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Summary. An inherent feature of  double-stranded 
DNA is the possible replacement of  any base pair 
by another one upon replication. A replication-de- 
pendent substitution mutation of  a matched base 
pair requires the temporary formation of  a mis- 
matched base pair (mispair). A functionally com- 
plementary pair of  mispairs is ascribed to each of  
the four types of  substitution mutations. Provided 
that all types of  mispairs can be formed, a dynamic 
biological equilibrium between the four matched 
base pairs must exist in all DNA, which is directly 
related to the formation and stability of  the corre- 
sponding eight mispairs in vivo. Each nucleotide 
position in a genome can therefore be described as 
a system of  six dynamic equilibria between the four 
matched base pairs. After a sufficient number of  
replications, these equilibrium states will express an 
overall mutation-selection balance for each in- 
dividual base pair. In a thermodynamic context, the 
mispairs represent intermediate states on the trans- 
formation pathways between the matched base pairs. 
Catalysts change the stability and probability of  for- 
mation of  intermediate states. Mutagenic proteins 
are proposed as hypothetical substitution mutation 
catalysts in vivo. Functionally, they would be ca- 
pable of  recognizing a particular DNA sequence, 
tautomerizing a nucleotide base thereof, and hence 
efficiently inducing a specific misincorporation. 
Phenomenologically such catalysts would accelerate 
the rates of  substitution mutations and provide 
pathways for directional mutation pressure. 
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Introduction 

There are sufficient results available from in vivo 
mutagenesis experiments to allow the conclusion 
that a significant fraction of  spontaneous point 
mutations in DNA are replication-dependent sub- 
stitution mutations. They are induced during rep- 
lication by the formation of  all the possible mis- 
matched base pairs (mispairs) that are stable and 
inconspicuous enough to the repair systems to have 
a reasonable probability of  surviving until the next 
round of  replication. Moreover, results accumulated 
from in vitro mutagenesis experiments indicate that, 
apart from misincorporations due to sterically un- 
favorable rare base pair combinations, another more 
DNA sequence-specific and controllable mecha- 
nism ofmispair  formation may be involved in spon- 
taneous substitution mutations (Strazewski 1988; 
Strazewski and Tamm 1990). According to this hy- 
pothesis, a mutagen could alter, under certain cir- 
cumstances, the hydrogen substitution pattern of  a 
template base, thus turning it temporarily into a 
functional analogue of  another base and therefore 
causing a misincorporation. Mispairs containing 
unusual tautomeric forms are very similar in shape 
to normal Watson-Crick base pairs. Replication 
errors of  this sort would efficiently introduce specific 
substitution mutations. Although the involvemenl 
of  rare tautomers of  normal DNA bases is not prov- 
en for in vivo conditions, the theory of  substitution 
mutations presented below implies this possibility. 
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Pathways for Substitution Mutations 

It is assumed that during replication misincorpora- 
tion rates vary with the differences in the base-pair- 
ing strengths and polymerization rates between 
matched and mismatched pairs in polymerase-- 
pr imer- template-nucleoside tr iphosphate com- 
plexes (Goodman and Branseomb 1986; Kuehta et 
al. 1988). Additionally, small transitory differences 
in the template DNA strand during replication, 
namely reversible changes in the hydrogen substi- 
tution pattern of the template nucleotide bases, are 
taken into account, which could be induced by pro- 
ton-donating or -accepting mutagens. 

A restriction to the model of  substitution mu- 
tations shall be introduced. It is assumed that during 
replication a substitution mutation will be induced 
by a change in one base of  the mother base pair, 
i.e., only one daughter strand will bear an error. This 
restriction expresses the fact that the probability for 
the formation of  two mispairs per mother base pair 
is small enough to be neglected. 

Propagation of Replication-Dependent 
Substitution Mutations 

The products of  a first erroneous replication of  a 
given DNA sequence are one correctly replicated 
DNA duplex and one duplex bearing a mispair--a 
mismatched hybrid DNA. If  we allow the mis- 
matched hybrid to escape the postreplicative repair 
system, a second normal (i.e., faultless) replication 
will form three correct DNA duplexes and one that 
is mutated. This 3:1 ratio remains during all follow- 
ing normal replications. An example of this pathway 
is depicted in one part of Scheme 1 (first erroneous 
replication, second normal replication, etc.) using a 
G-C -~ T.A-transversion via the formation of  a 
T .C pair. We shall call this type of  pathway an 
unamplified mutation. Thus, an erroneous replica- 
tion causes a labile change in the DNA sequence, 
which can be corrected by the mismatch repair sys- 
tem. Only a second replication or a mis-repair will 
convert the error into a mutation 'that is not cor- 
rectable any more. The spread of a mutation in the 
offspring of  the initial DNA will be more or less 
strongly inhibited, dependent on the type ofmispair, 
the neighboring sequence, and the efficiency of the 
mismatch repair system. The 3:1 ratio therefore rep- 
resents an upper limit for the production of the mu- 
tated DNA. For the purpose of this discussion, how- 
ever, I shall concentrate on the highest possible 
mutation rates and ignore the effect of postreplica- 
t ire mismatch correction. 

It is widely assumed that spontaneous substitu- 
tion mutations initially occur at random, and their 
frequency at a particular locus is well described by 
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Propagation of a G.C ~ T.A-transversion via 

the Poisson distribution (e.g., Kimura 1983). In con- 
sequence, repeated substitutions at one locus, given 
the enormous number of base pairs in a naturally 
occurring genome, are very rare, and the occurrence 
of  consecutive substitutions at one locus must reach 
astronomically low probabilities. If, however, bio- 
logical mechanisms exist that allow certain substi- 
tution mutations to be favored at a specific locus, 
the following propagation rule would apply to every 
possible substitution mutation (Scheme 1). Every 
consecutive formation of the same mismatched hy- 
brid shifts the ratio rapidly in favor of  the mutated 
product. Depending on which strand is chosen for 
observation, the ratio for normal to mutated DNA 
shifts either from 3:1 to 4:4, 5:1 I, 6:26, etc. (in the 
lower strand in Scheme 1), or from 1:3 to 1:7, 1:15, 
1:31, etc., respectively (in the upper strand in Scheme 
1). If  the error were not propagated in every DNA 
copy, or would not last during a whole replication 
cycle, the shift of ratios would proceed at a slower 
rate. Therefore the mismatched hybrid operates as 
a mutation amplifier. 

Rates of Amplified Substitution Mutations 

An amplified mutation opens a possibility for a spe- 
cific substitution mutation to spread through a pop- 
ulation much more rapidly than under selection 
pressure, by random drift (Kimura 1983), or by the 
dissemination of  a substitution mutation initially 
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Fig. 1. Rate function for un- 
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( ) substi tut ion mutat ions,  
exemplified by a G-C  ~ T-A-  
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G G Scheme 2. Propagation o f a  G . C  ~ T.A-re-  
version via G .A .  

occurring only once through repeated duplications 
of  the mutation-containing sequence by a DNA 
turnover mechanism, the molecular drive (Dover 
1987). In the absence of  selective pressures and 
without any postreplicative repair of  the mutation 
amplifier, the occurrence of  an amplified muta- 
t ion-expressed  as the amount  of  mutated DNA 
(mut) divided by the sum of  the original (orig), the 
mismatched (mism), and the mutated DNA after n 
replications (percentage of  a particular substitution 
after n replications)--will follow the function 

0/0mut(n) = 100%. [mut(n)] 
+ ([orig(n)] + [mism(n)] 

+ [mut(n)]) 
= ( 2 - -  n -1 ) /2"  (cf. Fig. 1) (1) 

This enables a mutated DNA to occur in 99% of  
all offspring of  the initial DNA after only 10 repli- 
cations. This maximum will hardly ever be reached, 
but one can still imagine that even a mismatched 
hybrid that is efficiently corrected can have a re- 
markable effect on the mutation rate, if  the corre- 
sponding mutation amplifier is produced at a com- 
parably high rate. 

Reversions 

Because this pathway is valid for all kinds of  sub- 
stitution mutations, every transition and transver- 
sion caused by the formation of  a mispair can be 
reversed through the formation of  a functionally 
complementary mispair (or reciprocal, Dohet et al. 
1985), under the same mechanism for the propa- 
gation of  mutations. In Scheme 2 the G .C  ~- T .A-  
reversion is followed on the most amplified muta- 
tional pathway where the mutation amplifier is the 
G. A pair, the complementary mispair to T.C. 

The Biological Equilibirum of Base Pairs 

The mechanism described is reminiscent of  a chem- 
ical reaction system in a thermodynamic equilib- 
rium involving intermediate states in each trans- 
formation pathway. In vivo, within a sufficient 
number of  replications, essentially every matched 
base pair in a DNA duplex is in biological equilib- 
rium with the other possible matched base pairs. 
Every base pair can be transformed into another 
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Scheme 3. Pathways for substitution mutations. 

one more or less readily, depending on its mutabil- 
ity, through the formation o f a  mispair, and can be 
reversed through the complementary mispair. In 
Scheme 3 the mutational pathways of  each of  the 
four types of substitution mutations are depicted. 
Additionally, all four types of substitution muta- 
tions are connected through transformation path- 
ways between mismatched base pairs (not shown), 
as a mispair could in principle be erroneously rep- 
licated to form another one (e.g., C.T -. C.C). 

This biologically equilibrated system resembles 
a system of  true thermodynamic equilibria. It con- 
tains four reactants, A-D, that are all interconver- 
tible on six transformation pathways leading through 
the intermediate states u-z (Scheme 4, left system). 
Moreover, every intermediate state is also convert- 
ible into four others through 12 additional trans- 
formation pathways. In the biological counterpart 
the matched base pairs represent the reactants A-  
D, and each intermediate state consists of  two com- 
plementary mispairs (Scheme 4, right system). 

One difference between a system of  thermody- 
namic equilibria and the system of biological equi- 
libria is the reversibility of the transformation path- 
ways. Although in thermodynamic equilibria the 
formation and decomposition of all intermediate 
states must be reversible elementary processes (dou- 
ble arrows in Scheme 4, left system), the connection 
between the four matched base pairs is accom- 
plished by 12 transformation pathways (single lines 
in Scheme 4, right system), and the connection be- 
tween the 12 mispairs consists of  24 transformation 
pathways (not shown). The formation and decom- 
position of  the intermediate states (mispairs) are not 
necessarily based on actual reversible elementary 
processes, but proceed under given, constant (steady- 
state) conditions always in one direction. The re- 
versibility of  the transformations originates from 
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S c h e m e  4. Lef t :  H y p o t h e t i c  s y s t e m  o f  t h e r m o d y n a m i c  equ i l ib -  

r ia  between reactants A-D through intermediate states u-z. Right: 
System of biological equilibria between the matched base pairs 
through the corresponding mispairs. The lines symbolize trans- 
formation pathways. The connections between the mispairs are 
omitted for clarity. 

the presence of  similar complementary transfor- 
mation pathways: For example, the simplest way to 
revert a G .C -~ C.G-transversion that proceeded 
through C. C, i.e., through an erroneous replication 
in the Crick-strand (Scheme 3), is either the for- 
mation of  the same mispair due to an erroneous 
replication in the complementary Watson-strand, or 
the formation of  the complementary mispair due to 
the erroneous replication in the Crick-strand. 

A weight is attributed to each transformation, 
representing its probability or relative frequency, 
similar to kinetic velocity constants in the ther- 
modynamic counterpart. The replication process 
takes into account only polymerization and proof- 
reading. Postreplicative influences derived from the 
internal environment such as base methylation or 
base hydrolysis leading to additional intermediate 
states are not treated separately in the described 
system of equilibria. The probability of  formation 
of  such modified intermediate states can be included 
in the probability of formation of one or several of 
the unmodified mispairs. 

In spite of  this complication, a DNA molecule 
functioning throughout multiple generations may be 
regarded as a chain system ofmi-dimensional hyper- 
tetrahedrons, where ml is the number of  normal 
replications of  a matched base pair i -- 1-4 (Fig. 2). 
Every hyper-tetrahedron has an ink-dimensional hy- 
per-octahedral fine structure, where m k is the num- 
ber of replications via a particular mispair k = 1- 
12, expressing the degree of mutation amplification. 
Every tetrahedral unit is anchored on one corner, 
onto a stable base pair, and bears certain probabil- 
ities to flip along a given transformation pathway 
onto another corner. All transformation probabili- 
ties are influenced by neighboring tetrahedral units 
and by the environmental conditions. This can be 
compared to linked, interdependent thermody- 
namic systems, each containing four stable states of  
variable energies and different activation barriers. 

There are two distinct mutation pressures, in- 
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Fig. 2. A 15-base pair  f ragment  o f  a genome  shown as a se- 
quence  o f  biological equ i l ib r ium sys tems.  T he  ith sys tem is de- 
picted as an  ml -d imens iona l  hyper - te t rahedron  with m~ = 1 and  
an  inserted mk-d imens iona l  hyper -oc tahedron  with mk = l (i for 
ma tched ,  k for m i s m a t c h e d  base pair). Bold lines f rom the inner  
t e t rahedron  ou tward  are the  usual ly  m o s t  probable  pa thways  for 
n o r m a l  replicat ions o f  m a t c h e d  base  pairs. 

dependent of external environment. The first can be 
expressed as the product of  the probability of  mis- 
pairing on replication and the probability of escap- 
ing proofreading. The second results from internal 
environmental factors such as the presence of  DNA 
repair enzymes. Additionally, there are selection 
pressures due to the external environment, which 
effect mutation rates and patterns. We can deduce 
the following relations for base pairs in vivo. The 
biological equilibirum constant Kbi~ between two 
stable (matched) base pairs i and j in the same po- 
sition of the genome shall be defined as the quotient 
of  the probabilities Wj that one of  the three other 
matched base pairs results and Wi that the original 
matched pair remains, both after an infinity of rep- 
lications. Kbi~ is determined by the DNA se- 
quence-dependent probabilities of formation w of 
the appropriate mispairs k and 1 and their DNA 
sequence-dependent lifetime r: 

Kbi~ -- WJWi = f(wk, ~k, Wl, Z0 
i , j  = 1 , . . . 4  i ~ j  (2) 

This equilibrium rigorously implies that control over 
the formation and stabilization of mispairs means 
control over the occurrence of stable base pairs in 
a given position. 

Wj and W~ represent kinetic reaction velocity con- 
stants in the thermodynamic equilibrium conter- 

part. Every base pair position in a genome has its 
own set of  six Kbi~ (C-G ~ G.C; C .G ~ A.T; 
G .C ~ T.A; A.T ,-, T.A; C.G ~ T.A; G.C 
A- T) under constant environmental conditions. The 
sum of all sets in a genome contains the selected 
species and all phenotypically neutral or nearly neu- 
tral mutants (Kimura 1983) that maintain the ge- 
netic flexibility of  the species, i.e., all sets of  K bi~ 
define a quasi species (Eigen and Schuster 1977, 
1978; Eigen 1978). 

The probability for correct symbol reproduc- 
tion qi of  each base pair i in DNA, which, as- 
suming that the probability to find a mispair 
approaches 0, is determined by the quotient Wi 
divided through the sum of probabilities of all 
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pairs (Wi + ~ Wj) [analogous eq. (IV-5) for 
j=l 

mRNA-tRNA interactions in Eigen 1971] and 
3 

can be calculated as qi = 1/[1 + ~ K bi~ (i/j)]. 
j=l 

All ql of  a gene determine its quality factor Q 
[eq. (IV-2) in Eigen 1971 and eq. (25) in Eigen 
and Schuster 1978] or E [eq. (II-17) in Eigen 
1971], i.e., its overall mutability. 

Discussion 

Direct Influence of  the Phenotype 
on the Genotype 

As in the thermodynamic treatment of molecular 
evolution at the amino acid level (Vogel and Zuck- 
erkandl 1971), the biological equilibrium of  base 
pairs is balanced by two forces, the mutation pres- 
sure imposed by the DNA structure itself and by 
the internal environmental conditions (as men- 
tioned above) and the natural selection pressure im- 
posed by the external environment on the pheno- 
type. Experimental in vitro and in vivo results from 
molecular biology suggest that the phenotype, here 
defined in a restricted sense as being identical with 
the internal environment of the genome, might act 
on DNA and in principle provide replication-de- 
pendent substitution mutations (el. extensive liter- 
ature about protein-DNA interactions). Every phe- 
notype, irrespective of whether it contains mutagenic 
molecules or not, can be altered or influenced by 
the external environment to a certain extent and is 
therefore exposed to natural selection pressures. 
Some selective constraints, the ones that act on phe- 
notype molecules that are (potentially) mutagenic, 
could be at this stage indistinguishable from mu- 
tation pressure. Or vice versa, one can think of  nat- 
ural pressures directly selecting base pairs at specific 
loci through the influence of the phenotype on the 
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genotype. Because most cellular DNA in a mature 
organism hardly ever replicates (mortal DNA), this 
direct action of  the phenotype on the genotype is in 
most cases expected to be far out-weighed by the 
Darwinian indirect action of  nature, which selects 
through the extinction of maladapted with respect 
to better-adapted alleles. Yet, there are special cases 
where the direct action could provide clues to a 
variety of  observed and insufficiently explained phe- 
nomena. 

Differential Mutability 

In spite of in vitro and in vivo evidence for the 
DNA sequence-dependence of replication fidelity 
(Fowler et al. 1986; Schaaper et al. 1986; Schaaper 
and Dunn 1987; Kunkel and Bebenek 1988), pop- 
ulation geneticists often ignored differential muta- 
bility of  base pairs without the influence of  natural 
selection. Only very recently has this opinion been 
questioned by the population geneticists them- 
selves. Wolfe et al. (1989) interpret the observed 
DNA region-dependent mutation patterns in neu- 
tral or nearly neutral positions of  the mammalian 
genome as being based on varying nucleoside tri- 
phosphate pools and the coherent timing of  repli- 
cation. They also imply a sequence-dependent ef- 
ficiency of  DNA repair systems. 

In the following, I propose a replication-depen- 
dent mechanism of differential mutability that par- 
allels the mutagenic effect of  varying nucleoside tri- 
phosphate availabilities and assumes aimed at and 
effective misincorporations. I f  any sequence-depen- 
dent mutagenic activity derived from the internal 
environment of the genome exists during replica- 
tion, this would lead to amplified mutations. Such 
amplification would increase not only the rates of  
substitution mutations (as shown in Fig. 1), but also 
the variability of the rates with time, i.e., the dy- 
namics of  substitution rates. 

in many chemical systems and are also known to 
be effectively and reversibly influenced by catalysts 
of basic or acidic character. What prevents us then 
from assuming that in vivo these heterocyclic bases 
could be influenced by basic or acidic catalysts, which 
would alter the normal hydrogen substitution pat- 
tern into a rare one? Such protolytic rearrange- 
ments (protonation, deprotonation, tautomerism) 
are reversible and will be short-lived. But perhaps 
the influence of a catalyst could occur precisely dur- 
ing replication, t Hence, a mispairing would be pro- 
voked by presenting toward the environment, the 
nucleoside triphosphates in a polymerase, a false 
hydrogen substitution pattern, mimicking one of  the 
three other bases (Topal and Fresco 1976; Stra- 
zewski and Tamm 1990). Because rare tautomeric 
forms of nucleotide bases are kinetically labile, it 
has been impossible so far to visualize them in an 
active site of  a DNA polymerase. Yet results from 
various mutagenesis experiments suggest their ex- 
istence and show that they can direct misincorpor- 
ations upon replication in vitro (reviewed in Stra- 
zewski 1988). After that process, especially after the 
proofreading, the absence of the catalyst allows the 
base to rearrange into its natural form, and the mis- 
pair is at the mercy of the repair system. 

What makes this type of protolytic catalyst rath- 
er special is that it could be DNA sequence-specific. 
Proteins are often both acidic and basic catalysts 
and, in the case of many DNA-binding proteins, 
sequence-specific. Moreover, they are the direct 
products of  the genetic information carriers them- 
selves. In these terms, a genetic self-control is im- 
aginable where the mutability of base pairs in re- 
sponse to the mutagens present would constitute a 
self-regulating driving force for directional mutation 
pressure. We could call this mutagenic class of tau- 
tomerases tauterogens. 

GC/A T Pressure 

Some Testable Hypotheses: Tauterogens 

Being well aware of the heresy against the central 
dogma of biology and the experimental results by 
Cairns et al. (1988), which prompted some research- 
ers to reconsider the principles of Lamarckism (see 
Discussions about Cairns et al. 1988/1989), I shall 
start from another viewpoint, that of a chemist. 

Genetic information is carried by the four natural 
heterocyclic nucleotide bases guanine, cytosine, thy- 
mine, and adenine. Each bears a distinctive hydro- 
gen substitution pattern located on the reading part 
of  the molecule. In a strict sense, it is this part that 
carries the actual genetic information, which is 
passed on during replication and transcription. Pro- 
tolytic reactions are known to occur quite readily 

GC or AT pressures are well documented (Jukes 
and Bhushan 1986; Sueoka 1988) albeit their source 
is unknown. They could be a consequence of such 
protein-DNA interactions leading to substitution 
mutations. In Scheme 3, the G.C ~ T.A-transver- 
sion and the G.C ~ A-T-transition provide path- 
ways for either a GC or an AT pressure, respectively. 
Both pathways are likely because although the trans- 
version-mispairs, C-T and G.A, once formed, are 
in general poorly recognized by repair systems in 
vivo, the transition-mispairs, G .T  and A.C, are 
generally formed more frequently, yet their repair 

The x-ray structure of the large fragment of Escherichia coli 
DNA polymerase I suggests that molecules like single-stranded 
DNA-binding proteins could have close contact with the template 
strand shortly before or during replication (Ollis et ai. 1985) 
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will be quite efficient. D N A  regions that have a high 
GC content might produce DNA-binding proteins 
that, after having bound to an A-T site, tend to 
generate G" T or C- T mispairs during replication. If  
there is no selective constraint on this site, an AT 
--. GC drift will result. If  natural selection counter- 
acts the GC pressure, the mispair-generating pro- 
teins will maintain a mutation-selection equilibri- 
um. Such an equilibrium was recently measured by 
Sueoka (1988) in various organisms and indicated 
the existence of  a biological equilibrium of  base pairs. 

Codon Pressure 

I f  we assume that some mutagenic proteins may be 
highly sequence-specific, another efficient direction- 
al mutation pressure will result. The most frequent 
opinion about the observed nonrandom usage o f  
synonymous codons is that certain isoaccepting 
tRNA molecules happened to be less available than 
others and that this bias was fixed for some reason 
and gives rise to a biased use of  modern synonymous 
codons (Zuckerkandl 1965; Zuckerkandl and Paul- 
ing 1965; Ikemura 1985). The hypothesis that biased 
tRNA usage is correlated with gene expression and 
that there are constraints at the RNA level that pre- 
serve this translational regulation mechanism (e.g., 
Gutman and Hatfield 1989) does not necessarily 
imply that it was this selection pressure that led to 
biased codon utilization. It may well be that biased 
codon utilization due to a DNA-inherent differential 
mutability caused the translation system to react 
with the above selective constraints in order to en- 
sure a translational control. 

I f  a self-regulating directional mutation pressure 
is present that, for example, maintains a certain GC 
content or favors certain dinucleotides and disfa- 
vors certain others (Ohno 1988b; Beutler et al. 1989), 
the observed biased usage of  synonymous codons 
could emerge automatically. The variation in the 
preference for alternative codons in different organ- 
isms, different parts of  an organism, or even in dif- 
ferent DNA regions could be explained by different 
mutagenic conditions that act on the DNA. It should 
be noted that such codon pressure would force a 
biased tRNA usage irrespective of  whether the 
tRNAs are isoacceptors or not. It would also result 
in unused tRNA genes mutating out of  function in 
the absence o f  selective constraints. 

According to this perspective, organisms have 
adapted to biased codon availability, which leads 
to biased tRNA usage, rather than the other way 
around. The reversed direction of  causes emphasiz- 
es a basic character of  DNA, its differential muta- 
bility, that may have originated in the absence of  
selection pressures. But it does not exclude selection 
pressures being responsible for the conservation of  

the resulting biases in synonymous codons, as both 
directional mutation pressure imposed by tautero- 
gens and nonrandom tRNA abundancies feeding 
back on biased codon usage are certainly thought to 
be selected. 

Lately, the socalled codon preference has been 
recognized as a natural consequence of  the construc- 
tion principle of  coding sequences that were derived 
from ancestral oligomeric DNA sequences. These 
sequences have been conserved throughout their ex- 
istence in the genomes examined (Ohno 1988a). This 
analysis, which focuses not on our modern codon 
triplets but on longer sequences, suggests subtle 
mechanisms for the action of  mutagenic proteins. 
The modern codon preferences seem to be derived 
from very old DNA relics. Because each ancient 
DNA sequence presently encodes different peptide 
sequences depending on the position of  the codon 
triplets and therefore possibly encodes very different 
functions, it is not clear how selective pressures could 
preserve these DNA sequences against everpresent 
sequence-randomizing forces throughout the ages. 
Proteins capable of  recognizing such ancestral oligo- 
meric DNA sequences could be as old as their op- 
erons. Such proteins would help to stabilize their 
sequences, i f  they could cause slightly mutated se- 
quences to revert upon replication. Naturally, one 
thinks of  a DNA sequence-recognizing protein as a 
folded structure, which, in addition to sequence- 
neutral DNA-binding contacts, will form distinctive 
hydrogen bonds to the nucleotide bases, possibly 
mediated by ordered water molecules. If  the se- 
quence that is recognized is long enough, then the 
binding would be sufficiently strong to tolerate a 
false base in the sequence. This very base might be 
forced to tautomerize, thus improving the binding 
to the protein and provoking, in turn, mispairing 
upon replication. Experiments will be needed to de- 
termine whether such mispairing leads to the orig- 
inal sequence. 

Sudden Mutational Outbreaks 

At present, it is unclear how genomes or cells can 
suddenly accelerate the rate of  somatic substitution 
mutations. Examples are secondary mutations in 
transformed cells, periodic mutations in surface pro- 
tein genes of  certain microorganisms and viruses, 
or the production o f  as many as a thousand substi- 
tution mutations per cell per generation in the vari- 
able parts of  antibody genes belonging to activated 
immune B cells during the stage of  somatic hyper- 
mutation (Tonegawa 1988; French et al. 1989). 

Perhaps the enhanced expression of  genes encod- 
ing mutagenic proteins would be the answer? In 
healthy cells sudden outbreaks o f  somatic substi- 
tution mutations have to be carefully regulated so 



as to ensure a controlled mutation process�9 During 
the stage of somatic hypermutation in immune B 
cells, for instance, low affinity contacts between an- 
tigen and antibody stimulate the antibody-produc- 
ing cells to replicate and to produce substitution 
mutations exclusively at certain loci. High affinity 
contacts at a later stage of  the immune response, 
however, are bound to stimulate even more intense- 
ly the replication of such highly adapted B cells, and 
yet inhibit the mutations of their antibody genes. 
The expression of mutagenic proteins in B cells could 
be coupled to these changing signals received from 
the antibodies. A microselection of the most effec- 
tive B ceils would result. In cancerous cells this reg- 
ulation may be disturbed, leading to uncontrolled 
production of  somatic mutations. 

It is worth investigating any mutagenic proteins 
in these systems for many reasons. Their activity is 
expected to be difficult to assay, as they would prob- 
ably be present at very low concentrations and/or 
only during certain periods of  cell life. In contrast 
to conventional mutagenic mechanisms, which 
change the structure of DNA substantially (alkyla- 
tion, intercalation, complexation), tautomerization 
should make the activity of these mild mutagens 
invisible to both the DNA repair system and the 
researcher�9 
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tagenesis results in vitro using a base analogue in 
the DNA template strand�9 This analogue, a mimicry 
of a rare tautomeric form of  a natural nucleotide 
base, showed how easily an efficient specific mis- 
incorporation during replication could be generated, 
by just changing the positions of  the hydrogen atoms 
on the base (Charczuk et al. 1986). 

On first glance, it may look as i f  the assumption 
ofa mutagenic phenotype ignores the central dogma 
of biology�9 According to the neo-Darwinian idea of  
adaptation, neither direct nor phenotype-mediated 
action of the external environment on the genome, 
but only environmental action on the phenotype, 
eventually produces genomic evolution. Neverthe- 
less a direct action on the genome can be safely 
allowed. The reason why a selectively mutagenic 
environment would usually have virtually no effect 
on the evolution of species is that germ-line DNA, 
responsible for sexual reproduction and heredity, is 
apparently much better protected against external 
influence than somatic D N A ,  involving immune re- 
sponses and cell growth. Germ-line DNA protects 
itself from external influences by being exceptionally 
well isolated from the extracellular medium, as in 
oocytes, and by avoiding the presence of  any intra- 
cellular medium, as in spermatocytes. 

Conclusion 

Only  an I d e a . . .  

The proposed existence of  DNA-binding proteins 
and their mutagenie interactions with replicating 
DNA is a speculation with, as far as I am aware, no 
experimental support. This proposal was triggered 
by the inconsistence between conclusions from ex- 
periments performed by molecular biologists and 
those by population geneticists. Although it was 
shown that replication fidelity in vitro and in vivo 
is highly dependent upon the DNA sequence, hence, 
that on a local DNA level a substantial differential 
mutability is measurable, random mutation pat- 
terns are assumed on a much wider scale ofgenome 
lengths, and randomness is utilized in boundary 
conditions for calculations. This assumption of ran- 
domly occurring mutations spreading through a 
population with the help of  selection pressures or 
merely by random drift proved to be valid in most 
cases in vivo. Yet I suspect that the apparent ran- 
dom behavior may mask fine nonrandom muta- 
tional pressures operating on small DNA regions 
like codons. It seems important therefore to think 
of ways in which the phenotype might alter the ge- 
notype in an efficient and controlled manner. 

The idea of  mutagenic proteins possibly acting 
as tautomerases (Strazewski 1988) stems from mu- 

� 9  For a W a y  o f  Think ing  

The view of  DNA base pairs presented here as an 
in vivo dynamic biological equilibrium demon- 
strates the uniqueness of  our genetic information 
carrying system. I doubt if there exists a true chem- 
ical, nonreplicating thermodynamic counterpart that 
can be described by a tetrahedral/octahedral system 
of equilibria. 

Apart from this aesthetic aspect, the concept helps 
us to think of DNA base pairs as the smallest units 
upon which natural selection acts (Dawkins 1982). 
If  a DNA sequence is regarded as having always 
evolved as a function of the mutagenic activity of 
its direct environment, silent positions in a coding 
region cannot be called silent any more. This was 
pointed out by Zuckerkandl (1987), who empha- 
sized different senses of neutrality. Silent positions 
are parts of synonymous codons--synonymous with 
respect to the translated amino acid--but their mut- 
ability in response to the mutagenic environment 
will depend on the occupying base pair. This dif- 
ference may vary when mutagens change. Even 
identical triplets located in different neighboring se- 
quences could respond with different mutabilities to 
the mutagens present (Gutman and Hatfield 1989). 

The existence of  a dynamic biological equilibri- 
um of  base pairs also involves the relation between 
molecular evolutionary changes and time. In reality 
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e n v i r o n m e n t a l  c o n d i t i o n s  are  h a r d l y  e v e r  pe r fec t ly  

s teady,  because  o f  o m n i p r e s e n t  f luc tua t ions .  E v e n  

n o n f l u c t u a t i n g  c o n d i t i o n s  can  p r o d u c e  a r ap id ly  

chang ing  (chaot ic)  b e h a v i o r .  T h e r e f o r e  the  q u e s t i o n  

arises,  h o w  a n d  h o w  fast  can  an  e q u i l i b r i u m  be 

a c h i e v e d  af te r  a p e r i o d  o f  r ap id  changes?  D o e s  the  

ana logy  to  the  s y s t e m  o f  t h e r m o d y n a m i c  equ i l i b r i a  

m a k e  sense in  the  r eg ion  o f  n o n e q u i l i b r a t e d  states? 

W h a t  is the  d i f ference  b e t w e e n  the  e v o l u t i o n a r y  m u -  

t a t i o n  pa t t e rns  in a s t eady  s ta te  a n d  far  f r o m  this  

s tate? C o u l d  i t  be  tha t  subs t i t u t i ons  f ixed by  r a n d o m  

dr i f t  are  o n l y  f a v o r e d  d u r i n g  s teady  per iods ,  w h e r e a s  

in  t i m e s  o f  r ap id  changes  o t h e r  p a t h w a y s  i n v o l v i n g  

a m p l i f i e d  subs t i t u t i ons  are  p re fe r red?  
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