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Summary

Spontaneous mutation provides the substrate for evolution on one hand and for genetic susceptibility to
disease on the other hand. X-linked diseases such as hemophilia B offer an opportunity to examine recent
germ-line mutations in humans. By utilizing the direct sequencing method of genomic amplification with
transcript sequencing, eight regions (2.46 kb) of likely functional significance in the factor IX gene have
been sequenced in a total of 60 consecutive, unrelated hemophiliacs. The high frequency of patient ascer-
tainment from three regions in the midwestern United States and Canada suggests that the sample is repre-
sentative of hemophiliacs of northern European descent. Twenty-six of the delineated mutations are
reported herein, and the group of 60 is analyzed as a whole. From the pattern of mutations causing dis-
ease and from a knowledge of evolutionarily conserved amino acids, it is possible to reconstruct the under-
lying pattern of mutation and to calculate the mutation rates per base pair per generation for transitions
(27 x10-10), transversions (4.1 x 10-10), and deletions (0.9 x 10-10) for a total mutation rate of 32 x
10-10. The proportion of transitions at non-CpG nucleotides is elevated sevenfold over that expected if one
base substitution were as likely as another. At the dinucleotide CpG, transitions are elevated 24-fold rela-
tive to transitions at other sites. The pattern of spontaneous mutations in factor IX resembles that ob-
served in Escherichia coli when the data are corrected for ascertainment bias. The aggregate data hint that
most mutations may be due to endogenous processes. The following additional conclusions emerge from the
data: (1) Although in recent decades reproductive fitness in individuals with mild and moderate hemophilia
has been approximately normal, the large number of different mutations found strongly suggest that these
levels of disease substantially compromised reproduction in previous centuries. (2) Mutations which puta-
tively affect splicing account for at least 13% of independent mutations, indicating that the division of the
gene into eight exons presents a significant genetic cost for the organism. In one individual a "silent" muta-
tion at lysine 5 is likely to cause hemophilia by generating a perfect splice donor consensus sequence in
exon b. (3) All the missense mutations occurred at evolutionarily conserved amino acids. As additional data
are generated on the pattern of mutations caused by specific mutagens, it will be possible to utilize the pat-
tern of spontaneous mutation to estimate the maximal contribution of that mutagen during the past century.

Introduction a sequence change in the factor IX gene disrupts one
or more of the functional domains of factor IX. SinceFactordIX isa coagu ne prot th at isoe males have only one X chromosome, they will be

codned a3- gene1 l edonhe X chromosmen affected if a defective factor IX gene is inherited. These
patients reproduce less efficiently than their unaffected
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gene (reviewed in Brownlee 1989). However, the avail-
able data provide a nonrandom sample of these events.
Until recently, the methodology preferentially detected
only certain types ofmutations. For example, many large
deletions have been reported, despite their rarity in the
population because Southern blots can readily discern
these mutations (Hedner and Davie 1989). In addition,
skewed samples of mutants having abnormal elec-
trophoretic migration and/or abnormal ox-brain pro-
thrombin time, were chosen for sequencing.
With the development of direct genomic sequencing

(Wong et al. 1987; Gyllensten and Erlich 1988; Stoflet
et al. 1988 ), it has become feasible to'delineate the mu-
tation in almost all cases of hemophilia B (Green et
al. 1989; Koeberl et al. 1989). Here we present the mu-
tations found by sequencing eight regions (2.46 kb) in
the factor IX gene in 26 hemophiliacs from different
families.
When the newly reported mutations are combined

with those we have previously reported, they constitute
60 consecutive cases which will be analyzed as a group.
Ninety percent of these samples came from three centers
that follow hemophiliacs in defined regions in the U.S.
Midwest and in Ontario. The characteristics of the sam-
ple and the high fraction of ascertainment suggest that
our population is representative of the population of
hemophiliacs. From this and other data, we attempt
to reconstruct the underlying pattern of mutation in
a human gene. Two hot spots of mutation are quanti-
tated, and the rates of different types of human germ-
line mutations are estimated in a more direct manner
than has previously been possible.

Material and Methods

Pedigrees of 3-6 generations, diagnostic coagulation
values, and data on ethnicity were solicited for each
patient. The patients were mostly of Scandinavian, Ger-
man, French, and Irish descent. DNA was extracted
according to a method previously described elsewhere
(Gustafson et al. 1987).

Sequencing Strategy
Genomic amplification with transcript sequencing

(GAWTS) is a method of direct sequencing that involves
(1) polymerase chain reaction (PCR) amplification of
the segment of interest where at least one of the PCR
primers has an attached phage promoter sequence, (2)
transcription of the amplified segment with a phage
RNA polymerase to produce a single-stranded RNA
molecule, and (3) dideoxy sequencing of the RNA with

reverse transcriptase (Stoflet et al. 1988; Koeberl et al.
1989).
The factor IX gene is 34 kb with seven introns that

account for more than 90% of the gene sequence and
with a terminal exon that accounts for more than half
the exonic sequence (Anson et al. 1984; Yoshitake et
al. 1985). For this study, eight regions encompassing
2.46 kb of sequence were chosen for sequencing (fig.
1). The exonic sequences include the entire coding se-
quence (1,383 bp), the 5' untranslated sequence, and
portions of the 3' untranslated segment (497 bp). The
nonexonic sequences include the possible promoter, the
seven splice junctions, and the segment immediately
3' to the gene (580 bp). It was anticipated that the over-
whelming majority of causative mutations in individu-
als with hemophilia B would lie in these regions.

Base Pairs Sequenced
The numbering system corresponds to that of

Yoshitake et al. (1985): region A = -106 to 139; re-
gion B/C = 6720 to 6265; regionD = 10544 to 10315;
region E = 17847 to 17601; region F = 20577 to
20334; region G = 30183 to 29978; region H 5' =
31411 to 30764; and region H 3' = 32808 to 32583.
The order of the numbers in each region indicates the
direction of sequencing. Because of technical difficul-
ties, a variable number of the first 10 bases of each re-
gion was obtained in some individuals. At least 2,460
bp of sequence were obtained on each individual.

Haplotype Analysis
The following polymorphisms in the factor IX gene

were utilized: Hinfl (intron a), XmnI (intron c), and
TaqI (intron d) (Camerino et al. 1984; Winship et al.
1984). DNA segments containing the TaqI and the
XmnI restriction sites were amplified by PCR and
digested with the appropriate restriction enzyme ac-
cording to a method described elsewhere (Koeberl et
al. 1990). The products were electrophoresed, and the
presence (+) or the absence (-) of the site was deter-
mined. For the Hinfl polymorphism, the DNA was am-
plified by PCR, and the presence (+) or the absence
(-) of the insert was determined by electrophoresis (Koe-
berl et al. 1990). The Malmo allele (ala or thr at amino
acid 148) (McGraw et al. 1985) was determined by
GAWTS.

Results

Mutations in 26 Families with Hemophilia B

When the regions of likely functional significance (see
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Figure I Location of 26 mutants. Sequence was obtained for eight regions of factor IX as described elsewhere (Koeberl et al. 1989).
The position of the patient numbers over the schematic of the factor IX gene corresponds to the approximate site of the mutation in these
individuals. Boxed numbers represent individuals with the same mutation who are likely to share a common ancestor. In the schematic
of the factor IX gene, the amino acid coding regions are shaded and bordered by dashed lines. Additional sequences obtained are delineated
by solid lines. These include the putative promoter (circles), the 5' untranslated sequence (triangles), the splice junctions (asterisks), and
parts of the 3' untranslated region including the poly A addition signal (cross-hatched). The unsequenced intronic segments, which account
for 92% of the gene, are drawn to a different scale. Note that the length of these segments are indicated in kilobases, while the length
of the sequence regions are indicated in bases.

Table I

Sequence Changes and Factor IX Haplotypes in 60 Hemophiliacs

Nucleotide Nucleotide Structural Transitions
Family F.IX:Ca Change Numberb ChangeC Domain at CpG Haplotyped Comment(s)e

HB5 .............

HB13 ............

HB55 ............

HB56 ............

HB54 ............

HB47 ............

HB28f ...........
HB2 and HB58 ....

HB9 .............

HB53 ............

HB32 ............

HB3, HB4, HB7,
and HB57 ......

HB37 ............
HB39 ............

HB6 .............

HB48 ............

HB45 ............

HB44 and HB52 ...

HB25 ............

<1 Total gene

deletion
32 AG
<1 G-T
<1 G-A
6 A- G
7 A-G

<1
34
2

3

C -T
G-A
A -C
G -A
G-A

12
1
3

G-pA
G-*A
A--pG

20 del ttct 17(

3 A-G

<1 T-C
9 A-G

4 G-A

1

13
6365
6365
6379
6390

6460
6461
6474
10391
10419

R-4 -L

N2-D
K5-silent
(see fig. 2)
R29-TGA
R293Q
E33- mD
I3: - 1
C56--y

5' Untranslated
Propeptide
Propeptide

gla
gla

gla
gla
gla

Splice acceptor
Growth factor 1

10430 G60-' S Growth factor 1
10431 G60-D Growth factor 1
10512 14: + 7 Donor site of

intron d
560-17663 14: - 6- - 9 Acceptor site of

intron d
17667 14:-2 Acceptor site of

intron d
17710 C99-R Growth factor 2
17810 I5: + 13 Donor site of

intron e

20414 R145-sH Activation
peptide

No
No
Yes
No
No

Yes
Yes
No
No
No

Yes
No
No

0

4
0

15
4

11
11
4
4
4

4
11
0

1, 2
3

3-5
3

7, 8
1, 3

1, 6, 9

3

1, 3, 10
3
12

... 4 1

No 4

No
No

0

11
3

Yes 11 1, 6, 13

(continued)
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Table I (continued)

Nucleotide Nucleotide Structural Transitions
Family F.IX:Ca Change Numberb Changec Domain at CpG Haplotyped Comment(s)e

HB23 ............ <1 del 20466-20478 del and fs Activation ... 4 1
AACCATTTTGGAT after ala161 peptide

stop at 30046
HB17 ............ <1 C- T 20497 Q173-pTAA Activation No 0 1

peptide
HB41 ............ 7 T-TC 30100 I216-T Catalytic No 4 3
HB36 and HB49 ... 2 C-*T 30112 A220- V Catalytic No 4 3
HB24 ............ 1 T--JG 30119 C222-HW Catalytic No 10 1, 3
HB2 and HB58 .... 34 T-TC 30134 V227-silent Catalytic No 11 1, 12
HB1 ............. 12 G- A 30150 A233-'T Catalytic Yes 4 1, 6
HB60f ..... ...... <1 C-IT 30863 R248-TGA Catalytic Yes 0 8
HB39 and HB59f ... 3 G -A 30864 R248- Q Catalytic Yes, Yes 0,4 6
HB8 ............. 24 A-JG 30900 N260- S Catalytic No 4 1, 6
HB31 ............ 1 C-T 30933 A271-.V Catalytic No 0 3
HB19, HB21, and
HB22 .......... 5 C-IT 31008 T296- M Catalytic Yes 0 1, 6

HB27 ............ 18 T-TC 31041 V307- A Catalytic No 10 3
HB26 ............ 3 G- A 31052 G311-OR Catalytic No 4 1, 3
HB38 ............ <1 C-PA 31080 A320--D Catalytic No 10 6
HB29f and
HB30f .......... <1 C-IT 31118 R333-TGA Catalytic Yes, Yes 4 7

HB35 ............ 1 T-'A 31216 S365- R Catalytic No 4 3, 14
HB10, HB11, HB12,
HB14, HB16,
Hbl8, HB34,
HB40, HB46,
HB50 .......... 3 T- C 31311 1397-T Catalytic No 0 1, 3, 11, 15

HB43 ............ 2 C- T 31326 S402--F Catalytic No 11 3
HB20 ............ <1 T-C 31340 W407- R Catalytic No 0 1, 3
HB15 ............ 39 ? 11
HB33 ............ 2 ? 10
HB42 ............ 15 ? 0
HB51 ............ 4 ? 0

a Average of available values. Distribution of coagulants: severe hemophilia (F.IX:C 4 1%), 17 cases; moderate hemophilia (F.IX:C
= 2%-5%), 25 cases; mild hemophilia (F.IX.C = 6%-25%), 14 cases; low factor IX (F.IX:C = 26%-49%), four cases.

b DNA Numbering system from Yoshitake et al. (1985).
c Amino acid changes are indicated by the single letter code using the numbering system of Yoshitake et al. (1985). Mutations at in-

trons are indicated by the intron number and by either a positive number, which indicates the number of nucleotides from the 5' end of
the intron, or a negative number, which indicates the number of nucleotides from the 3' end of the intron.

d Data determined for the 60 hemophiliacs. The Malmo polymorphism was determined by GAWTS. The Hinfl, TaqI, and XmnI poly-
morphisms were determined by PCR (Material and Methods). Haplotypes were numbered 0-18 in a binary fashion. Haplotype 0 is the
Malmo Thr allele, the Hinfl "- " allele, the TaqI "- " allele, and the XmnI "- " allele; haplotype 1 is Thr, - , - , +; haplotype 2 is Thr,
-,+,-; haplotype 3 is Thr, -, +, +; haplotype 4 is thr, +, -, -,;...; and haplotype 15 is Ala, +, +, + .

e The numbers refer to previous reports of a mutation. If reported by others, it is generally not known whether the present mutation
is of independent origin. 1 = Koeberl et al. (1989); 2 = Reitsma et al. (1989); 3 = missense mutation in an amino acid that is conserved
in coagulation serine proteases (see fig. 4); 4 = also described by (Bentley et al. 1986; and Ware et al. 1986); 5 = also described by
(Sugimoto et al. 1988; Green et al. 1989; Liddell et al. 1989); 6 = missense mutation in an amino acid that is conserved in factor IX
but not in other coagulation proteases (see fig. 4); 7 = Koeberl et al. (1990); 8 = also described by Green et al. (1989); 9 = one of
the 12 gamma-carboxylation sites is lost in the mutant; 10 = also described by H. Roberts (personal communication); 11 = Bottema
et al. (in press); 12 = second mutation or rare variant (see other listing for the likely causative mutation; since these might be rare variants
due to ancient mutations, they were excluded from calculations in the paper); 13 = also described by Noyes et al. (1983); i4 = S365
is one of the catalytic triad that is conserved in serine proteases; 15 = also described by Ware et al. (1988); and Geddes et al. (1989).

f Did not come from the eight major participating centers.

205



Koeberl et al.

Material and Methods) were sequenced in hemophiliacs
from 26 families, one or occasionally two (HB39 and
HBS8) sequence changes were found (fig. 1 and table
1). We conclude that the causative mutation was found
because (1) these were the only changes found in the
regions of functional significance, (2) the changes have
not been seen in 20 unrelated, unaffected individuals
(Koeberl et al. 1989) and have not been observed as
second sequence changes in 38 unrelated genes from
hemophiliacs, and (3) there is a very low rate of poly-
morphism in the regions sequenced (Koeberl et al.
1989). For mutants that change amino acids, one or
more of the following additional criteria were also met:
(1) the amino acid altered is evolutionarily conserved
in the factor IX of other species (see below), (2) the
amino acid is evolutionarily conserved in related serine
proteases, and/or (3) there is biochemical evidence for
the functional importance of the altered amino acid.
The newly described mutations represent at least 22
independent events. Sixteen of these involved mutations
have not, to our knowledge, been described in the liter-
ature. The other six may represent independent muta-
tions at sites reported by others, but the general ab-
sence of published haplotype data precludes such a
determination.
The mutations occurred throughout the factor IX

gene. Almost all of the mutations were single base sub-
stitutions (>90%). Some of the mutations causing
moderate and mild disease had previously been found
in this population (see below). When these 26 newly
reported mutations are combined with those previously
reported, they constitute 60 consecutive cases. In the
remainder of the present paper, these 60 will be ana-
lyzed as a group.

Fifty-five of these cases were referred from the regions
covered by eight hemophilia centers in Minnesota, In-
diana, and Ontario. Sixty-eight percent of all the affected
families in those regions were sampled. Fifty-nine of
the patients were males, and 58 were Caucasian, mostly
of Scandinavian, German, French, and Irish origin. The
distribution of severe disease (factor IX coagulant ac-
tivity [F.IX:C] (1%), moderate disease (F.IX:C =
2%-5%), and mild disease (F.IX:C = 6%-25%) (ta-
ble 1, footnote a) is similar to that determined by demo-
graphic surveys (Eyster et al. 1980; Larsson et al. 1982).
Thus, the present data should reflect the pattern ofmu-
tation in individuals of northern European origin.

Summary of Mutations

Of 60 consecutive cases, mutations were found in
56 (table 1). Mutations were not found in two hemo-

philiacs with moderate disease (F.IX:C = 2% and 4%),
one individual with mild disease (F.IX:C = 15%), and
one individual with a subnormal level of F.IX:C (39% ).
The mutations may be in the 92% of the gene that was
not sequenced. Alternatively, the mutation may reside
in another gene that is necessary for the normal expres-
sion or processing of factor IX. To distinguish between
these possibilities, additional regions can be sequenced,
and RFLPs can be used to determine whether the dis-
ease cosegregates with the factor IX gene.
The 56 defined mutations were at 37 sites (table 2).

In almost all cases, only one sequence change was found,
but in HB2/58 and in HB39 (3% of cases) a second
mutation or an uncommon polymorphism/rare vari-
ant occurred. Since uncommon polymorphisms/rare
variants could be the result of ancient mutations, these
second site changes will be excluded from the calcula-
tions of mutation rate (see below).
Some mutations were found in more than one in-

dividual. Haplotype analysis was performed for all 60
individuals to help determine which recurrent muta-
tions were independently derived and to provide a ref-
erence should recurrent mutations be found in the fu-
ture. Four polymorphisms were examined by PCR
amplification (Koeberl et al. 1990) or by direct sequenc-
ing, and each of the 16 possible haplotypes was assigned
a number (table 1). Haplotype analysis indicates that
there were 39 independent mutations (see below). Of
the independent mutations, the great majority were tran-
sitions (79%), while transversions, deletions, and in-
sertions represented 13%, 8% and 0% of the muta-
tions, respectively (table 2). Eighty-three percent of the
independent mutations were in the coding sequence,
and almost all (94%) of these were single base substi-
tutions.

Severity of Hemophilia and Reproductive Fitness

Sixteen of the 17 mutations in severe hemophiliacs
were at different sites. The one recurrent mutation was
a nonsense mutation at arginine 333 that was shown
to have originated independently in two families (Koe-
berl et al. 1990). In contrast, 10 of the 23 delineated
mutations that cause moderate disease were at differ-
ent sites. Haplotype analysis suggests that the nine recur-
rences ofthe mutation at isoleucine 397, the two recur-
rences at threonine 296, and the one recurrence at
alanine 220 were due to the presence of a common an-
cegtor (table 1). However, the recurrence of the mis-
sense mutation at arginine 248 in HB39 and in HB59
were independent mutations, since different haplotypes
were present and since a second mutation/rare variant
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Table 2

Summary of Sequence Change in 60 Consecutive Cases

1. Number with sequence changes in the eight regions of likely
functional significance.......................................

2. Of those with sequence changes, number of independent mutationsa ...........
3. Of independent mutations, number with a second sequence change ............
4. Type of mutation:

Transition ..........................................................
Transversions .......................................................
Microdeletions (<50 bp)...............................................
Deletions ...........................................................
Insertions ..........................................................

5. Location of mutation:
Total gene deletion ...................................................
Putative promoter ....................................................
5' Untranslated region ................................................
Coding sequence. ......................................

Splice junctions ......................................................
Poly A region .......................................................

6. Functional consequences:
Missense protein .....................................................
Truncated protein (nonsense) ...........................................
Partial or full deletion of amino acids ....................................
Abnormal splicing.......................................
Decreased expression /translation .

56 (93%)
39 (70%)
2 (5%)

31 (79%)
5 (13%)
2 (5%)
1 (3%)
0

1 (3%)
0
1 (3%)

33 (85%)
4 (10%)
0

26 (67%)
5 (13%)
2 (5%)
5 (13%)
1 (3%)

a Includes recurrent mutations at R248 and R333.
b Twenty-six missense, five nonsense, one microdeletion, and one "silent" mutation at Ks (see fig. 2).

was found in intron 4 of HB39 but not in intron 4 of
HB59. The mutation at isoleucine 397 accounted for
most of the recurrences.
Ten of the 14 mutations that cause mild disease were

at different sites. Haplotype analysis indicates that the
three recurrences of the mutation at glycine 60 and the
one recurrence of the mutation at nucleotide 17810
in intron 5 are from a common ancestor. Thus, at least
21 independent mutations occurred in 37 families with
moderate and mild disease. This constitutes much more
diversity than is usually seen in an autosomal recessive
disease. In contrast to previous speculation based on
retrospective clinical diagnoses from medical records
in the period 1831-1920 (Larsson 1985), the current
data strongly suggest that both moderate and mild he-
mophilia significantly reduced reproductive fitness in
previous centuries.

Mutations Affecting Splice Junctions
The consensus sequence for the splice donor junc-

tion is AGgtaagt, where capital letters indicate exonic
sequence and where lowercase letters indicate intronic
sequence (Jacob and Gallinaro 1989). The consensus
sequence for the acceptor splice junction is y>1iixagG,

where y indicates pyrimidines and x indicates any nu-
cleotide (Mount 1982). The essentially invariant nucleo-
tides are underlined.
Of the putative mutations at splice junctions (13%

of the total), the most severe are due to substitution
of an invariant nucleotide (HB53 and HB48; fig. 2).
The small, but detectable, F.IX:C (3% in both cases)
suggests that a low level of normal splicing does still
occur. The mutation in HB6 (F.IX:C = 20%) deletes
four pyrimidines in the splice acceptor sequence of in-
tron 4, presumably leading to the unmasking of a cryp-
tic splice site(s) which reduces the frequency of normal
splicing by 80%. In HB44/52, a better acceptor-site
consensus sequence is generated by a mutation 13 bases
into intron 5. HB47 contains at lysine 5 a silent muta-
tion which generates a perfect donor consensus se-
quence. While final proof of the presence of defects in
splicing must await the analysis of mRNA from these
individuals (for a method that does not require a liver
biopsy, see Sarkar and Sommer 1989), the absence of
amino acid changes in the coding sequence, the low
frequency of polymorphism, and the nature of splice
consensus sequences support the conclusion that at least
13% of the mutations generating hemophilia in this
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MUTATIONS LIKELY TO AFFECT SPLICING

HB53 a

t
Intron c taacctatctcaaagATGGAGAT Exon d

HB6 ---- g HB48
t t

Intron d attttgcttcttttagATGTAAC Exon e

HB44,52 g

t
Exon e GCAGgtcataatctgaataagat Intron e

HB47 g
t

Exon b AAT TCA GGT AAA TTG GA .. Exon b

asn ser gly lys leu glu

Figure 2 Sequence changes at splice junctions. Lowercase let-
ters represent intronic sequence, and capital letters represent exonic
sequence. The 4-bp deletion in HB6 and the transition in HB48 are

shown on the same line. The transition in HB47 does not change
the amino acid sequence, but it does generate a perfect splice donor
consensus sequence of AGgtaagt (underlined).

9116(F) 55(L).56(Q) 54(D)
-46 ^ Intron 1

Human Factor IX 16RVM10ME SPGLITICLL GYLLSAZCTV FLD8BNANXI LNRPXRYNSG
Bovine Factor IX ....
Ruman Factor X UGRPL HLV.LIAS.A .L. LG.-8L .IM.Q..N. .T.A...
Bovine Factor X maQLL HLV.LSTA.G L. RPAG-S. .PRDQ.8V ..AR.A.. -

Human Factor VII UV .Q.RLL.... LG.QGCLhA. .VTQ.1.HGV R.HR.A.A-
Human Protein C RIOQLTS LLLFVATWOI SGTPAPLDS. .SSS.R.HQV RIR
Bovine Protein C TS LLLFVT.11I SSTPAPPDS. .SSS.R.HQV RIR. .A..-

HB: 2,581(Q),28(top) 9(D)
5 ^ ^ *Intron 2*lntron 3

H. Faotor IX VRL1FVQGNL IBRBCHBCS FIIVF1N TRT TZFWKQ TVDEM---- 0SN
Factor IX .....R ....K..... X ... ..............

Factor X .H T.. Y. D SDK .'. ......1.----TS
Factor X F.. VK L..A..L. D A.Q.D SX ----.H
Factor VII F... LRP.SX .....Q I.D A... KL .........A.S

B. Protein C LR8SS........I K..Q. VDD. L..1 B.SX.LVLPL.RH
B. Protein C F... LRP ..V V. I.Q. ..D SX S..... XDRPSCS

RB: 3,4,7,57(S)

32(Y) 37(D) 45(R)
55 ^ * Intron 4

B. Factor IX PCL----NCGSCXD DINSYTCWCP FCFIONCBL DVT-----CRNI1NR CS1RCKNSAD
Factor Xx -------7-7--.- 7...QA....T.A.. .K RDT!.

8. Factor ..Q----.Q.K GLOI.T.T.L* TRX---L.SLD ..D D... -0Q
B. Factor X ....----.Q.H C.CD.T.T.A STR ---I.8LD .D. .D -RBIl
B. Factor VII QLQ ..I.F.L PA R T HXDD.QLI.VN1 Y.SD8TC
B. Protein C .ASLCCCH.T.I. C..FSO.D.R S.W. ..RF.QR Z.SF--LN.SLD. .C TRY.-LilV
B. Protein C .DLPCCCR.K.I. CLCGFR.D.A 1.1. ..RF.LH Z.RF--SN0.SAZ. .C A8Y. -NZZl

RB: 25(R)
105 *Intron 5

Factor IX NXVVCSCTZCY.RLbAZNQXSC IPAVPFPCSR VSVSQTSK-----LT RIAVFPD--------VD
B. Factor IX ........D. D ..... ......... ....HI ----KK.. ...TIl.SN--------TN
B. Factor X .S..AR .T. .D ..A. I.TS.Y ...K QTLBRMOVMAQ-A. SSS000 ..SITNKPYDA&

Factor X SB.R.. 1AH. .V.CDDS.S. VSTWR....K FTQtGRSRRSAIH--- -TSIDAL.ASOLBRRDPA
B. Factor VII T.RS.R.R.. ..LS.ADCV.. T.T.Y....X II9------------ ------------------

Protein C M AP. .K.CDDLLQ. B K--P-- ---------------

B. Protein C CRRH AP. ...ZDDHQL. VSX.T ---------LCX . X---------------

RB: 17 (top)
155 ^ *Intron 6

Factor IX YVNSTI1A-TI LD-NITQS--TQS FN--DFTRVVGC 1DBRSQFPW 2 VVL-NRKVDk
B. Factor IX 1R --N..

B. Factor X DLDP. .NPFDL .F. .9P--lRB D.--NL.. .I... ..D.C... AL.I.ZUBIB
B. Factor X DLSP ..SSLDL .GL.R.RP--SGB .......1 R.CRB.RC.. AL.V.I1NIO

Factor VII ----------- -----LRK--RNA SX--PQG IXVCQX.C.. LL.-LVNGAQ
Protein C --- OXR- -RD.BD--QBD QV--. -P.LID. TRRDI. .LDS.XL

B. Protein C ---r-K-R-T .K-RD.NQVDQKD QL--. -P.I.D. Q1 .1S.. A. .LDS.XL
Trypainogen MINPLL-IL TF-VAAAL--AhP .D--.DDKI YNC0MSV.Y S.-.OSYT-

B. Trypainogen VD--.DDKI YTCGANTV.Y .S. - .SCY-

series affect splicing. Therefore, the possible advantages
that splicing has for evolution are balanced against a

significant genetic cost for the organism.

Missense Mutations at Conserved Residues

Factor IX, factor X, factor VII, and protein C are

coagulation serine proteases that have identical func-
tional domains. The arrangement of exons and introns
are also identical in these proteases (Furie and Furie
1988). The amino acid sequence of the catalytic do-
main in these proteins is similar to that of the archetypal
serine protease, trypsinogen. An alignment of the avail-
able human and bovine sequences reveals evolutionar-
ily conserved amino acids (figs. 3 and 4). For an 831-bp
segment which spans exons f-h and includes the acti-
vation and the catalytic domains, we have shown that
33% of the amino acids are conserved in the factor IX
genes of eight species but not in other coagulation pro-
teases (Sarkar and Sommer 1989; Sarkar et al. 1990).

39,59(Q)
RB: 41 (T) 24 (1) 1 () 60 (atop)

205 ^ ^ ^*Intron 7
R. Factor IX FCOGSIVN1I W6IVTAAIC---VE TGVKITVVAS 1RMI1TIRT RQXRNVIRII

Factor IX -1.........VI P......... ... S.XP.P A.

Factor X .... ..LS.F Y.L........---LY QAXFIC.RV. DR.T.Q8.GC
B. Factor X T.L. .F YVL........-lR01.1 RRV. DR.T.OQ. CN .M6101.RIV

Factor VII L ...TLI.TI V.S.... FDXIX NllRNLIA.L ..DLS.HDCD ..R.AQV.
H. Protein C A..AVLIHPS VL........---D ZS.LL.RL YDLRRW.KW .LDLDIKVF

B. Protein C V. .AVLIHVS .VL.V.. ---LD X.LI.9RL YDRBR.SW VDLDIKZV.
Trypainogen .....0tl..Q V.S.C. ---YT SRIQVR.RL VLSI CFNAA..

B. Trypainogen ....(1.LI0.SQ0 ......---YT S.IQVR.RL. QD. .NVV.GCN Q.FISASXS.

HB: a (S) 31 (V) 19.21.22)(1)
255 ^ ^

R. Factor IX PIYALINKYRKRDMIALL LD1PLVLNSY VTPICIADKE YTN-IFLI-FG-S
B. Factor Ix Y.. ... ...... -.-Y

Factor X K.NRF--TUS ........ V.R .IT.ITFRN .A.A.LPZRD UIIsTLNT-QK-T
Factor X K.SRF--VKR ........ V.R .KT.IFRRFN .A.A.LPZ.D MlZTLMT-QK-T

B. Factor VII IPST.--VPCST RQ.V ..TDR .V.L.LPBRT FSI-RT.AFYVR-F
Protein C V.P.. --S0S TTDN ..... IQ.AT.SQT IV LP.SC LBZ-Rl.NQ&.QR
Protein C I.P.. --TXS TSDN .....AR L.AT.SQT IV LP.SO LS0-RK.TQV.Q1

R. Trypsinogen R.PQ. --DRX T.I. .6.11 .001.IR. .9R .ST.SLP--- -.A-PPAT-ST-K
B. Trypsinogen V.PS. --NR. TLE. .6..IX K.SASL. .R .as.SLP--- -.S-CASA-GT-Q

8B: 27(A) 26(R) 38(D) 29,30(stop)
305 ^ ^ ^

Factor IX CYVSGII-----RVF HK0RS-&LVLQ YLRVPLVDRk TCL-----RSTKTI YTMWCAGFR
B. Factor IX .. ..-.I .... Y.

Factor X I F.----.T8 X...Q-STR.R .N S0.-----L.SS.I. TQ YD
B. Factor X .1 ..F----. TH L-SST.K M1.1..?... S L TSS.T. TP D

Factor VII -.-.--QLL DRAT-. V.N ..RLNTQ D ..QQSRRVCDSPN. TY..... Y
B. Protein C TL.S... YRSSl 1X1.1NR9F..N FIXI.V.PHN Z1.S---V-- RSNNV S0..L ...IL

Protein C TV... -----OYRD T.NRTF. .V.PYN A.V-----RAN. S8 ..L IL

Trypainogen CLI.........----NTA SS.ADYPDR.. C.DA.VLSQ. K.R-----A..YPG. TS....V .L

B. Trypainogen CLI .......----NTK SS.T.YPD. .X C.A.ILSNS S.K-----S1YP5Q. TS YL

HB: 11,12,14,16,18,
35(R) 34,40,46,50(T) 20(R)

355 ^ ^
H. Factor IX CGGRDSCQCD SCGPRVTIVR TSSFLTGIIS1601CA1)GX YCIYTXVSRY VNWIXIXTKL T
B. Factor IX ...K ...... ..........

S. Factor X TQI.A. RFX D.Y.V. V. ...G. I. .DRSII.T 'R
B. Factor X TQP.A ..... .VRFXD V. V.V.V... ...DLIM.A R

Factor VII D.SX A. .V. QC..TH.P F.V....9. I.L4ILRIR
B. Protein C CDRQ.A. ..F. .V.LV. .G.CLLHN ..V..... LD. HOHIIRD X

Protein C CDP .A.1 ...R .16..V.LV. C.G.RLYNVL ..V..... L.YRI. Q

Trypainogen ......... V.C--- -NGQ.Q.VW. ..50..Q.N. P.V YN. NTIAa N
B. Trypsinogen V.C--- -SG0.Q. .V. .0SC.Q.. ..V CM QTIAS N

Figure 3 Generically conserved amino acids as determined by an alignment of serine proteases. Factor IX and three procoagulation
serine proteases with a gene structure similar to that of factor IX are shown, with trypsinogen, an archetypal serine protease. The available
bovine and human sequences are shown. The underlined residues are identical in the available human and bovine factor IX sequences and
in at least two of the three other coagulation serine proteases. The underlined residues may undergo highly conservative substitutions in
the coagulation proteases. The allowed conservative substitutions are the following: I/V/L, F/Y, E/D, E/Q, D/N, K/R, T/S, and S/A. Dashes
indicate the introduction of gaps, while periods indicate amino acid identity with human factor IX. The specific sequences used for the
alignment were human factor IX (Kurachi and Davie 1982), bovine factor IX (Katayama et al. 1979), human factorX (Fung et al. 1985), bovine
factor X (Fung et al. 1984), human factor VII (Hagen et al. 1986), human protein C (Beckman et al. 1985), bovine protein C (Long et
al. 1984), human trypsinogen (Emi et al. 1986), and bovine trypsinogen (Mikes et al. 1986).
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These factor IX-specific amino acids are indicated by
triangles in (figure 4b), while those that are conserved
in factor IX and in other coagulation proteases (39%)
are indicated by circles, pentagons, or squares, depend-
ing on the extent of conservation. In total, 72% of the
amino acids are conserved in the eight species. All 17
of the missense mutations in these regions are at con-
served amino acids. Nine other reported mutations
(Spitzer et al. 1988; Toomey et al. 1988; Tsang et al.
1988; Attree et al. 1989; Huang et al. 1989; Montan-
don et al. 1989; Poort et al. 1989; Sakai et al. 1989)
are also at conserved amino acids. The probability that
all 26 mutations would have occurred at conserved
residues by chance is <.003, given the null hypothesis
that mutations do not occur preferentially at conserved
amino acids. For the other regions of factor IX, where
only bovine and human sequences are available (fig.
4a), the missense mutations are also at conserved amino
acids and frequently are at sites that are conserved in
other coagulation proteases.

Eight of the missense mutants at seven amino acids
are at factor IX-specific amino acids (fig. 4a, under-
lines; fig. 4b, triangles; table 1, footnote 6). Many of
these are expected to have significant concentrations
of mutant factor IX in the plasma. Biochemical analy-
sis of such mutant proteins is likely to provide insight
into factor IX-specific interactions such as activation
by factor VII or by factor XI, binding to factor VIII,
proteolytic cleavage of factor X, binding to antithrom-
bin III, and activation of factor VII under certain cir-
cumstances (Masys et al. 1982; Fuchs et al. 1984; Furie
and Furie 1988). Eighteen missense mutants involving
16 amino acids throughout the coding region are at sites
conserved in the coagulation proteases (fig. 4). Biochem-
ical analysis of these mutants should provide insights
into coagulation protease generic functions such as (1)
transcription in the liver, (2) posttranslational modifica-
tions including gamma-carboxylation of glutamate,
Il-hydroxylation of aspartate, N-glycosylation, and
0-glycosylation (Hase et al. 1988), (3) zymogen acti-
vation by cleavage of an activation peptide, (4) forma-
tion of a membrane complex in the presence of calcium
ions, phospholipid, and a cofactor, and (5) proteolysis.

Mutation Rates

One in 30,000 males in Sweden, the United King-
dom, and the United States have hemophilia B (Eyster
et al. 1980; Larsson et al. 1982, Giannelli et al. 1983).
Of the affected individuals, 7.8% represent sporadic
cases (Barrai et al. 1985). This is in general agreement
with our data, which indicate that 8.3% of this sample

are unequivocally sporadic cases and that another 8.3%
may be sporadic; but larger pedigrees are needed to be
certain. Thus, approximately 1/385,000 germ cells
(1/30,000 x .078) has a new mutation that inactivates
the factor IX gene. The rate of mutation (1/385,000
= 2.6 x 10-6) is virtually identical to the values cal-
culated for Germany and Finland (Vogel and Rathen-
berg 1975).
The pattern of mutation described herein and its rela-

tionship to the alignment for eight species of the 831-
bp segment of factor IX (fig. 4) allow a -more precise
estimate of the mutation rate per base pair than has
previously been possible for a human gene. The calcu-
lation focuses on the coding region because the rele-
vant data on evolutionary conservation are now avail-
able. Therefore, intronic splice junction mutations, etc.,
are not included in the calculations. To find Mx, the
frequency per base pair of mutations of type X, the
following equation is used:

frequency of mutations
of type X observed
to cause hemophilia

Mx =
number of base pairs

where a mutation would
cause hemophilia

=
HABX
CxD

where X can be transitions, transversions, deletions,
etc.; where H is the rate of mutation that causes hemo-
philia (2.6 x 10 - 6); where A is the fraction of all mu-
tations in the coding region [(.79; i.e., 34 [including
the total deletion] of 43 total [including the 39 inde-
pendent mutations and the four undefined mutations)];
where Bx is the fraction of all the defined mutations
in the coding region which are of type X; where Cx
is the fraction of mutations oftype X which could cause
disease; and where D is the total number of base pairs
in the coding region (1383). Bx was determined from
table 1, and Cx was calculated from the alignment that
is summarized in figure 4b (table 3). Since all the mis-
sense mutations causing hemophilia are at evolution-
arily conserved amino acids, Cx for transitions or
transversions was calculated as the fraction of substitu-
tions that produce a nonconservative amino acid change.
Since essentially all deletions that affect the coding re-
gion will produce disease, Cx for deletions is estimated
at 1.0. Thus, the mutation rates for transitions, trans-
versions, and deletions are 26.7 x 10-10, 4.1 x
10-10, and 0.9 x 10-10, respectively (table 3). When
the mutation rates are added, an aggregate rate of 31.7
x 10-10 is obtained.
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Germ-Line Mutation Rates

Transitions as Hot Spots of Mutation

CpG is a hot spot ofmutation in multiple genes (Yous-
soufian et al. 1986; Cooper and Youssoufian 1988; Vul-
liamy et al. 1988; Gibbs et al. 1989; Green et al. 1989;
Koeberl et al. 1989). In contrast, CpG was not found
to be a hot spot in the two genes where the greatest
number of single base mutations have been deline-
ated-the a-globin gene and the O-globin gene (An-
tonarakis et al. 1985; Vogel and Motulsky 1986).

In a-globin, the likely explanation is that CpG is not
methylated in the germ line, since the frequency ofCpG
dinucleotides throughout the gene equals the frequency
of GpC dinucleotides. In 3-globin, sampling bias, het-
erozygote advantage, founder effect, and the paucity
of CpG sites could account for the observation (Koe-
berl et al. 1989).
CpG is a dramatic hot spot of mutation in the factor

IX gene (Green et al. 1989; Koeberl et al. 1989). By
a determination of both the number of CpG dinucleo-
tides in the coding region and the number of transi-
tions that would produce nonconservative changes in
the factor IX sequence, it is possible to calculate the
mutation rate at CpG (table 3). The mutation rate can

also be calculated for transitions at other sites. Those
at CpG are elevated 24-fold over transitions at other
sites. Thus, transitions at the 20 CpG pairs account
for 44% (.79 + .35) of all the transitions and for 37%
(11.8 x 10-10 + 31.7 x 10-10) of all the mutations.

At sites that are not CpG, transitions are elevated
7.3-fold over the frequency that would be expected if
all base substitutions are equally likely. By analysis of
a sample of hemoglobin variants in a group of phy-
logenetically-related proteins, a more moderate excess

of transitions had been estimated elsewhere (Vogel and

Kopun 1977). The present data provide a direct mea-
sure of the relative frequency of transitions and trans-
versions during the last century.

Discussion

In the present paper the mutations in 26 individuals
with hemophilia B are presented. These mutants com-

plete a population-based sample of 60 individuals with
hemophilia B. The data delineate the pattern of molec-
ular pathology in hemophilia B. The aggregate data
may be used to estimate the underlying pattern ofgerm-
line mutations in humans. When combined with data
on the evolutionary conservation of factor IX, the pres-

ent data allow the rates of transitions, transversions,
and deletions in a human gene to be calculated.

Validity of the Extrapolation to the Underlying Pattern of
Germ-Line Mutation

The least biased method to discern the pattern of
germ-line mutation is to sequence segments of DNA
from random individuals and their parents. Unfortu-
nately, the rarity of mutations precludes this approach
in the forseeable future. By a screening for mutant

phenotypes (diseases), it is now feasible to delineate
the causative mutation in a large sample of individuals.
However, the screening process may bias the sample
in multiple ways. The following points suggest that he-
mophilia B provides a good model for estimating the
underlying pattern of mutation:

1. Direct sequencing has confirmed Haldane's (1935)
prediction that most families with hemophilia
would have recent independent mutations. In con-
trast, autosomal recessive mutations are generally

Figure 4 Schematic of the amino and carboxy segments of factor IX showing that missense mutations occur at conserved amino acids.
a, Amino segment. The amino acids in factor IX and the location of the missense mutations are shown. Mutation numbers that are boxed
occur at the same amino acid. Mutation numbers separated by only a comma are likely to have originated from one ancestor. The geometric
shapes indicate the degree of conservation as determined by the serine protease alignment in fig. 3. Circles represent identity with the corre-
sponding residue in the available human and bovine sequences for factor IX, factor X, factor VII, and protein C. Pentagons represent highly
conserved (see legend to fig. 3) but not necessarily identical amino acids in these coagulation proteases. Squares represent amino acid identity
in human and bovine factor IX and in two of the three other human and bovine coagulation proteases, while the third protease has a noncon-
servative change. The underlined residues are identical in human and bovine factor IX but not in the other coagulation proteases. b, Carboxy
segment. The amino acid sequence from sheep, pig, rabbit, guinea pig, rat, and mouse factor IX was determined for residues 130-407
by the direct cross-species sequencing method of zooRAWTS (Sarkar and Sommer 1989; Sarkar et al. 1990). An alignment of these six
species plus human and bovine factor IX was generated, and it was used with the alignment presented in fig. 3. In addition to the symbols
defined above, triangles indicate amino acids that are identical in the alignment of eight factor IX sequences but that are not conserved
in the coagulation proteases. Triangles with asterisks indicate conservative changes in the eight factor IX proteins. Pentagons with asterisks
indicate conservative changes in the factor IX species which are also present in the other coagulation serine proteases. Pentagons without
asterisks indicate that the amino acid is identical in the eight species of factor IX but that conservative changes occur among the coagulation
serine proteases. Note: after this figure was made, the canine cDNA sequence became available (Evans et al. 1989). The addition of this
sequence does not alter our general conclusions.
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Table 3

Calculated Mutation Ratesa

Mutation Rate
Type B~b Cxc Dd (x 10-10) Mutational Enhancement

Transition .............. . 79 .45 1383 26.7
Transversion ............ .15 .56 1383 4.1
Deletion ............... .06 1.0 1383 0.9

Total ................ 1.00 ... ... 31.7

Location of Transition

Not at CpG ............ .44 .45 1343 15.3 7.3-Fold relative to transversions
if all base substitutions were
equally likelye

At CpG ................ .35 .50 40 368 24-Fold relative to other
transitions

a Per base pair per germ cell, = HABx/CxD; see text for explanation of formula. HA = 2.1 x 10- 6

(see text).
b For the mutations in the coding region, the fraction that are of type X (see table 2, entry 4).
c For mutations of type X in the coding region, the fraction that produce hemophilia. Calculation

of Cx: for the 831-bp segment where sequence alignment for the eight species has been determined (Sar-
kar et al. 1990), the effect of a transition or a transversion was determined for each base. For amino
acids that were identical in all species, the fraction of changes which altered the amino acid was deter-
mined. For amino acids in which conservative changes occurred during evolution (see pentagons and
triangles with asterisks in fig. 3), the fraction of changes which result in nonconservative substitutions
was determined. This segment is representative of the entire coding region because the fraction of amino
acids conserved throughout the coagulation proteases is similar (38.8% vs. 40.7%; see fig. 4), and the
fraction of mutations in this region is proportional to its length.

d There are 1,383 nucleotides in the coding region of which 40 are in CpG dinucleotides.
e At each site, two transversions and one transition are possible. Consequently, for random base sub-

stitutions a rate of 2.1 x 10-10 is expected, given a transversion rate of 4.1 x 10 -10. A mutational
enhancement relative to transversion is 15.3/2.1 = 7.3.

f 368/15.3 = 24.1.

ancient in origin and susceptible to founder effects
which play a major role in human population bi-
ology.

2. Both the high proportion of sporadic cases and
the diversity of mutations argue strongly against
heterozygote advantage in females.

3. Both the presence of total gene deletions and the
1: 1 ratio of affected to unaffected males in familial
hemophilia B (Ikkala 1960, pp. 82-108) indicate
that the pattern of mutation is not biased by selec-
tive fetal survival.

4. The screening for hemophilia B will reproducibly
detect F.IX:C values 425%. The screen is much
less stringent than that for many other diseases,
for which a much greater loss of activity is re-
quired. Since deletions, frameshifts, and nonsense
mutations are most likely to result in severe dis-
ruption of protein function, the preponderance

of single base substitutions observed in this popu-
lation suggests that a substantial fraction of the
mutations that occur result in disease. In an unbi-
ased sample of single base substitutions in the cod-
ing region, one would expect a ratio of missense
to nonsense mutations of approximately 20:1. If
one disregards the mutations at CpG, the observed
ratio is 17:1.

5. The evolutionarily conserved amino acids have
been defined, and all the missense mutations oc-
cur at these residues. By calculation of the per-
centage of single base substitutions that will
change a conserved amino acid, it is possible to
estimate the percentage of base substitutions that
will cause disease. When these data are combined
with extensive data on the incidence of sporadic
disease, it is possible to calculate the mutation
rate per base pair for different types of mutation.
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Note that our extrapolation to the underlying pat-
tern could be in error if the pattern of mutation at
nucleotides in the coding region that do not give rise
to hemophilia are very different from those that cause

disease. However, we suggest that this is unlikely, be-
cause of (1) the high fraction of changes which should
cause disease (see C. in table 3) and (2) the inter-
spersed nature of the nucleotide changes that would
and would not cause hemophilia.

Previous estimates of the Mutation Rate

The mutation rate giving rise to disease has been es-

timated for at least 18 Mendeliar genes including five
X chromosomal genes (Vogel and Motulsky 1986). In
most cases, calculation of an accurate mutation rate

per base pair has been limited by the possibility of sub-
stantial genetic heterogeneity and by the lack of knowl-
edge of the gene product and the gene structure. In
diseases such as hemophilia A, hemophilia B, and
Duchenne muscular dystrophy, for which the gene struc-
ture is now known, an unknown fraction of the muta-
tions produce disease. In some genes such as ubiquitin,
essentially 100% of amino acid changes are expected
to inactivate function, while in other genes, such as the
HisC gene of Salmonella, the Lacl gene of Escherichia
coli, or the rII gene of T4 phage; (10% of mutations
generate the detected phenotype (Whitfield et al. 1966).

Previous estimates of the mutation rate per codon
have been made (for review, see Vogel and Motulsky
1986). When corrected to mutation rates per base pair,
the previous estimates are 33-250 x 10- 10/bp/gener-
ation. These estimates were based on analyses of he-
moglobin variants, on the rate of a-globin pseudogene
evolution, and on the incidence of novel electrophoretic
variants in the population. The most extensive and di-
rect of these studies (Neel et al. 1986) yielded an esti-
mate of 100 x 10- 10, on the basis of a Japanese popu-
lation study which involved a total of 539,000 locus
tests distributed over 36 polypeptides which yielded
three presumptive spontaneous mutations altering the
electrophoretic mobility of the peptide.
The previous estimates are higher than our more di-

rect estimate. The relative contributions of transitions,
transversions, and deletions can now also be estimated.
If the rates for factor IX are typical of the human ge-

nome, the present data estimate that, per generation,
there are, on average, 8.0 transitions, 1.2 transversions,
and 0.27 deletions. Since the median coding region is
1.2 kb (Sommer and Cohen 1980) and since there are

about 50,000 genes in the human genome, approxi-

mately 0.19 mutations/generation should occur in
regions of likely functional significance.

Generality of the Underlying Pattern

The general pattern of spontaneous germ-line muta-
tion may well be similar throughout the genome. How-
ever, it is possible -and, in fact, likely- that hot spots
of insertions, deletions, recombination, or transposi-
tion may alter the pattern in any particular gene. Con-
versely, CpG, which is generally a hot spot of mutation,
will not be a hot spot in genes that are unmethylated
in the germ line. These differences may account for the
20-fold variation in the locus-specific mutation rate that
has been estimated in South American Indians by the
examination ofpopulation data on electrophoretic vari-
ants for proteins (Chakraborty and Neel 1989). Alter-
natively, the 20-fold variation may reflect (1) variability
in the fraction of mutations that result in detectable
electrophoretic variants (besides deletions, frameshift,
and nonsense mutations, a large and variable fraction
of missense mutations may not be detected because of
the sort of rapid proteolysis that occurs in factor IX,
where the great majority of mutations causing hemo-
philia result in greatly reduced or nonexistent antigenic
material [Hedner and Davie 1989]); (2) the unknown
contribution of heterozygote advantage which will se-
lect from mutant alleles at some loci; (3) possible dom-
inant lethal mutations, especially with some of the mul-
timeric proteins; and (4) uncertainties in tribal migration
and other demographic factors. Clearly, more data are
needed to determine the extent of variation in both the
rate and the pattern of mutation in the human genome.
With the above caveats, it is intriguing that the un-

derlying pattern deduced from the analysis of muta-
tions causing hemophilia B is compatible with the var-
ied pattern observed in other X-linked diseases. For
example, Lesch-Nyhan disease is a severe X-linked dis-
ease due to the absence of hypoxanthine phosphoribo-
syl transferase (HPRT). Southern blot analysis of indi-
viduals from 45 families revealed deletions/insertions
in 15% of individuals (reviewed in Stout and Caskey
1989). Analysis by direct sequencing of 15 individuals
with normal Southern blots revealed eight microdele-
tions/insertions and seven base substitutions (Gibbs et
al. 1989). The excess of deletions/insertions in com-
parison with hemophilia B may reflect the lower frac-
tion of base substitutions capable of eliminating the
required 99 + % of activity in this cytosolic housekeep-
ing enzyme.

In hemophilia A large deletions are uncommon
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(12%), and CpG is a hot spot of mutation (reviewed
in Antonarakis and Kazazian 1988). However, the large
size of the gene has, to date, precluded the delineation
of mutations in a consecutive series of patients.

In Duchenne and Becker muscular dystrophy, at least
two-thirds of the mutations are large deletions detect-
able by Southern blotting (reviewed in Mandel 1989).
However, this observation is still compatible with the
present underlying mutation rates, because the Duchenne
gene product is a huge, highly repetitive protein of 400
kD that is encoded by a 2,300-kb gene with more than
75 exons. Even some large deletions in multiple regions
do not inactivate the gene sufficiently to cause Duchenne
or Becker muscular dystrophy if the reading frame is
preserved. In addition, reinitiation ofmRNA synthesis
and alternate splicing have been postulated to explain
the mild phenotypes of some deletions that produce
frameshifts. One such example is a frameshift deletion
that includes exons 3-7, which code for a nondupli-
cated structure near the amino terminus of the mole-
cule (reviewed in Mandel 1989). On the basis of the
data cited above, it is likely that missense mutations
will rarely give rise to disease, and even certain non-
sense mutations will not cause disease. Despite the low
underlying frequency of deletions per base pair (0.9
x 10- 10), the high incidence of new mutations caus-
ing Duchenne muscular dystrophy can be explained by
the large target size for deletions that is afforded by the
2,300-kb gene. The mutation rate for Duchenne mus-
cular dystrophy is 4.76 x 10- 5/germ cell causing dis-
ease (Moser 1984). On the basis of our mutation rate
for deletions, 20.7 x 10 - i deletions/germ cell are ex-
pected. Thus, the observed fraction of deletions predicts
that a minority (13%) of all deletions give rise to dis-
ease. This is a reasonable prediction for a highly redun-
dant protein product with very long introns (average
size about 30 kb).

Comparison with the Pattern of Spontaneous
Mutation in E. coli

In bacteria (Farabaugh and Miller 1978; Schaaper
et al. 1986) and bacteriophage (Drake 1969, pp.
177-185), frameshifts account for 90% of the observed
mutations. Although the observed pattern seems dis-
similar to that of factor IX, further analysis suggests
that there are similarities in the underlying patterns.
The lad gene of E. coli has been the most intensively
studied, but the selection schemes require virtually
100% disruption of function. Of the 15 (9%) single
base substitutions found in a collection of 169 mutants
in lad, nine missense and six nonsense mutations were

seen (Schaaper et al. 1986). Correcting for the expected
frequency of about 20 missense mutations for every one
nonsense mutation shows that 44% of the underlying
mutations are substitutions, versus the 9% actually ob-
served. If the frameshift hot spot of deletion/insertion
at a triple tandem repeat of 4 bp is eliminated, 68%
of the mutations are single base substitutions.
The ability to rapidly screen for the presence of non-

sense mutations allowed the pattern of single base sub-
stitutions to be examined. When 222 independent am-
ber nonsense mutations were examined at the lacI gene,
5' methyl C was found to be a dramatic hot spot of
mutation. Forty-four percent of the mutations were at
three of 36 sites that contain 5-methyl-C (Couloundre
et al. 1978). Of the remaining mutations, transitions
were elevated (56% were transitions, while only 39%
were expected at random). In mutants defective in the
mutH system of mismatched repair, there is a further
enhancement of mutations at transitions; 75% of all
the observed mutations were base substitutions, and
96% of these substitutions were transitions (Schaaper
and Dunn 1987).
We speculate that this similarity may not be coin-

cidental. It is possible that both the rate and the pattern
of mutation are conserved through evolution, especially
if (1) spontaneous mutation is mostly due to endoge-
nous mutational processes such as methylation at C,
transposition, and polymerase errors, and (2) DNA re-
pair systems are highly conserved.

Baseline Data for Estimating the Maximum Contribution
of Mutagens

Each mutagen has its own fingerprint of mutation
(Friedberg 1985). The development of direct genomic
sequencing makes it feasible to determine the finger-
print of classes ofmutagens in mammalian cells. If such
data can be extrapolated to germ-line cells, then the
maximal contribution of a class of mutagens to spon-
taneous mutations can be estimated. For example, sup-
pose that deletions account for 50% of the mutations
generated by a mutagen such as X-rays. In this case,
at most 8% of the observed spontaneous mutations
could be caused by that class of mutagens, since dele-
tions account for only 4% of all underlying spontane-
ous mutations.
The high frequency of transitions at CpG may be

caused by mutagens such as bisulfite, which enhances
the rate of deamination at cytosine of 5'-methyl-C. How-
ever, such deamination occurs spontaneously. It is pos-
sible that the transitions at CpG, which account for
one-third of all mutations causing hemophilia B, repre-
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sent an endogenous system of mutation. It is intriguing
to speculate that most mutations may result from en-
dogenous processes. Perhaps the rate of spontaneous
mutation is under tight biological constraints. Too lit-
tle mutation results in extinction of the species because
of inability to adapt to environmental changes. Yet, more
than the requisite mutation rate will increase the average
morbidity of the species, since virtually all disease has
a genetic component. With direct sequencing, it is now
possible to directly determine whether the overall rate
of spontaneous mutation and perhaps even the rates
of specific mutational types are similar throughout phy-
logeny.
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