess the possible role of CENP-A in 
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centromere integrity and function, the gene 
encoding the CENP-A homolog in S. pombe 
was identified (6). Sequencing revealed a 
putative histone H3 variant clone [designated 
SpCENP-A; the formal gene name is cnpl+ 
(centromere protein l)] (Fig. 1A) encoding a 
polypeptide of 120 amino acids (6) with 57, 
53, and 48% identity to the fission yeast 
histone H3, the budding yeast Cse4, and hu- 
man CENP-A, respectively. 

To examine intracellular localization of 
SpCENP-A, we constructed a hsion gene 
comprised of SpCENP-A with its native pro- 
moter and green fluorescent protein (GFP) 
that we confirmed to be functional (7) and 
integrated into the genome. SpCENP-A-GFP 
was seen as single dots near the nuclear 
periphery in interphase cells (Fig. lB, top 
row). Two or three dots were observed in 
prometaphase or metaphase cells (Fig. lB, 
rows 2 and 3) and one dot was present per 
daughter nucleus in anaphase cells (Fig. lB, 
rows 4 and 5). In mitotically arrested P-tubu- 
lin mutant nda3-311 (8) ,a single centromere- 
like locus of GFP signal was seen on each of 
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