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ABSTRACT

Background: The Btk (Bruton'’s tyrosine kinase) gene
has been shown to be mutated in the human immuno-
deficiency disease, XLA (X-linked agammaglobuline-
mia). Btk is a member of the Tec family of cytosolic
protein tyrosine kinases with distinct functional domains
PH, TH, SH3, SH2, and kinase. Mutations have been
observed in each of the Btk subdomains in XLA. We
have analyzed the Btk gene in six XLA patients from five
unrelated families.

Materials and Methods: DNA was prepared from the
patients’ peripheral blood. The Btk exons including the
junctional sequences were analyzed by single-strand
conformation polymorphism (SSCP) followed by direct
nucleotide sequencing after PCR-amplification. For
structural analysis, the missense mutations were intro-
duced into three-dimensional models of the PH and ki-
nase domains of Btk and the outcome was predicted
based on the knowledge of the protein function.
Results: Five novel mutations and two novel polymor-
phisms, all of which resulted from single-base alter-
ations, were identified. Three of the five mutations were

in the PH domain and two were in the kinase domain of
Btk. Three of these mutations were of the missense type,
two of which altered the same codon in the PH domain;
the third one was located in the kinase domain. The
fourth mutation was a point deletion in the PH domain
causing a frameshift followed by premature termination.
The fifth mutation was a splice donor-site mutation
within the kinase domain which could result in an exon
skipping. In four of the five instances, mothers of the
patients were shown to be obligate carriers. In one in-
stance, a sibling sister was identified as a heterozygote
establishing her as a carrier.

Conclusions: Functional consequences of the muta-
tions causing frameshifts and altered splicing can be in-
ferred directly. Functional consequences of the missense
mutations were interpreted by 3-dimensional structural
modeling of Btk domains. It is proposed that the two PH
domain mutations will interfere with membrane local-
ization while the kinase domain mutation will interfere
with the enzymatic function of Btk. This study provides
further insight into the role of Btk in XLA.

INTRODUCTION

X-linked agammaglobulinemia (XLA) is the first
immunodeficiency disorder to be described in
humans (1). Symptoms are usually evident
within the first year of life, although there are
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instances of late onset of the disease (2). Affected
individuals (males) encounter recurrent bacterial
infections as they are unable to mount an antibody
response due to a lack of serum immunoglobulin
(Ig) of all classes. Unless treated aggressively with
antibiotics and intravenous immunoglobulin (IVIG),
the disease is often fatal. At the cellular level,
XLA is associated with a severe deficit of circu-
lating B cells (and an absence of plasma cells),
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although the level of pro-B cells in the bone
marrow is normal, indicating a disruption in the
pathway of B cell development.

Analysis of B cells from asymptomatic female
carriers (heterozygotes) shows a nonrandom
pattern of X chromosome inactivation (3, and
references therein). The T cells and cells of other
lineages display the expected pattern of random
X-inactivation, implying that the defect in XLA is
intrinsic to B cells. Thus the gene affected in XLA
must be critical for the maturation and differen-
tiation of pro-B cells to B cells. Recently, Tsukada
et al. (4) and Vetrie et al. (5) demonstrated that
the typical XLA phenotype is due to mutations in
an intracellular protein tyrosine kinase gene
named Btk (Bruton’s tyrosine kinase). The same
gene is also mutated in a similar, albeit milder,
disease in mice known as Xid (X-linked immu-
nodeficiency; refs. 6,7). Xid mice also exhibit the
skewed X-inactivation in their B cells, but not in
T cells, as in XLA (8).

Btk belongs to the Tec family of cytosolic
protein tyrosine kinases. Members of this family
are characterized by an N-terminal sequence
consisting of a pleckstrin homology (PH) domain
and a Tec homology (TH) domain, followed by
the Src homology domains SH3 and SH2, and
finally, the C-terminal catalytic kinase domain.
The human Btk gene consists of 19 exons and
spans over 37 kb of DNA (9-12). The cDNA
encodes 659 amino acids.

A database (BTKbase) for XLA mutations has
been established recently by an international
study group that can be accessed freely on the
Internet (13; and references therein). The ver-
sion 4 lists a staggering 228 unique mutations in
368 patients from 318 unrelated families. Thus
most XLA mutations have evolved indepen-
dently and many are new. Approximately one-
third of the mutations are of the missense type
and the rest consist of insertions, deletions, and
nonsense and splice-site mutations. The distribu-
tion of mutations is fairly uniform throughout
the length of the coding sequence so that all the
functional domains are affected almost equally.
Thus the kinase domain comprising 40% of the
length accounts for approximately 45% of the
mutations. A recent three-dimensional modeling
study of the Btk kinase domain with eight point
mutations, between residues 430 and 613, re-
vealed that all these mutations had clustered to-
gether on one face of the kinase domain (14),
explaining the functional basis of these muta-
tions. Structural consequences of several other
mutations encompassing different functional do-

mains of Btk have since been reported (for a
review see ref. 15). In this paper we describe five
novel mutations and predict their structural con-
sequences. We also report three DNA polymor-
phisms, two of which are novel.

PATIENTS, MATERIALS, AND
METHODS

Patients

All six patients had classical symptoms of XLA.
They have been registered with BTKbase and are
assigned unique patient identification numbers
(PIN) and accession numbers. Patient P20 [PIN
Y40N(1), Accession No. A0393] was first diag-
nosed with XLA at a somewhat late age of 8
years. There was no history of the disease in the
family. Now at 21 years of age, he is receiving
IVIG and is doing well. Patient P14 [Y40C(1),
A0392] was diagnosed with XLA at around 2
years of age. His brother and a maternal uncle
also had XLA. Patient P3 [D107X120(1), A0394]
was diagnosed at the age of 3 years. His brother
died of Pseudomonas sepsis at 16 months with
autopsy findings suggestive of agammaglobu-
linemia. Now at 11 years of age, P3 is receiving
IVIG and is doing well. Patient P21 [A508D(1),
A0395] was diagnosed at the age of 5 years.
There was no family history of XLA. Two pa-
tients, P11 [Intron 18(3a), A0396] and P12 [In-
tron 18(3b), A0397], are brothers. They were
diagnosed around 1-2 years of age. Both are
receiving IVIG and are doing well clinically.

SSCP Analysis

DNA was prepared from the whole blood of pa-
tients and their family members following a stan-
dard procedure. The putative promoter sequence
and all 19 exons, including the respective exon—
intron junctions, of the Btk gene were amplified
using primers described by Vorechovsky et al.
(16). PCR was performed in 10 ul of 1X reaction
buffer (Fisher Scientific, Springfield, NJ) contain-
ing approximately 100 ng DNA, 200 uM each
dNTP, 0.3 uM each primer, 2.5 U Taq DNA poly-
merase (Fisher Scientific) and 1-3 uCi a-[*?P]
dCTP (6000 Ci/mmol). The reaction tubes were
always loaded in the thermal cycler at 94°C. The
cycling started with a preheating step of 4 min at
94°C and concluded with an extension step of 5
min at 72°C. The amplification was carried out
over 30 cycles of 30 sec at 94°C, 45 sec at 57°C,
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TABLE 1. Mutations in the Btk gene of XLA patients

Nucleotide Amino Acid
Patient Change? Change Exon/Intron/Domain RFLP?
P20 T250A Y40N Exon 2/PH domain None
P14 A251G Y40C Exon 2/PH domain None
P3 del G451 Frameshift Exon 5/PH domain None
P21 C1655A A508D Exon 15/kinase domain Ncol (—), Bbsl (+)
P11, P12 G2040 (+1)T Skip exon 18 Intron 18/kinase domain Mnll (—), Msel (+)

“The nucleotide sequence designation is from Vetrie et al. (5).

b(—) indicates loss and (+) indicates gain of the indicated restriction site due to the nucleotide change.

and 30 sec at 72°C. One microliter of the ampli-
fied DNA was mixed with 9 ul of the formamide-
dye loading solution and heated at 103°C for 3
min (9,17). The single-stranded DNA was then
resolved by PAGE (8% acrylamide/0.16% bis-
acrylamide containing 0, 5% or 10% glycerol) in
0.5 X TBE.

DNA Sequencing

The exons revealing conformational polymor-
phism were reamplified without any radiolabel.
After resolving on an agarose gel, each ethidium
bromide-stained band of interest was excised,
and the DNA was eluted using a combination of
Gel Nebulizer and Micropure filter (Amicon Inc.,
Beverly, MA). DNA sequencing was carried out
in both directions using a finol DNA sequencing
system (Promega, Madison, WI) or a Sequitherm
EXCEL DNA sequencing kit (Epicentre Technol-
ogies, Madison, WI) utilizing the same primers as
in the amplification.

Structural Analysis

The structural consequences of the missense mu-
tations were predicted based on the three-di-
mensional models of the PH and kinase domains
of Btk described previously (14,15,18). The mod-
els have been built based on X-ray crystal struc-
tures of related proteins, dynamin PH domain
(19,20) and cyclic AMP-dependent protein ki-
nase (21). The missense mutations were intro-
duced into the models and the outcome of the
amino acid substitutions was predicted based on
the knowledge about protein structure and
function.

RESULTS

The six XLA patients (P20, P14, P3, P21, P11, and
P12) from five unrelated families were analyzed.
The patients P11 and P12 were sibling brothers.
Mothers were analyzed in all instances except for
P14. The sibling sister of P20 was also analyzed to
assess her carrier status. In five cases the SSCP
analysis revealed a conformational polymor-
phism only in one of the 19 exons. In one case,
a conformational polymorphism was revealed in
two different exons, one of which turned out to
be a silent polymorphism. Two additional silent
polymorphisms, including one in an intron, were
also revealed. Tables 1 and 2 summarize the five
mutations and the three polymorphisms, respec-
tively, while Fig. 1 depicts the relative positions
of all the mutations and polymorphisms in ref-
erence to the Btk functional domains.

Mutations in the PH Domain

Three of the six patients, P20, P14, and P3, dis-
played mutations in the PH domain. P20 and P14
showed missense substitutions in two adjacent
nucleotides in exon 2 of the PH domain. In P20,
a T-to-A transversion at nucleotide 250 (Fig. 2)
would result in the amino acid substitution
Y40N. The mother and a sister of P20 were found
to be heterozygous for T/A at nucleotide 250
(Fig. 2), indicating that they both were carriers
and confirming the mutation in the proband.
P14 had an A-to-G transition at nucleotide 251
(Fig. 2) substituting amino acid Y40C. Thus both
mutations affected the same residue at codon 40,
although substituting different amino acids. No
female family members were available for P14.
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TABLE 2. Polymorphisms in the Btk gene

Polymorphism Nucleotide Position”? Exon/Intron/Domain RFLP (+/-)°
C/T 273 (+11) Intron 2/PH domain Taql (+/-)
C/T 1086 Exon 11/SH2 domain AIWNI (—/+)
C/T 2031 Exon 18/kinase domain AIwNI (—/+)

“The nucleotide sequence designation is from Vetrie et al. (5).
b(x/+) corresponds to (C/T) at the indicated location.

273 (+11) 1086 ZDI:H

1
5/ PH
T

[ TH [sH3 | sH2 ] KINASE S
|
T250A (del Ggg1) (G040 (+1)T
A251G Frameshift C1655A Del exon 18

FIG. 1. Btk coding sequence showing approxi-
mate positions of the mutations (bottom) and
polymorphisms (top)

The sequence starts at nucleotide 133 and ends at
nucleotide 2109. The protein functional domains are
indicated by PH (pleckstrin homology), TH (Tec ho-
mology), SH3 (Src homology 3), SH2 (Src homology
2), and kinase, respectively. Intronic alterations are
noted at the nearest exonic positions.

An examination of exon 2 by SSCP in an addi-
tional 65 unrelated individuals (105 X chromo-
somes) revealed a mobility shift only in two in-
stances resulting from an irrelevant silent
polymorphism in intron 2 (see below). Thus the
Y40N and the Y40C are unlikely to be some rare
polymorphisms and are most likely to be the
mutations causing XLA.

The mutation in P3 was also observed in the
PH domain, but in exon 5. A point deletion of G
at nucleotide 451 (data not shown) would lead
to a frameshift introducing 13 missense amino
acids after residue 106 before terminating pre-
maturely. The truncated protein, if transcribed
and translated, would lack most of the C-termi-
nal sequences and is likely to be severely dys-
functional. The mother of P3 was heterozygous
for the deletion allele (data not shown) confirm-
ing the mutation in the proband.

Mutations in the Kinase Domain

The other three patients (including two siblings)
showed mutations in the kinase domain. P21
had a missense mutation in exon 15, a C-to-A
transversion at nucleotide 1655 (data not

shown), leading to the amino acid substitution
A508D. In order to rule out that this was not a
mere polymorphism, 65 individuals comprising
both sexes (105 X chromosomes) were screened
for this mutation by SSCP analysis. None but P21
showed an altered mobility (data not shown),
which implied that the base alteration in P21 is
most likely a pathogenic mutation. The mother
of P21 was a C/A heterozygote (data not shown),
indicating her carrier status. The C-to-A nucleo-
tide substitution results in the loss of Ncol and
Styl restriction sites as well as the gain of BbsI and
Mboll restriction sites providing tools for rapid
screening and confirmation of this mutation.

The second mutation in the kinase domain
was revealed by the two siblings, P11 and P12.
The G-to-T transversion at the first nucleotide of
intron 18 at position 2040 (+1) (data not shown)
would result in the loss of an MnlI restriction site
and gain of an Msel restriction site. The mother of
P11 and P12, as can be expected, was a carrier
(data not shown). This splice donor-site muta-
tion is expected to cause an aberrant splicing that
would result in skipping of exon 18 followed by
a frameshift (Fig. 3, ref. 22). This would lead to
premature termination after the insertion of
three missense amino acids following residue
583. The resulting truncated protein would lack
several amino acids from the C-terminus of Btk
and is likely to be functionally inactive as dele-
tion of a few terminal residues can lead to XLA
(16). This mutation could also lead to novel splic-
ing and unusual transcripts (23).

DNA Polymorphisms

During the course of this work we encountered
three C/T silent polymorphisms that were ini-
tially detected as SSCPs and subsequently con-
firmed by DNA sequencing (Table 2). The first of
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FIG. 2. Partial DNA sequence of Btk exon 2 showing mutations in P14 and P20, and heterozygosity in

carriers from the family of P20

(A) normal sequence; (B) A251G in P14; (C) T250A in P20, and (D) T/A heterozygosity at position 250 in the
mother/sister of P20. The sequence is read from nt 241 (bottom) to nt 259 (top). Nucleotides T250 and A251 are
indicated by arrows in the normal subject (A); the corresponding alterations are marked in the patients and carri-

ers (B-D).

FIG. 3. Altered splicing of the Btk transcript in
P11 and P12

Exons 17, 18, and 19 are shown as rectangles. In-
trons are shown as lines (not in scale). The donor
splice-site mutation, G to T, in intron 18 (+1) is pre-
dicted to cause splicing of exon 17 with exon 19,
skipping exon 18 altogether.

these polymorphisms, at nucleotide 273 (+11) in
intron 2 (data not shown), would lead to a Tagl
RFLP. The second polymorphism at nucleotide
1086 in exon 11 of the SH2 domain and the third
polymorphism at nucleotide 2031 in exon 18 of
the kinase domain (data not shown) would each
result in an A/wNI RFLP. Although the polymor-
phism at nucleotide 2031 has been observed on
several occasions (16,24,25), the polymorphisms
at nucleotides 1086 and 273 (+11) appear to be
novel. When we measured the frequency of the
C and T nucleotides at the 273 (+11) locus, 63 of
65 individuals (105 X chromosomes) showed a C
at this location, indicating that the T allele is
extremely rare. The polymorphism at nucleotide
1086 was not studied further. Polymorphisms at
nucleotides 273 (+11) and 1086 both involved
the CpG dinucleotide, known to be a mutational
hotspot.

In heterozygotes these polymorphisms pro-
vide additional genetic markers for tracking the
disease and wild-type alleles. For example, with
the P11 family (the two affected siblings and
their mother), one can simultaneously follow the

polymorphic nucleotide at 2031 and the adjacent
mutation at nucleotide 2040 (+1), as both can be
displayed on the same sequencing gel. Indeed,
the mother was heterozygous for C/T whereas
P11 and, expectedly, P12 showed a C at the
corresponding position, thus identifying the lat-
ter as the disease allele. Polymorphisms also help
safeguard against inadvertent mix-up of DNA
samples, as a polymorphism detected in an indi-
vidual can be regarded as a signature for the
entire family. Polymorphisms associated with
RFLPs (Table 2) can be identified directly by re-
striction digestion, following PCR-amplification or
followed by Southern blot hybridization, and are
extremely useful for linkage mapping in the ab-
sence of a known mutation (26). Finally, an exonic
polymorphism (Table 2) can be conveniently uti-
lized as an EST to track RNA transcripts and to
monitor X chromosome inactivation in different
cell/tissue types in a heterozygote (8).

DISCUSSION

Although over 200 unique mutations in XLA
patients have been listed in the BTKbase (13),
the five mutations along with two of the poly-
morphisms reported here are novel. The func-
tional consequence of the mutation in P3 or
P11/P12, causing a frameshift or altered splicing
followed by premature termination, is predict-
able. For example, the level of the altered
mRNAs or the corresponding proteins could be
severely abated because of an accelerated rate of
their degradation resulting from intracellular
surveillance (27). Alternatively, the truncated
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FIG. 4. Mutations in the Btk domains

Ribbons are running along the backbone of the domains. Left: the PH domain. Residues Y40, E41, and G50 are
shown in yellow, cyan, and orange, respectively. The side chains of residues K12, S14 and R28, mutated in XLA
and involved in phosphatidyl inositol (indicated in red) binding, are also highlighted in yellow. Right: the kinase
domain. ATP and Mg2+ ions are shown in green and A508 is shown in yellow. Three other residues, C502, C506,
and M509 in « helix-E, also mutated in XLA, are indicated in cyan. Modeling of the domains has been published

previously (14, 18).

proteins could either be nonfunctional or func-
tion sparingly, depending upon the degree of
truncation and the concomitant change in con-
formation. In contrast, functional consequences
of the three missense mutations, two in the PH
domain (P20 and P14) and one in the kinase
domain (P21), are not immediately apparent
(Table 1 and Fig. 1). Recently, the PH and kinase
domains from a variety of proteins, including
Btk, have been studied by X-ray crystallography,
NMR spectroscopy, and molecular modeling. We
have utilized the 3-D models to interpret the
functional consequences of the missense muta-
tions.

Discovered only recently the PH domain has
been identified in over 100 proteins (for a review
see ref. 28). It is intriguing that Tec family mem-
bers are the only protein tyrosine kinases to con-
tain a PH domain and Btk is the only protein
known where mutations in the PH domain have
a phenotype. The function of the PH domains has

been difficult to study because these modules of
approximately 100 amino acids have a diverse
sequence. Only one residue, W124 in Btk, is
almost invariant in all the PH domains. The N-
terminal half of several PH domains has been
shown to bind phosphoinositides and may be
responsible for membrane localization (29-34).
The binding residues have been mapped in PH
domains of pleckstrin, spectrin, dynamin, and
Btk (32,33,35,36). Using a biosensor-based as-
say, Salim and colleagues (34) observed that the
Btk PH domain specifically bound liposomes con-
taining phosphatidylinositol-3,4,5-triphosphate
(IP3) and that the binding was abolished by the
mutation R28Y. Fukuda and colleagues (30)
demonstrated that the Btk PH domain can bind
to inositol 1,3,4,5-tetrakisphosphate (IP4) and
that the binding is dramatically reduced by the
XLA mutations F25S, R28H, T33P, V64F, V113D,
as well as R28C, originally discovered in Xid
(6,7,13). Interestingly, the constitutively acti-
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vated transforming mutation E41K, produced by
in vitro mutagenesis (37), binds IP4 (and IP5)
with the same affinity, and IP6 with a 2-fold
higher affinity than the wild type Btk. The fate of
the Y40N and Y40C mutations has not been de-
termined yet; however, these alterations are
likely to result in a significantly low affinity for
IP4 as evidenced by their loss-of-function phe-
notype in XLA. The fact that both mutations
occur at the same residue implies that Y40 is
critical for normal function of the PH domain.

Modeling of the 3-D structure of Btk and
clustering of XLA-causing mutations suggested
the PH domain to have a binding site (18) which,
according to the recent X-ray structure, would
bind phosphoinositides (32). Phosphatidylinosi-
tol-1,4,5 triphosphate (IP3) has been modeled
into the Btk PH domain based on the binding site
in PLC-8, (15,38). Residues K12, S14, and R28,
involved in XLA mutations and residue E41 in-
volved in the gain-of-function mutation, all ap-
pear to be involved in PLC-8, type phosphoino-
sitide binding. In the structural model of the PH
domain, these residues, along with Y40, cluster
on the same plane of the binding site (Fig. 4,
left). The side chain of Y40 is buried by the loop
between B-strands 3 and 4, and the hydroxyl
group of Y40 could potentially form a hydrogen
bond with the backbone of G50 (Fig. 4, left).
Mutations at this site will presumably have struc-
tural consequences on the conformation of the
loop and the phosphatidylinositol binding site
and maybe of the whole domain, and they are
likely to be deleterious for the normal function of
Btk.

Unlike the PH domains, the kinase domains
in both serine/threonine and tyrosine kinases
share several conserved hallmark residues (39).
The molecular structure of several kinases from
both families has been determined by a variety of
means. The three-dimensional scaffolding of
these proteins is similar despite very low overall
sequence similarities. The kinase domain consists
of two lobes. The N-terminal smaller upper lobe
comprising mainly the five-stranded antiparallel
B-sheet is primarily responsible for ATP binding.
The C-terminal larger lower lobe comprising
mostly seven a-helices is a major substrate-bind-
ing region. The ATP, donating the phosphate
group, is bound between the lobes. The regula-
tion of protein kinase activities is a multistep
process in which translocation of the upper lobe
plays a major role. In the inactive form, the
upper part is twisted relative to the lower lobe. In

the active form, the ATP and essential Mg>* ions
are in their positions between the lobes.

Although XLA-causing kinase domain muta-
tions are scattered along the sequence, they are
primarily on one face of the domain, in the side
where ATP and substrate are bound (14). Most of
the mutations presumably have structural con-
sequences (13-15,38,40). The residue 508 is lo-
cated in a-helix E in the lower lobe of the kinase
domain (Fig. 4, right). Three other mutations
involving residues €502, C506, and M509 are
also located in this helix (Fig. 4, right; and refs.
9,16,25,38,41-43). Replacement of any of these
residues, which are at corresponding positions in
successive turns, causes a structural alteration.
The mutation A508D introduces a charged resi-
due in the hydrophobic core of the domain and,
therefore, is likely to alter its conformation. Polar
residues are not allowed to reside in a protein
core unless the charge can be neutralized. An-
other, compensatory mutation would be re-
quired to tolerate the A508D mutation.
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