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Increase in error threshold for quasispecies by heterogeneous replication accuracy
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In this paper we investigate the error threshold for quasispecies with heterogeneous replication accuracy. We
show that the coexistence of error-free and error-prone polymerases can greatly increase the error threshold
without a catastrophic loss of genetic information. We also show that the error threshold is influenced by the
number of replicores. Our research suggests that quasispecies with heterogeneous replication accuracy can
reduce the genetic cost of selective evolution while still producing a variety of mutants.
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[. INTRODUCTION geneous replication accura@yarity mode) for realization of
both genetic diversity and stable reproduction. If different

ducti f advant tants. A d licati fthkinds of polymerases with and without proofreading coexist,
uction of advantageous mutants. Accurate replication o n error-prone polymerase would extend genetic diversity

genome guarantees stable reproduction, while errors duringnd an error-free polvmerase would replicate an advanta-
replication produce genetic diversity. One key to evolution is =€ poly L The di Pl | of
thus inherent in replication accuracy. Replication accuracy®0US mutantdisparity model. The disparity model of a

depends on nucleotide polymerases. It was believed that ifRoPulation could cause evolution to continue without losing
tracellular polymerases have homogeneous replication accfithess once it is acquired. This model is an extension of the
racy. Most studies of evolutionary models have also beemriginal disparity hypothesisl5—17 with respect to the evo-
based on homogeneous replication accuracy. Recent investistion of bacteria or higher organisms. We have demon-
gations, however, have demonstrated that organisms replicagerated rapid evolution of the disparity model of a population
with heterogeneous replication accuracy, i.e., error-free angh a stochastic simulatiofiL4]. In this paper, we would like
error-prone polymerases coexist in the same cell. to show the evolutionary advantages of the disparity model
in the context of the quasispecies theory.

Evolution requires both genetic diversity and stable repro

A. Error-free and error-prone polymerases

Many error-prone DNA polymerases were recently dis-
covered in succession, from bacteria to humgins7]. The
major replicative DNA polymerases have a proofreading Quasispecies is a model of evolution with error-prone rep-
function, which eliminates errors by 3-5' exonuclease ac- lication, which Eigen and his co-workers introduced and de-
tivity [8-10], with resultant error-free replicationll,12.  veloped[18-22. Many maodifications of the quasispecies
The error-prone polymerases, by contrast, have no prooimodel have been studidtbr example, finite population size
reading function and bypass DNA damage, thereby engen23,24, spatially resolved systemg5], maternal effects
dering mutagenic aCt|V|t)[l—6] Induction of error-prone [26]’ dynamic fithess |andscapég7_3q’ or other various
polymerases suggests their participation in evolution, carfitness landscapd81-35).
cinogenesis, and diversification of antibodjés]. Quasispecies can be defined as a stable ensemble of the

The major replicative polymerases could potentiallyfittest sequencéor master sequengand its mutants distrib-
change into error-prone ones by a down regulating of theijited around the master sequence in sequence space with se-
proofreading activitie14]. In this context, it is especially |ection. The target of natural selection appears to be not a
interesting that the proofreading and DNA synthesis activi-single sequence but rather an entire quasispecies distribution.
ties reside on distinct subunits in the DNA polymerase IllThe evolution of quasispecies occurs as follows: a mutant
holoenzyme of Gram-negative bactef@. The replication  with a higher fitness than the master sequence appears in the
accuracy in nature is thus thought to be variable and heterqquasispecies, this mutant replaces the old master sequence
geneous. with selection, and then a new quasispecies distribution or-
ganizes around the mutant.

Studies of quasispecies have led to the conclusion that
there exists an error threshold for maintaining genetic infor-

We expect that heterogeneous replication accuracy shoulthation and that quasispecies can only evolve below this
influence evolution advantageously. There is a limit to homothreshold18—22. This means that the upper limit of evolu-

tion rate is determined by the error threshold. The quasispe-
cies theory proved to be successful in studies of RNA vi-
*Email address: furusmOg@daiichipharm.co.jp ruses, which evolve at a high rate near the error threshold.

C. Quasispecies and error threshold

B. Disparity model: Promotion of evolution by coexistence
of error-free and error-prone polymerases
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This theory is also expected to provide a framework to exgenome mean error rate of the quasispecies is then
amine the features of bacterial evolution and carcinogenesis,2,c,(1— q,) =m. By transforming the homogeneous repli-
because recent studies have found evidence that mutator pheation accuracy20,22, we have a heterogeneous one:
notypes with an increased error rate play an important role in

these processé86—39. | (1—q |2l n=J
ij= 2 Gk (—) ..
D. Purpose of this study Qi ; kahZO Ak h+ §(|J —i|=j+i)
Although a great deal of research has been carried out .
regarding the genetics and biochemistry of the error-prone J
polymerases, little is known about their influence on evolu- T
tion. Most studies of evolutionary models, including those of h+ s (i=il+i-1)
guasispecies, have not focused on heterogeneous replication
accuracy. In this paper we consider the application of the with 1=[L(min{j+i,2n—(j+D)}=|j—i]].
disparity model to quasispecies theory and its influence on
the error threshold. The stationary mutant distribution, ljm_x=y;, is a

The bacterial genome is replicated bidirectionally from a
single origin of replication, and eukaryotes have multiple
origins of replication in the genonj&0]. This means that the
genome sequence is partitioned into more than one replic

quasispecies. This is obtained from the eigenvectors of ma-

trix W={A;Q;;} [20-22. Figure 1 shows the examples of

he quasispecies with homogeneous and heterogeneous rep-
tion unit (replicore, and thus more than one polymerase Canl|cat|on accuracies. We used a simple single-peaked fithess

participate in genome replication simultaneously. In this pa_anglscapg for easy calculations. A replication rate constant,
A is assigned to the master sequence, and all other mutant

classes have the same fitnesg € A,= ... =A<Ap).

Parity quasispecies with a homogeneous replication accu-
racy below the error threshold localizes around the master
sequencéFig. 1(a)]. At the error threshold nean= 2.3, the
A. Mutant distribution of quasispecies with heterogeneous transition is very sharp, and the relative concentration of the

replication accuracy master sequence decreases over ten orders of magiiude
=0 in Fig. 2. Such a phenomenon is called an error catas-
E%phe. Above the error threshold, quasispecies localization
IS replaced by a uniform distribution, in which individual

per we also consider the influence of the number of repli
cores on the error threshold.

II. DISPARITY-QUASISPECIES HYBRID MODEL

In the present study, a quasispecies consists of a popul
tion of genomes, each represented by a binary base seque

of lengthn, which has 2 possible genotypefor sequence e(];oncentrations are extremely smaf=8.88x107 1% In a

spacg. A sequence with the best fitness is called the mast L finit lation. th netic information of the master
sequence. The population size is assumed to be very Iar%ga’ € popu’ation, the genetic information ot the maste

and constant. The replication of one template sequence pr equence can no longer be maintained by selection due to
&ror accumulation. Only below the error threshold can the

guasispecies evolve, and the rate of evolution appears to
ch its maximum near the error threshold.
he disparity quasispecigd-igs. 1b)—1(d)] have two
s of polymerases, each with different accuracy. Poly-
meraseE; is error free,q;=1, andE, is error prone, 0
=<(,=<1; each present at a relative concentrationcaind
1—c. Of course, the assumption of a complete error-free
polymerase is not realistic; however, the error rate of the
, proofreading polymerase in DNA-based microbes is very

Xi=(AQi — )X+ > AjQix;, (1) small, 0.003 errors per genome per replicafibh], thus it is

J# negligible in this case.

When the relative concentration of error-free polymerase
where A; is the replication rate constafor fitnesg of the  is low, 0<c<0.1, the error threshold is shifted to a higher
mutant class; ; f keeps the total concentration constant, andmean error rate with increasing and the magnitude of the
is thenX;A;x;; Q;; is the replication accuracy or the prob- error catastrophe decreag€sgs. Ib) and 2. At c=0.1 the
ability of producingl; by complete error-free copying of; error threshold vanishdg$ig. 1(c)]. The relative concentra-

Qjj is the probability of producing; by miscopying ofi; . tion of the master sequence gradually decreases and finally
The genome sequence is replicated by a polymerase. Bgvels off at a 10 times higher concentration than the parity
Ey we denotep kinds of polymerases with different accura- uniform distribution(at c=0.1 in Fig. 2. Whenc>0.1, in-
cies k=1,2,...p). The relative concentration &, is de- dependent of the mean error rate, the master sequence is
noted bycy. Single-base accuracy of polymeraSg is 0  present in sufficient concentratirigs. 1d) and 2. Figure
=(y=<1, so that the per base error rate is 4, . Because of 2 shows the dramatic change of the quasispecies dynamics
the consistent replication of one sequence by the same polypearc,,;=0.1. In the disparity quasispecies, mutants far dis-
merase, the per genome error ratéQfis n(1—q,). The per  tant from the master sequence can be present without incur-

duces one direct copy sequence, and thus the replication
ror is fixed to a mutation by one step. Only base substitution
occur, and hence the sequence length is constant. Sequer{g
degradation is neglected. For easy handling, we classify thl%ind
sum of alli-error mutants of the master sequentg (nto a
mutant clasd;(i=0,1,...n). The corresponding sum of
relative concentrations is denoted ky The rate of change
in X; is then
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FIG. 1. The mutant distribution in quasispecies as a function of the mean error rate per geneB®) , wherec is the relative
concentration of error-free polymerase. We plot the relative stationary concentration of the master selglietive gum of the relative
stationary concentration of all one error mutaritg { of all two error mutantsl(,), etc.(a) The parity model with homogeneous replication
accuracy:c=0. (b)—(d) Typical examples of the disparity model>>0. Error-free and error-prone polymerases coexist. The following
selective values were used in all of the examphes=10, A;=1 for all i #0.

ring the loss of quasispecies localization. This means that the AoQoo— Ao
rate of evolution can increase without error catastrophe. Yo~ “Ae-Ao
I

_ _ _ _ _ where A is the replication rate constant of the master se-
B. Error threshold for quasispecies with multiple replicores quence and\; ., is the overall average of other mutant se-

Considering the error threshold for the disparity model,duencesQq is the replication accuracy for complete error-
we encounter the following two difficultiesi) the genome free copying of the master sequence. This approximation
size in nature is too large, virus=>10®, bacterian>10%, to  relies on the negligence of considering back mutations from
do exact calculations; an@) the genome replication in na- Mutants to the master sequence in E). Agreement with
ture is partitioned into more than one ummpncore and the exact solution increases with Increasing genome size
more than one polymerase participates at the same time. Th&0]. The relative stationary concentration of the master se-
multiple replicores appear to influence the error thresholdduence vanishes for a critical error rate that fulfills
Therefore, we approach the error threshold by using an ap-

A . . : Aizo  _
proximation of the relative stationary concentration of the = T —g1
(QOO)mln s 5 (2)
master sequendd8—27; Ao
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FIG. 2. Log g plot of the relative stationary concentration of the
master sequence as a function of the mean error rate at various FIG. 3. Error threshold for the disparity quasispecies as a func-
relative concentrations of error-free polymerasg. (Parity model:  tion of the relative concentration of error-free polymerase at various
c=0. Disparity modexc>0. The following selective values and numbers of replicoresa). The genome size was assumed to be
parameter were applied,=10, A;=1 for all i#0 andn=50. infinity. The following selective values were appliefly=10, A;
=1 for alli#0.

wheres is the selective superiority of the master sequence. ] _
To obtain Qq, for the disparity model with multiple repli- Iead§ to a very sharp increase of error t.hreshold. This means
cores, we assume that there are two kinds of polymei&ses that in c=cgy, _the error threshol_d vanishes. The _result at
andE,, each present at a relative concentratiorcaind 1 =1 agrees with the exact solution far=50 (see Fig. 2

—c. The error rate of the proofreading polymerases is venferit increases with increasing number of replicores.

small and negligible. Thus, polymeragg is error free,q, The permissible error rate is thus obtained from E@s.

—1, andE, is error prone, 8q,=<1. The per genome mean and(5):
error rate is then

1-c
m=n(1-c)(1-q,). @ e <a(1_°)'”(s-1/a—c>’ o
=n(1-c)(1—gmin), c=z,

The probability of replicating the genome by error-prone
polymeraseE, is obtained from a binomial distribution. The

nonerror probability by the error-prone polymer&seis ob- =
tained from a Poisson approximation, in which the genome exp(Ngmi/a) —exp(n/a)

size is assumed to be very large compared with the number Y L
of replicores. Multiplying them we have assumings” @< 1. Whenc=z there are two constraint)

the genome sizen is finite and(ii) the error-prone poly-
merase has a nonzero accuragy, in real organisms. The

_expingpi/a)—expn/a)s

a a .
Qo= > <b>ca—b(1_c)be—mb/a(l—0) error rate of the complete proofreading-free DNA poly-
b=0
40
=[c+(1-c)e maloa, @) \
£
. . . £
wherea is the number of all replicores in the genome. Com- o 0
bining Egs.(2) and (4) we have the error threshold for the ™
disparity model: o
£ 20
9
1-c 2
Mma=a(l—c)in R ) 2 10
5 r"’/
o
Figure 3 shows the error threshold as a function of the 0
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relative concentration of error-free polymerase at various _ _
Relative concentration of error-free polymerase ¢

numbers of replicores. The error threshold for the parity
model,c=0, is not influenced by the number of replicores. |G 4. permissible error rate of the disparity quasispecies as a
In the disparity model¢>0, the singularity occurring at the function of the relative concentration of error-free polymerase. The

critical concentration of the error-free polymerase, permissible region is the shaded one. The following selective values
and parameters were applietl;=10, A;=1 for all i#0, n=4.6
Coir=S 14, x 1, a=2, and 1-q,=10°.
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merase ofEscherichia coli(E. coli) is assumed to be 1 incur a considerable cost of deleterious mutations, even if it
—Qmin=10"° [40]. Figure 4 shows an example of the per- were transient. So small is the error threshold of the parity
missible error rate based on the parameter&.ofoli. The quasispecies that the distribution range of mutants is limited
plot resembles a transition in shape. F@=10, the maxi- to a short distance from the master sequence. In the “hill-
mum of m, s of E. coli becomes 31 errors per genome perclimbing” metaphor{42,43 of adaptive evolution, the parity

replication. This error rate is sufficiently high compared with quasispecies would be trapped in a local low peak on the

the error threshold of the parity model: §+2.3. rugged fitness landscape and could never reach the higher
peaks far from the master sequence. The disparity quasispe-
IIl. CONCLUSION cies, on the other hand, could increase the error threshold

without losing genetic information, and hence produce a
In this paper, we analyzed a disparity-quasispecies hybrigarge number of advantageous mutants with increasing dis-
model in which both error-free and error-prone polymerasegance from the master sequence. The disparity quasispecies
coexist. The results show that the dynamics of a quasispecigguld search long distances across the sequence space and
are determined not only by the error rate but also by theinally find a higher peak.
proportion of polymerases with different accuracies and by The processivity of the error-prone polymerases seems to
the number of replicores partitioning the genome. One nohe much lower than that of the major replicative polymerases
table finding to emerge was that the coexistence of the erroiyith proofreading[44]. The disparity model with multiple
free and error-prone polymerases could greatly increase th@plicores takes this observation into account. In this model,
error threshold for quasispecies compared with the tradierrors are concentrated within regions of the replicores in
tional parity model. which error-prone polymerases participate. If an error-prone
Many organisms in nature live in a continuously changingreplication is restricted within a specific gene region, the
environmenf27-30,41. This is especially true for microbial error rate of the region greatly increases as the costs for the
pathogens and tumor cells dodging the host immune systendther genes keep to a minimum.
The chance of finding an advantageous mutant will increase
with increasing Hamming distance from the master se-

qguence, because of the large i_ncrease _in t_he number _of mu- ACKNOWLEDGMENT
tants, and hence possible candidates, with increasing distance
[22]. We thank Dr. Mitsuoki Kawano for useful comments and

A simple homogeneous increase in the error rate wouldliscussions.
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