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ABSTRACT: Bruton’s tyrosine kinase (Btk) plays a central role in signal transduction pathways regulating
survival, activation, proliferation, and differentiation of B-lineage lymphoid cells. A number of cell signaling
studies clearly show that Btk is activated by Lyn, a Src family kinase, through phosphorylation on activation
loop tyrosine 551 (Y>°!). However, the detailed molecular mechanism regulating Btk activation remains
unclear. In particular, we do not fully understand the correlation of kinase activity with Y3'! phosphorylation,
and the role of the noncatalytic domains of Btk in the activation process. Insect cell expressed full-length
Btk is enzymatically active, but a truncated version of Btk, composed of only the kinase catalytic domain,
is largely inactive. Further characterization of both forms of Btk by mass spectrometry showed partial
phosphorylation of Y3! of the full-length enzyme and none of the truncated kinase domain. To determine
whether the lack of activity of the kinase domain was due to the absence of Y>*! phosphorylation, we
developed an in vitro method to generate Y>>' monophosphorylated Btk kinase domain fragment using
the Src family kinase Lyn. Detailed kinetic analyses demonstrated that the in vitro phosphorylated Btk
kinase domain has a similar activity as the full-length enzyme while the unphosphorylated kinase domain
has a very low k., and is largely inactive. A divalent magnesium metal dependence study established that
Btk requires a second magnesium ion for activity. Furthermore, our analysis revealed significant differences
in the second metal-binding site among the kinase domain and the full-length enzyme that likely account
for the difference in their catalytic profile. Taken together, our study provides important mechanistic
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insights into Btk kinase activity and phosphorylation-mediated regulation.

The human kinome is composed of 518 protein kinases
(1), among which protein tyrosine kinases (PTKs)! form the
largest family (2). PTKs are important regulators of signal
transduction pathways that mediate many cellular processes
including transcription, metabolism, cell cycle progression,
apoptosis, and differentiation. Bruton’s tyrosine kinase (Btk)
belongs to the Tec family nonreceptor PTKs that include
Tec, Itk, Bmx, and Txk. Btk is expressed in B cells and
myeloid cells but not in T cells and is downregulated in
plasma cells. Mutations in the gene encoding human Btk
result in X-linked agammaglobulinemia (XLA) (3—5). XLA
is one of the most frequently inherited immunodeficiency
diseases in man and is characterized by an almost complete
arrest of B-cell differentiation at the pre-B-cell stage. A
spontaneous point mutation in murine Btk (R28C) results in
a milder condition in mice termed X-linked immunodefi-
ciency (xid) (6, 7). Btk is intimately involved in a number
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of signaling pathways regulating survival, activation, pro-
liferation, and differentiation of B-lineage lymphoid cells (8).
Specifically, upon B-cell antigen receptor (BCR) engage-
ment, phosphatidylinositol 3-kinase and the Src family kinase
Lyn are activated. Btk is then recruited to the plasma
membrane through interactions between Btk pleckstrin
homology (PH) domain and phosphatidylinositol 3.4,5-
trisphosphate. Btk is activated initially through phosphory-
lation by Lyn at the activation loop tyrosine 551 (Y1),
followed by autophosphorylation on tyrosine 223 (Y?%%) in
the SH3 domain (9—14). Activated Btk then phosphorylates
and activates phospholipase-Cy leading to several important
downstream events including calcium ion transport, NF-kB
activation, proliferation, and ultimately autoantibody pro-
duction (3, 15). Therapies targeting B cells for depletion,
such as the anti-CD20 antibody Rituxan, have proven to be
effective in the treatment of rheumatoid arthritis and non-
Hodgkin’s lymphoma. Blocking B lymphocyte function with
Btk antagonists represents an attractive opportunity to treat
diverse diseases such as inflammations, asthma, and malig-
nances.

Btk shares significant structural and sequence homology
with other members of the Tec family kinases. Btk is a
multidomain protein composed of an N-terminal pleckstrin
homology (PH) domain, a proline-rich Tec homology region,
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FIGURE 1: (A) Schematic drawing of full-length Btk protein domain
arrangement and the kinase domain truncation used in this study.
(B) Purification of full-length Btk and its kinase domain. Samples
were separated on a 10—20% SDS-PAGE and revealed by
Coomassie Blue staining. Lanes 1—4: full-length Btk. Lane 1, total
soluble lysate; lane 2, Ni column elution; lane 3, HQ anion exchange
column; lane 4, size exclusion chromotography. Lanes 5—7: Btk
kinase domain. Lane 5, Ni elution; lane 6, flowthrough of HS cation-
exchange column (contaminant removal); lane 7, HQ column
elution.

an SH3 domain, SH2 domain, and a C-terminal catalytic
kinase domain (16, 17) (Figure 1A). The three-dimensional
structures of the individual Btk domains have been deter-
mined and have provided a structural based understanding
of their various cellular functions such as pathway activation
and signaling (/8—21). However, the detailed molecular
mechanisms regulating Btk activation remain poorly under-
stood in part due to the lack of full-length or multidomain
Btk structures, and the correlation of kinase activity with its
phosphorylation state. X-ray synchrotron radiation scattering
analysis indicated that, in solution, Btk exists most likely in
an extended conformation with little or no interdomain
interactions which suggests a different domain—domain
regulatory mechanism when compared with the closely
related Src family kinases (22).

Like many protein kinases, phosphorylation is a critical
regulatory mechanism for controlling Btk function. In
addition to the activation loop Y**' and SH3 autophospho-
rylation site Y223, there have been reports of Btk phospho-
rylation on S'¥° by PKCf (23) and of Y®'7 autophosphory-
lation that downregulates Btk function (24). Btk kinase
activity is widely believed to correlate with the extent of
Y3! phosphorylation (13, 14, 25). When overexpressed in
Spodoptera frugiperda cells, FL-Btk is phosphorylated on a
number of different residues including Y3!. The kinase dead
K430R mutant enzyme, however, lacked a majority of these
phosphorylation sites, indicating these sites were the con-
sequence of autocatalytic activity (22). Furthermore, over-
expression of the Btk kinase domain results in an unphos-
phorylated protein (20) that leads us to believe that the
domains outside of the kinase domain region could poten-
tially play a positive regulatory role in Btk autoactivation
process.

To understand the relationship between Btk phosphory-
lation and kinase activity, we have generated a homogeneous,
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in vitro phosphorylated Btk kinase domain fragment using
the upstream activating kinase Lyn. The protein was shown
to be monophosphorylated, and the phosphorylation site was
mapped to the activation loop residue Y3!. Detailed kinetic
analysis was carried out on the phosphorylated kinase domain
(pKD), its unphosphorylated counterpart (KD), and the full-
length Btk enzyme, to compare the catalytic constants and
kinetic mechanism. Furthermore, we established that Btk
requires a second divalent metal ion for activity. Our study
demonstrated that the unphosphorylated Btk kinase domain
is mostly inactive. However, a single activation loop phos-
phorylation can restore its full catalytic activity when
compared to the full-length enzyme. Specifically, steady-
state kinetic analysis illustrated that Y3! phosphorylation led
to a significant increase in the reaction k., for Btk kinase
domain while the K, for either ATP or two of the peptide
substrates remained mostly unchanged. A divalent magne-
sium metal dependence study established that, while the full-
length Btk binds to the second metal ion (M2) with a low
mM affinity, the apparent K, of the kinase domain for the
M2-binding site was significantly elevated. Y3! phospho-
rylation reversed this K, increase by more than 3-fold,
implying that the residues involved in the M2-binding site
contributed, at least in part, to the low activity of the kinase
domain. Interestingly, our studies also suggest a positive
regulatory role for the noncatalytic domains of Btk.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification. Full-length human
Btk and a kinase domain construct that encodes Btk residues
P385-S659 were overexpressed using Baculovirus and
Spodoptera frugiperda 21 (Sf21) insect cells. Full-length Btk
(Met1-Ser659) was expressed with an N-terminal His-tag
(MHHHHHH) and a C-terminal Flag-tag (DYKDDDDK),
and was designated His-hBtk-FL-Flag. The kinase domain
construct, hBtk KD P385—S659, was expressed with an
N-terminal His-tag followed by a thrombin cleavage site
(MGHHHHHHGSLVPRGS). The constructs were generated
by PCR amplification using a full-length cDNA and were
cloned into pDEST8 (Invitrogen, Carlsbad, CA). The plas-
mids were transformed and clonal isolates were DNA
sequence confirmed.

The His-hBtk-FL-Flag and hBtk KD P385-S659 constructs
were recombined and transfected into insect cells using
Invitrogen’s BaculoDirect Expression kit (Invitrogen Carls-
bad, CA) following the protocol recommended by the
manufacturer. The P1 virus from clonal isolates expressing
full-length and kinase domain Btk were amplified in a
suspension culture of Sf9 cells at a density of 5 x 10° cells/
mL and a multiplicity of infection (MOI) of 0.5 pfu/cell.
The amplified high titer virus (HTV) was then used to infect
Sf21 cells at a density of 2.0 x 10 (6) cells/mL using an
MOI of 2.0 pfu/cell. The cells were harvested by centrifuga-
tion at 72 h post infection (HPI), resuspended in 5 mL. PBS-
CMF/L, flash frozen dropwise into liquid nitrogen, and then
stored at —80 °C.

For full-length Btk purification, the insect cells were
resuspended in lysis buffer containing 50 mM Tris—HCI pH
8.5, 200 mM NaCl, 15 mM imidazole, 5 mM fS-mercapto-
ethanol, 5 mM B-glycerophosphate, 0.1 mM orthovanadate,
50 mM sodium fluoride, and protease complete EDTA-free
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FIGURE 2: Initial activity profile of various Btk fragments. Reactions were carried out in a buffer containing 25 mM HEPES pH 7.5, 10 mM
MgSO,, 0.008% Triton, 1 mM ATP, and 0.2 mg/mL poly EY or 0.5 mM Y223 as the substrate. Enzyme concentrations were at 25 nM for
the full-length protein and 25—100 nM for the kinase domain. Reactions were initiated by the addition of the enzyme. (A) Top: unfractionated
full-length Btk. Middle: Mono Q fraction #5. Bottom: Mono Q fraction #8. The samples have an observed V. of 198, 174, and 152 min™!,
respectively. (B) Initial rate analyses of the unphosphorylated Btk kinase domain (KD) (@) and its phosphorylated counterpart (pKD) (O).

Top panel: reaction carried out in the presence of poly EY substrate. The observed V.« for KD is 3.0 min™~
Bottom panel: initial rate analyses using Y223 as the substrate. Btk KD produced an observed Vi,,x of 12.4 min™

a Viax Of 137 min™".

inhibitor cocktail (Roche). Cells were stirred at 4 °C for 15
min and then centrifuged at 12000g for 30 min. The super-
natant was loaded onto a HisTrap FF column (GE Health-
care) pre-equilibrated with buffer A1 (50 mM Tris—HCI pH
8.0, 500 mM NaCl, 25 mM imidazole, 5 mM fS-mercapto-
ethanol). The column was washed with buffer A1 and then
with buffer A2 (50 mM Tris—HCI pH 8.5, 50 mM NacCl, 35
mM imidazole, 5 mM S-mercaptoethanol) and eluted with
buffer B containing 50 mM Tris—HCI pH 8.0, 50 mM NaCl,
500 mM imidazole, and 5 mM [-mercaptoethanol. Btk-
containing fractions were pooled and diluted 3-fold with
buffer C (20 mM Tris—HCI, pH 8.0, 2 mM DTT), before

!and for pKD is 21 min".

!, while pKD resulted in

loading onto a POROS HQ 20 column (4.6 x 100 mm)
(Applied Biosystems) pre-equilibrated with buffer C. The
column was developed with a linear NaCl gradient up to
1.0 M in buffer C. Btk fractions were combined and applied
onto a 5 mL hydroxyapatite column (BioRad Laboratories,
Hercules, CA) pre-equilibrated with buffer D (5 mM sodium
phosphate, pH 8.0, 5 mM DTT) and eluted with a sodium
phosphate gradient up to 500 mM in buffer D. Btk-containing
fractions were concentrated and further purified on a Super-
dex 16/60 gel permeation column (GE Healthcare) using 20
mM Tris—HCI, pH 7.5, 200 mM NacCl, and 2 mM TCEP as
the running buffer (buffer E). All purification steps were done
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FIGURE 3: LC—MS characterization of Btk phosphorylation status. (A) Top: unfractionated full-length Btk. Middle: Mono Q fraction #5.
Bottom: Mono Q fraction #8. Both Mono Q fractions are of full-length enzymes. The MS species OP through 4P have the corresponding
molecular weight of 78 274, 78 356, 78 436, 78 516, and 78 597 Da, respectively. The lowest MS species of 78 274 Da represents the
unphosphorylated full-length Btk (molecular weight of 78 230) with an N-terminal acetylation. The protein was found to be N-terminal
blocked. The mass difference of ca. 80 Da among the higher molecular weight species correlates with the addition of a single phosphate
group. Attempts were made to map these phosphorylation sites using trypsin digestion and microLC isolation of the resulting peptides.
ESI-MS analysis identified Y>! as the prevalent phosphorylation site. The Y223-containing peptides were not identified from the tryptic
mixture; therefore, Y?** phosphorylation could not be verified. (B) Top: unphosphorylated Btk kinase domain. Bottom: Lyn activated and
purified Btk kinase domain. The lowest molecular weight species of 32 062 Da matches well with the calculated molecular weight (32 061
Da). The MS difference between the two samples accounts for the addition of a single phosphate group. (C): MS/MS of peptide
YVLDDEYTSSVGSK (residues 545—558). The Mono Q purified, phosphorylated Btk kinase domain (same sample as in Figure 3B bottom
panel) was digested with trypsin as described in the Experimental Procedures section. The resulting peptides were analyzed using reverse-
phase microL.C. The phosphorylated peptide YVLDDEYTSSVGSK was identified, and MS/MS of the product ion spectrum indicated that
Y>! was the phosphorylation site. For reasons of clarity, only selected species are labeled.

at 4 °C except the hydroxyapatite step, which was carried
out at room temperature with cooled buffers.

For the Btk kinase domain purification, the cells were lysed
in 50 mM Tris—HCI, pH 8.0, 200 mM NaCl, 5 mM
imidazole, 5 mM f3-mercaptoethanol, and protease Complete
EDTA-free inhibitor cocktail. The cell lysate was clarified
by centrifugation at 4 °C, and the supernatant was loaded
onto a HisTrap FF column. Affinity purification was carried
out following the same procedure as full-length Btk. Frac-
tions containing Btk kinase domain were pooled and 10-

fold diluted with buffer C and loaded onto a tandem Poros
HS/HQ column. The HS column was taken offline, and Btk
kinase domain was eluted from the HQ column via a linear
NaCl gradient up to 1.0 M in buffer C. Btk KD fractions
were pooled and digested with thrombin protease (GE
Healthcare, Piscataway, NJ) at 4 °C overnight at a ratio of
1 unit/50 ug Btk protein. Further purification was achieved
by a TSK-G3000 gel permeation column (Tosoh Biosciences)
using buffer E as the mobile phase. Both Btk FL and KD
proteins were shown to be >95% pure based on their profiles
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on the analytical gel filtration column and by mass spec-
trometry analysis.

In Vitro Phosphorylation and Isolation of Phosphorylated
Btk Kinase Domain. Active Lyn and Syk were obtained from
Upstate Biotech (Cat. #14-510 and 14-314, Millipore, MA).
Scale-up phosphorylation was carried out in Tris—HCI, pH
7.5, 0.1 mM EGTA, 0.1 mM orthovanadate, 0.1% B-mer-
captoethanol, 8 mM ATP, and 10 mM MnCl,, using a Btk
to Lyn molar ratio of 500:1. The reaction mixture was
incubated for 3 h at room temperature, and Btk phosphory-
lation was monitored by Western blot analysis using an-
tiphosphotyrosine 551 antibody (Cat. #558034, BD Bio-
sciences Pharmingen, San Diego, CA). The resulting
phosphorylated Btk kinase domain was separated from the
unphosphorylated material by a Mono Q HRS5/5 column (GE
Healthcare, Piscataway, NJ) using a linear NaCl gradient up
to 0.5 M over 25 column volumes.

MicroLC ESI-MS Characterization of Btk Protein Phos-
phorylation States and Phosphorylation Site Mapping. The
phosphorylation states of various Btk proteins were deter-
mined by microLC ESI-MS. The samples were injected onto
an Agilent 1100 HPLC system equipped with a reverse-phase
C4 Symmetry 300 column (1 x 150 mm, 3 um particle size,
Waters Corporation, Milford, MA) with a set flow rate of
50 uL/min. The HPLC gradient increased from 10% to 90%
B over a period of 60 min, where A is water with 0.1%
formic acid and B is acetonitrile with 0.1% formic acid. The
ESI-MS data were acquired using a Waters-Micromass LCT
mass spectrometer. The cone voltage was set to 35 V, and
the HPLC eluate for the first 10 min, containing salts and
buffer, was diverted to waste. The acquired protein data were
smoothed, background subtracted, centroided, and trans-
formed for molecular weight determination using the Mi-
cromass component analysis software. The observed com-
ponents were confirmed using the Micromass maximum
entropy algorithm. The resulting maximum entropy spectral
peaks were integrated for calculation of the phosphate
distribution in the protein.

For identification of phosphorylation sites by mass spec-
trometry, Btk proteins were digested with sequencing grade
trypsin (Sigma) at 1:10 trypsin:Btk (w/w) ratio at room
temperature overnight. The reaction mixture was checked
by SDS-PAGE for completion. MicroLC ESI-MS/MS was
used to analyze the peptides. The samples were injected onto
an Agilent 1100 HPLC system equipped with a reverse-phase
C18 Symmetry 300 column (I x 150 mm, 3 um particle
size, Waters Corporation, Milford, MA) with a set flow rate
of 65 uL/min. The peptides were eluted with a linear gradient
of 10% to 90% B over a period of 90 min, where A is water
with 0.1% formic acid and B is acetonitrile with 0.1% formic
acid. The ESI-MS/MS data were acquired using a Waters-
Micromass g-Tof Micro mass spectrometer with both nega-
tive and positive ionization modes with high and low
collision energies. In the negative mode, the low energy mode
produces the normal spectrum while the high energy
produces characteristic m/z 79 (1—) ions indicative of
phosphorylation. In the positive ionization mode, low CE
mode produces the normal spectrum while high CE may
produce parent ions with losses of phosphate groups.

Kinase Kinetics. Btk activity was characterized in base
buffer of 25 mM HEPES (pH 7.5), 10 mM MgCl,, 25 mM
NaCl, 10 mM KCl, 0.008% triton X-100, and 2 mM DTT.
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This base buffer was used in all assays. The kinetics was
followed by linking the turnover of ATP to the turnover of
NADH to NAD. NADH depletion was followed spectro-
photometrically at 340 nm. The continuous assay solution
contained 20 units of pyruvate kinase, 30 units of lactate
dehydrogenase, 0.25 mM NADH, and 2 mM PEP. A typical
assay contained 25 nM FL Btk, 20 nM Btk pKD, or 100
nM Btk KD. Reactions were allowed to equilibrate for
several minutes before initiating the reaction with peptide
or ATP. All reactions were done in duplicate. The kinetic
measurements were carried out in a 384-well plate at 25 °C,
on a Molecular Devices spectrophotometer.

HPLC Assay. The enzymatic assays in which total Mg?"
was varied were analyzed on an Agilent 1100 HPLC using
a Phenomenex Auga 5 um C18 125 A 50 mm x 4.60 mm
column (00B-4299-E0). Phosphorylated peptide was sepa-
rated from nonphosphorylated peptide using a gradient of
0% to 100% 20 mM sodium phosphate buffer pH 8.8/
acetonitrile (50/50). Elution was monitored with UV detec-
tion at 214 nm, and substrate and product peak areas were
obtained using the HP Chemstation software provided with
the instrument.

Data Analysis. The steady-state kinetic parameters were
determined by fitting data to eq 1:

v="V_.[SVK =+ [S] (1)

Vinax 18 the maximal velocity, and K, is the Michaelis
constant.

For dead-end inhibition, data were fit to eq 2 for competi-
tive inhibition, eq 3 for noncompetitive inhibition, and eq 4
for uncompetitive inhibition.

V= Vi SVK (1 + [1V/K) + [S] 2
V= Vou[SVK,(1+ IVK) + [SIA +[IVK) — (3)
v =V, [SVK, +[S1(1 + [IVK)) )

K; is the inhibition constant for substrate inhibition.
For initial velocity, data were fit to eq 5

V=V, [AlBJ/oK.K, + K [B] + K [A] + [AlIB]  (5)

K, and K, are the Michaelis constants for A and B, and o is
the ratio of the dissociation constant of the binary EA
complex and the Michaelis constant K,. The concentration
of free Mg>t was determined using the following equation:

[Mg™ e = [Mg” " ]oa—[Mg-ATP]
for the HPLC assay, and

Mg* e =
[Mg”*], s — [Mg-ATP] — [Mg-PEP] — [Mg-NADH]

for the pyruvate kinase/lactate dehydrogenase coupled assay
using the dissociation constants of 0.014 mM for [Mg-ATP],
5 mM for [Mg-PEP], and 19.5 mM for Mg-NADH (26).
The data were analyzed using Sigma Plot 2000 Enzyme
Kinetics Module from SPSS Science (Richmond, CA).

RESULTS

In an effort to understand the detailed molecular mecha-
nisms governing Btk activation and activity, we expressed
both full-length Btk and the Btk kinase domain in Bacu-
lovirus infected Spodoptera frugiperda 21 (Sf21) insect cells.
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Both proteins were purified to homogeneity as described in
the Experimental Procedures section. Coomassie Blue stain-
ing and MS analysis showed that both enzymes are >95%
pure (Figure 1B).

Btk Activity Evaluation. Enzyme kinetic analysis for both
full-length Btk and its kinase domain was carried out using
a coupled assay linking the ATP turnover to the turnover of
NADH to NAD as described under the Experimental
Methods section. Product formation was monitored as a
function of time. Using a peptide substrate poly Glu-Tyr
(poly EY), we observed a lag phase of ~40—60 s in Btk
product formation for the full-length enzyme (Figure 2A top
panel), most likely the result of autophosphorylation on Y>!
(25). ESI-MS analysis indicated that the full-length enzyme
was heterogeneously phosphorylated, ranging from 0 to 4
phosphate groups, with O and 1 phosphate as the most
abundant species (Figure 3A, top panel). Preliminary
microLC—MS/MS analysis of this sample identified Y>*! as
the most prominent phosphorylation site. A Mono Q anion
exchange column was used to partially separate the different
phosphorylated forms. As shown by ESI-MS analysis, a
Mono Q elution fraction (#5) had mostly O phosphate and
some 1 phosphate, whereas fraction #8 was highly phos-
phorylated with only minor amount of unphosphorylated
species (Figure 3A, middle and bottom panel). When these
two fractions were tested in the coupled enzymatic assay,
the lag phase was more pronounced in the less phosphory-
lated sample (Figure 2A middle panel, ~120 s) but largely
eliminated in the highly phosphorylated fraction #8 (Figure
2A bottom panel), suggesting that a higher degree of
phosphorylation contributed directly to the rate of kinase
activation. Regardless of the phosphorylation status, after a
10 min incubation all samples reached a similar V,,,, of 198,
174, and 152 min~!, respectively (see Figure 2 legend). Next,
we tested the Btk kinase domain construct using the same
assay format. As shown in Figure 2B (top panel), the Btk
kinase domain had very low enzymatic activity when the
same poly EY peptide substrate was used. The V,,, for the
reaction was merely 3.0 min~!, 60 fold slower than that for
the full-length enzyme. Furthermore, no lag phase was
observed for the kinase domain, suggesting the lack of
autophosphorylation for this construct. Further ESI-MS
analysis indicated that the Btk kinase domain, when over-
expressed in the insect cells, was unphosphorylated (Figure
3B, top panel). This result differs significantly from the Src
family kinases where the kinase domains can be expressed
as phosphorylated, highly active enzymes (27, 28). Prein-
cubation of Btk kinase domain with Mg*"/ATP did not
significantly improve its kinase activity (data not shown).

Generation of in Vitro Phosphorylated Btk Kinase Domain.
To determine whether the lack of phosphorylation for the
Btk kinase domain is the primary reason for its low
enzymatic activity, we decided to explore the possibility of
phosphorylating the Btk kinase domain in vitro using its
upstream kinases Lyn and Syk, as well as FL-Btk. The use
of FL-Btk is based on previous reports that Btk is capable
of autophosphorylation on Y>! (25, 29). Upon incubation
with various enzymes, Btk kinase domain phosphorylation
was probed using Western blot analysis with a phosphor-
Tyrosine 551-specific antibody. Samples treated with either
Lyn or Syk produced a very strong signal on the Western
blot in a dose-dependent manner (Figure 4, lane 4—7),
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FIGURE 4: In vitro phosphorylation studies of Btk kinase domain.
Top: Western blot analysis of kinase domain phosphorylation
catalyzed by full-length Btk, Lyn, and Syk. The reaction mixture
contained 50 mM Tris—HCI, 0.1 mM EGTA, 0.1 mM sodium
orthovanadate, 0.1% [3-mercaptoethanol, and either 8 mM ATP/20
mM MgSO, (shown) or 8 mM ATP/10 mM MnCl,. The protein
concentration for the reaction was 15 uM, with a molar ratio of
protein/activating enzyme of 500:1 or 100:1. The reaction was
incubated for up to 3 h at 25 °C. Longer incubation did not result
in a further increase in signal. A total of 10 ug of protein per sample
was loaded onto a 10—20% SDS-PAGE, transferred onto a PVDF
membrane, and probed with a pY>®' specific antibody. Bottom:
Coomassie staining of the PVDF membrane.

whereas the untreated control sample was unreactive (lane
1). Samples incubated with FL-Btk also generated a positive
signal but not as strong as the ones treated with Lyn or Syk
(lane 2 + 3). This finding confirms that, at least in vitro,
FL-Btk is capable of autophosphorylation on Y3!. A second
blot probed with a phosphor-tyrosine specific antibody 4G10
is included in the Supporting Information for comparison
(Figure S1). Next, we evaluated the optimal ratio of the Btk
kinase domain to the activating enzyme, Lyn, and the effects
of Mg?" to Mn?" in various buffers. It was found that Mn>*
in Tris—HCI buffer with a Btk kinase domain/Lyn molar
ratio of 500:1 produced the optimal condition for activation
(data not shown). A scale-up phosphorylation was performed
and a Mono Q high-resolution anion exchange column was
used to separate the phosphorylated Btk kinase domain from
the unphoshorylated species. Subsequent evaluation of this
material using ESI-MS indicated that the protein was
uniformly monophosphorylated (Figure 3B, bottom panel).
A complete tryptic digestion was performed on this sample.
The resulting peptide mixture was subjected to reverse-phase
microLC, and further analysis using ESI-MSMS mapped the
phosphorylation site unambiguously to the activation loop
Y>! (Figure 3C). To determine whether phosphorylation of
Y>! altered the kinase domain activity, we carried out the
coupled assay under the identical condition used for the
unphosphorylated kinase domain. Figure 2B (top panel)
showed that the activation loop phosphorylation indeed
increased the kinase domain enzymatic activity, reaching a
Vimax of 21.0 min~!, 7-fold higher than that of the kinase
domain. As in the case of unphosphorylated kinase domain,
no lag phase was observed during the reaction, suggesting
no further Y>*! autophosphorylation. To evaluate whether
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FIGURE 5: Initial velocity kinetics of the phosphorylated Btk kinase
domain. The initial velocity of the reaction was determined as a
function of Y223 peptide substrate concentration at varied ATP
concentrations (@, 0.333 mM ATP; O, 0.4 mM ATP; A, 0.667
mM ATP; v, 1 mM ATP; B, 2 mM ATP). The double-reciprocal
Lineweaver—Burk plot produced a K,tp) of 823 & 403 uM and a
Kiy223) of 860 £ 460 uM, with an a value of 0.56.

Table 1: Peptide Sequences Used in Current Study

peptide name sequence

poly EY (4:1) MW 20 000—50 000 substrate NA
Y223 (Btk peptide) KKVVALYDYMPMN-CONH2  substrate 8.43
gastrin GPWLEEEEEAYGWM-CONH2 substrate 3.51

function  pl

this increase in kinase activity was substrate dependent, a
Y223 peptide derived from the Btk Y??* autophosphorylation
site was used in the coupled assay. As shown in Figure 2B
bottom panel, Y>! phosphorylation once again led to a
significant increase in kinase domain activity resulting a Vi«
of 137 min~! compared to a V. of 12.4 min~! for the
unphosphorylated kinase protein. No lag phase was seen with
either form of the kinase domain. Further, the Y223 peptide
seemed to be a better substrate than poly EY for the kinase
domain fragment on the basis of the observed higher turnover
rate.

Steady-State Kinetic Analysis Indicated That upon Y>*!
Phosphorylation, Btk Kinase Domain Has Comparable
Activity as the Full-Length Enzyme. Having generated a
homogeneously phosphorylated Btk kinase domain allowed
us to further characterize the effect of Y>>! phosphorylation
on Btk catalytic activity. Table 1 lists the peptide substrates
used for the steady-state kinetic parameter determination. In
addition to the poly EY and Y223 peptides used in the initial
rate analysis, a third peptide substrate derived from amino
acid 77—92 of human gastrin protein was also included for
comparison. Steady-state kinetic constants were determined
by varying either ATP or peptide substrate concentration
while holding the other constant. As shown in Table 2a,
activation loop phosphorylation appears to have significantly
shifted the Btk kinase domain to a more active conformation.
Regardless of the peptide substrate used, Y>*! phosphoryla-
tion resulted in at least a 10-fold increase in the overall kinase
activity (ke/Kn) when compared to the kinase activity of
its unphosphorylated counterpart (columns 4, 7, and 10).
With the exception of poly EY peptide substrate, the resulting
phosphorylated kinase domain has an equivalent or better
enzymatic activity than FL-Btk. This increase in k., /Ky, is
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largely from the significant increase in the reaction k., upon
Y>*! phosphorylation (500 min~! vs 99 min~! for Y223, 139
min~! vs 7 min~! for gastrin, and 59 min~! vs 2 min~! for
poly EY). For the two sequence specific peptide substrates
Y223 and gastrin, the K, values for peptide binding varied
within 2—3 fold for all three constructs (Table 2a, columns
2 and 5). The nonspecific poly EY peptide was shown to be
a particularly weak substrate for the unphosphorylated Btk
kinase domain. We were not able to get an accurate K,
measurement for this peptide substrate. Upon Y**' phospho-
rylation, the kinase domain is able to bind the poly EY
peptide more efficiently, producing a K, of 1.1 mg/mL.
FL-Btk enzyme has the highest binding affinity for this
peptide substrate. As for the second substrate, ATP, once
again we observed a similar trend: both kinase domain
proteins have a similar apparent K, for the substrate that is
within 2-fold of the full-length enzyme. The reaction k., for
the unphosphorylated kinase domain is significantly slower
which has led to a 5-fold reduction in the catalytic efficiency
(kea/K) when compared to the phosphorylated kinase
domain, which has a similar activity as the full-length
enzyme (Table 2b, column 2). In all three constructs, the
absence of peptide substrate has resulted in a 60—70-fold
decrease in the rate of ATP hydrolysis (k.,"). The K, values
for ATP (no peptide, K,*) were slightly elevated for FL-
Btk and the phosphorylated kinase domain and significantly
increased (6-fold) for the unphosphorylated kinase domain
construct. The difference in K, values for ATP in the
presence and absence of peptide substrate mostly reflects a
potential synergistic effect between ATP and peptide binding
sites.

Inhibitor Binding Studies. Next, we compared the Btk
kinetic mechanism with or without the context of its
noncatalytic domains. Using the Y223 substrate peptide, we
were able to perform an initial velocity analysis for FL-Btk
and determined that FL-Btk followed a sequential kinetic
mechanism (data not shown). This result is consistent with
a recent study showing that FL-Btk employs a ternary
complex mechanism, in which the binding of peptide
substrate S1 and ATP is either random or ordered with ATP
binding first (25). Furthermore, we observed on the double-
reciprocal plots an o factor of 0.71. The o value is a measure
proportional to the extent of interactions between substrate
sites (30). A value of <1 implies a positive effect of one
substrate binding (ATP or peptide) upon binding of the other.
This result is different from the one obtained by Dinh et al.
(oo value of 3.1) (25). Several factors can potentially
contribute to this discrepancy, such as assay format and
peptide substrate. Because of the lag pase in Btk activation,
the enzyme used in our study was preincubated with Mg>*/
ATP. This step was necessary to eliminate any differences
in the rate of activation due to a varying amount of ATP in
the reaction. Moreover, the substrate used by Dinh et al.
(Aca-AAAEEIYGEI-NH,) (25), is significantly different
from the Y223 peptide used in this study. In fact, when we
repeated the same experiment using the poly EY substrate,
we obtained an o value of 2.1, suggesting that the interactions
between substrate sites is peptide-sequence dependent.

To evaluate whether isolated, phosphorylated kinase
domain followed a similar kinetic mechanism as the full-
length enzyme, we carried out initial reaction velocity
determination at varying ATP and Y223 peptide concentra-
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Table 2: Steady-State Kinetic Parameters
(a) For Peptide Substrates
apme (Y223) apme (gaStrin) apme (POIY EY) kcal/Km
protein name (mM) ke Min™") ke Ky M7 s7H (mM) ke Min™") ke Ky M7 571 (mg/mL) kew(min™')  (mg7!s7)
FL Btk 1.34+0.2 215 £ 27 2756 21+03 142 + 14 1127 0.122 + 0.035 106 £ 6 14.5
KD 34405 99+ 11 485 1.7+ 0.4 T+1 67 ND ~24
pKD 1.6 0.2 500 £+ 36 5208 1.34+04 139 £22 1782 1.1 £0.1 59+2 0.894
(b) For ATP
protein name wpKn” (ATP) (uM) ke (min™") kea/Kn M7' 57" appKn” (ATP) (uM) kea (min~") kea/Kn M7s71)
FL Btk 232 £ 28 215 £ 27 15445 650 £+ 50 3240.1 82
KD 425 + 35 9 +11 3882 2500 £ 700 1.6 £ 0.2 11
pKD 440 + 35 500 + 36 18939 640 £+ 40 6.6 £0.2 172

“ Velocity measurement at the highest concentration of poly EY (2 mg/mL). ® With 0.5 mM Y223 peptide. © In the absence of peptide substrate.

Table 3: Inhibition Patterns A 12
(a) For the Phosphorylated Btk Kinase Domain 10 -
inhibitor substrate K; (mM) mode inhibitor type i~
@
AMPPNP ATP 0.630 & 0.041 C deadend S 0.8 -
AMPPNP Y223 31404 NC deadend K
5-1T ATP 0.338 4 0.057 C deadend | 0.6 -
5-1T Y223 0.216 £+ 0.079 NC deadend E -
=l
£
(b) For Full-Length Btk g 047 S’
w ® FL Btk
inhibitor substrate K; (mM) mode inhibitor type = 0.2 o 7 m Kinase Domain
AMPPNP ATP 029040020 C deadend 7 © PKinase Domain
AMPPNP Y223 2240.1 NC deadend 0.0
5-1T ATP 0.109 + 0.008 C deadend - ' ' ' ' '
5-IT Y223 020440048  NC deadend 0 5 10 -~ 15 - 20 % 30
8" ltorar (M
B

tions. The resulting data produced an intersecting pattern in
the double-reciprocal Lineweaver—Burk plot, characteristic
of a sequential or ternary complex mechanism (Figure 5).
The plot produced an a factor of 0.56, similar to that
observed for the full-length enzyme. Together these results
indicated that the enzymatic mechanism of human Btk is
not affected by the removal of its noncatalytic domains. We
next compared the inhibition kinetics of these two constructs
using the nonhydrolyzable ATP analogue, AMP-PNP, and
5-iodotubericidin (5-IT), an inhibitor of adenosine kinases
and protein kinases including MAP kinase ERK?2 (37). AMP-
PNP was shown to be a competitive inhibitor of ATP for
both constructs with a K; value of 0.63 mM for the
phosphorylated kinase domain and 0.29 mM for the FL
enzyme (Table 3). 5-IT, like AMP-PNP, was found to be a
competitive inhibitor of ATP with a generally 2-fold lower
K; value. Both inhibitors were shown to be noncompetitive
of Y223 peptide with K; values in the millimolar range for
AMP-PNP and ~200 uM range for 5-IT (Table 3). None of
the inhibitor peptides with tyrosine to phenylalanine substitu-
tions showed any inhibition; therefore, substrate analog
inhibition could not be evaluated in this analysis. Taken
together, our analysis demonstrated that the phosphorylated
Btk kinase domain followed the same kinetic mechanism as
the FL enzyme with a very similar substrate inhibition
pattern.

Btk Requires a Second Magnesium Ilon for Activity. With
the exception of poly EY substrate, our analysis so far
showed that activation loop Y3! phosphorylation had very
little effect on the Ki,’s for substrate binding. However, upon
Y! phosphorylation, there was a significant increase in the
reaction k¢, (Table 2) for all three peptide substrates and

e 1 mM Mg**
02 mM Mg**
= 3 mM Mg**
o5 mM Mg**
A10 mM Mg
A 20 mM Mg

Rate (min!)

[ATP] (mM)

FIGURE 6: Metal dependence of Btk activity. (A) Initial velocities
of Btk constructs as a function of total Mg>" concentrations. The
reaction was analyzed by following the formation of phosphory-
lated-Y223 peptide on an HPLC equipped with a C18 reverse-phase
column as described in the Experimental Procedure section. All
samples contained 2 mM ATP and 0.5 mM Y223 peptide (@, full-
length Btk; O, phosphorylated Btk domain; B, unphosphorylated
kinase domain). (B) ATP velocity profiles at different concentrations
of total Mg?" (@, 1 mM; O, 2 mM; B, 3 mM; O, 5 mM; 4, 10
mM; A, 20 mM). The reaction was carried out using Y223 peptide,
and the pyruvate kinase/lactate dehydrogenase-coupled assay was
monitored by a Molecular Devices spectrometer (Experimental
Section).

ATP. Since the phosphoryl-transfer step of kinases involves
divalent metal ions such as magnesium, we decided to
examine in more detail the effect of divalent metal ions on
Btk catalysis. Once again using the coupled assay, the
formation of phosphorylated peptide substrate was monitored
as a function of total magnesium concentration ([Mg*" ).
The reaction was carried out in the presence of 2 mM ATP.
As shown in Figure 6A, FL-Btk activity was the lowest at a
[Mg?*]/ATP ratio of 1:1 (2 mM MgCl, and 2 mM ATP).
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Table 4: Kinetic Parameters of Divalent Metal Binding of Btk Enzymes
apme(Mg) (mM)

protein name

FL Btk 19402
KD 3242
pKD 1041

As the magnesium concentration increased, we saw a gradual
increase in kinase activity. Maximum activity was reached
at 20 mM [Mg?*], indicating that the additional, free [Mg>"]
was necessary for Btk activity. The Btk kinase domain,
regardless of Y>' phosphorylation, exhibited a behavior
similar to that of the FL enzyme, with minimal phosphor-
peptide product seen at a [Mg?*]/ATP ratio of 1:1 (Figure
6A, open circle and solid square for the phosphorylated and
unphosphorylated kinase domain, respectively). Both kinase
domains can be further activated with increasing magnesium
concentration. The apparent binding affinities of the second,
free magnesium (M2) can be calculated from this plot (Table
4). FL-Btk has the lowest 4p,Kinpvig2* free) Of 1.9 mM, whereas
the phosphorylated kinase domain has an u,Kmmg2* free] OF
10 mM. The unphosphorylated kinase domain binds only
weakly to free magnesium with an ,ppKmme* free] OF 32 mM.
These results imply that the M2 binding contributes, at least
in part, to the low enzymatic activity of the Btk kinase
domain. A likely scenario might be that the residues in the
M2-binding site in the Btk kinase domain are misaligned.
Activation loop phosphorylation helps to modulate the
catalytic potential in the kinase domain by repositioning the
residues involved in M2 binding.

In order to distinguish whether the second magnesium ion
is an essential activator, we further evaluated ATP concen-
tration at different fixed total magnesium concentrations
using the full-length enzyme (Figure 6B). The rate of reaction
increased significantly at higher magnesium concentrations,
consistent with our earlier observation. At lower [Mg?']
concentrations, however, we observed a peak in the velocity
profile that is most evident with the lowest magnesium
concentration. This behavior correlates with the notion that
when the concentration of ATP approaches the concentration
of magnesium ion, most of the free magnesium is sequestered
as an Mg—ATP complex. The result is a significantly
decreased M2 concentration and a minimal reaction velocity
likely due to enzyme inactivation, suggesting that the second
metal ion is an essential activator for Btk activity.

In addition to evaluating divalent metal ion on Btk activity,
we further investigated the effects of ionic strength on Btk
catalysis. In this study, we varied the ATP concentration
while holding the concentration of Y223 peptide constant
and monitored the enzyme turnover rate k., (Figure S2,
Supporting Information). Interestingly, as the concentration
of NaCl is increased (up to 1 M), we observed a decrease in
the turnover rate for FL-Btk. A decrease was also observed
for the phosphorylated kinase domain with a smaller
magnitude. The unphosphorylated version of the protein, on
the other hand, behaved very differently. As NaCl concentra-
tion increased, we saw a significant increase in the reaction
k... This difference between the two kinase domains further
supports our earlier results suggesting a potential conforma-
tional change in Btk kinase domain upon activation loop
phosphorylation.
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DISCUSSION

Because of our interest in developing therapeutic antago-
nists of Btk, we directed our studies to understand the
mechanisms that govern Btk activation and regulation.
Previous studies followed Btk kinase activity using either a
cell-based approach (/2—14) or purified but heterogeneously
phosphorylated Btk enzyme (25, 32). There is significant
evidence suggesting that the Tec family kinases, such as Btk
and Itk, are regulated differently from the Src family kinases,
despite  their similarity in linear domain ar-
rangement (32, 33).

In the current study, we used high-resolution ion-exchange
chromatography to separate different phosphorylated forms
of FL-Btk generated from insect cells. We demonstrated that
upon a 10 min incubation with Mg?*/ATP, all phosphorylated
forms had a similar V<. However, the unphosphorylated
species required an autoactivation step as reflected by a lag
phase in the activity profile. This observation is consistent
with the study by Dinh et al. (25) that showed preincubation
of FL-Btk with Mg?*/ATP eliminated the activity lag phase
and also coincided with an increase in activation loop Y>°!
phosphorylation. When expressed alone, the Btk kinase
domain was found to be unphosphorylated and inactive (this
study and studies by Lowry et al. (32) and Mao et al. (20));
however, when the prototypical Src family kinase domain
was expressed and purified from insect cells, it was shown
to be phosphorylated and also retained full activity (34, 35).
Interestingly, by phosphorylating activation loop Y>*! of the
Btk kinase domain with the Src family kinase Lyn, we
generated enzyme comparable in activity to FL-Btk. This
observation conflicts with a previous study of another closely
related Tec family member, Itk (36). Phosphorylated Itk
kinase domain had a 26-fold lower k., when compared to a
TH-SH3-SH2-kinase domain construct. Activation loop Y>!2
phosphorylation seemed to have no impact on Itk kinase
domain activity, and unexpectedly, the phosphorylated and
unphosphorylated forms both crystallized in the inactive
conformation.

Detailed kinetic studies clarified the differences between
unphosphorylated and in vitro phosphorylated Btk kinase
domain. We demonstrated that Y>! phosphorylated kinase
domain had comparable K,, values for ATP and peptide
substrates, and similar k., values as the full-length enzyme.
The only exception is the poly EY peptide that binds
significantly weaker to the phosphorylated kinase domain
than FL-Btk, suggesting that other Btk domains might play
a role in the recognition of this particular peptide substrate.
In all cases, the overall kinase activity for the phosphorylated
kinase domain was at least 10—20-fold higher than the
unphosphorylated counterpart, a result mostly attributed to
an up to 25-fold increase in k., suggesting the activation
loop phosphorylation had caused a conformational change
to a more catalytically active enzyme. However, the substrate
binding sites were less affected. This result correlates well
with the Dinh et al. study (25) where the K,, values for
substrates were similar to both the full-length Btk and the
Y551F mutant, although the catalytic efficiency of the wild-
type enzyme was 10-fold greater than that for the mutant
protein. These observations place the Btk kinase domain into
the nongated category in which the activation loop phos-
phorylation modulates solely the phosphoryl-transfer step but
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not substrate binding (37). Dead-end inhibitor binding studies
indicated that the kinetic mechanism of the phosphorylated
Btk kinase domain is consistent with a random, sequential
addition of substrates, similar to the kinetic mechanism for
the full-length protein. The phosphorylated kinase domain
had K; values similar to those for the FL-Btk for substrate
analogue inhibitors AMP-PNP and 5-IT.

The metal dependence study suggested that Btk requires
a second metal ion for activity. There have been a number
of studies on divalent metal ion dependence of protein
kinases. These include the most extensively characterized
protein kinase cAMP-dependent protein kinase (cAPK) (38),
serine/threonine specific protein kinase ERK2 (37), and Btk
closely related tyrosine kinases Csk and Src (39). Electron
paramagnetic resonance studies and X-ray crystal structure
identified two divalent metal-ion-binding sites within the
active site of cAPK, one activating and the second one being
partially inhibitory. ERK2 on the other hand, needs both
metal ions for its activity. In the case of Csk and Src, in
addition to the requirement of a divalent metal cation to
complex with ATP, both enzymes require a second metal
cation as an essential activator. The additional magnesium
ion activates Csk and Src mainly by increasing their V.. It
does not affect the apparent Kp,arp-mg) for Csk or Src. Our
analysis indicated significantly higher reaction V,,,, values
for all three Btk fragments in the presence of an additional
magnesium ion. However, further detailed mechanistic
studies will be necessary to determine whether the apparent
Knatr-mg) Was affected as well.

Our study elucidated significant differences in the M2-
binding site among the unphosphorylated Btk kinase domain,
its phosphorylated counterpart, and full-length enzyme. In
particular, the unphosphorylated kinase domain binds only
weakly to the second metal ion when compared to the full-
length enzyme, suggesting that residues near the M2-binding
site might play an important role in enzyme activity.
Furthermore, we evaluated the effects of ionic strength on
Btk catalysis. Our results indicated that increasing NaCl
concentration in reaction buffer led to an increase in
enzymatic activity in the Btk kinase domain, while for both
full-length and phosphorylated kinase domain, we saw a
decrease in activity. This observation further underlines the
difference between Btk kinase domain and full-length
enzyme and suggests a significant conformational change
between the two. One possible interpretation of the ionic
effect is the disruption of salt bridges. For example, in the
crystal structure of the inactive Btk kinase domain (20),
Arg544 forms a salt bridge with Glu445 that stabilizes the
inactive conformation. A high NaCl concentration could
destabilize this salt bridge resulting in an increase in kinase
domain activity. Although no active Btk kinase domain
structure has been reported, it has been proposed, on the basis
of the inactive structure, that a large conformational change
involving the rearrangement of hydrogen bond network and
repositioning of aC-helix is necessary to convert the enzyme
into active conformation (20). Upon Y>! phosphorylation,
Arg544 may be more engaged in interaction with the
phosphate group of Y**!, freeing up Glu445 to form the salt
bridge hydrogen bond with Lys430 in the active site (20, 40).
This arrangement may facilitate the shifting of the o.C helix
into an active conformation. An increase in NaCl concentra-
tion could potentially disrupt this intricate hydrogen bond
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network, therefore decreasing the catalytic activity. Further
mutational analysis would be necessary to help validate this
hypothesis.

Having established that Y>' phosphorylation plays a
crucial role in regulating Btk kinase domain activity, what
are the roles for the noncatalytic domains of Btk? Btk, along
with the rest of Tec family kinases, shares a similar SH3-
SH2-Kinase domain arrangement with Src family tyrosine
kinases. SH3 domains interact with proline-rich sequences,
whereas SH2 domains bind to phosphotyrosine-containing
peptide motifs. Both domains are small protein modules that
mediate protein—protein interactions and occur in many
proteins involved in intracellular signal transduction (417).
In the crystal structure of the autoinhibited three domain
Src (42—44) kinase, the C-terminal tail phospho-tyrosine
binds to the SH2 domain, and the SH3 domain binds to the
SH3-kinase domain linker regions thus forming a compact
structure where surfaces of the SH2 and SH3 domains pack
against the catalytic domain on the opposite side of the
catalytic cleft. This constrained multidomain interaction
effectively locks the kinase domain into an inactive confor-
mation. Activation occurs when high affinity competing
ligands bind to the SH3 and SH2 domains, as well as
concomitant tyrosine phosphorylation on the kinase activation
loop. Because of the high sequence homologys, it is tempting
to speculate that some of these closely related PTKs might
share common mechanisms of regulation (2, 45). In fact, a
structural analysis on the multidomain kinase c-Abl estab-
lished that Abl and Src kinases share very similar interdomain
control mechanisms. Like Src, c-Abl is also negatively
regulated by intramolecular SH3 domain interactions with
the linker and the kinase domain. Instead of the SH2 domain
C-terminal regulatory tyrosine interaction in the Src family
kinases, c-Abl uses an N-terminal myristoyl modification for
the intramolecular interaction with the kinase domain as a
downregulation mechanism (46, 47). The carboxyl-terminal
Src kinase (Csk), on the other hand, has adopted a different
regulatory mechanism (48). Csk contains the SH2-SH3-
kinase linear domain arrangement but lacks the C-terminal
regulatory tyrosine. As shown in the crystal structure of full-
length Csk, the SH2 domain interacts with the N-terminal
lobe of the kinase domain. However, the interactions between
SH3 and the linker region of the SH2-kinase domains are
absent in the Csk structure. Additional biochemical studies
showed the uniquely oriented SH2 and SH3 domains of Csk
act as positive regulators of kinase activity (49—517). The
Tec family is unique among the SH3-SH2 kinase domain
containing enzymes in that they all contain an N-terminal
PH domain (with the exception of Txk which contains a
palmitylation site at the N-terminus) (52). The PH domain
serves to localize the Tec family kinases to the membrane
upon inositol lipid phosphorylation, whereas c-Abl and Src
localize to the membrane via a myristylation site on the
N-termini of the enzymes. Apart from this similarity, the
Tec family kinases, like Csk, lack a C-terminal regulatory
tyrosine. A recent biochemical study using multiple Itk
deletion mutants demonstrated that Itk, and most likely other
Tec kinases, are regulated in a manner more like Csk vs the
Src family kinases (33). Deletion or mutation of the SH3 or
SH2 domain in the Src family results in an increase in kinase
activity; consequently, the noncatalytic domains serve as a
negative regulatory function. Our current study suggests the
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Btk SH2 and SH3 domains, like Csk, play an opposite,
positive regulatory role. By deleting the PH, SH3, and SH2
domains, the resulting kinase exhibits rather poor catalytic
activity, and this low activity is due to the lack of phospho-
rylation on activation loop Y>!. The presence of the
noncatalytic domains allows the enzyme to be more ef-
ficiently autophosphorylated and activated. Studies on the
closely related Itk kinase seemed to be consistent with this
view (33). Our Mono Q fractionated FL Btk, although mostly
unphosphorylated (fraction #5), is capable of autoactivation
resulting in a Vy,,x comparable to that of the phosphorylated
species. Moreover, preliminary analyses of three-domain
(SH3-SH2-KD) and two-domain (SH2-KD) Btk constructs
indicated a higher degree of phosphorylation and activity
(unpublished results). Together these data support a positive
regulatory role by the noncatalytic domains of Btk.
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