the slowing of the recovery following CI~
injection in the presence of furosemide sug-
gest a furosemide-sensitive net outward
transport of Cl™. In GC, the Ejpgp was fairly
independent of whether 144 KCl or 0.6M
K,SO,4 was present in the recording elec-
trode. Yet, the results of Cl™ injections
indicated that the IPSP was dependent on
ClI™ and that, because of rapid recovery, an
outward pump must be present in GC.
However, a furosemide-sensitive outward
pump seems difficult to reconcile with the
usually depolarizing IPSP of GC. Because
the depolarizing IPSP is diminished in the
presence of furosemide, GC must have an
additional inward pump mechanism. Yet
only an outwardly directed CI™ transport
mechanism has been described in mammali-
an central neurons (1). However, there is an
inward pump sensitive to ammonium (15)
or furosemide in frog motoneurons (16) and
rat sympathetic neurons (17). The furose-
mide-induced shifts of the apparent Eipsp
and of the GABA reversal potential ob-
served in this study suggest that the internal
Cl™ activity of GC and CA3 cells is regulat-
ed by inward and outward Cl™ transport
processes. A homogeneous distribution of
inward and outward Cl™ pumps in GC and
a dendritic and somatic localization of these
pumps in CA3 cells (I18) accounts for both
the changes in Ejpsp and the observed shifts
in the multiphasic GABA responses.
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Identification of a Missense Mutation in the Factor
VIII Gene of a Mild Hemophiliac

JANE GITSCHIER,* WILLIAM 1. WoOD, MARC A. SHUMAN,

RicHARD M. LAWN

DNA probes derived from the cloned factor VIII gene can be used to detect mutations
in the factor VIII gene of hemophiliacs. DNA hybridization analysis led to the
identification of two contrasting point mutations in the same codon. In a severe
hemophiliac with no detectable factor VIII activity, the normal arginine codon
(number 2307) is converted to a stop codon, while in a mild hemophiliac with 10
percent of normal activity, this same codon is converted to glutamine.

HE GENETIC DISEASE HEMOPHILIA

A (classic hemophilia) is caused by a

defect in the blood coagulation pro-
tein, factor VIIL. From the cloning of the
human factor VIII gene (1—4), the sequence
of the 2332—amino acid protein has been
determined. This sequence data provides the
basis for understanding the mechanism of
action of factor VIII, and the cloned gene
has been instrumental in elucidating the
molecular basis of hemophilia. We have
previously reported the use of cloned DNA
probes to demonstrate examples of both
deletion and point mutations in the factor
VIII gene of several patients with severe
hemophilia (5). All of the point mutations
in these patients resulted in stop codons
(nonsense mutations). We now describe an
amino acid substitution due to a missense
mutation that occurs in a mild hemophiliac.
This amino acid change is in the same codon
in which a nonsense mutation led to severe
disease.

In our initial survey of hemophilia DNA
samples (5), the enzyme Taq I proved to be
particularly useful for detecting mutations in
the factor VIII gene. The recognition se-
quence for Taq I (TCGA) contains the
dinucleotide CpG, the most common site of
methylation in human DNA and a possible
site of increased mutation due to deami-

nation of cytosine leading to C to T transi-
tions (6). In two surveys of hemophilia
DNA’s for changes in the Taq I sites within
the factor VIII gene, the expected mutation
was identified in three of the seven Taq I
sites occurring in the protein-coding regions
(5, 7). One example we have described is the
case of a severe hemophiliac, H22, having
no detectable factor VIII activity, in which a
Taq I site normally present in the coding
region of exon 26 (the 3’-most exon) is
missing (5). Cloning and sequencing of the
H22 DNA in this region demonstrated the
expected C to T change in the CpG dinucle-
otide of the Taq I site. This mutation con-
verts a CGA (arginine) codon to a TGA
(stop) codon 26 amino acids before the
normal chain termination site (Fig. 1).

The same Taq I site is also missing in the
DNA of another patient, H104, who is a
mild hemophiliac (9 percent factor VIII
activity). To account for the phenotypic
difference between these two individuals, we
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Fig. 1. Analysis of the mutant A
factor VIII gene in patient
H104. (A) A Southern blot of
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and H104 DNA’s (5 pg per
lane), digested with either Taq I
or Eco RI, was hybridized (5)
to a 1.9-kb Eco RI complemen-
tary DNA fragment that con-
tains exon 26 (2). The normal
2.8-kb Taq I fragment in the
AL7 DNA (5) is shifted to 12
kb in H22 and H104 DNA,
whereas the normal 4.9-kb Eco
RI fragment in AL7 DNA, also
present in H22 DNA, is shifted
to 11.5 kb in H104 (the 5'-
adjacent Eco RI fragm
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ent in
normal DNA is 6.6 kb). (B)
Ten micrograms of Rsa I-di-
gested DNA from the AL7 cell
line and from patients H22, and
H104 were separated by elec-
trophoresis on each of three 1
percent agarose gels. The gels
were hybridized individually to
one of three 18-base oligonucle-
otides (bottom). The normal
(AL7) and mutant (H22 and
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H104) amino acid sequences are indicated. The oligomers were end-labeled with 32P. Gels were dried
(8), hybridized, and washed at 55°C in 3M TMACI as described (9). Films were exposed 2 to 4 days at
—70°C with one intensifying screen. (The same results were obtained with a trio of 22-base oligomers
with a central mismatch washed at 61°C in TMACI, but with somewhat less discrimination in

hybridization. )

postulated that the mutation in the Taq I
site in H104 occurred by a C to T transition
in the reverse complement strand of DNA.
This would produce a G to A change in the
coding strand and replace an arginine codon
with a glutamine codon (Fig. 1). A South-
em blot of DNA digested with Eco RI was
consistent with this proposal. The partially
overlapping Eco RI site in the H104 DNA
is lost along with the Taq I site, as predicted
by this nucleotide substitution (Fig. 1).

To determine the sequence of H104
DNA in this region, a series of three 18-base
oligomers was synthesized, differing at a
single internal position: probe 1 has the
sequence of normal (nonhemophilic) DNA,
prepared from the cell line AL7 (2), probe 2
has the H22 DNA sequence, and probe 3
has the proposed sequence for H104 (Fig.
1, bottom). These oligomers were end-la-
beled with **P and hybridized individually
to three identical gel panels (8), each con-
taining DNA from AL7, H22, and H104.
The gels were washed in 3M tetramethylam-
monium chloride (TMACI) at 55°C.
TMACI eliminates the preferential stability
of GC versus AT base pairs and is an
improvement upon the use of standard sa-
line citrate (SSC) since the wash conditions
need not be determined empirically for each
sequence (9). The blots were washed at
55°C, a temperature 2° to 3°C below the
dissociation temperature for an 18-base oli-
gonucleotide (9). Under these conditions
AL7 DNA hybridizes only to probe 1, H22

1416

DNA only to probe 2, and H104 only to
probe 3 (Fig. 1B). Therefore, at conditions
which are sufficiently stringent to discrimi-
nate a single-base mismatch in the control
DNA samples, H104 hybridizes with probe
3 exclusively, thus demonstrating that the
sequence in H104 is as predicted. High
stringency washes with TMACI eliminate
the extraneous binding often associated with
oligonucleotide hybridization to genomic
DNA in SSC.

The missense mutation in H104 leads to
the substitution of a positively charged argi-
nine by a neutral glutamine residue. We
cannot be certain that the missense mutation
is responsible for the hemophilia in patient
H104. Other base changes in the 186,000
bp of the factor VIII gene or at other loci
might also affect the protein. However, it is
likely for several reasons that the reported
base change would result in the mild hemo-
philia phenotype. First, this base change has
not been seen in 220 other human X chro-
mosomes (80 normal and 140 hemophilic)
that we have examined; hence it is not a
common polymorphism associated with
normal or hemophilic individuals. The
mother of H104, a known carrier of hemo-
philia, is heterozygous for the mutation.
Second, the affected amino acid residue may
be important for the integrity of the protein.
The arginine residue is located in the 80-kD
fragment of the protein retained in the
thrombin-activated state (10), and it is con-
served in the two copies of the homologous

C domains that comprise the carboxyl termi-
nal portion of factor VIII (I). The substitu-
tion of an uncharged for a positively charged
amino acid could have a destabilizing or
inactivating effect on the molecule. Finally,
all of the deletion and chain termination
(nonsense) point mutations that have thus
far been described for factor VIII occur in
patients with severe hemophilia. It is reason-
able that some missense mutations would
lead to mild disease.

The mild hemophilia in patient H104 is
due to reduced levels of circulating factor
VIII rather than inactivation of the protein
itself. The patient has about 6 percent of the
normal amount of factor VIII antigen. In
this case, as in about 90 percent of all cases
of mild hemophilia, a diminished level of
factor VIII antigen coincides with the level
of clotting activity. Although some of these
cases would be expected to arise from muta-
tions affecting rates of synthesis or secretion,
subtle changes in the protein could also
affect activation or stability. However, the
altered amino acid in this case does not
occur in a position known to be cleaved by
thrombin, factor X, or activated protein C
during the process of activation and subse-
quent inactivation of factor VIII (10). Fac-
tor VIII was partially purified from patient
H104 with the use of a monoclonal ant-
body specific for the 80-kD fragment (2). It
was found to clot factor VIII-deficient plas-
ma and respond to thrombin activation in a
normal fashion (11). Hence the missense
mutation in the factor VIII gene of this
individual might produce a clotting factor
that functions rather normally, but is rela-
tively unstable and more quickly degraded.
In this regard it resembles several unstable
hemoglobin variants of otherwise normal
activity that are caused by amino acid substi-
tutions (12).
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