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Summary. Reports of single base-pair substitutions that 
cause human genetic disease and that have been located 
and characterized in an unbiased fashion were collated; 
32% of point mutations were CG --~ TG or CG --~ CA 
transitions consistent with a chemical model of mutation 
via methylation-mediated deamination. This represents 
a 12-fold higher frequency than that predicted from ran- 
dom expectation, confirming that CG dinucleotides are 
indeed hotspots of mutation causing human genetic dis- 
ease. However ,  since CG also appears hypermutable ir- 
respective of methylation-mediated deamination, a sec- 
ond mechanism may also be involved in generating CG 
mutations. The spectrum of point mutations occurring 
outwith CG dinucleotides is also non-random, at both 
the mono- and dinucleotide levels. An intrinsic bias 
in clinical detection was excluded since frequencies of 
specific amino acid substitutions did not correlate with 
the 'chemical difference' between the amino acids ex- 
changed. Instead, a strong correlation was observed with 
the mutational spectrum predicted from the experimental- 
ly measured mispairing frequencies of vertebrate D N A  
polymerases a and [3 in vitro. This correlation appears 
to be independent  of any difference in the efficiency 
of enzymatic proofreading/mismatch-repair mechanisms 
but is consistent with a physical model of mutation 
through nucleotide misincorporation as a result of tran- 
sient misalignment of bases at the replication fork. This 
model is further supported by an observed correlation 
between dinucleotide mutability and stability, possibly 
because transient misalignment must be stabilized long 
enough for misincorporation to occur. Since point muta- 
tions in human genes causing genetic disease neither 
arise by random error nor are independent  of their local 
sequence environment,  predictive models may be con- 
sidered. We present a computer  model (MUT P RED )  
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based upon empirical data; it is designed to predict the 
location of point mutations within gene coding regions 
causing human genetic disease. The mutational spec- 
t rum predicted for the human factor IX gene was shown 
to resemble closely the observed spectrum of point 
mutations causing haemophilia B. Further,  the model 
was able to predict successfully the rank order  of disease 
prevalence and/or mutation rates associated with various 
human autosomal dominant and sex-linked recessive 
conditions. Although still imperfect,  this model never- 
theless represents an initial at tempt to relate the variable 
prevalence of human genetic disease to the mutability 
inherent in the nucleotide sequences of the underlying 
genes. 

What man that sees the ever-whirling wheele 
Of  change, the which all mortall things doth sway, 
But that thereby doth find, and plainly feele 
How mutability in them doth play 
Her cruell cruell sports, to many men's decay? 

Edmund Spenser 
(c. 1609; The Faerie Queene. Book VII, 
'Two Cantos of Mutabilitie', Canto VI (i)) 

Introduction 

One of the most important  properties of genetic material 
is its capacity to organize its own faithful replication 
within the cell. If, however,  no errors were ever made 
during the process of D N A  replication, the evolution of 
complex genomes would scarcely have been possible. 
Although in vivo studies of eukaryotic D N A  replication 
have indicated that this replication process is extremely 
accurate, errors do nevertheless occur at a frequency of 
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between 10- 9 to 10- 11 misincorporated nucleotides per 
base (Drake 1970; Nalbantoglu et al. 1983; Thacker 
1985). Whereas this is much lower than the 10- 3-10- 6 
error frequency observed in vitro, the disparity is 
thought to be a result of the efficiency of in vivo proof- 
reading and error correction mechanisms (Roberts and 
Kunkel 1986; Kunkel and Bebinek I988). Mutation rates 
calculated for specific human genetic diseases also vary 
widely (Vogel and Motulsky 1986). Intuitively, we may 
surmise that at least for dominant and sex-linked reces- 
sive conditions, differences in incidence/prevalence are a 
reflection of underlying differences in the relative muta- 
bility of certain genes in the germ-line. 

The challenge now facing us is to be able to relate ob- 
served differences in the incidence/prevalence of genetic 
disease to the structure of the mutant genes responsible 
and to the function of the proteins that they encode. A 
major step towards this aim would be the development 
of the ability to make predictions regarding the probable 
frequency and location of lesions within any given gene 
by reference to the DNA sequence and genomic archi- 
tecture of that gene. 

With the advent of recombinant DNA and the intro- 
duction of new analytical techniques, rapid progress has 
been made in the characterization of gene mutations 
causing human inherited disease (reviewed by Cooper 
and Schmidtke 1989). For most conditions, a substantial 
proportion of these lesions is now thought to consist of 
point mutations together with a smaller number of dele- 
tions, the remainder being made up of insertions, inver- 
sions and complex rearrangements. Considerable varia- 
tion nevertheless exists in the relative proportions of the 
different types of mutation found for different gene loci. 
This variation may reflect individual characteristics of 
the genes, such as length and the degree of sequence re- 
petitivity. 

Mutation of human genes may arise either as a con- 
sequence of endogenous error-prone processes, such as 
DNA replication and repair, or as a result of exposure to 
exogenous factors, e.g. chemical mutagens or ionizing/ 
UV irradiation. Most studies to date have concentrated 
upon the latter category of induced mutations to the 
detriment of the former. This is for the simple reason 
that induced mutations are usually many orders of mag- 
nitude more frequent than their spontaneous in vivo 
counterparts. However, induced mutations probably 
arise by different mechanisms from 'spontaneous' muta- 
tions and may not provide a viable or realistic model for 
the study of in vivo mutation. Moreover, most mutation 
studies have been carried out in bacteria or viruses on 
account of their relative ease of culture and analysis. In 
consequence, relatively little is known of the nature of 
spontaneous mutation in eukaryotes and virtually no- 
thing is known in man. 

Such nucleotide substitutions are thought to arise 
either by chemical (e.g. deamination of 5-methylcyto- 
sine, Coulondre et al. 1978; depurination, Loeb and 
Preston 1986), physical (e.g. DNA slippage, Kunkel and 
Soni 1988) or enzymatic (e.g. postreplicative mismatch 
repair or exonucleolytic proofreading, Modrich 1987; 
Loeb and Kunkel 1982) mechanisms. Since the effi- 

ciency of all these processes is known to be sequence- 
dependent, it is hardly surprising that the distribution of 
point mutations is non-random thereby giving rise to 
both 'hotspots' and 'coldspots' of base substitution in 
eukaryotic genomes. 

The study of 'naturally occurring' gene mutations is 
very important for a number of reasons, not the least 
being that the process of mutational change is funda- 
mental to an understanding of the origins of genetic 
variation and, as such, plays a vital role in the evolution 
of living systems (reviewed by Crow and Denniston 
1985). Knowledge of the relative frequency of specific 
mutations should also aid our understanding of the 
generative mechanisms that underlie gene mutation, and 
may provide valuable insight into the intricacies of the 
processes of DNA replication and repair. Finally, the 
drawing up of the ground-rules for assessing and predict- 
ing the probable relative frequencies and locations of 
specific point mutation may contribute to dramatic im- 
provements in both the design and efficacy of mutation 
search strategies in molecular diagnostic medicine. For 
all these reasons, we should follow the advice of the 
early English geneticist William Bateson who, extra- 
polating from his own work in plant genetics, exhorted 
us to 'treasure our exceptions'. 

Point mutations in vertebrate genes have been 
known for some time to be non-random. For example, 
the frequency of transitional changes (between T and C 
or between A and G), whether causing gene mutation or 
occurring during vertebrate gene evolution, is much 
higher than expected (Vogel 1972; Vogel et al. 1976; Li 
et al. 1984). Much of this excess of transition-type muta- 
tions has been thought to be the result of the hypermuta- 
bility of the methytated dinucleotide CpG; deamination 
of 5-methylcytosine (5mC) to thymidine in this doublet 
gives rise to C --~ T or G ~ A substitutions depending 
upon in which strand the 5mC is mutated (Coulondre et 
al. 1978; Salser 1978; Duncan and Miller 1980). Deami- 
nation of 5mC to thymidine probably occurs with the 
same frequency as deamination of cytidine to uracil. 
However, whereas uracil DNA glycosylase activity (Lin- 
dahl 1982) in eukaryotic cells is able to excise uracil, 
thymidine being a 'normal' nucleoside is thought to be 
less readily detectable and removable by cellular repair 
mechanisms. 

CpG is a 'hotspot' for mutation in vertebrate geno- 
mes as shown by (1) its under-representation or 'sup- 
pression' in genomic DNA (observed frequency in cod- 
ing regions = 37% of expected from mononucleotide fre- 
quencies [Nussinov 1981; Beutler et al. 1989]), (2) the 
high frequency of polymorphism detected by restriction 
enzymes containing CpG in their recognition sequences 
(Barker et al. 1984; Cooper and Schmidtke 1984), (3) 
the high rate of change of CpG dinucleotides between 
DNA sequences examined in evolutionary comparison 
studies (Savatier et al. 1985; Cooper et al. 1987) and (4) 
the high frequency of CG ~ TG and CG ~ CA transi- 
tions among mutations causing human genetic disease 
(Cooper and Youssoufian 1988; Youssoufian et al. 1988; 
Cooper and Krawczak 1989). In this last category, 35% 
of all single base-pair substitutions causing human genet- 
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ic disease were found to occur within CpG dinucleotides 
(Cooper and Youssoufian 1988) and over 90% of these 
were C ---, T or G ---~A transitions consistent with the 
model of methylation-mediated deamination. This rep- 
resents a 40-fold higher rate of mutation of 5-methyl- 
cytosine than that found for any other  nucleotide. In this 
article, we present an updated assessment of the con- 
tribution of CpG mutation to the incidence of human ge- 
netic disease based upon a considerably larger sample of 
mutations. 

For non-CpG mutations, marked differences in the 
frequency of occurrence of different single base-pair 
substitutions also occur and in theory may have arisen 
through the influence of one, or more,  of a number of 
different factors. Thus, the non-randomness of the initial 
mutation event, the non-randomness of the D N A  se- 
quences under study, differences in the relative effi- 
ciency with which certain mutations are repaired, differ- 
ences in phenotypic effect (and hence selection), or a 
bias in the clinical detection of such variants, may all in 
principle play a role. Whereas all of these factors could 
conceivably contribute to the observed non-randomness 
of point mutation, their individual contributions have 
been neither determined nor even properly estimated. 

We have thus at tempted here to extend our analysis 
of human gene mutation beyond the CpG dinucleotide 
to the remaining approximately 65% of point mutations 
that occur within other doublets. We demonstrate that 
these mutations are also distributed non-randomly with 
respect to DNA sequence, and we explore several pos- 
sible mechanisms responsible for this finding. Finally, 
a mathematical model is presented that is empirically 
based upon our current knowledge of the spectrum of 
point mutations in human genes causing genetic disease. 
This model attempts (1) tentatively to predict both the 
location and the relative frequency of point mutations 
within a given gene sequence and (2) to relate a derived 
'mutability quotient '  for that gene to the clinically ob- 
served prevalence of the deficiency of the gene product. 

Results 

type, the resulting amino acid substitution at a specified 
codon and the literature reference under the name of the 
first author. Nucleotides outside the altered codon (de- 
noted by a lower case letter) are given when the muta- 
tion occurs in the first or third position in the codon. 
This information is provided to allow the assessment of 
the potential influence of neighbouring bases on the 
relative likelihood of a specific mutational change. Mu- 
tations that occur within CpG dinucleotides and that 
are consistent with the process of methylation-mediated 
deamination (i.e. either C ~ T or G --~ A) are marked 
with an *. Several omissions have been made in the 
interest of obtaining an unbiased sample of point muta- 
tions causing human genetic disease. 

1. In the case of single base-pair substitutions that have 
been reported independently more than once, the first 
example only has been logged. This is because of the dif- 
ficulty in determining whether  these mutations are iden- 
tical-by-descent or whether they are truly recurrent.  
Adoption of this policy may result in an underestimate 
of the actual proportion of independent  point mutations 
that occur in the hypermutable CpG dinucleotide. 

2. Examples of point mutations in the factor VIII and 
factor IX genes causing haemophilia are not included 
because of a considerable bias in ascertainment. In these 
disorders, recurrent mutation is known to occur at high 
frequency in CpG dinucleotides, and mutation search 
procedures have therefore often been designed accord- 
ingly. The inclusion of these data would thus greatly in- 
crease the apparent proport ion of mutations occurring 
within CpG dinucleotides; over 120 independent  point 
mutations have been reported in these genes (the in- 
terested reader is referred to Cooper  and Tuddenham 
1991). 

3. Examples of point mutations in the globin genes re- 
sulting in haemoglobin variants are not included because 
of (a) their disproportionately large number and (b) 
complexities of interpretation arising from the existence 
of heterozygote advantage. 

Single base-pair substitutions 
causing human genetic disease 

Table 1 lists point mutations that cause human genetic 
disease and that have been located and characterized in 
as unbiased a fashion as possible. These data were col- 
lected for analysis since it was considered probable that 
this would provide valuable information on both the na- 
ture and frequency of spontaneous point mutations in 
m a n .  

The database includes reports of disease-causing 
single base-pair substitutions (up until August 1989) that 
have been detected by D N A  sequencing or oligonucleo- 
tide discrimination hybridization. A preliminary version 
of this list has been published previously (Cooper and 
Youssoufian 1988). Each entry consists of the name of 
the disease, the McKusick symbol for the disease gene, 
the base-pair change responsible for the disease pheno- 

4. Point mutations in the mitochondrial genome result- 
ing in diseases such as the mitochondrial myopathies or 
Leber 's  optic atrophy are not included; mitochondrial 
D N A  is not methylated (Groot  and Kroon 1979; Castora 
et al. 1980) and thus mutation frequencies are unlikely 
to be comparable to those exhibited by the nuclear 
genome. 

5. Point mutations in oncogenes are not included since 
tumorigenesis occurs in somatic cells and may be caused 
by the action of environmental mutagens. In addition, it 
is usually difficult to determine whether or not the muta- 
tion detected is itself a cause or a consequence of the 
transformed phenotype.  This is not to say that mecha- 
nisms of mutagenesis are entirely different, e.g. CpG 
deamination-type mutations in the gsp oncogene have 
been shown to be a cause of pituitary tumours (Landis et 
al. 1989). 
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Table 1. A list of point mutations causing human genetic disease. CG---~TG and CG--~CA transitions are marked with an * 

Disease Mutation Reference a 

Gene Base Amino acid CD 
change change 

Author Journal Volume Page Year 

ADA deficiency 

ADA deficiency 
ADA deficiency 

ADA deficiency 
ADA deficiency 
ADA deficiency 
ADA deficiency 

Adenylate kinase deficiency 
Adrenal hyperplasia 
Adrenal hyperplasia 

Adrenal hyperplasia 
Adrenal hyperplasia 

Adrenal hyperplasia 
Adrenal hyperplasia 
Adrenal hyperplasia 

Aldolase A deficiency 
Aldolase B deficiency 
Amyloidotic polyneuropathy 
Amyloidotic polyneuropathy 

Amyloidotic polyneuropathy 
Angioneurotic edema 
Angioneurotic edema 

Antithrombin III deficiency 
Antithrombin III deficiency 
Antithrombin II! deficiency 

Antithrombin III deficiency 
Antithrombin III deficiency 
Antithrombin III deficiency 
Antithrombin III deficiency 
ul-Antitrypsin deficiency 
cd-Antitrypsin deficiency 
cd-Antitrypsin deficiency 
cd-Antitrypsin deficiency 
c~l-Antitrypsin deficiency 

APRT deficiency 
ApoA1 deficiency 
ApoB deficiency 
ApoB deficiency 
ApoB deficiency 

ApoB deficiency 
ApoE deficiency 
ApoE deficiency 
ApoE deficiency 
ApoE deficiency 
ApoE deficiency 
Diabetes (insulin resistant) 
Diabetes (insulin resistant) 
Diabetes (MODY) 
Diabetes (NIDDM) 

Ehlers-Danlos IV 
Ehlers-Danlos VII 

Elliptocytosis 

ADA C G G - - C A G  
ADA A A A - - A G A  

ADA C T G - - C G G  
ADA gCGG--TGG 

ADA C G T - - C A T  
ADA G C G - - G T G  
ADA C C G - - C A G  
AK cCGG--TGG 

CA21HB CCC--CGC 
CA21HB A G C - - A C C  
CA21HB A T C - - A A C  

CA21HB g C A G - - T A G  
CA21HB cGTG--CTG 
CA21HB cGTG--TTG 

CA21HB A A C - - A G C  
ALDA G A T - - G G T  
ALDB tGCT--CCT 
PALB c G T G - - A T G  

PALB T C T - - T A T  
PALB A T C - - A G C  
CII gCGC--TGC 

CII C G C - - C A C  
AT3 CGT- -TGT 

AT3 CCG--CTG 
AT3 CCT--CTT 

AT3 a G C A - - A C A  
AT3 cCGT--TGT 

AT3 C G T - - C A T  
AT3 CGT--CCT 
PI G T G - - G C G  
PI c G A G - - A A G  
PI cCCT--TCT 
PI g A A G - - T A G  
PI CTG--CCG 

APRT A T G - - A C G  
APOAI GAGc-GAT 
APOB a C A A - - T A A  
APOB t C G A - - T G A  

APOB C G G - - C A G  
APOB t C G A - - T G A  
APOE gCGC--TGC 
APOE gCGC--AGC 
APOE gCGT--TGT 
APOE g G A G - - A A G  
APOE gCGC--TGC 
INSR AGGt -AGT 
INSR T G G - - T C G  
INS TTC--TCC 
INSR G G C - - G T C  
COL1A3 g G G T - - A G T  
COLIA1 ATGg-ATA 
SPTA1 AGTg-AGG 

Arg-Gln 101 Bonthron JCI 76 894 85* 
Lys-Arg 80 Valerio Embo J 5 113 86 
Leu-Arg 304 Valerio Embo J 5 113 86 

Arg-Trp 101 Akeson JBC 263 16291 88* 
Arg-His 211 Akeson JBC 263 16291 88* 

Ala-Val 329 Akeson PNAS 84 5947 87* 
Pro-Gln 297 Hirshhorn JCI 83 497 89 
Arg-Trp 128 Matsuura JBC 264 10148 89* 

Pro-Arg 426 Matteson PNAS 84 5 858 87 
Ser-Thr 269 Rodrigues Embo J 6 1653 87 
Ile-Asn 172 Amor PNAS 85 1600 88 

Gln-Term 318 Globerman JCI 82 139 88 
Val-Leu 211 Speiser NEJM 319 19 88 
Val-Leu 281 Speiser NEJM 319 19 88 
Asn-Ser 494 Rodrigues Embo J 6 1653 87 

Asp-Gly 128 Kishi PNAS 84 8623 88 
Ala-Pro 149 Cross Cell 53 881 88 
Val-Met 30 Furuya JCI 80 1706 87* 
Ser-Tyr 77 Wallace JCI 81 189 88 

Ile-Ser 84 Wallace AJHG 43 182 88 
Arg-Cys 444 Skriver JBC 264 3066 89* 

Arg-His 444 Skriver JBC 264 3 066 89* 
Arg-Cys 47 Duchange NAR 14 2408 86* 
Pro-Leu 41 Chang JBC 261 1174 86* 

Pro-Leu 407 Bock Biochem 27 6171 88 
Ala-Thr 382 Devraj-K. Blood 72 1518 88 
Arg-Cys 393 Thein Blood 72 1817 88* 

Arg-His 393 Thein Blood 72 1817 88* 
Arg-Pro 393 Lane JBC 264 10200 89 
Val-Ala 213 Nukiwa JBC 261 15989 86 
Glu-Lys 342 Kidd Nature 304 230 83* 

Pro-Leu 369 HoNer Hum Genet 81 264 89 
Lys-Term 217 Satoh AJHG 42 77 88 
Leu-Pro 41 Takahashi JBC 263 15 528 88 

Met-Thr 136 Hidaka JCI 81 945 88 
Glu-Asp 120 Law JBC 260 12810 85 
Gln-Term 2 1 5 3  Hospatta. BBRC 148 279 87 

Arg-Term 1 3 0 6  Collins NAR 16 8361 88* 
Arg-Gln 3500 Soria PNAS 86 587 89* 

Arg-Term 2 0 5 8  Young NEJM 320 1604 89* 
Arg-Cys 158 Funke Clin Chem 32 1285 86* 
Arg-Ser 136 Emi Genomics 3 373 88 
Arg-Cys 145 Emi Genomics 3 373 88* 
Glu-Lys 244 Tajima J Biochem 105 249 89 
Arg-Cys 142 Rall JCI 83 1095 89* 
Arg-Ser 735 Yoshimasa Science 240 784 88 
Trp-Ser 1 2 0 0  Moller NEJM 319 1526 88 
Phe-Ser 24 Haneda PNAS 80 6 366 83 
Gly-Val 996 Odawara Science 245 66 89 
Gly-Ser 790 Tromp JB C 264 1349 89 
Met-Ile 159 Weil Embo J 8 1705 89 
Ser-Arg 39 Garbarz Blood 72S 41A 88 
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Disease Mutation 

Gene B ase 
change 

Amino acid CD 
change 

Referenc& 

Author Journal Volume Page Year 

Fabry disease 
Factor X deficiency 
Factor XI deficiency 
Gangliosidosis GM2 
Gangliosidosis GM2 
G6PD deficiency 
G6PD deficiency 
G6PD deficiency 
G6PD deficiency 
G6PD deficiency 
G6PD deficiency 
G6PD deficiency 
G6PD deficiency 
G6PD deficiency 
Gaucher's disease (type 1) 
Gaucher's disease (type 1) 
Gaucher's disease (type 2) 
Gaucher's disease (type 2) 
Gerstmann-Straeussler 

syndrome 
Gyrate atrophy 
Gyrate atrophy 
Gyrate atrophy 
Gyrate atrophy 
Gyrate atrophy 
Heparin cofactor 2 deficiency 
HPRT deficiency 
HPRT deficiency 
HPRT deficiency 
HPRT defioency 
HPRT deficiency 
HPRT deficiency 
HPRT deficiency 
HPRT deficiency 
HPRT deficiency 
HPRT deficiency 
HPRT deficiency 
HPRT deficiency 
HPRT deficiency 
HPRT deficiency 
HPRT deficiency 
HPRT deficiency 
HPRT deficiency 
HPRT deficiency 
HPRT deficiency 
Hypophosphatasia 
Hypercholesterolaemia 
Hyperproinsulinaemia 
Hyperproinsulinaemia 
Hyperproinsulinaemia 
Hyperproinsulinaemia 
Hyperproinsulinaemia 

GLA 
FX 
FXI 
HEXB 
HEXB 
G6PD 
G6PD 
G6PD 
G6PD 
G6PD 
G6PD 
G6PD 
G6PD 
G6PD 
GBA 
GBA 
GBA 
GBA 

PRP 
OAT 
OAT 
OAT 
OAT 
OAT 
HCF2 
HPRT 
HPRT 
HPRT 
HPRT 
HPRT 
HPRT 
HPRT 
HPRT 
HPRT 
HPRT 
HPRT 
HPRT 
HPRT 
HPRT 
HPRT 
HPRT 
HPRT 
HPRT 
HPRT 
ALPL 
LDRL 
INS 
INS 
INS 
INS 
INS 

cCGG-TGG 
cCGC--TGC 
a G A A - - T A A  
CGC--CAC 
aGGT- -AGT 
gAAT- -GAT 
gGAT- -AAT 
c G A G - - A A G  
cGCC--ACC 
TCC--TFC 
c G G G - - A G G  
cGTG--ATG 
aGAT--CAT 
aGGC--AGC 
CGG--CAG 
A A C - - A G C  
CTG--CCG 
CCC--CGC 

CCG--CTG 
ATGt-ATA 
AACt-AAA 
aGTG- -ATG 
A G G - - A C G  
CTI~--CCT 
CGC--CAC 
t C G A - - G G A  
ATTg-ATG 
GTC- -GAC 
AGCt-AGA 
TCA- -TTA 
G A T - - G G T  
TTCt-TTA 
cGCA--TCA 
TTG-TCG 
aCGA--TGA 
cTrC- -GTC 
T G T - - T A T  
tCAT- -GAT 
gGGC--CGC 
CTA--CCA 
G G G - - G A G  
G A T - - G T T  
cGCA- -TCA 
cTI 'C--GTC 
cGCC--ACC 
CCG-CTG 
aCAC--GAC 
TTCt-TTG 
TrCt -TTG 
CGT--CAT 
tGTG--TTG 

Arg-Trp 
Arg-Cys 
Glu-Term 
Arg-His 
Gly-Ser 
Asn-Asp 
Asp-Asn 
Glu-Lys 
Ala-Thr 
Ser-Phe 
Gly-Arg 
Val-Met 
Asp-His 
Gly-Ser 
Arg-Gln 
Asn-Ser 
Leu-Pro 
Pro-Arg 

Pro-Leu 
Met-Ile 
Asn-Lys 
Val-Met 
Arg-Thr 
Leu-Pro 
Arg-His 
Arg-Gly 
Ile-Met 
Val-Asp 
Ser-Arg 
Ser-Leu 
Asp-Gly 
Phe-Leu 
Ala-Ser 
Leu-Ser 
Arg-Term 
Phe -Val 
Cys-Tyr 
His-Asp 
Gly-Arg 
Leu-Pro 
Gly-Glu 
Asp-Val 
Ala-Ser 
Phe-Val 
Ala-Thr 
Pro-Leu 
His-Asp 
Phe-Leu 
Phe-Leu 
Arg-His 
Val-Leu 

356 Berstein JCI 83 1390 89* 
366 Jagadees. JCBS 13E 291 89* 
117 Asakai PNAS 86 7667 89 
178 Ohno AJHG 41 A231 87* 
269 Paw PNAS 86 2413 89 
126 Vulliamy PNAS 85 5171 88 
58 Vulliamy PNAS 85 5171 88 

156 Vulliamy PNAS 85 5171 88* 
335 Vulliamy PNAS 85 5171 88* 
188 Vulliamy PNAS 85 5171 88 
447 Vulliamy PNAS 85 5171 88* 

68 Vulliamy PNAS 85 5171 88* 
282 De Vita AJHG 44 233 89 
163 Vulliamy NAR 17 5868 89 
119 Graves DNA 7 521 88* 
370 Tsuji PNAS 85 2349 88 
444 Tsuji NEJM 316 570 87 
415 Widgerson AJHG 44 365 89 

102 Hsiao Nature 338 342 89* 
1 Mitchell JCI 81 630 88 

54 Ramesh PNAS 85 3 777 88 
332 Ramesh PNAS 85 3 777 88 
180 Mitchell PNAS 86 197 89 
402 Mitchell PNAS 86 197 89 
189 Blinder JBC 264 5128 89* 
50 Wilson JCI 72 767 83 

131 Fujimori Hum Genet 79 39 88 
129 Davidson Gene 68 85 88 
103 Cariello AJHG 42 726 88 
109 Davidson JCI 82 2164 88 
200 Davidson JBC 264 520 89 
73 Gibbs PNAS 86 1919 89 

160 Gibbs PNAS 86 1919 89 
130 Gibbs PNAS 86 1919 89 
169 Gibbs PNAS 86 1919 89* 
198 Gibbs PNAS 86 1919 89 
205 Gibbs PNAS 86 1919 89 
203 Gibbs PNAS 86 1919 88 

70 Fujimori JCI 83 11 89 
40 Davidson JCI 84 342 89 
69 Davidson JCI 84 342 89 
79 Davidson JCI 84 342 89 

160 Davidson JCI 84 342 89 
198 Davidson JCI 84 342 89 
162 Weiss PNAS 85 7 666 88* 
664 Soutar PNAS 86 4166 89* 
B10 Chan PNAS 84 2194 87 

24 Kwok BBRC 98 844 81 
B25 Kwok Diabetes 32 872 83 

65 Shibasaki JCI 76 378 85* 
A3 Awata Diabetes 37 1068 88 
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Table 1 (continued) 

Disease Mutation 

Gene Base 
change 

Amino acid CD 
change 

Reference a 

Author Journal Volume Page Year 

Immunoglobulin K deficiency IGK 
Immunoglobulin K deficiency IGK 
LDLR deficiency 
LDLR deficiency 
LDLR deficiency 
Leprechaunism 
Leprechaunism 
Maple syrup urine disease 
Osteogenesls lmperfecta (I) 
Osteogenesls lmperfecta (I) 
Osteogenesls lmperfecta (1) 
Osteogenesls lmperfecta (2) 
Osteogenesls lmperfecta (2) 
Osteogenesls lmperfecta (4) 
Osteogenesls lm )erfecta (2) 
OTC deficiency 
OTC deficiency 
OTC deficiency 
OTC deficiency 
Phenylketonuria 
Phenylketonuria 
Phenylketonuria 
Porphyria 
Porphyria 
Protein C deficiency 
Protein C deficiency 
Protein C deficiency 
PNP deficiency 
Rickets (vitamin D resistant) 
Tay-Sachs disease 
Tay-Sachs disease 
Tay-Sachs disease 
TPI deficiency 
TSH deficiency 
von Willebrand type 2a 
von Willebrand type 2a 

LDLR 
LDLR 
LDLR 
INSR 
INSR 
BCKD 
COLIA1 
COLIA1 
COLIA2 
COLIA1 
COLIA2 
COLIA1 
COLIA1 
OTC 
OTC 
OTC 
OTC 
PAH 
PAH 
PAH 
UROD 
UROD 
PROC 
PROC 
PROC 
NP 
VDR 
HEXB 
HEXB 
HEXB 
TPI 
TSHB 
VWF 
VWF 

cTGC--GGC 
gTGG--CGG 
TGGc-TGA 
TAT- -TGT 
TGCc-TGA 
g A A G - - G A G  
cCAG--TAG 
cTAC--AAC 
tGGT- -TGT 
tGGT--TGT 
G G T - - G A T  
c G G A - - A G A  
G G T - - G T T  
tGGT- -AGT 
tGGC--TGC 
CGA--CAA 
CGA--CAA 
gCAG--GAG 
aGAA--TAA 
tCGG--TGG 
CTG-CCG 
c G A A - - A A A  
GGG-GAG 
G G G - - G T G  
cCGA--TGA 
TGGa-TGC 
gCGG--TGG 
t G A A - - A A A  
CGA--CAA 
CGC--CAC 
c G A A - - A A A  
aGGT- -AGT 
GAGt-GAC 
t G G A - - A G A  
GTC--GAC 
cCGG--TGG 

Cys-Gly 194 
Trp-Arg 148 
Trp-Term 792 
Tyr-Cys 807 
Cys-Term 660 
Lys-Glu 460 
Gln-Term 672 
Tyr-Asn 394 
Gly-Cys 748 
Gly-Cys 1017 
Gly-Asp 907 
Gly-Arg 664 
Gly-Val 256 
Gly-Ser 832 
Gly-Cys 904 
Arg-Gln 109 
Arg-Gln 26 
Gln-Glu 216 
Glu-Term 154 
Arg-Trp 408 
Leu-Pro 311 
Glu-Lys 280 
Gly-Glu 281 
Gly-Val 281 
Arg-Term 306 
Trp-Cys 402 
Arg-Trp 169 
Glu-Lys 89 
Arg-Gln ? 
Arg-His 178 
Glu-Lys 482 
Gly-Ser 269 
Glu-Asp 104 
Gly-Arg 29 
Val-Asp 844 
Arg-Trp 834 

Stavnezer Science 230 458 85 
Stavnezer Science 230 450 85 
Lehrman Cell 41 735 85 
Davis Cell 45 15 86 
Lehrman JBC 262 401 87 
Kadowaki Science 240 787 88 
Kadowaki Science 240 787 88 
Zhang JCI 83 1425 89 
Vogel JBC 262 14737 87 
Labhard MBM 5 197 88 
Baldwin JBC 264 3002 89 
Bateman JBC 263 1l 627 88* 
Patterson JBC 264 10083 89 
Marini JBC 264 11893 89 
Costanti. JCI 83 574 88 
Maddalena JCI 82 1353 88* 
Grompe JBCS 13D 41 89* 
Grompe PNAS 86 5 888 89 
Grompe PNAS 86 5 888 89 
Dilella Nature 327 333 87* 
Licht.-K. Biochem 27 2881 88 
Lynnet AJHG 44 511 89* 
De Verne. Science 234 732 86 
Garey Blood 73 892 89 
Romeo PNAS 84 2829 87* 
Romeo PNAS 84 2 829 87 
Matsuda NEJM 319 1265 88* 
Williams JBC 262 2332 87 
Hughes Science 242 1702 89* 
Ohno J Nchem 50 316 88* 
Nakano J Nchem 51 984 88* 
Navon Science 243 1471 89 
Daar PNAS 83 7903 86 
Hayashiz. Embo J 8 2 291 89 
Ginsburg PNAS 86 3723 89 
Ginsburg PNAS 86 3 723 89* 

a Abbreviations 
ADA 
AJHG 
Apo 
APRT 
BBRC 
CD 
G6PD 
HPRT 
JBC 
JCI 
JCBS 

Adenosine deaminase 
Am J Hum Genet 
Apolipoprotein 
Adenosinephosphoribosyltransferase 
Biochem Biophys Res Commun 
Codon 
Glucose-6-phosphate dehydrogenase 
Hypoxanthinephosphoribosyltransferase 
J Biol Chem 
J Clin Invest 
J Cell Biochem [Suppl] 

6. Po in t  mu ta t i ons  within in t ron /exon  splice junc t ions  
and cryptic splice sites are no t  included.  Such muta t ions  
are no t  u n c o m m o n  but  cons idera t ion  of muta t ions  oc- 
curr ing within a consensus  sequence  c o m m o n  to all 
genes would  be expected to bias any analysis of mu ta t i on  
at the d inucleot ide  level. 

J Nchem 
LDLR 
MBM 
MODY 
NAR 
NEJM 
NIDDM 
OTC 
PNAS 
PNP 
TPI 
TSH 

J Neurochem 
Low density lipoprotein receptor 
Mol Biol Med 
Maturity-onset diabetes of the young 
Nucleic Acids Res 
N Engl J Med 
Non-insulin dependent diabetes mellitus 
Ornithine transcarbamylase 
Proc Natl Acad Sci USA 
Purine nucleoside phosphorylase 
Triose phosphate isomerase 
Thyroid stimulating hormone 

Mutation in CpG dinucleotides 

Frequency. The total of 139 poin t  muta t ions  listed caus- 
ing h u m a n  genetic disease are summar ized  in Table  2; 
those occurr ing in C pG  dinucleot ides  account  for 52 of 
them (37.4% of the total).  However ,  if only C G  ~ T G  



Table 2. Number of point mutations (N) consistent with methyla- 
tion-mediated deamination of 5-methyl cytosine (b) and of all other 
types (a). A, Adenine; C, cytosine; G, guanine; T, thymidine 

a Point mutations causing human genetic disease other than CG ---, 
TG or CG ~ CA 

Initial Nucleotide resulting from Total 
nucleotide single base-pair change 

A C G T 

A - 0 8 2 10 
C 7 - 8 7 22 
G 18 10 - 14 42 
T 4 10 7 - 21 

Total 29 20 23 23 95 

b Point mutations in CpG dinucleotides consistent with methyla- 
tion-mediated deamination of 5-methyl cytosine 

Mutation N 

CG ~ TG 21 
CG ~ CA 23 

Total 44 

and CG ~ C A  mutations (i.e. consistent with methyla- 
t ion-mediated deamination,  Table 2b) are considered, 
this figure falls to 44 (31.7%). This is similar to the pro- 
port ion first noted by Cooper  and Youssoufian (1988) 
with a smaller sample of human gene mutations.  

Throughout  the following sections, we intend to cal- 
culate expected numbers  of point mutat ions observed 
within a specific dinucleotide under  the assumption of 
equal mutability of all dinucleotides. These expectations 
are sequence-dependent  in so far as they must account 
for the actual number  of dinucleotides within a given 
sequence and for the redundancy of the genetic code. 
The corresponding computat ional  methods have been 
outlined in detail by Vogel (1972) for calculations at the 
protein level, and the formulae presented there can eas- 
ily be t ransformed for our purposes.  However ,  the D N A  
sequences of many of the genes listed in Table 2 are only 
partially known or are difficult to access, so that a pre- 
cise evaluation of the expected numbers  of mutations is 
not possible at this stage. Therefore ,  we have adopted a 
simpler approach,  calculating the expected number  of 
mutat ions within a specific dinucleotide as the product  of 
the total number  of mutat ions observed and the known 
dinculeotide frequency (Setlow 1976; Nussinov 1981). 
The results of such calculations will, of course, differ 
f rom the precise values for a single gene sequence, but 
we expect that such differences will average out if a large 
number  of genes is considered. We checked this assump- 
tion for a sample of 13 genes covering 66 of the total 139 
mutat ions reported in Table 2 (AT3,  INSR,  INS, FX, 
FXI ,  G6PD,  O A T ,  HCF2,  H P R T ,  OTC,  P A H ,  PROC,  
and VWF).  For  each gene, the expected number  of 
mutat ions observed within a dinucleotide, da d2, was esti- 
mated  as the product  of the total number  of mutat ions 
observed for that gene and the relative frequency of pos- 
sible point mutat ions that would occur within dld2 and 
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cause an amino acid change. No significant differences 
were found between the sum of these figures, taken over  
the 13 sequences examined,  and the expectations based 
on known dinucleotide frequencies. This supports our 
assumption that the latter method introduces no errors 
worthy of note. 

If  we assume the 5-methylcytosine makes  up approx- 
imately 1% of bases in the human genome and that all 
CG --~ T G  and C G  ~ C A  mutat ions repor ted  in Table 
2b, (i.e. 31,7% of the total) are the result of  5mC deami- 
nation, then 5mC appears to be approximately (0.317 �9 
0.99)/(0.01 �9 0.683) ~- 46 times more  mutable  than any 
other nucleotide. This estimate is close to that  published 
previously (Cooper  and Youssoufian 1988; Cooper  and 
Krawczak 1989). 

If all dinucleotides were equally likely to mutate ,  
then the proport ion of mutat ions occurring in C p G  di- 
nucleotides would be expected to be 

2 �9 0.21 �9 0.21 �9 0.37 = 0.032, 

which is twice the product  of  the two mononucleot ide 
frequencies and the C p G  deficiency observed in human 
gene coding regions (Nussinov 1981). Thus, the ob- 
served frequency of occurrence of mutat ion in C p G  di- 
nucleotides (0.374) is 11.7 times higher than expected. 

For the average remaining dinucleotide, the ob- 
served frequency among all dinucleotides involved in a 
point mutat ion is 

(278 - 52)/(278. 15) = 0.054, 

whereas the expected frequency is approximately  0.252 
= 0.0625. Hence  the observed/expected ratio is 0.86 for 
dinucleotides other than CpG.  Although calculated on 
the basis of different stochastic models,  the latter ratio is 
comparable  to the one derived for C p G  and we may thus 
infer that a C p G  dinucleotide is 11.7/0.86 = 14 times 
more  likely to mutate  than an average remaining di- 
nucleotide. Further,  85% of mutations within CpG di- 
nucleotides are C -+ T and G ---~A transitions consistent 
with methylat ion-mediated deamination.  Interestingly, 
if we disregard the C G  ~ T G  and C G  --~ C A  mutations,  
an excess of mutat ions in C p G  dinucleotides is still ob- 
served. A total of eight were found, a figure twice as 
high as expected f rom known mononucleot ide and di- 
nucleotide frequencies. 

Among  the 139 point mutat ions listed, we have ob- 
served transversion and transition frequencies of 37% 
and 63%, respectively. There  is therefore a highly signif- 
icant excess of transitions compared  with the expected 
frequency (33%) [Z 2 = 48.9; i dr; P < 0.001]. These pro- 
portions are similar to those repor ted earlier by Vogel 
and Kopun (1977) and Vogel et al. (1976) for globin 
genes, and by Li et al. (1984) for a collection of 
pseudogene sequences. Most but not all of the excess of 
transitions over expectation can be attributed to the 
hypermutabil i ty of the C p G  dinucleotide; when C p G  
mutat ion data are removed (44 mutations,  51% of all 
transitions) f rom the analysis, the excess of transitions is 
nevertheless still significant (Z 2 = 4.2; i dr; P < 0.05). 

The frequency of C --~ T and G ~ A mutat ions in 
each of the four CpG-containing arginine codons (Table 
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3b) were compared  after taking into account the differ- 
ential usage of these codons in human genes. No obvious 
difference was noted. Thus, our own analysis does not 
substantiate the finding of Bains and Bains (1987) who 
reported differences in the mutability of CpG dinucleo- 
tides with different flanking nucleotides. 

If  we turn to the mutat ions occurring outside CpG di- 
nucleotides (Table 2a), these appear  to be unequally dis- 
tr ibuted with the order  of  probabili ty of base mutat ion 
G > C > T > A. Possible reasons for this apparent  non- 
randomness  will be examined further in later sections. 

Codon choices and the CpG dinucleotide. Selection 
seems to act to some extent at the level of codon usage 
in such a way as to reduce reliance upon the presence of 
the C p G  dinucleotide. Table 3a illustrates the codon 
'choices'  made by the genes of human and eight other 
vertebrates  for the amino acids serine, proline, threo- 

Table 3. Data are taken from Maruyama et al. (1986); these 
authors screened 40328 codons in 135 genes for humans; for 8 
other vertebrates (hamster, mouse, rat, bovine, rabbit, chicken, 
fish, Xenopus), 61823 codons in 222 genes were screened 

a Codon choices for serine, proline, threonine and alanine 

Amino acid Codon Humans Average 9 vertebrates 
(% occurrence) (% occurrence) 

Serine TCA 0.92 0.78 
TCC 1.87 1.89 
TCG 0.43 0.42 
TCT 1.43 1.29 
AGC 2.05 1.92 
AGT 0.87 0.91 

Proline CCA 1.18 1,17 
CCC 1.85 1.62 
CCG 0.60 0.47 
CCT 1.43 1.27 

Threonine ACA 1.41 1.35 
ACC 2.51 2.52 
ACG 0.55 0.59 
ACT 1.34 1.21 

Alanine GCA 1.27 1.46 
GCC 2.98 3.35 
GCG 0.59 0.65 
GCT 2.01 2.19 

b Codon choices for arginine 

Codon Humans Average Number of 
(% occurrence) 9 vertebrates C ~ T or G ~ A" 

(% occurrence) 

CGA 0.52 0.46 7 
CGC 1.11 1.13 8 
CGG 0.77 0.77 9 
CGT 0.36 0.44 6 
AGA 1.08 1.09 - 
AGG 1.14 1.12 - 

a Number of C --~ T or G ~ A mutations observed in human 
mutation data set (from Table 1) 

nine and alanine, one of whose codons in each case con- 
tains a CpG dinucleotide. For  all codon choices, con- 
siderable avoidance of the codon containing a CpG di- 
nucleotide is exhibited. However ,  despite the redun- 
dancy of the genetic code, complete avoidance of CG- 
containing codons within the coding sequences is not 
seen. It is nevertheless difficult to distinguish the pos- 
sible selective pressures of mutation avoidance from 
those resulting from mere structural constraints at the 
D N A / R N A  level (Cooper  and Gerber -Huber  1985). 

Avoidance of CG-containing codons is also seen with 
arginine (Table 3b) at least for codons C G A ,  C G G  and 
CGT.  It was anticipated that avoidance would be at its 
highest for C G A  since deamination of 5mC in this codon 
could give rise to a T G A  termination codon and selec- 
tion against the use of C G A  might be expected to be cor- 
respondingly high. However ,  contrary to this prediction, 
C G A  occurs more frequently than CGT,  although less 
frequently than CGC and CGG.  As a control, we also 
examined 3670bp of D N A  encoding 18S rRNA,  5S 
rRNA,  U1 snRNA and U4a snRNA genes and 8 tRNA 
genes. Because the expression of these genes does not 
result in a protein product,  no especial avoidance of 
C G A  was to be expected since a C ~ T transition giving 
rise to T G A  would be no more deleterious than such a 
transition in any other 'codon' .  Consistent with this 
view, a total of 6 3 C G A  trinucleotides (1.76%) were 
found in all ' reading frames ' ,  exactly the proport ion pre- 
dicted from mononucleotide frequencies I f ( C ) =  0.278, 
f ( G )  = 0.294, f ( A )  = 0.215; f ( C ) -  f ( G )  �9 f (A)  = 0.0172, 
i.e. expected proport ion is 1.72%)]. 

A bias in clinical detection? 

We next wished to test the hypothesis that certain base- 
pair changes giving rise to specific amino acid substitu- 
tions come to clinical attention more  readily on account 
of the severity of the resulting phenotype.  Such an effect 
could also account for the observed non-randomness of 
the point mutations causing human genetic disease. Sev- 
eral methods have been reported for assessing the rela- 
tive net effect of a specific amino acid exchange. De- 
signed as a means to make evolutionary comparisons 
between amino acid sequences of proteins, these meth- 
ods were originally used to demonstrate  that homolo- 
gous proteins have evolved in such a way as to minimize 
the conformational  effects of their amino acid replace- 
ments (Epstein 1967; Gran tham 1974). Perhaps the best 
comparat ive measure of amino acid relatedness avail- 
able is that devised by Gran tham (1974), who combined 
the three interdependent properties of composition, 
polarity and molecular volume to assign each amino acid 
pair a mean chemical difference ( 'D value') .  We used 
these values in order to determine whether  or not, for 
the non-CpG mutations that we have listed, there is a 
correlation between the extent of the chemical differ- 
ence between the amino acids exchanged and the proba- 
bility of clinical detection (i.e. severity of phenotype).  

Of  the 576 possible point mutations (i.e. 9 different 
point mutations in 64 different codons), a total of 426 
mutations cause an amino acid substitution without 
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Fig. 1. Frequencies (F) of different classes of chemical differences 
(D) and termination codons (term) among observed and possible 
amino acid substitutions caused by point mutations. The number 
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Fig. 2. Rat ios  (observed~possible) for the f requencies  p re sen ted  in 
Fig. 1. Chemical difference (d) intervals 0 -20  . . . . .  200-220 

changing a CpG dinucleotide within the codon to either 
T G  or CA. The range of D values corresponding to 
these amino acid substitutions was divided into 11 equal 
intervals (0-20, 20-40 . . . .  200-220) and an additional 
class was defined for substitutions resulting in a termina- 
tion codon. The frequencies of these classes among all 
possible point mutations are presented in Fig. 1, together 
with the frequencies for the 95 non-CpG mutations listed 
in Tables 1 and 2a. The ratios of the two frequencies 
(observed/possible) are presented in Fig. 2. If there were 
a correlation between the chemical difference corre- 
sponding to a certain amino acid exchange and the prob- 
ability of clinical detection, then the curve in Fig. 2 
should exhibit a systematic trend to either increase or 
decrease. However,  Fig. 2 shows no obvious relationship 
between the extent of phenotypic change as assessed by 
the chemical difference between exchanged amino acids 
and the number of mutations detected. 

Misalignment mutagenesis and the relative frequencies 
of single base-pair substitutions 

D N A replication occurs as a result of an accurate yet 
error-prone multistep process. The final accuracy is 
thought to be dependent  upon (i) the initial fidelity of 
the replicative step and (if) the efficiency of subsequent 
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error correction mechanisms (Loeb and Kunkel 1982). 
Since D N A  polymerases are involved in replication, re- 
combination and repair processes, their base incorpora- 
tion fidelity is probably a critical factor in determining 
mutation rates in the cell. We have tested the hypothesis 
that non-random base misincorporation during DNA 
replication is a major contributory factor in producing 
the spectrum of mutations that we have observed caus- 
ing human genetic disease. To this end, we compared 
the observed base substitution frequencies from Table 2 
with the measured in vitro base misincorporation fre- 
quencies exhibited by vertebrate D N A  polymerases 
and 13 (Kunkel and Alexander  1986). These are the 
major polymerases required for the replication and re- 
pair of vertebrate chromosomal (nuclear) DNA; mito- 
chondrial D N A  replication is catalyzed by D N A  poly- 
merase y (reviewed by Roberts  and Kunkel 1986). D N A  
polymerase 6 (Kunkel et al. 1987) is much more accurate 
than the other polymerases, but as yet no data exist re- 
garding the relative misincorporation frequencies. The 
frequency of specific base substitution errors made by 
purified vertebrate D N A  polymerases a and 13 have 
been determined using a bacterial complementat ion as- 
say to detect mutations in lacZa/M13mp2 constructs syn- 
thesized in vitro (Kunkel 1985a, b). Interestingly, the 
frequency of transitions is higher than that of transver- 
sions for all the purified polymerases examined in the in 
vitro assay (Kunkel and Alexander  1986). One model 
put forward to account for these errors involves the tran- 
sient misalignment of the primer template during DNA 
replication resulting in mispair formation and incor- 
rect base incorporation ('misalignment' or 'dislocation' 
mutagenesis; Kunkel and Alexander  1986). These au- 
thors calculated the frequencies of formation of specific 
mispairs for both polymerases c~ and 13. Although ap- 
proximate,  these values may nevertheless be considered 
as possessing some validity relative to each other. These 
mispairing frequencies, together with the resulting base 
substitutions, are given in Table 4. The calculated sums 
of the polymerase mispairing frequencies were com- 
pared with the observed frequencies of single base-pair 
substitutions causing human genetic disease. 

The Spearman rank correlation test indicated a sig- 
nificant correlation between the two sets of values (S = 
0.563; P =  0.06). This may be interpreted as meaning 
that some 56% of the variance of the observed single 
base-pair substitution data is explicable in terms of poly- 
merase-mediated misincorporation of bases during DNA 
replication. In other words, the data are consistent with 
a large proport ion of the observed non-CpG mutations 
causing genetic disease having arisen through misincor- 
poration, perhaps by a mechanism involving transient 
base misalignment. 

Influence of  5' (preceding) and Y (following) 
bases upon the frequency of point mutation 

In order  to try to discern patterns of mutation at the di- 
nucleotide level, the sequence context of each mutated 
base was examined. Clearly, each point mutation can be 
regarded as occurring within two distinct dinucleotides 
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Table 4. Mispairing frequencies of vertebrate DNA polymerase c~ 
and 13 and comparison with mutational spectrum causing human 
genetic disease. Comparison with mispairing frequencies associ- 
ated with human ct and rat 13 polymerases with the observed fre- 
quencies of single base-pair (non-CpG) substitutions causing hu- 
man genetic disease. Spearman rank correlation analysis was car- 
ried out for the sum of the two corresponding frequencies 

Base-pair Frequency a (• 10- 5) Sum No. of 
substitution Human Rat (• 10 4) point 

mutations b 
poly ct poly 13 

A ~ G 2.56 47.62 5.02 8 
A ~  C < 3.85 < 9.09 < 1.29 0 
A---~ T 13.33 4.55 1.79 2 
T ~ C 21.74 47.62 6.94 10 
T --~ G 3.03 7.14 1.02 7 
T ~ A 5.56 6.67 1.22 4 
G ---, A 16.13 29.41 4.55 18 
G ---, T 29.41 28.57 5.79 14 
G---~ C 38.46 9.09 4.76 10 
C--~ T 33.33 111.11 14.44 7 
C---~ A 17.54 <10.31 < 2.79 7 
C---~ G < 5.00 <12.05 < 1.70 8 

Spearman rank correlation coefficient: 0.563; P = 0.06 (two-sided) 

a Data from Kunkel and Alexander (1986); these data are not dis- 
similar to those mispairing frequencies associated with Drosophila 
~olymerase a (Mendelman et al. 1989) 

Data from Table 2a 

Table 5. Frequency of occurrence of mutations within specific di- 
nucleotides, rm, Mutability relative to the dinucleotide TA; Z 2, 
Chi-square analysis. Z 2 = (O - E)2/E in each row. The total Z 2, 
even if CG is excluded, is highly significant (P < 0.001) 

Dinucleotide Number of mutations Relative 

Symbol Frequency a Observed b Expected c mutability 
(f) (0) (E) (rm) 

Z 2 

TT 0.097 6 26.97 1.38 16.30 
CT 0.071 17 19.74 5.35 0.38 
AT 0.081 7 22.52 1.93 10.69 
GT 0.049 21 13.62 9.57 4.00 
TC 0.057 16 15.85 6.27 0.00 
CC 0.047 21 13.07 9.98 4.82 
AC 0.054 6 15.01 2.48 5.41 
GC 0.043 26 11.95 13.50 16.50 
TA 0.067 3 18.63 1.00 13.11 
CA 0.074 7 20.57 2.11 8.95 
AA 0.097 7 26.97 1.61 14.78 
GA 0.061 20 16.96 7.32 0.55 
TG 0.074 23 20.57 6.94 0.29 
CG 0.010 52 2.78 116.13 871.44 
AG 0.070 12 19.46 3.83 2.86 
GG 0.050 34 13.90 15.19 29.07 

Sum 1.000 278 278.00 - 999.15 
CG excluded: 121.71 

Data for human from Setlow (1976) 
b Number of mutations per dinucleotide. Since every mutation 
occurs in two distinct dinucleotides, the column total represents al- 
most twice the number of mutations given in Table 1 
c Expected number of mutations calculated as f .  278 

d e p e n d i n g  upon  w he the r  one  cons iders  the  5 '  o r  the  3' 
ne ighbour ing  base .  This  is the  r eason  tha t  the  co lumn 
to ta l  of  muta t ions  causing gene t ic  d isease  given in Tab le  
5 r ep resen t s  twice the  n u m b e r  of  mu ta t i ons  l is ted in 
Tab le  1. A n  increased  l i ke l ihood  of  m u t a t i o n  within spe-  
cific d inuc leo t ides  would  be  re f lec ted  in a dev ia t ion  f rom 
expec t ed  values ,  ca lcu la ted  as the  p roduc t  of  k n o w n  di- 
nuc leo t ide  f requencies  and  the to ta l  n u m b e r  of  muta-  
t ions.  O b s e r v e d  and expec t ed  f requenc ies  of  m u t a t i o n  
are  p r e s e n t e d  in Tab le  5. 

A s  expec ted ,  the re  is a s t r ik ing d i f ference  b e t w e e n  
the o b s e r v e d  and expec t ed  f requenc ies  of  m u t a t i o n  for 
the  C G  d inuc leo t ide .  This  d inuc leo t ide  a lone  contr i -  
bu tes  a )~2 of  871.44. H o w e v e r ,  even  if C G  is exc luded ,  
the  r ema in ing  ~(2 is as high as 127.71, which is s ignif icant  
at a level  above  99.9% (14 dr).  

The  mutab i l i ty  of  each  d inuc leo t ide ,  drm(d),  re la t ive  
to the  least  mu ta b l e  one ,  T A ,  is ca lcu la ted  as 

drm (d) = 0 (d) .E(TA)/[O ( T A ) . E ( d ) ] ,  

where  O and E deno t e  the  o b s e r v e d  and  expec t ed  fre- 
quencies ,  respect ive ly .  This  va lue  r ep resen t s  an es t ima te  
of  how much  m o r e  l ikely a d inuc leo t ide  d is to muta t e  
than  the d inuc leo t ide  T A ,  i .e .  an es t ima te  of  P ( m u t a t i o n  
I d)/P(mutation [ T A ) .  H e r e ,  P ( A I B  ) deno te s  the  condi-  
t ional  p robab i l i t y  of  even t  A given event  B. F o r  the  C p G  
d inuc leo t ide ,  the  re la t ive  mutab i l i t y  can be  spli t  up into 
th ree  par ts :  

drm(CG ~ T G )  = 
P ( m u t a t i o n  to T G  I C G ) / P ( m u t a t i o n  [ T A )  

drm(CG --~ C A )  = 
P ( m u t a t i o n  to C A  [ C G ) / P ( m u t a t i o n  [ T A )  and 

drm(CG*) = 
drm(CG) - drrn(CG --9 T G )  - drm(CG ~ CA) .  

Of  the  5 2 C p G  muta t ions  r e p o r t e d  in Tab le  1, 21 
were  C G  --* T G  and 23 were  C G  ~ C A .  Thus,  the  to ta l  
re la t ive  mutab i l i ty  (drm) of  116.13 yields  

drm(CG ~ T G )  = 46.90 
drm(CG --~ C A )  = 51.37 
drm (CG*)  = 17.86. 

O r d e r i n g  of  the  d inuc leo t ides  by  vi r tue  of  the i r  de-  
r ived  re la t ive  mutab i l i t i es  gave the r ank  o rder :  C G  > 
G G  > G C  > CC > G T  > G A  > T G  > TC > C T  > A G  
> A C  > C A  > A T  > A A  > T T  > T A .  I t  was thought  
poss ib le  tha t  the  d i f ferences  in mutab i l i ty  could  be  re-  
l a ted  to the  re la t ive  s tabi l i ty  of  the  d inuc leo t ide  pairs .  
The  above  r ank  o r d e r  was t he re fo re  c o m p a r e d  with that  
r e p o r t e d  by  M c M a h o n  and T inoco  (1978) for  re la t ive  di- 
nuc leo t ide  s tabi l i t ies  as m e a s u r e d  f rom d o u b l e - s t r a n d e d  
R N A :  G G  > G C  > C G  > A C ,  A G ,  TC,  T G  > T A ,  A T  
> A A .  

The  s imi lar i ty  b e t w e e n  two such rankings  can be  
m e a s u r e d  as follows.  If  there  a re  n e l emen t s  tha t  a re  pre-  
sent  in bo th  lists, then  each  pa i r  of  such e l emen t s  (El ,  
E2) is ass igned a va lue  A(E1, E2) = 2, if the  re la t ionsh ips  
b e t w e e n  E1 and  E2 are  str ict ly d i f ferent  in bo th  rankings  
( i .e . ,  E1 > E2 in one ,  E2 > E1 in the  o ther ) ;  each  pa i r  is 
ass igned a va lue  A(E~, E2) = 1, if the  re la t ion  is strict in 
one  rank ing ,  bu t  E1 and E2 are  found  to be  equ iva len t  in 
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the other;  each pair is assigned a value A(Eb E2) = 0 in 
the remaining cases. The sum of these values over  all 
pairs of elements is then divided by the max imum pos- 
sible sum, which is given by nZ-n. Subtracting this ratio 
from unity gives a measure  of similarity. 

The two rankings given above,  however,  include 
dinucleotides for which the mutabilities depend upon 
whether  they can occur adjacent to a C p G  dinucleotide. 
If  this is so, then possible methylat ion of the cytosine 
residue in that particular CpG increases the likelihood of 
mutat ion of the original dinucleotides. Thus, for the pur- 
pose of comparison, those 44 mutations in CpG dinucleo- 
tides that were either CG ~ T G  or C G  ~ CA were ex- 
cluded f rom the calculation of relative mutabilities. The 
corresponding new sub-order,  including only dinucleo- 
tides also considered by McMahon  and Tinoco (1978), is 
G G  > T G  > G C  > TC > A G  > AC > A T  > A A  > T A  
and the similarity value of the two rankings is 0.69 (69%). 

Relative mutability of  single nucIeotides 

The relative mutability of  a dinucleotide, as est imated 
above,  is proport ional  to its absolute mutat ion rate. Now 
we want to calculate, f rom a given sequence context 
- b z - b - b 2 - ,  a value srm(b ~ b') proport ional  to the 
probabili ty that the single nucleotide b mutates  to b '  (b '  
different from b). The value srm(b ~ b') will be defined 
as the sum of two values srml(b ~ b') and srm2(b ~ b'), 
where srml, and srm2 take into account the two flanking 
nucleotides bl and b2, respectively. 

Let  cx(d) and c2(d) be the relative frequencies of 
mutat ion at the first and second position within a di- 
nucleotide, d. Since simultaneous mutat ions at both  po- 
sitions are unlikely, we may assume that Cl + c2 = 1; the 
two c-values can be estimated for each dinucleotide from 
the data given in Table  1 (results not shown; all c-values 
were est imated only f rom mutat ions other than CG ---, 
T G  and CG --~ CA).  

Our  data on point mutat ions are still limited, so that 
the rate at which one dinucleotide mutates  into another  
specific dinucleotide cannot be est imated accurately. 
We have therefore assumed that, with the exception of 
CpG,  all mutat ions of a certain dinucleotide are equally 
likely if the position of the mutat ion within that dinucle- 
otide is known. Hence,  we define for a given sequence 
- b l - b - b 2 -  and a nucleotide b '  different f rom b 

[Q(b-b2).drm(b-b2)]/3 if b-b2=/=CG, 
[c2(bl-b) .drm(bl-b)]/3 if bl-bg=CG, 
[Cl(CG).drm(CG*)]/2 if b-b2 = CG and 

srml(b ~ b') = 
srm2(b ~ b') = 
srml(b ~ b') = 
b'4=T, 
srm2(b ~ b') = 
b ' r  

[c2(CG).drm(CG*)]/2 if b l - b  = CG and 

srml(b ~ b ' ) = d r m ( C G  ~ TG)  if b - b 2 = C G  and 
b' = T ,  
srm2(b ~ b') = drm(CG --~ CA) if b l - b  = CG and b '  = 
A,  and finally 
srmz(b ~ b') = srml(b ~ b')+srm2(b ~ b'). 

For any two sequences - a l - a - a 2 -  and - b l - b - b 2 - ,  
the ratio srm(a ~ a')/srm(b --~ b') gives an estimate of 

how much more  likely a mutat ion of nucleotide a to a '  is 
than a mutat ion of b to b'. 

Relative mutability at the amino acid sequence level 

In order  to correlate the nucleotide sequence of a given 
gene with the incidence of disease caused by point muta-  
tions within that gene, we transform our relative muta-  
bility estimates f rom the nucleotide level to the amino 
acid sequence level. 

Let  us consider a triplet ba-bz-b3 coding for an 
amino acid A. For  a single base change within that  trip- 
let, e.g. bz -bz -b3  --~ bx ' -bz -b3 ,  the probabil i ty of this 
specific change can be assumed to be proport ional  to 
srm(bl ~ bl'), because multiple mutat ions within a tri- 
plet are unlikely. Thus, the overall probabili ty of a 
change of the triplet is proport ional  to the sum of the 
srm-values over all single base changes within bl -b2-b3 .  
To calculate the relative mutability of  the corresponding 
amino acid A,  arm(A),  summation is carried out only 
over those single base changes that cause an amino acid 
substitution. Thus, the ratio arm(A)/arm(B) is an esti- 
mate  of how much more  likely it is for A than for B to 
change as a result of a point mutat ion,  taking into ac- 
count the D N A  sequence contexts of both  amino acid 
codons. 

Computer analysis o f  gene coding sequences 

The calculations described in detail above were intro- 
duced into a computer  program ( M U T P R E D )  that uses 
the relative mutabilities of dinucleotides (drm-values), 
the relative frequencies of  mutat ions in the first and sec- 
ond position of a dinucleotide (c-values) and the gene 
coding sequence of interest (GenBank,  latest release used 
here) as input. From these data, a mutability profile of  
the protein can be derived by plotting the arm-values 
against the corresponding amino acid sequence. Regions 
prone to amino acid substitutions caused by point muta-  
tions can be recognized in such a plot by a concentrat ion 
of larger bars (see Fig. 3). Additionally, the program cal- 
culates the sum of all arm-values, (the 'mutabil i ty quo- 
t ient ') ,  which can be taken as a measure  of the overall 
mutability of the amino acid sequence, but which has no 
stochastic meaning. We shall demonst ra te  below, how- 
ever, that the mutat ion quotient correlates well with the 
prevalence of inherited disease caused by point muta-  
tions within the corresponding gene. 

Application of M U T P R E D  to point mutations 
causing haemophilia B 

We have demonstra ted  here both the non-randomness  
of point mutat ion at the dinucleotide level in human 
genes, and a strong correlation between their mutational  
spectrum and that predicted from known D N A  poly- 
merase mispairing frequencies. The finding that dinu- 
cleotides differ with respect to their likelihood of mu- 
tation as a consequence of errors in a basic cellular 
mechanism argues strongly for the general applicability 
of derived dinucleotide mutabili ty values beyond the 
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Fig. 3. Mutability quotients and mutability profiles of amino acid 
sequences of human factor VIII and factor IX proteins using 
M U T P R E D .  Each bar represents an amino acid, the number to 
the right of each line is the number  of the last amino acid in that  
line 

narrow confines of our relatively small sample of point 
mutations. 

M U T P R E D  may be tested empirically by directly 
comparing the predicted spectrum of mutations for a 
given gene (mutation data for which were not included 
in Table 1 or in subsequent calculations) with the ob- 
served mutational spectrum. The factor IX gene pro- 
vides us with a unique test system; although the first 
characterized point mutations in this gene were biased 
by prior CpG site screening, the advent of direct 
sequencing of polymerase chain reaction (PCR)-ampli- 
fled material has now led to the identification of 86 in- 
dependent  (51 different) point mutations that together 
probably represent a fair cross-section of the point muta- 
tions causing haemophilia B (reviewed by Cooper and 
Tuddenham 1991). A comparison of the observed and 
predicted mutational spectra (Fig. 4) confirms that our 
model has predictive value, although it performs better 
for CpG dinucleotides than for non-CpG dinucleotides. 

As it stands, M U T P R E D  is however unable to pre- 
dict hotspots of mutation in non-CpG dinucleotides viz. 
Pro 55 (CCA ---> GCA),  Ala 390 (GCA ~ GTA) and lie 
397 (ATA --* ACA).  Whereas examples of truly recur- 
rent mutation in non-CpG dinucleotides are unusual, the 
Ile 397 --~ Thr  substitution is itself frequent (11 indepen- 

L , , _ , j L ,  ... . . .  J . . . . . . .  L -  ..... ,L ._,L_._)G.oo 
I I I I I I I I I I I I I I t 

. . . . . . . .  ..... 
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Fig. 4. Mutability profile of factor IX gene and observed muta- 
tional spectrum causing haemophilia B. Positions at which at least 
one amino acid substitution has been observed are marked by a 
vertical bar 

dently reported cases). This uniquely high level of muta- 
tion is suggestive of a high frequency sequence-directed 
event rather than a detection bias through phenotypic ef- 
fect. We have noted a 76% homology between a 30bp 
region in intron 3 of the factor IX gene (9654-9684) and 
the sequence immediately around codon 397 (31296- 
31326). Non-homologous pairing of these sequences fol- 
lowed by miscorrection would account for the T --~ C 
transition observed. It remains to be seen whether other 
cases of non-CpG recurrent mutation are explicable in 
this way. If DNA sequences some distance away from 
the actual site of mutation must be considered, mutation 
prediction models are likely to become very complex. 
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Table 6. Coagulation factor deficiencies: prevalence and gene mutability 

Disease Mode of inheritance Defective gene(s) Coding region Mutability Prevalence b 
(bp) quotient a 

Haemophilia A Recessive, X-linked Factor VIII 7 053 688 5195 
Haemopbilia B Factor IX 1383 149 982 

Von Willebrand disease (mild) Autosomal dominant Von Willebrand factor 8439 1313 2215 
Fibrinogenaemia Fibrinogen a 1923 | 230 / 

Fibrinogen [3 1473 J 4785 157 ~514 10 
Fibrinogen ~/ 1389 127 J 
Prothrombin 1995 315 2 Prothrombin deficiency 

285 "~ 16 Factor XIII deficiency Autosomal recessive Factor XIIIa 2196 4233 464 
Factor XIIIb 2037 179 I 

Factor XII deficiency Factor XII 1902 383 64 
Factor X deficiency Factor X 1584 224 37 
Factor VII deficiency Factor VII 1578 261 35 
Prekallikrein deficiency Prekallikrein 1971 200 3 

a Explained in text 
b Number of patients on UK Haemophilia Centre Director's National Register on 15 January 1988 (Dr. Charles Rizza, personal communi- 
cation). Most conditions listed give rise to severe bleeding disorders. However, since factor XII deficiency, prekallikrein deficiency and 
mild yon Willebrand's disease are virtually insignificant clinically, the prevalence figures given here are from chance detection and probably 
grossly underestimate the true prevalence of these conditions, The length of the coding region in bp includes both the native protein and 
leader peptide sequence 

The mutability quotient correlates with disease prevalence 
and relative rates of  gene mutation 

It would seem reasonable to suppose that a relative 
measure of the mutability of a gene sequence might be 
obtained by simple summation of the dinucleotide 
mutabilities for any given D N A  sequence after allowing 
for the redundancy of the genetic code. This mutability 
quotient,  as calculated above, thus represents a measure 
of the relative likelihood that an amino acid substitution 
will occur within a given protein. It is calculated from the 
empirically-derived dinucleotide mutabilities as applied 
to all overlapping codon positions along the length of the 
gene sequence in question. We speculated that, if the 
primary DNA sequence were indeed an important factor 
in determining the location and frequency of point muta- 
tions, then the mutability quotients might correlate with 
clinically observed mutation rates for these genes and/or 
the prevalence of inherited conditions resulting from the 
absence or alteration of their gene products. 

Clearly, the prevalence of a given condition in the 
general population depends not only upon the mutability 
of the underlying gene responsible for the disease pheno- 
type, but also upon whether one or two mutant alleles 
are required for the disease phenotype to be expressed 
(i.e. the 'mode of inheritance').  For  any comparison of 
this kind, it is therefore necessary to compare autosomal 
dominant,  autosomal recessive and X-linked conditions, 
separately. We have at tempted to compare the relative 
prevalence of different coagulation factor deficiencies 
(Dr. Charles Rizza, personal communication) with mu- 
tability quotients calculated from coagulation factor 
gene sequences (Table 6). The most comparable condi- 
tions listed here are the haemophilias A and B, both X- 
linked recessive conditions that give rise to similar bleed- 
ing phenotypes as a consequence of the defective pro- 

duction of factors VIII and IX, respectively. We can see 
from Table 6 that haemophilia A is 5.3 times more pre- 
valent in the UK than haemophilia B. This is similar to 
the ratio of the mutability quotients (4.6 : 1). Expansion 
of the model to include other parameters such as gene 
length and number of splice junctions could in principle 
improve this correlation still further. 

Similarly with the autosomal dominant conditions, 
the rank order of the disease prevalence figures and the 
mutability quotient values are identical (Table 6). The 
high mutability quotient for the von Willebrand factor 
gene is especially noteworthy in the light of the findings 
of Rodeghiero et al. (1987) who reported an extremely 
high incidence (0.82%) of mild autosomal dominant yon 
Willebrand's disease (vWD) in the general population. 
The mildness of the symptoms of the disease in the 
heterozygous form almost certainly accounts for the 
apparent lower prevalence of vWD in the UK than 
haemophilia A (Table 6), since it is much less likely to 
come to clinical attention. No correlation was noted for 
the autosomal recessive disorders. This is not at all sur- 
prising because the prevalence of these rare conditions 
will be determined predominantly by factors such as 
founder effect, the degree of inbreeding, genetic drift 
and possibly even heterozygote advantage in a given 
environment.  

Because the best correlation found between disease 
prevalence and mutability quotients was observed for the 
haemophilias, the comparison was extended to calculated 
mutation rates associated with three other X-linked con- 
ditions, Duchenne muscular dystrophy (DMD),  orni- 
thine transcarbamylase (OTC) deficiency and Lesch- 
Nyhan syndrome, tn such X-linked recessive lethal con- 
ditions, the mutation rate may be easily calculated (re- 
viewed by Vogel and Motulsky 1986), since roughly one 
third of all mutations will be new. The rank order  of the 
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T a b l e  7 .  Sex-linked recessive 'lethal' conditions. The length of the amino acid coding regions in bp were obtained from GenBank, latest 
release 

Disease Disease gene Coding region Mutation rate Reference Mutability 
(bp) quotient 

Duchenne muscular dystrophy DMD 11055 6 • 10 5 
OTC deficiency OTC 1064 8 • 10 - 7 
Lesch-Nyhan syndrome HPRT 656 2 • 10- 6 
Haemophilia A Factor VIII 7053 4.4 • 10 s 
Haemophilia B Factor IX 1383 2.5 x 10-6 

Vogel and Motulsky 1986 1190 
S. Malcolm, personal communication a 118 
Stout and Caskey 1985 b 68 
Vogel and Motulsky 1986 688 
Vogel and Motulsky 1986 149 

a Dr. Malcolm kindly supplied data on UK disease prevalence, from which these figures are calculated 
b Published data used as basis for calculation of these figures 

calculated gene mutat ion rates again agrees well with 
that of the mutabili ty quotients (Table 7). 

D i s c u s s i o n  

We have drawn up a list of  139 different single base-pair  
substitutions causing human genetic disease where we 
believe that the mutat ion itself has been detected and 
located in an unbiased fashion. For this collation, it was 
deemed necessary to exclude several inherited condi- 
tions (e.g. haemophil ias  A and B) for the reason that 
once hotspots of mutat ion had been found in CpG di- 
nucleotides, subsequent  strategies for mutat ion detec- 
tion were designed accordingly, and of course, such mu- 
tations were preferentially found. The possibility was 
considered, however ,  that the list of point mutations was 
intrinsically biased f rom the outset since, for a mutat ion 
to have come to our attention, it must have resulted in a 
phenotype that was severe enough to be detectable clini- 
cally but not so severe as to have caused death in utero. 
This notwithstanding, the relative proport ion of transi- 
tions (63%) to transversions (37%) reflects that found in 
a range of evolutionary sequence comparison studies. 
This lends weight to the view that the observed spectrum 
of mutat ions owes more  to the vagaries of the replication 
process than to natural selection, and indicates the prob- 
able lack of any significant bias in ascertainment.  A sec- 
ond source of bias could have been introduced by an in- 
equality in the mutat ion rate between the D N A  strands 
as observed by various authors (Vogel and Kopun 1977; 
Fitch 1980; Wu and Maeda  1987). Any resulting effect is 
however  likely to be lost through an averaging-out pro- 
cess as the sample size increases. 

Of  the total number  of point mutations that we have 
listed, some 37.4% occur within the C p G  dinucleotide. 
This figure reduces to 31.7% if we consider only the 
CG ~ T G  and CG --~ CA transitions compatible with 
the model  of methylat ion-mediated deamination. This 
proport ion is almost identical to that originally reported 
for a smaller sample of point mutations (Cooper  and 
Youssoufian 1988) and represents a 14-fold higher prob- 
ability of  mutat ion at a C p G  dinucleotide compared with 
that exhibited by any one of the remaining 15 dinucleo- 
tides. Clearly, whatever  the cellular role(s) of D N A  
methylat ion (reviewed by Cooper  1983; Bird 1986), we 

pay a heavy price in terms of the increased mutability of 
our genes. The in vivo rate of deamination of 5mC in 
CpG dinucleotides has recently been measured (Cooper  
and Krawczak 1989); estimates derived from both clini- 
cal data and evolutionary sequence comparisons were 
found to be essentially identical. We have taken advan- 
tage of CpG hypermutabili ty to optimize diagnostic 
screening by employing a "directed-search" strategy for 
detecting point mutations in the factor VII I  gene causing 
haemophilia A (Pattinson et al. 1990). 

Recently, some evidence has been put forward for 
the presence of cytosine methylation at dinucleotides 
other  than CpG (Woodcock et al. 1987). These authors 
have further suggested (Woodcock et al. 1988) that 
maintenance methylases might recognise and methylate 

�9 . A . . . . .  
the trlnucleotlde CTG in addition to the dlnucleotlde 
CG,  thus raising the possiblity of methylat ion-mediated 

�9 . . A 
deammatlon m CTG sequences. However ,  m our sam- 
ple, only two such C A G  ~ T A G  substitutions were 
noted (those causing adrenal hyperplasia and leprech- 
aunism); this is not significantly higher than random ex- 
pectation in the absence of 5mC deamination.  More- 
over, contrary to the situation observed for CG-contain- 
ing codons, C A G  and CTG codons (Gin and Leu) occur 
more frequently in human genes than the alternative 
codons for these amino acids (Maruyama et al. 1986; 
Ohno 1988). There would therefore appear  at present to 
be no compelling evidence for the high frequency occur- 
rence of methylat ion-mediated deamination mutations 
at sites other than CpG.  The recent observation that 
a eukaryotic D N A  methylase methylates CA and CT 
dinucleotides at a 50-fold-lower rate than CG in vitro 
(Hubrich-Kt~hner et al. 1989) is not inconsistent with this 
finding. 

In the process of this analysis, we did however come 
across evidence for the hypermutabili ty of the CpG di- 
nucleotide over and above the caused by methylation- 
mediated deamination; when CG ~ T G  and CG ~ CA 
transitions are excluded f rom this analysis, the CpG di- 
nucleotide still appears to mutate  more frequently than 
one would expect on the basis of its frequency in human 
genes. This suggests that a second mechanism may be 
involved in CpG hypermutability. Whatever  this turns 
out to be (dislocation mutagenesis?),  it is probably re- 
sponsible for no more than approximately 15% of point 
mutations (8/52 in our sample) associated with the di- 
nucleotide. 
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To some extent, the redundancy of the genetic code 
has provided the vertebrates with the potential of 
ameliorating the detrimental effects of cytosine methyla- 
tion through appropriate codon usage. Indeed, codons 
containing CpG tend to be avoided (reviewed by Cooper 
and Gerber-Huber 1985). However, despite this redun- 
dancy, avoidance is not complete even for the CGA 
(arginine) codons, which a C ~ T transition would trans- 
form into termination codons. Although genes that en- 
code an RNA as an end-product rather than a protein 
exhibit neither CpG nor CGA avoidance, this must not 
immediately be taken as evidence for selection acting at 
the level of codon usage. It might equally well be an in- 
direct consequence of the uniform absence of cytosine 
methylation in these sequences in the germline (e.g. in 
rRNA genes; Cooper et al. 1983). 

The majority (68%) of point mutations causing hu- 
man genetic disease are neither CG ~ TG nor CG --~ CA 
mutations, but some patterns can nevertheless be dis- 
cerned among them. If substitutions of single nucleo- 
tides are considered, the ranking of mutability is gua- 
nine > cytosine > thymine > adenine in our sample of 95 
'non-CpG' mutations. This non-randomness is still pro- 
nounced if dinucleotides are considered, even after al- 
lowing for differences in dinucleotide frequencies. In 
principle, several non-mutually exclusive explanations 
are possible : (1) non-randomness of the initial mutation 
event, (2) non-randomness of the mutation repair pro- 
cess and (3) differences between mutations with respect 
to their phenotypic consequences, and the resulting 
likelihood of their coming to clinical attention. 

The individual contributions of the different replica- 
tion and repair processes have hardly begun to be un- 
ravelled, so it is perhaps prudent first to consider the last 
of these explanations. Intuitively, it would seem reason- 
able to suppose that the phenotypic consequences of a 
given point mutation would be determined ultimately by 
the magnitude of the amino acid exchange as assessed by 
the resulting structural perturbation of the protein in 
question. We have attempted to estimate this magni- 
tude by employing the measure of 'chemical difference' 
(Grantham 1974) to compare the substituted amino acid 
with its replacement. However, little if any relationship 
was found between the chemical difference value attri- 
buted to amino acid exchanges and the frequency with 
which those substitutions were observed. Since the valid- 
ity of the measure of chemical difference is supported by 
its negative correlation with the frequency of favoured 
amino acid substitutions during evolution, we may tenta- 
tively conclude that no particular bias in ascertainment 
has been introduced as far as the phenotypic conse- 
quences of a specific point mutation in a particular 
codon are concerned. Clearly, the phenotypic conse- 
quences of a given mutation must depend not only upon 
the nature of the amino acid substitution, but also upon 
the location of that substitution within the protein. Mu- 
tational effects on protein stability have recently been 
reviewed (Alber 1989). In general, and with the excep- 
tion of charged residues, most amino acids that make 
critical interactions (e.g. disulphide bonds, hydrophobic 
forces, hydrogen bonds etc.) are rigid or buried in the 

protein structure, and their mutation will be profoundly 
destabilizing. Our knowledge of the complex relation- 
ship between protein structure and function must how- 
ever be greatly expanded before we are in a position to 
be able to incorporate such data into a predictive model. 

In theory, base substitutions in evolutionary com- 
parison studies might be expected to occur at different 
frequencies from those found to cause human genetic 
disease. This is because the latter are by definition 
always deleterious whereas the former cannot be dis- 
advantageous either because they are present in an un- 
selected DNA sequence or because, if present in coding 
sequences, they would never have become fixed in the 
population. However, in practice, whether one consid- 
ers single base substitutions in pseudogenes (Maeda et 
al. 1988; Li et al. 1984; Gojobori et al. 1982; Bains and 
Bains 1987) where selection is no longer acting, or sub- 
stitutions between closely related gene sequences (e.g. 
the a-interferon multigene family; Golding and Glick- 
man 1985, 1986), the hierarchy of frequencies of single 
base-pair exchanges is similar to that evident from the 
analysis of human gene mutations causing genetic dis- 
ease. This strongly suggests that the influence of selec- 
tion is minimal, and points instead in the direction of 
non-randomness of mutation in the replication/repair 
process rather than towards a bias in detection. 

The extremely high accuracy of eukaryotic DNA rep- 
lication is thought to be achieved by means of (i) effi- 
cient initial selection of the nucleotides to be incor- 
porated by the DNA polymerases (Roberts and Kunkel 
1986), (ii) the removal of mispaired bases by 3' --~ 5' 
proofreading exonucleases (Kunkel 1988; Bialek et al. 
1989) and (iii) post-replicative mismatch-repair proces- 
ses (Modrich 1987). In comparing the specific base sub- 
stitution frequencies associated with the vertebrate poly- 
merases ct and [3 (Kunkel and Alexander 1986) with the 
frequencies of the different transitions and transversions 
causing human genetic disease, we have effectively ex- 
cluded any consideration of the efficiency of the differ- 
ent proofreading and post-replicative mismatch-repair 
mechanisms. This is because the purified polymerase 
preparations used in vitro lack the 3' --~ 5' exonuclease 
activities thought to be responsible for proofreading in 
vivo. The correlation observed between the two sets of 
data is thus consistent with the explanation that a sub- 
stantial proportion of the point mutations causing hu- 
man genetic disease detected to date are caused by mis- 
incorporation of bases during DNA replication. Further, 
it suggests that if cellular DNA proofreading and mis- 
match-repair mechanisms have attempted to compen- 
sate for the initial non-random distribution of mutations 
causing human genetic disease by correcting high fre- 
quency mutations with enhanced efficiency, they have 
not been so successful as to have obscured the original 
association. Although in prokaryotes, transition mis- 
matches (G:T and A:C) are reportedly repaired more 
efficiently than transversion mismatches (G : A and C: T) 
(Jones et al. 1987), the analogous repair mechanisms 
and proofreading activities in eukaryotes are relatively 
uncharacterized and in some cases undoubtedly still re- 
main to be identified. Some evidence, however, is be- 
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Fig. 5. Model of misalignment mutagenesis during DNA replica- 
tion (after Kunkel and Alexander 1986; Roberts and Kunke11986) 

ginning to emerge for differential repair of mispaired 
bases by the sequence-dependent proofreading activities 
of eukaryotic DNA polymerases (Petruska and Good- 
man 1985; Reyland et al. 1988). Moreover, Brown and 
Jiricny (1988) have reported efficient repair of G/T mis- 
matches but with a bias in favour of T --~ C correction 
over G ~ A. Since repair enzymes are known to act 
upon unstable regions of DNA, it may be that they are 
less efficient in excising errors in GC-rich regions of dup- 
lex DNA (Bessman and Reha-Krantz 1977; Petruska 
and Goodman 1985); this would contribute still further 
to the non-randomness of point mutations. 

Polymerase [~ is much more error-prone than poly- 
merase a as far as the accuracy of base incorporation 
is concerned. Differences between these enzymes are 
probably to be expected since they differ both structur- 
ally and functionally. Polymerase 13 binds tightly to dou- 
ble-stranded DNA and fulfils a role in repair synthesis of 
short gaps or nicks in vivo. Polymerase c~ is by contrast 
more processive, does not bind to nicks and does not fill 
small gaps (reviewed by Kunkel 1985a). A proofreading 
3' ~ 5' exonuclease activity appears to be associated 
with polymerase ct but none has ever been detected with 
polymerase 13, a finding that may explain the high fre- 
quency of errors associated with the latter enzyme. 

Two different models for polymerase-associated base 
misincorporation may be considered. The first of these, 
put forward by Kunkel (1985a), is not a simple misin- 
corporation but is the result rather of transient misalign- 
ment of the primer-template caused by looping out of 
a template base (Fig. 5). Immediate realignment leads 
to incorporation of a single mispair. 'Misalignment' or 
'dislocation' mutagenesis, as it has become known, is 
mediated by repetitive DNA sequences in the vicinity; it 
provides an explanation for many point mutations not 
predicted by base mispairing hypotheses (e.g. Topal and 
Fresco 1976), which have instead invoked base analogues 
and tautomers of the naturally occurring nucleotides. It 

is consistent also with our observation that dinucleotide 
mutability correlates with stability since any transient 
misalignment must be stabilized long enough to permit 
misincorporation before realignment occurs. An alterna- 
tive explanation involves the proposed requirement for 
balanced dNTP pools to maintain the accuracy of the 
replication process. An excess of any one dNTP can, 
under certain circumstances, lead to increased misincor- 
poration of that nucleotide (Kunkel et al. 1981; Phear et 
al. 1987; reviewed by Meuth 1989). 

In the light of the data that we have presented on the 
relative mutabilities of different dinucleotides, the ques- 
tion of the influence of neighbouring bases upon the 
mutability of a given nucleotide is an important one. 
Fersht (1979), Kunkel et al. (1981) and Mendelman et 
al. (1989) have shown that the in vitro substitution rate 
at a specific base is dependent upon the rate of incorpo- 
ration of the next nucleotide. This 'next-nucleotide ef- 
fect' is probably itself dependent upon the state of the 
available nucleotide pool and upon the local environ- 
ment of the DNA sequence. The effect of the latter has 
been effectively demonstrated in prokaryotes, where the 
influence of the local DNA sequence may extend well 
beyond neighbouring bases (e.g. see Conkling et al. 
1980). In eukaryotes, preliminary evidence has been put 
forward for a next-nucleotide effect in vivo, both in the 
evolution of a-interferon gene sequences (Golding and 
Glickman 1986) and in the generation of spontaneous 
mutations in the hamster adenine phosphoribosyl trans- 
ferase (aprt) gene (Phear et al. 1987). The next-nuc- 
leotide effect is a property of DNA polymerases with 
proofreading activities and may be regarded as resulting 
from competition between the polymerization and proof- 
reading activities of the replication complexes. 

An influence of neighbouring bases may thus be ex- 
pected with both models, which should not therefore be 
regarded as mutually exclusive. Although other factors 
are undoubtedly involved (Boosalis et al. 1989; reviewed 
by Loeb and Kunkel 1982), we surmise that misalignment 
mutagenesis is more important since (i) the correlation 
observed with polymerase mispairing frequencies is not 
dependent upon the presence of a proofreading activity 
and (ii) the most error-prone polymerase (polymerase 13) 
apparently lacks such an activity. We further conclude 
that it is probably unnecessary to invoke mechanisms 
such as mutation caused by exogenous factors, differ- 
ences in mismatch-repair systems or merely a bias in as- 
certainment to account for much of the observed spec- 
trum of point mutations causing human genetic disease. 
We are thus left with two major contrasting mechanisms 
for the origin of point mutations causing human genetic 
disease. The majority (approximately 68%) of single 
base-pair substitutions appear to be replication-associ- 
ated and thus replication-dependent as distinct from the 
time-dependent nature of 5-methylcytosine deamination 
(Cooper and Krawczak 1989), which accounts for ap- 
proximately 32% of point mutations. 

Enzymatic and chemical causes of mutation may 
sometimes be difficult to disentangle. For example, de- 
purination results from the cleavage of the N-glycosylic 
bond that connects the purine to the deoxyribose sugar 
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thus removing the base but leaving the phosphodiester 
backbone intact (reviewed by Loeb 1985). Depurination 
is thought to occur at a rate of 3 x 10 -11 events/base/s 
under physiological conditions (Lindahl and Nyberg 
1972), a figure some 30 times lower than that for deami- 
nation of 5mC to thymidine (Ehrlich et al. 1986). De- 
purination is in the order dG > dA > d C  > dT (Loeb and 
Preston 1986). Apurinic sites may result from exposure 
to chemical agents that form bulky adducts on DNA 
(Loeb 1985) or from the action of DNA glycosylase in 
the enzymatic repair of damaged DNA (Loeb and Preston 
1986). Since DNA polymerases misincorporate bases 
opposite abasic sites (Shearman and Loeb 1979; Kunkel 
et al. 1983) during replication, this could in principle 
be an important cause of spontaneous mutation. Deoxy- 
adenosine has been found to be the most frequently mis- 
incorporated base with both prokaryotic and eukaryotic 
polymerases (Sagher and Strauss 1983; Schaaper et al. 
1983; Kunkel 1984; Takeshita et al. 1987). Were depuri- 
nation a major cause of spontaneous mutation, then the 
mutational spectrum should be heavily biased towards 
substitutions by deoxyadenosine. In our sample, G --~ A 
transitions are indeed the most frequently observed 
(Table 2a), but this excess is not dramatic, and it would 
appear to be unnecessary to invoke this mechanism in 
order to account for the observed mutational spectrum. 
A further chemical mutation mechanism is through dam- 
age by oxygen free radicals (Hsie et al. 1986; Richter 
et al. 1988); however, the spectrum of mutations in 
eukaryotic cells arising via this mechanism is not yet 
known. 

In principle, a future larger sample size of human 
point mutations should permit more accurate and reli- 
able conclusions to be drawn. However, as we come to 
understand better how point mutations arise and where 
they are most likely to occur, such information will in- 
creasingly be used to optimize the efficiency of searches 
for gene mutations and novel data will become ever har- 
der to interpret. 

Another approach to the analysis spontaneous point 
mutations has been to clone and sequence mutant ham- 
ster aprt genes from cell lines containing only one aprt 
allele. Three such studies to date (Nalbantoglu et al. 
1987; DeJong et al. 1988; Phear et al. 1989) have be- 
tween them reported a total of 79 different point muta- 
tions within the coding region; 26 of these are C ~ T 
transitions, which may in part be a reflection of the C- 
richness of the hamster aprt gene. However, only two 
base substitutions found were consistent with the model 
of methylation-mediated deamination and this is thought 
to be the result of a lack of methylation at CG dinucleo- 
tides within the aprt gene (Nalbantoglu et al. 1987; 
Phear et al. 1989). Of the remainder, a large proportion 
were found to occur in the dinucleotide CC. Although 
the rank order of dinucleotide mutabilities differs 
slightly from that observed with the human mutations 
reported here, comparison of the eight most mutable di- 
nucleotides from both data sets nevertheless yields seven 
in common (GG, TG, CG, TC, CC, GC and GA), sug- 
gesting a remarkable uniformity in the process underly- 
ing mutational change in different systems. A hotspot of 

mutation was also detected (DeJong et al. 1988); an 
identical C ~ T transition was observed independently 
seven times in the third C of a CCTCCTTCC sequence. 
The spectrum of spontaneous point mutations in the 
SUP4-o gene of Saccharomyces cerevisiae has also been 
reported (Giroux et al. 1988) but interpretation of the 
data was lacking. Further data from other systems are 
now urgently required to demonstrate the generality or 
otherwise of these findings. 

The empirically-derived values for the relative mut- 
abilities associated with the different dinucleotides were 
incorporated into a mathematical model (MUTPRED) 
whose utility could lie in the prediction of the likely loca- 
tion of point mutations within human genes causing ge- 
netic disease. The spectrum of point mutations predicted 
by this model for the human factor IX gene was shown to 
resemble closely the observed spectrum of point muta- 
tions causing haemophilia B. The validity of this model 
is further supported by its apparent ability to predict the 
rank order of prevalence and/or mutation rates associ- 
ated with specific autosomal dominant and X-linked re- 
cessive conditions from a knowledge only of the primary 
DNA sequences of the genes responsible for these disor- 
ders. The model itself does not consider point mutations 
that do not alter the amino acid sequence of a protein 
and could thus be improved by consideration of the rela- 
tive likelihood of mutations in splice junctions etc. Since 
the model also does not consider the possibility of gene 
lesions other than point mutations (the proportion of 
other types of gene lesions may vary dramatically be- 
tween different disorders, e.g. in DMD and haemophilia 
A, gene deletions account for approximately 60% and 
4% of cases, respectively), it is perhaps a little surprising 
that mutability quotients correlate as well as they do 
with disease prevalence. Moreover, our value for the rel- 
ative mutability of a CpG dinucleotide is an average fig- 
ure based upon the probability (P---0.8; Cooper 1983) 
that a CpG taken at random from the human genome is 
methylated. In practice, those CpG dinucleotides that 
are methylated will be more prone to deamination of 
5mC than the model would suggest, whereas those that 
are unmethylated will be much less likely to mutate to 
thymidine than the 'average CpG'. Since the methyla- 
tion patterns between and within different genes vary 
widely (see Gardiner-Garden and Frommer 1987), this 
all-or-nothing mutational effect of cytosine methylation 
illustrates the importance of establishing the methylation 
status of individual CpG sites within specific genes in the 
germline. We are currently approaching this problem by 
the application of genomic sequencing (Saluz and Jost 
1989). 

That the model presented here already appears to 
possess predictive value is encouraging. The enlarge- 
ment of the size of the sample of human point mutations 
causing genetic disease, together with the possible future 
incorporation of new data on sequence-dependent repair 
processes and DNA sequences capable of predisposing 
a gene sequence to frameshift mutations, deletions and 
perhaps even insertions, promise to improve further the 
model and extend its applicability and reliability in a pre- 
dictive context. 
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The  genomic  a rch i t ec tu re  of  the  locus is u n d o u b t e d l y  
also impor t an t .  M o r e  specif ical ly ,  the  n u m b e r  of  exons ,  
spl ice junc t ions  and  the  length  and  na tu re  of  in t ronic  
sequences  ( inc luding  the  n u m b e r  and  type  of  r epe t i t ive  
e l emen t s )  will p r o b a b l y  all p lay  a ro le  in de t e rmin ing  the 
f r equency  and  ex t en t  o f  types  of  les ion o t h e r  than  single 
b a s e - p a i r  subs t i tu t ions  and  f rameshi f t  muta t ions .  F ina l -  
ly,  the  ' p r i va t e '  charac te r i s t i c s  of  ind iv idua l  genes  mus t  
no t  be  ignored .  O f  r e l evance  will be  D N A  sequences  en- 
coding  p r o t e i n  reg ions  o f  s t ruc tura l  and  func t iona l  im- 
p o r t a n c e ,  e .g.  those  encod ing  p ro t eo ly t i c  c leavage  sites 
(which o f t en  con ta in  C p G  d inuc leo t ides  wi th in  A r g  co- 
dons  in coagu la t ion  fac tor  genes ) ,  p ro t e in -b ind ing  sites,  
m e t h y l a t e d  C G A  argin ine  codons  ( C G A  ~ T G A  creates  
a t e r m i n a t i o n  codon ) ,  etc.  

The  m o d e l  p r e s e n t e d  a b o v e  is thus l ike ly  to improve  
as new da ta  e m e r g e  and  are  i n c o r p o r a t e d .  In  the  mean-  
t ime ,  we are  tes t ing the  p rac t ica l  ut i l i ty  of  the  m o d e l  in 
its p r e sen t  fo rm by  P C R / d i r e c t  sequenc ing  of  gene re-  
gions p r e d i c t e d  by  the  m o d e l  to be  especia l ly  p r o n e  to 
high f r equency  po in t  mu ta t i on .  

O u r  genes  have evo lved  slowly,  p r o b a b l y  via a myr i ad  
of  m e a n d e r i n g  and  c i rcui tous  pa thways ,  ' gu ided '  th rough  
the  mi l l enn ia  o f  e r ra t i c  e n v i r o n m e n t a l  inf luences  by  the 
m o u l d i n g  force  of  na tu r a l  se lec t ion .  Pe rhaps  this hesi- 
tan t  e v o l u t i o n a r y  pas t  accounts  for  p r e sen t -day  genes  
con ta in ing ,  e n c o d e d  wi thin  the i r  base  sequences ,  the  po-  
ten t ia l  seeds  of  the i r  own des t ruc t ion .  H o w  apt  in this 
con tex t  is the  p o e t ' s  de sc r ip t ion  of  na tu re ;  ' so careful  of  
the  type  she seems ,  so care less  of  the  single life '  (A l f r ed ,  
L o r d  T e n n y s o n  " in  M e m o r i a m  A .  H.  H . " ;  1850) 
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