Origin of Replication in Circular Prokaryotic Chromosomes
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Several methods which rely on single nu-
cleotide skews, especially the G/C skew,
have been used for identifying the origin
of replication in bacterial genomes. We
describe here a new method based on the
skew of all oligonucleotides up to 8 bp
in length, which can accurately predict
the origin in most sequenced prokary-
otic chromosomes. Analysis of strand
differences in more than 200 prokary-
otic chromosomes reveals strong correla-
tions with taxonomic grouping, lifestyle
and molecular details of the replication
process. While all bacteria have a pref-
erence for G’s over C’s on the lead-
ing strand, we discover the that the di-
rection of the A/T skew is determined
by the polymerase- subunit that repli-
cates the leading strand. The strength of
the strand bias, however, varies greatly
between both phyla and environments
and appears to correlate with growth
rate. Finally, we observe much greater
skew diversity among archaea than bac-
teria. The programme as well as re-
sults for all publicly available genomes
are available from http://www.cbs. dtu.
dk/services/Geno meitlas /s uppl/ origi n.

Introduction

The replication of bacterial chromosomestyp-
ically starts at a well de ned site, the origin of
replication, from which two replication forks
proceed in opposite directions. Replication
continuesuntil it is either stopped at a termi-
nation signal or the two replication forks meet
and the whole genomeis duplicated. While the
origin is a unique site where replication is ini-
tiated in both directions, seweral termination
sites often exist within a chromosome. Each
of these sites can only stop replication forks
moving in onedirection (Baker, 1995).

Because the two DNA strands making
up the double helix are antiparallel and nu-
cleotides are only added to the 3° end of
the growing chain, the two strands are syn-
thesized dierently. One strand, the lead-
ing strand, is made cortinuously in the same
direction as the replication fork is moving.
Synthesis of the other strand, the lagging
strand, must take place in the opposite di-
rection to the movemen of the replication
fork. The lagging strand is therefore synthe-
sized as smaller chains, Okazaki fragmerts,
which are subsequetly joined (Kornberg and
Baker, 1992). The discortinuous synthesis of
the lagging strand createslong stretchesof sin-
gle stranded DNA during replication. This dif-
ferencein synthesis of the two strands gives
rise to a mutational bias between the two
strands. It is a well known obsenation that
bacterial chromosomesexhibit strand-speci c
biases,both in terms of strand-speci ¢ oligonu-
cleotide sequencesand also gene orientation
(Lobry, 1996a;Rocha, 2004)

The replication of DNA is carried out by a
functionally highly consened protein complex,
the DNA polymeraseholoenzyme. The elonga-
tion of the growing DNA chain is catalysed by
the polymerase subunit, which existsin two
forms. One is homologousto the dnaE gene
from Escherichia coli, and the other is homol-
ogousto the polC genefrom Bacillus subtilis.
In E. coli, the two polymerase subunits of
the pol 11 holoenzymeare both encaded by the
dnak gene(Korn bergand Baker, 1992)and are
not pre-dedicatedto the leading or the lagging
strand (Yuzhakov et al., 1996). In B. subtilis,
the two subunits are not identical and are en-
coded by the essetial polC and dnaE genes.
The PolC polymerase replicates the leading
strand while the DnaE replicates the lagging
strand (Dervyn et al., 2001;le Chatelier et al.,
2004). The dierence betweenthe polC and
dnaE encaled polymerase subunits is in the
proofreading function. In E. coli the proof-



reading capacity of the polymeraseresidesin

the interaction betweenthe and the sub-
units encaded by the dnaE and the dnaQ genes
respectively (Kornberg and Baker, 1992). The

PolIC protein from B. subtilis is larger than the

DnakE protein from E. coli and its C-terminal

is 30% homologousto the subunit mentioned

above. For B. subtilis and the Firmicutes in

general, the leading strand is replicated by a
polymerasesubunit where proofreading capac-
ity residesin one polypeptide chain, whilst for

the lagging strand the proofreading capacity

involves a complex of two polypeptides. The

Thermotoga maritima genomeencalesboth a
PolC and a DnaE homolog (Huang and lto,

1998). In the presert work, we show that the

Fusolacterium nucleatum and Aquifex aeolicus
genomesalso encade both a PolC and a DnaE

homolog.

Seweral computational methods have been
devised to locate the origin and terminus of
replication in microbial genomes(reviewed in
Rocha, 2004). The vast majority of these
methods rely on analyzing so-called skews
which represert the di erence betweenleading
and lagging strand. In many bacterial chro-
mosomeshe leading strand contains more G's
than C's and the origin canbeidenti ed by the
G/C skew (Lobry, 1996b,a;Frank and Lobry,
2000). A similar albeit usually weaker strand
bias is often seen for adenine and thymine
where the leading strand normally contains
more T's than A's (Rocha, 2000). The G/C
and A/T skewscan be combined as either the
purine-skew (G,A vs. C,T) or the keto-skew
(G, T vs. A,C), which can provide a better ori-
gin prediction than the single nucleotide skews
(Freemanet al., 1998). The information in the
di erent single nucleotide skews can be com-
bined into a three-dimensional curve, the Z-
curve, which has beenusedto predict origins
in both bacterial and archaeal chromosomes
(Zhang and Zhang, 2002). Going beyond mono
nucleotide skews, a method based on skewed
octamershasprovenvaluablein predicting ori-
gins in both bacterial and archaeal chromo-
somes(Salzberg et al., 1998).

The origin and the terminus are turning
points in a circular chromosome where the
leading strand cortin uesdirectly into the lag-
ging strand. Like other methods, the method
we describe here works by seekingthe posi-
tions in the sequencethat maximize the dif-
ference between the leading and the lagging
strand. Howewver, we go beyond generic base
skewsand instead seard for chromosomespe-
ci ¢ oligomer skewsinvolving all oligomersup

to a length of eight nucleotides. We show that
our method is more sensitive than existing ones
based on mono nucleotide skews or the oc-
tamer skews. Furthermore, it providesa quan-
titativ e measurefor the di erence betweenthe
leading and the lagging strand. Finally, we
show that the direction of the A/T skew is
determined by the type of DNA polymerase-

subunit, that is involved in proof-reading of
the leading strand.

Results and discussion

Out of more than 200 circular bacterial chro-
mosomeswe have analysed, our measure of
strand bias, the signal-to-noise ratio, varies
between 44 for the Firmicute Clostridium
perfringens and 0.08 for the cyanobacterium
Gloeolacter violaceus While every computa-
tional method calculating strand skew would
probably succeedin locating the origin in the
C. perfringens genome,we doubt that it would
be possibleto locate the origin by comparing
the two strands in G. violaceus as the strand
bias of this genomeis only marginally above
the 0.07 obsened for randomly generated se-
guences.

The signal-to-noiseratio givesa very good
indication of how easily the origin of replica-
tion is to locate: it can be done without di -
culty when the signal-to-noiseratio is above 2,
it is more di cult but still possiblefor values
between 1 and 2, and for values lower than
1 it is almost impossible to locate the ori-
gin. Most of the genomesin the latter cat-
egory are thermophiles, with the exceptions
being Cyanobacteriaand Deinococcus radiodu-
rans (seeFigure 1). Most of the Cyanobacte-
ria have an exeptionally low strand bias, which
suggestghat the processof DNA replication in
these speciesis somehav di erent from other
bacteria. Indeed, experimental analysis of the
DNA replication in Synehacystis shows that
the DnaA geneis not required for DNA repli-
cation (Richter et al., 1998).

DNA polymerases inuence skews

Our analysis of bacterial chromosomesshows
that while the tendency of more G's on the
leading strand and more C's on the lag-
ging strand is a general trend, the direc-
tion of the A/T skew varies between species
and phyla. The Firmicutes, Thermotogales,
Aqui cae, and Fusobacteria have surplus of
G's and A's on the leading strand, which
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Phyla Signal-to-noise ratio Example species A/T skew
Rickettsia prowazekii - Y
Neisseria meningitidis - -
Proteobacteria ﬂ} Escherichia coli K-12 -
(101) Desulfovibrio vulgaris - —
Campylobacter jejuni -
Chlamydiae + Chlamydia trachomatis - -
©
Planctomycetes ‘ Rhodopirellula baltica - -
(1)
Gloeobacter violaceus
Cyanobacteria D Synechococcus sp. - —
(8) Synechocystis sp.
M terium t losi - -
—  Actinobacteria ﬂ} ycobacterium uperco osis
(17) Streptomyces coelicolor o
H Aquificae Aquifex aeolicus b
(1)
Thermotogae ‘ Thermotoga maritima K
M
| Deinococcus radiodurans Chr. 1 = N
Deinococcus m Deinococcus radiodurans Chr.2 = -
(3) Thermus thermophilus - -
Bacillus subtilis =
Firmicutes 4‘]37 Clostridium perfringens —
(55) Mycoplasma genitalium =
Fusobacteria ‘ Fusobacterium nucleatum f—
M
. l:l:| Bacteriodes thetaiotaomicron - —
ga;ctenodetes Porphyromonas gingivalis - o
Leptospira interrogans Chr. 1 = =
Spirochaetes l:D» Leptospira interrogans Chr. 2 = =
(8) Treponema pallidum - —

Figure 1: Phylogenetic overview of skews. Foread phyla, the distribution of signal-to-noise
ratios is represeried by a box-and-whiskers plot basedon the 10, 25, 50, 75, and 90 percertiles.
Within ead phyla the presence/absencef a PolC homologis shawn for selectedspeciesalong
with the G/C and A/T skews,shown asblue and greenbars, respectively. Note that the A/T

skew is positive for all specieswith a PolC homolog and vice versa.
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Figure 2: The strand bias curves for six genomes. The median oligo skew curves (red)
werecalculatedfrom v ewindow sizes(50%, 55%, 60%, 65%, and 70%; seeMethods for details).
A) B. subtilis hasatypical bacterial genomein that the G/C skewis positive and the A/T skew
is negative. B) B. thetaiotaomicron shows the sameskew pattern. The origin of replication is
predicted at position 4040kbp rather than at position zero. C) For the F. nucleatum genome,
both the G/C andthe A/T skewsare positive. The strand bias curvesclear suggestan origin at
position 641kbp rather than at position zero. D) In T. maritima, the skewsvery weak, yet the
origin is predicted at position 164kbp, very closeto the likely true origin. As in F. nucleatum
and Firmicutes, both the G/C and the A/T skewsare positive, which is consistert with these
genomescontaining both a polC and a dnaE homolog. E) Halokacterium NRC-1 is a rare
example of a genomewith a strong, negative G/C skew around the origin of replication. F)
No G/C skew is presert around the origin in the M. mazei genome,however, a strong negative
A/T skew allows the origin to be localized.



is in sharp cortrast to Actinobacteria, Pro-
teobacteria, Chlamydiae, Bacteroidetes, and
Spirochetes that all have surplus of G's and
T's on the leading strand. These two di er-

ent skew patterns are exemplied by Bacil-
lus subtilis and Bacteroides thetaiotaomicron
(seeFigure 2a,b). Typically, the G/C skew is
stronger than the A/T skew, which in some
speciesis almost absert (seeFigure 1).

The chromosomes with a positive A/T
skew (more A's on the leading strand) con-
tain both a polC and a dnakE homolog, while
the other genomesonly have a dnakE homolog.
These skew patterns across distantly related
species suggestthat the skews re ect dier-
encesin the proofreading system. For dnakE
the proofreading residesin the interaction be-
tweenthe and subunits(le Chatelier et al.,
2004), while polC contains both the elonga-
tion and the proofreading functions in the
subunit (McHenry, 2003). In Firmicutes the
leading strand is replicated by polC while the
lagging strand is replicated by dnaE (Dervyn
et al., 2001).

We used the polC gene from B. subtilis
and the dnaE gene from E. coli to make
BLAST seartes against all sequencedbacte-
rial genomes(see supplemernary information
for details). In F. nucleatum, T. maritima,
Aquifex aeplicus and all Firmicutes, we found
full length matchesto both sequences.In all
other bacterial genomes,including Proteobac-
teria and Cyanobacteriawe found only a good
match to the dnaE sequence. We thus ob-
serned perfectagreemen betweenthe direction
of the A/T skew and the presence/absencef
a polC homolog (seeFigures 1 and 2).

Skew strength and growth rate

The T. maritima origin of replication has
provendicult to nd from skewsdue to the

low signal-to-noiseratio. However, our method

predicts an origin at position 164kbp (seeFig-

ure 2d), closeto where a consensussequence
for bacterial origins has been found (Lopez
et al., 2000). In cortrast, the origin is eas-
ily located within the F. nucleatum chromo-

some as the signal-to-noiseratio is high (see
Figure 2c). Nonetheless the origin replication

appears to have been misplaced in the pub-

lished sequence(Kapatral et al., 2002). Bac-

teriodesthetaiotaomicron is another recernt ex-

ample whereour origin prediction method pro-

vides a reliable prediction, which di ers con-

siderably from positition zeroin the published

sequencegseeFigure 2b) (Xu et al., 2003).

The v e sequenced Clostridia genomes
stand out by having an extraordinarily strong
strand bias. The signal-to-noise ratios are
about 40 for all v e genomes,for which rea-
son it is surprising that the origin was mis-
placed by 50kbp in the recernt publication of
the Clostridium tetani genome (Breggemann
et al., 2003). The Clostridium group contains
the fastest replicating organisms known, e.g.
C. perfringens that has a minimal generation
time of eight minutes (Shimizu et al., 2002),
which is likely to put sewre strains on the
genome architecture. In cortrast, the worst
signal-to-noise ratios amongst the Firmicutes
are obsened for Mollicutes, i.e. Mycoplasma
and Ureaplasma. These organisms have long
doubling time despitetheir small genomesege.g.
94min for M. capricolum where replication
takesplace at a rate of only ~100bp/sec (Seto
and Miyata, 1998). From these obsenations
we speculatethat high growth rate may in gen-
eral result a strong strand bias, makes sense
giventhat the genomemust be replicated more
often in faster dividing cells.

Tw o mechanisms for termination
of replication

The Firmicutes are characterized by a large
di erence betweenleading and lagging strands
(Rocha and Dancin, 2001). B. subtilis is a typ-
ical example of a Firmicute, where the origin
is easily located from the G/C skew (seeFig-
ure 2a). Our method shows two very strong,
well de ned peaks that represert the origin
and terminus of replication; the G/C weighted
curve shows which of the two peaksthat cor-
responds to the origin. Both peaks remain
strong even for a window size of 20%, which
shows that the termination of the DNA repli-
cation is tightly cortrolled. Indeed, the ter-
minus position at 1950kbp is in the middle of
seweral mapped termination sites. Similarly,
termination of replication appearsto be tighly
controlled in B. thetaiotaomicron but not in
F. nucleatum or T. maritima (seeFigure 2b{
d).

One or multiple origins of replica-
tion in archaea?

The medanism of DNA replication is at
presert not rmly establishedin archaea. It
is not known whether archaea have a single
origin, like bacteria, or multiple origins, like
eukarya. Evidence of a single origin of replica-
tion hasbeenfound in somearchaealgenomes



(Salzberg et al., 1998; Claverys et al., 1999;
Lopezet al., 1999; Myllyk allio et al., 2000).

Sewen of the archaeal genomesanalysed
show oneor two peaksin the strand bias curve
that are relatively stable towards changesin
the window size,which suggestghat they have
a single origin of replication. The variety of
skewed oligomers is much greater among the
sewel archaealgenomesthan amongthe bacte-
rial ones: the three Pyrococcus genomeshave
positive G/C skews, the two Methanosacina
genomeshave no G/C skew but strong, nega-
tive A/T skews (seeFigure 2f), and Halobac-
terium NRC-1 hasa very strong, negative G/C
skew (seeFigure 2e).

Halokacterium NRC-1 is one of the few
non-thermophilic, archaeal genomesthat we
have analysed. With a signal-to-noiseratio of
5.85, its strand bias is more than twice that
of other archaeal genomes. Two putativ e ori-
gins of replication have previously been pub-
lished based on the Z-curve method (Zhang
and Zhang, 2003), howewer, consistert with
our results only a single origin at position
1807kbp was identied in a recert targeted
geneticscreenfor autonomously replicating se-
quences(Berquist and DasSarma,2003).

For Archaaglobus fulgidus, Methanacoccus
jannaschii, Aeropyrum pernix, and the Sul-
folobus genomesthe number and position of
the peaks change with the window size (data
not shown), which could be causedby multi-
ple origins of replication. Experimental evi-
dence supports multiple origins of replication
in the main chromosomesof Sulfolobus solfa-
taricus and M. jannaschii, whereasA. fulgidus
appearsto have only a single origin (Robinson
et al., 2004; Maisnier-Patin et al., 2002)

Conclusions

The oligomer skew method preseried here
is a very sensitive method for predicting
boundaries between leading strand and lag-
ging strand. It gives a general measure of
the di erence betweenthe two stands around
a number of putativ e origin positions. This
method is much more sensitive than a cumulta-
tive G/C skew or the skewed octamer method.
Furthermore, the signal-to-noiseratio provides
a quartitativ e measure of the di erence be-
tween leading and lagging strands. We have
demonstrated that the direction of the A/T
skewis correlated with the type of polymerase-
subunit performing the DNA elongation.
This nding isin agreemen with the obsened

proofreading capabilities of the di erent DNA
polymerase- subunit complexes. The signal-
to-noise ratios of the dierent genomescor-
relates with both phylogerny and the lifestyle
of the species. The specieswith low strand
bias are dominated by thermophiles, although
Cyanobacteria and D. radiodurans also have
exhibit a weak strand bias. It is possiblethat
the low mutational bias between leading and
lagging strand is overruled by the selectional
restrictions of the extreme ernvironments in-
habited by both thermophiles and D. radio-
durans. The reasonfor the total lack of strand
bias in someCyanobacteriais still unclear, al-
though it may be related to the known pe-
culiarity in how DNA polymeraseproceedsin
Synechosystis (Richter et al., 1998). The ar-
chaeal chromosomesare replicated by a type
of polymerase very dierent from the bacte-
rial polymerases,which results in much more
varied skew patterns than in bacteria. Further-
more, somearchaealchromosomeausemultiple
origins of replication while others only useone.

Methods

A number of hypothetical origin positions, p,

are chosen, equally spacedthroughout the se-
quence. For whole chromosomeswe use a

1000bp spacing betweenthe hypothetical ori-

gin positions and for the smaller viral genomes
or plasmid sequenceswe use a spacing of

100bp. Within a window certered around ev-

ery such position, the number of occurrencesof
all oligonucleotidesup to a length of n = 8 nu-

cleotides are counted in both the leading and

the lagging strand, assumingthat p is the repli-

cation origin. The information corntent of the

di erence betweenleading and lagging strands
is then calculated for every position.

The strand bias

When a hypothetical origin position p is
chosen, an oligonucleotide, i, is encourtered
N/ .4, timesin the leadingstrand and N/,
in the lagging strand relative to p. The infor-
mation corntent of this di erence, I;, can then

be calculated in bits as:
+r
r

. ) ) N?
I; = (Nllead,p - Nllagg,p) |092 (NZ:GL_F
lagg,p
where r is a renormalisation number, which
preverts the information content from diverg-
ing when the count is very low in one of the
strands. We have tried seweral values for r



and we have chosento user = 5in the presen
work. The strand dierence, |, is the total
information content of the di erence between
leading and lagging strand for the origin po-
sition p. It is calculated as the sum over all
oligonucleotides:

— i
= > 1)
i

The strand di erence providesa measureof the
di erence betweenleading and lagging strand,
assumingthat the origin (or the terminus) is
located at the position p. By plotting the
strand di erence (l,) asa function of the po-
sition (p), a curve with two peakscorrespond-
ing to the origin and terminus of replication
is typically obtained (see Figure 2a-c). The
two peaksmark the positions that provide the
maximal di erence between leading and lag-
ging strand.

Inuence windo w size

In order to seethe dierence in strand bias
around the two peakswe only use a fraction,
w, of the genomearound the hypothetical ori-
gin position, p, when 1, is calculated. This
fraction is called the window size and it can
be varied between 0 and 1. Figure 2a shows
an example of how the strand di erence curve
ewlves when the window size is changed for
genomeswith a strong strand bias. The base
width of the peakscorrespondsto the window
size.

A circular bacterial genomehas one origin
position while there are seweral possible ter-
minus positions. This could imply that the
border between leading and lagging strands
is sharper at the origin than at the termi-
nus and we expect in this casethat the ori-
gin peak is sharper and more stable than
the terminus peak when we vary the window
size. This pattern is shown for the bacteria
F. nucleatum and T. maritima as well as the
Archaea Methanosarcina mazei and Halokac-
terium NRC-1 (Figure 2c-f).

When the di erence between leading and
lagging strand is weak, the position of the
peaksin the strand di erence curve can vary
with the window size. To obtain a robust es-
timate we rst calculate the strand bias with
v e dierent window sizes: 50%, 55%, 60%,
65%, and 70%. These curves are then scaled
to have the areaasthe 60% curve and the me-
dian of the v e scaledcurvesis calculated at
every position in the genometo usethe infor-
mation from all v e curves.

Recognizing origin from termin us

We use two strategies to distinguish the ori-
gin from the terminus. One is basedon how
the shape and the position of the two peaks
changes when the window size is varied as
explained above. The other is based on a
weighted strand di erence, which is de ned as:

lp,f = Zfi'ﬁ,;
i

where f  is the weighting factor for oligonu-
cleotide i, which is calculated as the sum of
the weights for the nucleotidesin the oligo di-
vided by the length of the oligo. We de ne two
weighting schemes:

G/C where the weights are +2 for G, —2 for
C,andOfor AandT

A/T where the weights are +2 for A, —2 for
T, and 0 for G and C

Plots of the strand di erence and the weighted
strand di erences are shown in Figure 2. The
peak with the positive G/C weighted strand
di erence curve represert the origin. The dis-
criminiation between origin and terminus by
this approach is generally reliable provided
that the shape and amplitude of the G/C
weighted curve is similar to that of the raw
strand bias curve.

The signal-to-noise ratio

When every oligo in a genomeof seweral mil-
lion basepairsis counted and compaired be-
tween leading and lagging strands there will
always be a strand bias at ewvery position.
The interesting quantity to obsene is how
much the strand di erence at a special posi-
tion rises above the badkground level. The
signal strength is the dierence between the
maximal and minimal strand di ence |, of the
whole genome. The size of the genome will
in uence the signal strength and to get a mea-
sure of the signal quality we calculate a signal-
to-noise ratio, S=N, as the ratio betweenthe
signal strength and the minimal strand di -

ence:

Ip,maw - Ip,min

SN =
Ip,min
Randomization of genomes

In order to nd out which signal-to-noisera-
tio to expect from a genomewithout any large



scale structures, we made random DNA se-
quencesusing four dierent genomesas tem-
plates and calculated the signal-to-noise ra-
tio for eadh of those. The four genomes
have been chosen to represen very dier-
ent cases: C. perfringens and G. violaceus
having the largest and smallest signal-to-
noise ratio respectively, M. genitalium be-
ing smallestgenome,and M. thermoautotroph-
icum an archaeal genome with a very un-
usual oligomer skew. For ead, 10 random-
ized genomesof the same length and of the
sameoctamer composition were generatedus-
ing a sewernth order Markov model and their
average signal-to-noise ratio was calculated.
Very similar signal-to-noise ratios were ob-
tained for the four genomes: 0.062 (G. vio-
laceus), 0.066 (Methanotacterium thermoau-
totrophicum), 0.070(C. perfrigens), and 0.074
(M. genitalium). The standard deviation
acrossrandomizations was +0.01 for all four
genomes,shawing that 0.07 can be as a uni-
versal lower limit for detectable skews.
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