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Abstract

In five patients with hemophilia B and detectable Factor IX
antigen, altered reactivity to a specific polyclonal antibody
fraction or monoclonal anti-Factor IX antibodies was noted.
Amplification of selected portions of their Factor IX genes by
polymerase chain reaction allowed rapid identification of a
single base transition in each of the five families tested. In a
patient with severe hemophilia and an altered calcium binding
domain, a G to A transition in exon II changed the codon for
Glu-27 to Lys (Factor IXSie,, 3). Patients from two families
with mild hemophilia with decreased reactivity to a MAbthat
binds to a site within the sequence coded for by exon IV had a
G to A transition changing the codon for Gly-60 to Ser (Factor
IXD,,ihim). Two unrelated patients with moderately severe he-
mophilia lacked reactivity to another murine monoclonal anti-
Factor IX which binds to an epitope in the amino-terminal half
of the heavy chain of Factor IXa. In these patients, exon VIII
contained a G to A transition changing Arg-248 to GIn (Factor
IXSeattle 4).

Introduction

Hemophilia B is an X-linked bleeding disorder caused by defi-
ciency of Factor IX clotting activity in patients' bloods. Ge-
netic heterogeneity is reflected by varied clinical severity and
different levels of Factor IX activities and antigen found in
plasmas of affected members from different families (1). The
known molecular defects of Factor IX in patients with hemo-
philia B are likewise heterogeneous, including gene deletions,
an insertion, and point mutations (2). Because of the lack of a
selective advantage of hemophilia, it can be assumed that each
family has a "private" defect (3). Occasionally, patients from
different families will have the same defect (e.g., references
4-6), suggesting the presence of mutation hot spots.

Recently, additional point mutations are being defined by
using the polymerase chain reaction and sequencing the am-
plified DNA fragments (e.g., references 7-9). In the current
study, amplification and DNAsequencing were performed on
selected regions of the Factor IX gene. These regions were
identified because of decreased binding of the respective he-
mophilic Factor IX proteins to antibodies known to react with
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epitopes in distinct sequence regions of the Factor IX protein.
Each patient had detectable hemophilic Factor IX proteins
that were characterized immunochemically. Three distinct
point mutations in five different families were identified.

Methods

Factor IX assays. Factor IX clotting activities were determined in the
one-stage clotting assay using deficient substrate plasmas as described
(1). Factor IX antigen levels were from immunoradiometric assays
using fractions of polyclonal rabbit anti-Factor IX sera (10). For some
assays, MAbs were used as the solid phase (adsorbed) reagent with
labeled polyclonal rabbit anti-Factor IX fractions as the second anti-
body. MAbs included ClOD (1 1), 2D5 provided by Howard Reisner,
Chapel Hill, NC (12), and A-l and A-7 from Kenneth Smith, Albu-
querque, NM(13).

Purification and electrophoresis of hemophilic Factor IXs. Heparin-
ized plasma samples (5-15 ml) were immunoaffinity purified over a
column (1 ml bed volume for 1-5 ml plasma) of CH-Sepharose to
which 1 mg/ml rabbit calcium-dependent polyclonal antibody had
been attached. Columns were equilibrated in 5 mMCaCI2 and the
partially purified Factor IX eluted in 10 mMEDTA. For the proposi-
tus in family B-2, a 500-ml sample of plasma was available and his
Factor IX was purified as described for Factor IXvancouver (14). Briefly,
the barium citrate eluate was immunoaffinity purified and then chro-
matographed on a mono-Q column. This material was then radioio-
dinated as described (1). PAGEin SDS was performed as described
(15) for partially purified patient vs. normal Factor IXs which were
immunoblotted, or by transfer to nitrocellulose and direct radioautog-
raphy for '251-labeled Factor IXs.

DNAsamples, purification, and polymerase chain reaction (PCR).'
DNAwas extracted from leukocytes prepared from 10-20 ml whole
blood anticoagulated with either heparin or EDTAand genomic DNA
isolated as described (16). The PCRwas performed according to a
modified method described by Saiki et al. (17) with an automatic DNA
thermal cycler (Perkin Elmer-Cetus, Norwalk, CT). The conditions
were set at 94°C for I min for denaturation, followed by 1.5 min at
50°C for annealing, and 2 min at 70°C for extending. A total of 30
cycles were performed. Three sets of primers (20-25 mers) were used to
amplify exon II, exon IV, and the 5' half of exon VIII and their exon/
intron junctions. The locations and directions of the primers are
shown in Fig. 1. The lengths of the amplified fragments are 338 bp for
exon II, 273 bp for exon IV, and 363 bp for exon VIII.

DNAsequencing. The amplified DNAfragments were purified and
subjected to direct nucleotide sequencing by the dideoxy chain termi-
nation method of Sanger et al. (18). The sequence kit and procedure
were obtained from United States Biochemical Corp., Cleveland, OH.
The primers used for amplification served as primers for sequencing.
After completing the sequencing reaction the samples were applied to a
6% polyacrylamide/urea gel and run at 65 Wfor 2-4 h. The gel was
fixed in 5% methanol, 5%acetic acid, dried, and exposed to x-ray film
(XAR5; Eastman Kodak, Co., Rochester, NY) for 1-3 d. Under these
conditions 150-200 bp of sequence could be read from the ladder. All
five patients' DNAwere amplified and sequenced both directions
through the three fragments to serve as internal controls.

1. Abbreviations used in this paper: PCR, polymerase chain reaction.
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Figure 1. Factor IX gene organization and strategy of PCRamplifi-
cation and sequencing of patients' DNA. The schematic diagram for
the gene (- 33.5 kb) with its eight exons (solid bars) is shown. The
locations of the primers are in the enlarged portions of the maps
above and below the gene. Primer sequences and directions (arrows)
are given and numbered according to the nucleotide sequence of Yo-
shitake et al. (22), including PI, 5'GAAATTGGCTTTCAGATTAT
(6212-6231); P2, 5'ACGGTAATATCTAAAGTGTT(6650-6631);
P3,5'CCAATGAGTATCTACAGGGG(10314-10333); P4, 'TAC-
ACCAATATTGCATT'T-TC(10587-10568); P5, 5GCCAATTAG-
GTCAGTGGTCC(30730-30749); and P6,5'TGAAGAACTAAA-
GCTGATCT(31092-31073). Of these, P2, P4, and P6 represent re-

verse or antisense sequences.

Patients. Affected members from 115 families with hemophilia B
were screened for Factor IX antigen levels by several immunoassays.
Samples were provided with informed consent as approved by the
HumanSubject Review Committee of the University of Washington.
One-third were clinically severe and of these, six had < 0.1 U/dl base-
line Factor IX antigen. In three specific immunoassays, patients from
six other families had decreased Factor IX antigen levels relative to
their total Factor IX antigen. At the times of sample collection these
patients had not been treated for at least 4 wk. Immunologic results in
the six families are referred to as A, B- I to -3, C- I and -2, and DNAwas

available in all but B-3. All but the elder member of B-2 had a positive
history of hemophilia in earlier generations.

Patient A was 36 yr old with a lifelong history of joint and muscle
bleeds, both spontaneously and after trauma. His clotting activity was

< I U/dl with a mildly reduced antigen level. He had received replace-
ment therapy since childhood and had advanced hemophilic arthropa-
thy in several joints. The hemophilic gene could be traced to four
generations of his family.

Patients from the families in group B all had mild hemophilia B,
having required only occasional replacement therapy for bleeding in-
duced by major trauma or surgery. Factor IX clotting activities ranged
from 15 to 25 U/dl with total antigen levels from 25 to 55 U/dl. In
family B- , plasmas from five affected members were tested (see Fig. 5
and Table III in reference 10). Their hemophilic gene was present for at
least five generations. Family B-2 consisted of a 62-yr-old manand his
6-yr-old grandson. Only occasional bleeding episodes were encoun-

tered throughout life and were managed with plasma. Patient B-3 was

last seen at age 12 before moving. He had only required plasma once

for prolonged oozing after tooth extractions.
The patients in group Chad moderately severe hemophilia B with

low Factor IX antigens and were previously reported as not having
detectable reactivity to a murine monoclonal anti-Factor IX antibody
that reacts with an epitope within the heavy chain of Factor IXa (11).
Patient C-l was 72 yr old and in need of hip surgery. When he was

younger he had several bleeding episodes related to trauma but re-

quired little therapy over the past several years. By history, his mater-
nal grandfather was affected. Patient C-2 was 37 yr old and had several
deep muscle hematomas related to minor injuries that required pro-
longed treatment. His hemophilic gene was presented for at least three

generations. There was no living ancestor available for testing in any of
the five families who represented a potential origin of the mutation.

Results

Immunoassays on hemophilic Factor IX proteins. Table I pre-
sents the Factor IX levels as clotting activity, total antigen, and
antigen by three immunoradiometric assays with more specific
antibodies. Patients from the six different families tested were
grouped according to reactivity in the specific assays where the
epitopes primarily reflect the Gla-domain (A), the first epider-
mal growth factor-like region (B), and the amino-terminal half
of the heavy chain of Factor IXa (C). It should be noted that
patients from each of these families had decreased reactivity in
a single, specific assay with comparable levels in other assays.
None of the other 109 patients, nor a separate series of 35
normal Caucasian male donors, had > 15% difference in any
of their specific vs. total clottable Factor IX antigen levels.

The patient in family A had mildly reduced total Factor IX
antigen with levels from the calcium-dependent assay of only
one-third of his total antigen level. In a separate immunora-
diometric assay using as a solid-phase A- 1 and as labeled anti-
body A-7 MAbs, where the latter is dependent on divalent
metal ions (13, 15), his plasma level was 11 U/dl. This value
was the same as determined for the polyclonal, calcium-de-
pendent system (Table I). The epitopes to which this antibody
fraction binds, in the presence of calcium, are on the light
chain of Factor IXa and reactivity is reduced in vitamin K
disorders (15, 19). It was predicted that this patient's defect
would involve the Gla domain, and, because of his severity
and the relative importance of the more amino-terminal Gla
residues of prothrombin, that the defect would be within
exon II.

The B group of families were not known to be related and
all had mild hemophilia with mildly reduced Factor IX anti-

Table I. Factor IX Levels in Six Patients' Plasmas

Factor IX level

Patient Clinical Clotting Total (p) Ca2l (p) 2D5 (m) ClOD (m)
(family) severity activity antigen antigen (50-84) (181-310)

Uldl

A* (1) Severe <1 30 10 29 29

B-l* (5) Mild 17 30 32 11 29
B-2* (2) Mild 11 19 20 7 19
B-3 (1) Mild 10 18 20 9 20

C-1* (1) Moderate 3 4 3 2 <0.1
C-2* (1) Moderate 4 3 4 2 <0.1

Factor IX antigen levels were determined by immunoradiometric
assays, including polyclonal (p), nondivalent metal ion-dependent
fraction for total antigen and Ca2' antigen by divalent metal ion-
dependent polyclonal anti-Factor IX fraction (15); 50-84, a murine
monoclonal (m) anti-IX, referred to as 2D5, with its epitope in the
first epidermal growth factor-like region (12, 20); and 181-310, an-
other murine monoclonal reacting with the amino-terminal half of
the heavy chain of lXa (I1, 12).
* DNAanalysis reported in the current study. Numbers in parenthe-
ses are numbers of affected members immunoassayed; where sam-
ples from more than one affected individual were tested, results from
a representative patient are presented.
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gen levels. Apparent antigen levels of one-fourth to one-half
were found when 2D5 was the solid-phase antibody, compared
with all other immunoradiometric assays (Table I). This ratio
was present in all five affected members in family B- I tested,
the two affected members in B-2, and the one in B-3. This
suggested that they all had the same or very similar defects.
When the 0.1 MNaCI was omitted from incubations and
washes in the immunoradiometric assays (lower ionic strength
assays; not shown in table) there was insignificant change in
the total Factor IX antigen with polyclonal antibodies, but in
the solid-phase 2D5 immunoassay these patients showed an
apparent twofold increase compared with controls. Washing
after the sample incubation with 0.5 MNaCl instead of the
usual 0.1 MNaCl reduced their apparent levels 20% further in
the 2D5 assays. Thus, the reduced binding of patients' plasma
Factor IXs to 2D5 was ionic strength dependent. Within fam-
ily B-1, Factor IX clotting activities and antigen levels of af-
fected members varied nearly twofold among different indi-
viduals. Where tested, these appeared to be constant in up to
three separate samples from the same individual (see reference
10). Since 2D5 binds to an epitope within the sequences coded
for by exon IV (12), it was predicted that patients from these
three families would have an amino acid substitution within
this amino-terminal epidermal growth factor-like region (20).

A different immunoradiometric assay using solid-phase
A- 1 antibody was used to test for the dimorphism at residue
148 (10). All patients in Table I except for the two in family
B-2 were strongly reactive, indicating they had the Thr-148
allele. Hemophilia in the two patients from family B-2 was
associated with the Ala-148 allele (e.g., markedly decreased
binding to solid-phase A- I MAb).

Although not known to be related, and from different eth-
nic and geographic lineage, the two patients, C-I and C-2, had
similar low levels of Factor IX activity and antigen and moder-
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ately severe bleeding tendencies. As previously reported (1 1),
they lacked detectable binding to ClOD, a MAb, which in-
volves residues coded within the last 15 codons of exon VI,
exon VII's 28 codons, and the first 77 codons of exon VIII
(12). Over half of these exon VIII coding sequences are in
variable regions of the heavy chain of Factor IXa (21). There-
fore, it was predicted that exon VIII would most likely contain
the substitution(s) in these patients.

Immunoelectrophoresis of hemophilic proteins. All pa-
tients' partially purified Factor IXs migrated the same as nor-
mal Factor IX on immunoblots after PAGE(7.5%) in SDS. In
addition to these results with partially purified Factor IXs, a
purified sample from two patients in family B- I and one from
the affected member C-2 also showed normal mobility. After
Factor XIa cleavage, the isolated, radiolabeled hemophilic
Factor IX from patient B-2 was electrophoresed. Activation
cleavages occurred to a comparable extent as with normal
Factor IX and migration of both heavy and light chains was
indistinguishable from the normal control.

Single point mutations and derived amino acid substitu-
tion. From the amplified patient DNAfragments, single point
mutations were identified in patients of all five families tested.
For the patient in family A, a G to A mutation (see Fig. 2 a)
was found at nucleotide 6,454 in exon II. This changed the
codon for Glu-27 to Lys, at a residue that is normally gamma
carboxylated. For two patients in family B-I and the proposi-
tus in B-2, Gto A transitions (Fig. 2 b) were found at nucleo-
tide sequence 10,430 in exon IV. This will change Gly-60 of
the normal Factor IX sequence to Ser in these patients. For
families C-I and C-2, a Gto A transition was found at nucleo-
tide 30,864 (Fig. 2 c). This mutation changes Arg-248 to Gln in
the patients' Factor IXs. Fig. 2 also summarizes the three point
mutations and their derived amino acid changes in the fami-
lies. The three amplified sequences (a 1,100 bp sequenced) in
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a b

Normal Factor IX 26 27 28

c

59 60 61 247 248 249
AA ---- Glu Glu Ala ----- Gly Gl Ser ----Lys AgAsn.----

DNA - - - £ GAA GAA GCA - - - - GGCGGCAGT - - - - AAG CGAAAT *- - - -

FIX Seattle 3 DNA GAA AAA G -
(patient A) AA - - - - Glu Lys Ala -___

FIX Durham
(patients B-1 and B-2)

FIX Seattle 4
(patients C-1 and C-2)

DNA - - - 5- GGCAGCAGT*3- -- -

AA - -- -- Glyt ir-----S

DNA - - - - AAG CAA AAT - ----
AA----- Lys ::WAsn --

Figure 2. Partial sequences of three
point (G to A) mutations. (Top) Se-
quence gels with the altered and adja-
cent codons. a, b, and c reflect hemo-
philic defects within exons II, IV, and
VIII, respectively. Sequences are indi-
cated on their right. The normal base is
underlined (not shown in gels) and the
mutant base is shaded. (Bottom) Partial
nucleotide sequences are shown with
derived amino acids of the normal and
mutant and their adjacent codons. The
substituted base and amino acid are
underlined in the normal sequences
and shaded in the hemophilic patients'
sequences. Codon and amino acid resi-
due numbers are from the amino ter-
minus of the mature protein. AA,
amino acid; FIX, Factor IX.
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patients with each of these three defects were otherwise as
previously reported for normal Factor IX (22).

Discussion

A group of unrelated hemophilia B families was studied with
affected members showing altered immunoreactivity to one of
three specific antibody preparations. A strategy was devised to
localize their defects, predicting that point mutations would be
found within or near the regions of Factor IX that bind these
antibodies in exons II, IV, or VIII among the five families
tested. After PCRamplification and direct sequencing of the
selected fragments of the gene, a single base transition in the
suspected exon was found in each case.

In patient A the defect was associated with severe hemo-
philia and altered calcium-binding properties. The Glu-27 to
Lys mutation is designated Factor IXSeatd 3. Two patients with
nucleotide changes in this region were recently reported by
Koeberl et al. (23). In one, Arg-29 was Gln in a patient with 30
U/dl Factor IX clotting activity (mild), and in a second,
Glu-33 was substituted for Asp, producing a moderately severe
bleeding tendency. In vitamin K-dependent proteins, the ho-
mologue of Glu-27 is invariant and becomes a Gla residue; a
Glu-33 homologue is not present in Factor VII or protein C,
but is also a Gla in the other vitamin K-dependent proteins.
Characterization of abnormal prothrombin fractions from a
patient with a congenital vitamin K-deficient state (24) sug-
gests that fractions without Gla-27 (residue 26 in human
prothrombin) are inactive. In contrast, the residue homolo-
gous to Gla-33 did not appear responsible for either of two
high-affinity calcium-binding sites necessary for divalent metal
ion-dependent conformation or activity. Assuming similar
conformations of the Gla domains of Factor IX and
prothrombin, patient A not only lacks what may be an essen-
tial Gla residue, but has a substitution leading to a strong
positive charge at that position which might further disrupt
calcium binding.

Defects at the -4 and -1 amino acid positions are also
coded within the second exon and result in severe hemophilia.
Each has an extended 17 amino acid reflecting the uncleaved
proleader sequence that appears to lead to an abnormal con-
formation of the Gla domain. Samples of partially purified
Factor IXOxford 3 (4) and Factor IXCambidge (25) plasma (pro-
vided by George Brownlee, Oxford, UK, and Bruce Furie,
Boston, MA, respectively) had 80 and 60% as much apparent
Factor IX antigen in calcium-dependent vs. total assays. When
the monoclonal immunoradiometric assay using antibody A-7
was substituted, both Factor IXOxford 3 and Cambridge had appar-
ent levels that were 30% higher than their total Factor IX
antigen in contrast to the lower levels in patient A.

The patients in group B and two others from North Caro-
lina were found to have low reactivity to a MAbknown to bind
to the first epidermal growth factor-like region of Factor IX
(20). The derived substitution of a Gly to Ser at amino acid 60
was found in patients from families B-l and B-2 (see Fig. 2 b)
and the two North Carolina patients, where the defect was
designated as Factor IXD,,r (9). The presence of a different
polymorphism (Ala-148 vs. Thr) in the patients in family B-2
strongly argues for theirs, at least, being due to an independent
mutation. It is otherwise possible that mutations leading to
mild bleeding tendencies receive little selective pressure from

the environment and thus persist and accumulate in the popu-
lation.

In comparing sequences in the first growth factor-like re-
gion, residue 61 is Ile in the mouse instead of Ser in the
human. The only other different amino acids are at residues
67, 74, 75, and 80 (26). The absence of a Pro-74 in murine
Factor IX should lead to a significant conformational differ-
ence in the third disulfide loop-like structure; it is possible that
the epitope involves both this site and bridges to partially in-
clude residues near or including Gly-60 in the first loop. The
function of this region in Factor IX is unknown but its three-
dimensional structure has been approximated through an as-
sumed homology of disulfide bond placement with epidermal
growth factor as described by Cooke et al. (27) and Montelione
et al. (28). Residues homologous to Factor IXs 60 and 74 are
near each other at the two ends of an anti-parallel, beta-pleated
sheet. Onthe other hand, long-range perturbations in structure
may occur from single substitutions, such that residues outside
of an epitope may affect the conformation of that epitope, as
shown in cytochrome c (29). A long range effect on conforma-
tion and surface charge density of 2D5's epitope might more
readily account for the inverse degree of binding as related to
ionic strength noted, since the addition of a simple hydroxyl-
ated methyl group would not lead to a major charge change at
residue 60. In either event, the Gly to Ser substitution is asso-
ciated with clinically mild hemophilia with somewhat lower
clotting activities than mildly reduced total antigen levels in
four families. Furthermore, patient B-3 (Table I), for which
DNAwas not available, may well have the same point muta-
tion. The only other defect known in exon IV is an Asp-47 to
Gly in Factor IXAlabama (30). Immunoassays with 2D5 were
normal in plasma from this patient (provided by Dr. Reisner).

Residue 248 is within the second and longest variable re-
gion of the heavy chain of Factor IXa (21). The epitope for the
monoclonal anti-Factor IX, ClOD (11), appears to involve
more than the linear sequence around this residue as small
synthetic peptides consisting of sequences through this region
have not inhibited binding of Factor IX (Thompson, A. R.,
unpublished results). Nevertheless, the change from an Arg to
Gln in two unrelated individuals makes this transition the
likely cause of their moderately severe hemophilia B; this de-
fect is designated Factor IXseme 4. Since the levels of in vitro
clotting activity and plasma antigen are essentially the same
(in both individuals C-l and C-2), it is possible that this defect
results in an unstable Factor IX that is degraded rapidly, either
before or after secretion. This might be similar to (though less
severe than) an unstable hemoglobin that leads to one form of
beta-thalassemia (31). The only other defect known within this
region of Factor IX is a new stop codon-252 (32) which leads
to severe hemophilia, as would be predicted from the inability
to transcribe the balance of the active site including the active
center Ser-365.

Of interest from these studies, two of the three mutations
(B and C) were at CpGdinucleotides which are considered to
be mutation hot spots in mammals (33). The mechanism of
this phenomenon is speculated to involve methylation fol-
lowed by deamination of the cytosine residue resulting in the
formation of thymine. This type of mutation leads to a Gto A
transition in the complimentary strand (in these cases, the
sense strand) and is found in nearly half of the reported point
mutations in the Factor IX genes of patients with hemo-
philia B.
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The strategy of using selective amplification and DNAse-
quencing based on immunochemical sub-localization has
been demonstrated as an effective method to identify gene
mutations in these patients with hemophilia B. The possibility
exists that the defects identified, particularly in patients B and
C, might be incidental to the hemophilia, as the functional
importance of the residues involved has not been demon-
strated. The lack of altered reactivity in the immunoassays of
Factor IX from over 100 normal males and other hemophilic
patients, however, excludes all but rare polymorphisms as an
alternative explanation for the findings. Patient A had a defect
in what is predicted to be a critical Gla residue (24). Further-
more, defects in B and Cwere present in more than one family
(in the case of B- 1 vs. B-2 in families with a different Factor IX
polymorphism), further reducing the probability that the de-
fect is unrelated to hemophilia from about 1 in 100 to 1 in
10,000 or less. Finally, experience locally and in the literature
has not shown these single-based transitions in several hemo-
philic or normal genes that have been cloned and sequenced
for all coding and splice junction regions.

A similar strategy should apply to other genetic defects,
such as milder forms of hemophilia A. There the gene is much
larger and the epitopes for several MAbs have been localized
(e.g., reference 34). It would first be necessary to screen af-
fected individuals' plasmas with specific immunoassays.
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