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Abstract. Based on the biochemical kinetics of  DNA 
replication and mutagenesis, including misincorporation 
and correction, a model has been developed for study- 
ing the relationships among the mutation rate (u), the G 
+ C content of the sequence (f), and the G + C pro- 
portion in the nucleotide precursor pool (N). Also a 
measure for the next-nucleotide effect, called the max- 
imum capacity of the next-nucleotide effect (MC), has 
been proposed. Under the normal physiological condi- 
tions of mammalian germ cells, our results indicate: 
(1) the equilibrium G + C content in a sequence is ap- 
proximately equal to the G + C proportion in the nu- 
cleotide precursor pool, i.e., f = N, which is independent 
of the next-nucleotide effect; (2) an inverted-V-shaped 
distribution of mutation rates with respect to G + C con- 
tents is predicted, when the next-nucleotide effect is 
week, i.e., MC ~- 1; (3) the distribution becomes flatter 
(i.e., inverted-U-shaped) as MC increases, but the peak 
at 50% GC is still observed when M C  < 2; and (4) the 
peak disappears when MC > 2.8, that is, when the next- 
nucleotide effect becomes strong. Our results suggest 
that changes in the relative concentrations of nucleotide 
precursors can cause variations among genes both in 
mutation rate and in G + C content and that composi- 
tional isochores (DNA segments with a homogeneous 
G + C content) can arise in a genome due to differences 
in replication times of DNA segments. 
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Introduction 

Wolfe et al. (1989) found that the rate of synonymous 
substitution between rat and mouse varies among genes, 
leading to an inverted-V-shaped distribution of substi- 
tution rates with respect to G + C contents of sequences. 
Since synonymous changes are likely to be nearly neu- 
tral, the variation in synonymous rate among genes 
points to the existence of variation in mutation rate 
among genes. To explain the inverted-V-shaped distri- 
bution of mutation rates with respect to G + C contents, 
Wolfe et al. (1989) proposed that both the mutation 
rate and the G + C content of a neutral sequence are de- 
termined by the relative concentration of nucleotides 
(dNTPs) in the precursor pool during DNA replication 
in mammalian germ cells. Their hypothesis, which will 
be called the mutationist hypothesis, was based on the 
observations that the mutation rate depends on the rel- 
ative concentrations of nucleotide precursors (see Kunz 
and Kohalmi 1991, for review) and that the relative 
concentrations of nucleotide precursors vary through 
the cell cycle and different sequences in a mammalian 
genome are replicated at different times. (See Leed et 
al. 1985; Holmquist 1987; Goldman 1988.) 

Wolfe et al. (1989) also suggested that the muta- 
tionist hypothesis can explain the origin of GC-rich iso- 
chores in the genome of mammals and other verte- 
brates. Compositional isochores are long DNA segment 
(30 kb or longer) with a homogeneous G + C content 
(Bernardi et al. 1985). There is some evidence that 
compositional isochores are related to the types of chro- 
mosomal bands and to their replication time in cell di- 
vision (Ikemura and Aota 1988; Holmquist 1987, 1992). 
Generally speaking, GC-rich isochores are early repli- 
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cating in mammalian genomes whereas GC-poor iso- 
chores are late-replicating (Holmquist  1987, 1992; 
Bernadi 1989). Recently, this conclusion was challenged 
by Eyre-Walker (1992a), who provided evidence that 
both GC-rich and GC-poor isochores are replicated ear- 
ly and late in the somatic cell cycle. However, his data 
were from somatic cell lines and so may not be applic- 
able to germ cells. Thus, this issue remains to be settled. 
Based on the traditional view of the relationship be- 
tween G + C content and replication time, Wolfe et al. 
(1989) suggested that compositional isochores arose 
because of differences in replication-timing of different 
replicons in the germ cells. In contrast, Bernardi et al. 
(1985, 1988) proposed that GC-rich isochores arose be- 
cause of selective advantages. Their main argument is 
that in warm-blooded vertebrates an increase in G + C 
content can protect DNA, RNA, and proteins from 
degradation by heat, because G-C bonds are stronger 
than A-T bonds. 

The same distribution pattern of synonymous rates 
was also observed recently in a study of more than 50 
genes in humans and rodents (Bulmer et al. 1991) and 
in a study of more than 300 genes in rat and mouse 
(Wolfe and Sharp 1993), although the correlation be- 
tween the synonymous substitution rate and the G + C 
content was considerably weaker than that in Wolfe et 
al. (1989) i.e., the distribution became more like an in- 
verted U rather than an inverted V. Therefore, it is in- 
teresting to see whether one can explain the inverted-V- 
(or U-)shaped distribution and the origin of GC-rich 
isochores on the basis of the biochemical kinetics of 
DNA replication and mutagenesis. Two papers (Wolfe 
1991; Eyre-Walker 1992b) were published on this issue 
but were unable to explain the inverted-V-(or U-)shaped 
distribution. However, we think that there are some bi- 
ologically unrealistic assumptions in their models. 

It is commonly believed that error during DNA repli- 
cation is one of the major sources of mutation in germ 
cells. Figure 1, which is from Kunkel (1992a), illustrates 
the ordered sequential DNA polymerization reaction in 
prokaryotes. There are several coupled mechanisms for 
the fidelity of DNA replication. The first is the kinetic 
discrimination of a polymerase against nucleotide mis- 
incorporation. It has been suggested that the sequential 
change in the conformation of the polymerase-template- 
precursor complex (i.e., from step B to D in Fig. 1) has 
a slower rate if the incorporated nucleotide is incorrect 
(Kunkel 1992a). This delay may provide an opportuni- 
ty for an associated exonuclease to correct the error via 
the E 1 pathway (Fig. 1). Another opportunity for cor- 
rection is via the E 2 pathway (Fig. 1); a misincorpora- 
tion results in a slower rate for the incorporation of the 
next correct nucleotide because a mismatched nucleotide 
distorts the conformation of the polymerase-template- 
precursor complex and retards the entry into the next cy- 
cle of polymerization. Therefore, a mutation is gener- 
ated only when a mismatched nucleotide is not corrected 
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Fig. 1. Reaction pathway for DNA polymerization. Asterisks (*) 
represent enzyme in a different conformation. Entry into the next cy- 
cle of polymerization is indicated by G. Taken from Kunkel (1992a). 

by either the E 1 pathway or the E 2 pathway during DNA 
replication. 

In this paper, a model will be proposed based on the 
process of DNA replication shown in Fig. 1. We men- 
tion here that the scheme in Fig. 1 is based mainly on 
studies in prokaryotes (primarily for the Klenow poly- 
merase). In eukaryotes, DNA replication is complicat- 
ed (Kunkel 1992b), but not necessarily more than in 
prokaryotes with respect to Fig. 1, because some basic 
features illustrated in Fig. 1 should be the same in both 
prokaryotes and eukaryotes. Therefore, it can be used as 
a working hypothesis for the study of DNA replication 
fidelity. After discussing data on the normal physio- 
logical conditions in mammalian cells, the relations 
among the mutation rate (u), the G + C content in a se- 
quence (f), and the G + C proportion in the pool of pre- 
cursors (N) will be investigated extensively. 

M e t h o d s  

Misincorporation of  Nucleotides. At a given site with the correct nu- 
cleotide k, let v k and v~ be, respectively, the rates of correct and in- 
correct incorporation during DNA replication. The two rates are de- 
termined by the following Michaelis enzymic kinetic equations 

VmoS~ 
v k - (1) 

Km+C~ 

V~a x C£ 
v; - (2) 

~;+ c; 

where V ax and V'a x are the maximum rates of polymerization for cor- 
rect and incorrect incorporation, respectively, and K and K m are the 
Michaelis constants for correct and incorrect incorporation, respec- 
tively. In Eq. (1) and Eq. (2), C k is the concentration of the correct 
nucleotide k in the nucleotide precursor pool (k = 1, 2, 3, 4 for A, G, 
C, T), and C~ = Zi~ k Ci is the total concentration of the incorrect nu- 
cleotides. Furthermore, let v~ (i) be the rate of incorrect incorporation 
by nucleotide i, given the correct one is k, which is defined by 

Vmax Ci 
v~(i) (3) 

K'o+ c; 
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By definition, it is obvious that v~ = Zi~k v~ (i). These equations are 
the simplest forms of DNA replication kinetics (Echols and Goodman 
1991). 

Let (~,,(k) be the probability of misincorporation during DNA 
replication for a given site at which the correct nucleotide is k; the 
subscript m stands for misincorporation. Further, let (~m(k --~ i) be the 
probability that the correct nucleotide k is misincorporated as nu- 
cleotide i. These two probabilities are defined by the relative rates of  
misincorporation--that is, 

% ( k )  = - -  
~ + v'~ 

~'k( i) 
(Tm(k --~ i) = (4) 

v k + v k 

so that %(k)  = Ei ,  k (Ym(k ~ i) holds. 
Obviously, the rate of misincorporation is v~ = 0 if the nucleotide 

precursor pool consists of only nucleotide k, for the concentrations of 
all other nucleotides are zero, i.e., C i = 0, (i :~ k). In this case, ore(k) 

= 0 and (~m(k ---) i) = 0. Similarly, if there is no nucleotide k in the 
precursor pool, the rate of correct incorporation v k is zero and there- 
fore misincorporation will occur with certainty, i.e., cr,,(k) = 1, 

In human somatic cells, the value of K m for the replicative DNA 
polymerase ranges from 1 to 5 ~tM, whether measured with purified 
enzymes or permeabilized cells (Dresler et al. 1988). Wong et al. 
(1991) estimated the value of K~ for the T7 DNA polymerase to be 
from 6,000 to 8,000 ~M, whereas the value of K m is estimated to be 
only 20 ~M. Since the typical concentration of nucleotide precursors 
under physiological conditions is about 100 ~M (Wong et al. 1991), 
these data indicate the occurrence of K m discrimination of the DNA 
polymerase against misincorporation, causing the enzyme to stall for 
the following correction during DNA replication. Although one should 
be cautious to apply these data directly to mammals,  it is reasonable 
to assume that K m discrimination plays a key role in correct incorpo- 
ration during DNA replication in mammalian germ cells, for K m dis- 
crimination has been recognized widely as one of the general mech- 
anisms for the fidelity of  DNA replication (e.g., Echols and Goodman 
1991; Wong et al. 1991; Mathews and Ji 1992). 

For the above reasons, the following condition should hold: 

K ~ c ¢ K~ (5) 

where C = Z4=t C k is the total concentration of nucleotide precur- 
sors under the normal physiological conditions of mammalian germ 
cells. The relation in Eq. (5) allows us to simplify Eq. (2) and show 
that the rate of misincorporation v~, as well as v'k(i ), is approximate- 
ly linearly proportional to the concentration of the incorrect nu- 
cleotides in vivcr--that is, 

~lma x 
V t ~  - -  Z C i  

k K~ i÷k 

Vm 
t 

ax 
v£(i)~- C i (6) 

K'  m 

(Zk= l Ark = 1) so Let N k be the relative concentration of nucleotide k 4 
that C k = N~C and C~ = Ei~ k C i = (1 - N~:)C. Given that the correct 
nucleotide at a given site is k, Eq. (4) can be approximated by 

c~(1 - Ark) 
Crm(k) = Nk ( 7 )  

~(1  - N~) + - - - -  
1 + [3N k 

~Ni 
Crm(k ~ i) = 

Ark (8) 
c ~ ( 1  - Ark)  + - -  

l + ~ U  k 

where the two parameters c~ and 13 are given by 

v;.= K 
a . . . .  (9) 

K' Vox ,, 

C [ 3 = - -  
K,. 

(lO) 

For mathematical simplicity, we assume that both c~ and [3 are the 
same for all kinds of misincorporations. The parameter c~, which is 
called the discrimination coefficient against incorrect nucleotides, 
determines the magnitude of the probability of  misincorporation 
(Echols and Goodman 1991), ranging from 10 -5 to 10 -6 (Wong et al. 
1991). The value of 13, as shown later, is a key parameter to describe 
the variation of mutation rate with G + C content. When [3 = 0, the 
current model is essentially equivalent to the models of Wolfe (1991) 
and Eyre-Walker (1992b). However, the condition 13 = 0 is not com- 
patible with the normal physiological condition. In fact, in the typi- 
cal concentration of a precursor pool, C is about 100 gM, and the es- 
timate of  15, based on Dresler et al. 's (1988) data in human cells, is 
from [~ = 20 (100 gM/5 gM) to ~ = 100 (100 gM/1 gM). Although 
there are no data available to estimate directly the value of 15 in mam- 
malian germ cells, it is reasonable to assume that the value is, like that 
in human somatic cells, larger than 20. Besides, we note that the bio- 
chemical interpretation of [3 ---) ~ is that the rate of correct incorpo- 
ration v k approaches its maximum rate Vma x in vivo. At any rate, the 
assumption of 13 = 0 is biologically unrealistic and perhaps underlies 
the failure of the models of Wolfe (1991) and Eyre-Walker (1992b) 
to explain the correlation of mutation rate with G + C content. 

The expected rate of misincorporation, denoted by Cm' is there- 
fore obtained by averaging all occurrences of misincorporation over 
the entire sequence. That is, 

4 

~m = ~ fk(Ym (k) ( 1 1 )  
k = l  

where fk is the frequency of nucleotide k in the sequence, and (Ym(k) 
is given by Eq. (7). 

Correction of  Misincorporations and Next-Nucleotide Effect. Now 
let us consider the efficiency of correction for misincorporation dur- 
ing DNA replication and also the next-nucleotide effect. As seen 
from Fig. 1, there are two mechanisms for correction if a misincor- 
potation occurs: the first is during the formation of the phosphodiester 
bond (the E l pathway) and the second is before the entry into the next 
incorporation step (the E 2 pathway) (Kunkel 1992a). The next-nu- 
cleotide effect means that the higher the concentration of the next cor- 
rect nucleotide following a misincorporation is, the less efficient the 
correction will be, for less time is available for correction to occur 
(Kunz and Kohalmi 1991). For the Klenow polymerase in E. coil, the 
E 1 pathway appears to be less important than the E 2 pathway; it is not 
known whether the E 1 pathway exists in eukaryotes. Anyway, the E 2 
pathway is subject to the next-nucleotide effect whereas the E 1 path- 
way is not. 

Let on(k ) be the probability of  noncorrection for a given site 
where the next correct nucleotide is k (the subscript n stands for non- 
correction). Furthermore, let P (1 )  be the probability that a raisin- 
corporation is corrected through the E 1 pathway and Pc (2) be the prob- 
ability that a misincorporation is corrected through the E 2 pathway. 
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Then by definition the following relation should hold: 

~,(k) = (1 - P(1))(1 - Pc(2)) 

Since the correction efficiency through the E I pathway is not af- 
fected by the next-nucleotide effect, the probability of noncorrection 
through this pathway, which is denoted by 

h I = 1 - Pc(l) 

can be assumed to be constant, independent of the relative concen- 
trations of nucleotide precursors. By contrast, the probability of non- 
correction of a misincorporation through the E 2 pathway, 1 - P (2) ,  
depends on the extension rate from the upstream mismatched nu- 
cleotide relative to that from the correct upstream nucleotide--that is, 

h 2 + b N  k 
1 - P ( 2 )  - 

l+bN~ 

(Mendelman et al. 1990), where b is a constant to describe the strength 
of the next-nucleotide effect and 0 < h 2 < 1 is the minimum proba- 
bility of noncorrection through the E 2 pathway when N k = 0. From 
the above equations, we obtain 

Modrich 1991 for a review.) However, this factor is not taken into con- 
sideration in the present study, because it is not yet clear to us how 
to incorporate this factor into the model. 

If the strand-symmetric nature of DNA replication is assumed, we 
have equal G content and C content in a sequence-- that  is, f a  = f c  
= 0.5f andfA = f r  = 0.5(1 -- f), whe re f i s  the G + C content in the 
sequence; since both parental DNA strands are templates, mutation 
can be generated by misincorporation on either the leading or the lag- 
ging strand in replication. The direct mutation pressure model (Sueo- 
ka 1988, 1992), driven by imbalanced DNA precursors, gives the equi- 
librium G + C content of the sequence as 

U(AT -+ GC) 
f = (15) 

U(AT ~ GC) q- g(GC -~ AT) 

where U(AT_~GC) is the total mutation rate from A or T to G or C, and 
U(CC_~Ar) is vice versa-- that  is, 

U(AT___)GC) = HA_~G -c blT_~C -1- UT_~G -}- btA_+C 

bIGC___~AT ) = RG___~A -F UC___~T -~ bLG___~T ~- UC___)A 

Here the mutation rate from the correct nucleotide k to the incorrect 
nucleotide i, denoted by uk_~i, can be written as 

h + bN k ) 
%(k) = hj x (12) 

1 + bNk 

It has been suggested that the correction for misincorporations in- 
creases on average the replication fidelity by about 100-fold, which 
indicates that ~n(k) - 10 -2. (For review, see Kunkel 1988, 1992.) 
Therefore, under equal concentrations of the four types of nucleotide 
precursors--that  is, i.e., N k = 0.25--value of b (and also h2) should 
be less than 0.04 if all corrections of misincorporations are via the E 2 
pathway and should be less than 0.4 if only half of them are via the 
E 2 pathway. For this reason, we assume that the real value of b, 
though unknown, is less than 1. 

In Wolfe 's  (1991) and Eyre-Walker 's (1992b) models, the prob- 
ability of noncorrection is proportional to 

N~ 

E + N ~  

where E is a constant (Ninio 1987). Therefore, a misincorporation is 
definitely corrected (i.e., c~(k) = 0), if the concentration of the next 
correct nucleotide k in the precursor pool is zero, i.e., N k = 0. This 
might be biologically unrealistic and probably overestimates the next- 
nucleotide effect on the mutation rate. 

The average rate of noncorrection of misincorporation over the en- 
tire sequence, denoted by ~ ,  is given by 

~n = ~ fk%(k) (13) 
k = l  

where f~ is the frequency of nucleotide k in the sequence and 6n(k) is 
given by Eq. (12). 

Mutation Rate. Combining misincorporation and correction, we 
obtain the mutation rate u as 

u : ~m × ~,, = f~ffm(k) fkffn (k) (14) 
1 I 

The important role of postreplication repair for DNA replication fi- 
delity has been recognized both in prokaryotes and eukaryotes. (See 

Uk~ i = o (k-- )  i) × 6 n 

(i = A, T, C, G, k 4: i), where O n is the correction rate given by Eq. 
(13) and 6,n(k -+ i), the probability of misincorporation from the cor- 
rect nucleotide k to the incorrect nucleotide i is given by Eq. (8). 

Results 

Equilibrium G ÷ C Content of  Sequences 

Let N = Na + N c be the proportions of dGTP and 
dCTP in the pool of nucleotide precursors. Further- 
more, let us make the simplifying assumption that the 
concentrations of dCTP and dGTP are the same, and so 
are the concentrations of dATP and dTTP-- that  is, Na 
= N c and N A = N r Noting that the magnitude of ~ is less 
than 10 -5 and substituting Eq. (8) into Eq. (15), we can 
simplify the expression for the equilibrium G + C con- 
tent as follows: 

N212+/3(1-N)] 
f = (16) 

2 + ( f i - 4 ) N ( 1 - N )  

As shown in Fig. 2, the relationship between the 
equilibrium G + C content if) and the proportion of G 
+ C in nucleotide precursors (N) depends on only the 
parameter [3. The curve is sigmoidal when [3 = 0, sim- 
ilar to the result given by Eyre-Walker (1992b). How- 
ever, it approaches the line f = N when ~ ~ ~.  Actu- 
ally, for [3 = 20, the curve is quite close t o f  = N. Since 
the value of [3 is fairly large, i.e., [3 > 20, the equilib- 
rium G + C content (f) is approximately equal to the 
proportion of G + C in nucleotide precursors (N) in 
mammalian germ cells under the normal physiological 
conditions. This result confirms the intuitive statement 
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on the equil ibrium G + C content  by Wolfe  et al. 
(1989). 

Mutation Rate and G + C Content 

First, let us define a new variable, H, as 

H = 2 ( N  G + N c ) ( N  A +AFT) = 2N(1 - N )  (17) 

which is a measure for the distribution o f  DNA precur- 
sor concentrations: 0 < H _< 0.5. Substituting Eq. (15) 
into Eq. (11) and Eq. (13), respectively, we obtain the 
expressions for the rate of  misincorporation 6m and the 
rate o f  noncorrection ~ when the G + C content of  the 
sequence is at equilibrium. After some algebraic sim- 
plifications, we arrive at 

~,, ,=2(1+H) 4 + ( [ 3  4)H ] (18) 

~" = hth2 + 8 + 4b + baH / 

( 1 6 + 4 ( f 3 + b - 6 ) H - ( 4 f 3 + 4 b - b [ 3 ) H  2)  
4 +)-~ ~ ~- -  H (19) 

Since the mutation rate is u = ~ × ~ ,  Eqs. (16) to 
(19) can give the expected relationship between the 
mutation rate u and the equilibrium G + C con ten t f  Let 
us consider the simplest case where the next-nucleotide 
effect is so weak that 6 n ~ hlh 2 in Eq. (19), It occurs 
when the E z pathway is little affected by the relative 
concentration of  the next correct precursors-- that  is, 
b --~ 0. The mutation rate is then given by 

o 

u=-~-h lh2 (1  + H )  4 + ( [ 3 - 4 ) H /  (20) 

In combination with Eq. (16) and Eq. (17), Eq. (20) 
shows that the mutation rate u reaches its maximum with 
f = N = H = 0.5, and reduces to its minimum w h e n f  
= 0 o r f  = l. Let R be the relative mutation rate, which 
is defined by 
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Fig. 2. The relation between the equilibrium G + C content in a se- 
quence q)  and the G + C proportion in the nucleotide precursor pool 
(N), given [3 = 0, 4, 10, 20, and ~.  

3 
u0. 5 = 4Othlh2(4 + [3) 

The relation between the relative mutation rate R and 
the equilibrium G + C content of  the sequence is 
illustrated in Fig. 3, for [3 = 0, 4, 10, 20, and ~.  As 
increases, the curve becomes more inverted-V-shaped 
and eventually 

R --> 4f(1 - f )  

when [3 --+ oo. Since the real value of  ~ is fairly large 
(i.e., [3 > 20), changes in the relative concentrations of  
nucleotide precursors during the germ-cell cycle lead to 
an inverted-V-shaped correlation of  mutation rate with 
G + C content if the next-nucleotide effect is weak. 

The Next-Nucleotide Effect 

Now we consider the next-nucleotide effect on mutation 
rate in some detail. As discussed above, since the value 
of  b is less than 1 and ~ is larger than 20, the condition 
that b ~ [3 holds. Therefore Eq. (19) is simplified to 

U --  U 0 
g - (21) 

gO.5 - -  UO 

where u 0 is the mutation rate w h e n f  = N = H = 0 and 
u0. 5 is the mutation rate w h e n f  = N = H = 0 .5- - tha t  
is, 

1 
u o = 2Othlh2(2 + [3) 

4 + ([3 - 6)H - (1 + [ 3 ) 9  2 

~n ~ hlh2 + hlh2 e 4 ; -~ '~-4-;d ) 
(22) 

where the coefficient of  the next-nucleotide effect e is 
defined by 

b(1  - h 2) 
e - (23) 

(2 + b)h 2 
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Fig. 3. Distribution of the relative mutation rate (R) with respect to 
the G + C content 09 when the next-nucleotide effect is weak (i.e., 

= 0 or MC = 1), given 13 = 0, 4, 10, 20, and oo. 

is that the curve of  the mutation rate vs the G + C con- 
tent of  the sequence is flattened by an increase of  the 
next-nucleotide effect, because the effect elevates the 
mutation rate of the sequence at extreme G + C contents 
compared to that at an intermediate G + C content. 

Figure 4 shows the relationship between the relative 
mutation rate (R) and the G + C content (t) for ~ = 20. 
When • = 0 (MC = 1), a strong correlation of  mutation 
rate with G + C content exists and leads to an invert- 
ed-V-shaped distribution. When • = 0.5 (MC = 2), a 
weaker correlation of  the mutation rate with G + C con- 
tent leads to an inverted-U-shaped distribution. Nu- 
merical analysis indicates that for [~ = 20, the peak of  
mutation rate at f = 0.5 is readily observed when • < 
O.5 (MC < 2). 

In general, it can be shown that the relationship be- 
tween the mutation rate (u) and the G + C content of  
the sequence (13 is inverted-V(or U)-shaped, with the 
maximum value at f = 0.5, if the coefficient of  the 
next-nucleotide effect • is not larger than the critical val- 
ue %, i.e., 

The mutation rate u then can be expressed as • < %  

2°L + H ) ( 8 + 4 1 3 + [ 3 2 H / t  
__ hlh2(1 4 + ([3 - - 4 ) H /  U 

1 + •  4 +  (24) 

In order to obtain a biological interpretation for the 
strength of  the next-nucleotide effect, let MC be the 
maximum capacity of  the next-nucleotide effect, which 
is defined as the ratio of  the maximum to the minimum 
of  ~n(k), with respect to the relative concentrations of  
precursors. From Eq. (12), it can be shown that 

M C -  
max(¢n(k)) h 2 + b 

min((r (k)) 

1 + (2 + b ) •  

l + b  

h2(1 + b) 

(25) 

given h 2 ~ 1. If  b ~ 1, we have 

MC ~ 1 + 2• (26) 

where •0 is given by 

64 + 813 + [32 
% = (27) 

16 + 1413 + [32 

If  • > %, the relationship between u and f is bimodal- 
like, with the local minimum value a t f  = 0.5 (the val- 
ley point; see Fig. 4). For [3 = 20, the critical value % 
is about 0.897. 

The value of  % depends on the parameter [~. As can 
be seen from Eq. (27), % begins from •0 = 4 when ~ = 
0, decreases gradually until its minimum value e 0 
0.896 when [3 ~ 21.86, and then increases to % = 1 
when [~ ~ ~.  Therefore, we may conclude that the cor- 
relation of mutation rate with G + C content is predicted 
to be inverted-U-shaped by the current model if 

• < 0.896 or MC <- 2.8 

under the normal physiological conditions in the mam- 
malian germ cells. 

D i s c u s s i o n  

Therefore, the strength of  the next-nucleotide effect is 
measured by the maximum number of  folds that the non- 
correction probability (~yn(k)) can be increased by the 
next-nucleotide effect. In the ease of  • ~ 0, or MC 
1, which indicates a weak next-nucleotide effect, Eq. 
(24) reduces to Eq. (20). As also indicated by Wolfe 
( 1991 ) and Eyre-Walker (1992b), the general conclusion 

Origin of GC-Rich Isochores 

We have shown above that under the normal physio- 
logical condition in germ cells, the G + C content in a 
sequence if) and the G + C proportion in the nucleotide 
precursors (N) are approximately equal at equilibrium. 
This implies that any shift in the G + C proportion of  
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Fig. 4. The effect of the next-nucleotide concentration (e) on the dis- 
tribution of the relative mutation rate (R) with respect to the G + C 
content (/% for ~ = 20. 

nucleotide precursors can gradually lead to a corre- 
sponding shift in the G + C content in the sequence. 
Furthermore, the conclusion tha t f  ~ N at equilibrium is 
independent of the strength of the next-nucleotide effect. 
Therefore, a DNA segment (i.e., a replicon) will become 
GC rich if it is replicated at a time when the nucleotide 
precursor pool is rich in G and C. Thus, GC-rich iso- 
chores can arise under the present model. 

Mathews and Ji (1992) compiled the relative con- 
centrations of nucleotide precursors in different mam- 
malian cell lines. The data indicated that the G + C pro- 
portions of nucleotide precursors during a cell cycle 
are roughly from 44% to 55%, and for most cases, they 
are below 50%. The study of Bernardi et al. (1985) in- 
dicated that the compositional distribution of isochores 
in the human genome is characterized by (1) two class- 
es of GC-poor isochores (39% and 41% GC, respec- 
tively), representing about two-thirds of the genome 
and (2) three classes of GC-rich isochores (45%, 49%, 
and 53% GC, respectively), representing one-third of the 
genome. These observations can be explained by our 
model, given the data of  Mathews and Ji (1992). There- 
fore, the mutationist hypothesis may be able to explain 
the origin of GC-ricl~ isochores in the genome of mam- 
mals. 

Inverted V-Shaped Distribution of Mutation Rates 

It is interesting that our model predicts that an invert- 
ed-V distribution of mutation rates in relation to G + 
C content occurs if the next-nucleotide effect is weak, 
i.e., MC ---> 1. When the strength of the next-nucleotide 
effect is intermediate, i.e., 1 < MC < 2, the curve be- 
comes flatter so that the distribution is inverted-U- 
shaped, but, as illustrated in Fig. 4 for ~ > 20, the peak 
of mutation rate at 50% GC can be identified. This peak 

still exists theoretically when 2 < MC < 2.8, but it 
eventually disappears when MC > 2.8. There are few 
data available for estimating the value of MC in mam- 
malian germ cells. In spite of  this, the fact that an in- 
verted-U-shaped distribution of mutation rate with re- 
spect to G + C content has been observed (Bulmer et 
al. 1991; Wolfe and Sharp 1993) implies that the value 
of MC in mammalian germ cells may be less than 2. 

There is also biochemical evidence to suggest that 
MC is not very large. In E. coli, the probability of mis- 
incorporation is about 10-5; the probability of no cor- 
rection during replication (proofreading) is about 10-2; 
and the probability of no postreplication repair is about 
10 -3 (Kunkel 1988, 1992a; Modrich 1991). Therefore, 
proofreading is actually less important than misincor- 
poration and postreplication repair in determining the 
mutation rate in prokaryotes. In mammals, three DNA 
polymerases--~,  8, and e - -a re  shown to be involved in 
nuclear DNA replication. Only polymerases 5 and • 
contain an associated 3"-5' exonuclease which is es- 
sential for the correction of misincorporations, but the 
role of these polymerases in eukarytic DNA replication 
is still not clear. However, the energy cost of correction 
for misincorporations by exonucleolytic activity might 
be unacceptably high due to too much excision of cor- 
rect incorporations if more-than-100-fold fidelity is con- 
tributed by proofreading (Fersht 1985). Therefore, in 
mammals, as in prokaryotes, the mutation rate may not 
be greatly affected by the next-nucleotide effect. 

However, in addition to the next-nucleotide effect, 
there are some other factors that can blur the inverted- 
V-shaped distribution. First, synonymous substitutions 
are only nearly selectively neutral. Bias of codon usage 
may occur in mammalian genomes, although it is diffi- 
cult to detect. Consequently, synonymous rates are on- 
ly rough estimates of mutation rates. Second, the sub- 
stitution rate est imated f rom compar ison between 
sequences is actually the average value over lineages. 
Therefore, when the estimated synonymous rate is from 
two relatively distantly related taxa, e.g., mammalian or- 
ders, the condition of equilibrium may not hold. Final- 
ly, estimates of synonymous substitution rates are sub- 
ject  to large stochastic errors, especially when the 
sequence length is short. Therefore, a failure to observe 
an inverted-V-(or U-)shaped distribution of substitu- 
tion rates with respect to G + C contents may not be dis- 
proof of the mutationist hypothesis. 
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