
Highly efficient purification of protein
complexes from mammalian cells using a
novel streptavidin-binding peptide and
hexahistidine tandem tag system:
Application to Bruton’s tyrosine kinase

Yifeng Li,1 Sarah Franklin,1 Michael J. Zhang,1 and Thomas M. Vondriska1,2,3*

1Department of Anesthesiology, David Geffen School of Medicine, University of California, Los Angeles, CA
2Department of Medicine/Cardiology, David Geffen School of Medicine, University of California, Los Angeles, CA
3Department of Physiology, David Geffen School of Medicine, University of California, Los Angeles, CA

Received 2 June 2010; Revised 9 September 2010; Accepted 27 October 2010
DOI: 10.1002/pro.546
Published online 15 November 2010 proteinscience.org

Abstract: Tandem affinity purification (TAP) is a generic approach for the purification of protein

complexes. The key advantage of TAP is the engineering of dual affinity tags that, when attached

to the protein of interest, allow purification of the target protein along with its binding partners
through two consecutive purification steps. The tandem tag used in the original method consists

of two IgG-binding units of protein A from Staphylococcus aureus (ProtA) and the calmodulin-

binding peptide (CBP), and it allows for recovery of 20–30% of the bait protein in yeast. When
applied to higher eukaryotes, however, this classical TAP tag suffers from low yields. To improve

protein recovery in systems other than yeast, we describe herein the development of a three-tag

system comprised of CBP, streptavidin-binding peptide (SBP) and hexa-histidine. We illustrate the
application of this approach for the purification of human Bruton’s tyrosine kinase (Btk), which

results in highly efficient binding and elution of bait protein in both purification steps (>50%
recovery). Combined with mass spectrometry for protein identification, this TAP strategy facilitated
the first nonbiased analysis of Btk interacting proteins. The high efficiency of the SBP-His6
purification allows for efficient recovery of protein complexes formed with a target protein of

interest from a small amount of starting material, enhancing the ability to detect low abundance
and transient interactions in eukaryotic cell systems.

Keywords: tandem affinity purification; protein complex; calmodulin-binding peptide; streptavidin-
binding peptide; His-tag; Btk

Introduction

Tandem affinity purification (TAP) is a methodology

for the isolation of protein complexes from endoge-

nous sources.1–3 The key advantage of this method

involves tagging the protein of interest with a dual

affinity handle that allows the protein-of-interest,

along with its interacting partners, to be purified in

two consecutive steps. The major benefit in compari-

son with single-step purification is the greatly

improved specificity of the pull-down, leading to

greater sample purity, greater reproducibility, and in
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turn simplifying the subsequent identification (and

validation) of proteins interacting with the target.

Whereas the method was originally developed in

yeast, it has been successfully adapted to other cells

and organisms.4–7 In combination with mass spec-

trometry for protein identification, TAP has become

an indispensable tool for systematic identification of

target-associated protein complexes,8 which have

been exploited on a large scale to map the yeast

interactome.9

The original TAP tag consists of two IgG-binding

units of protein A of Staphylococcus aureus (ProtA)

and the calmodulin-binding peptide (CBP), separated

by a tobacco etch virus (TEV) protease cleavage

site.1,2 Sequential purification of the tagged protein

is carried out using IgG matrix and calmodulin resin,

respectively. A TEV cleavage site is required because

ProtA can only be released from IgG under denatur-

ing conditions and the engineering of this enzyme

cleavage site overcomes this limitation, allowing pro-

teolytic release under native conditions. CBP binds

to calmodulin in a calcium-dependent manner and

can be released by adding chelating agents such as

EGTA. In yeast, the ProA-CBP tandem tag allows

roughly 20–30% of the target protein to be recov-

ered,10 and in most cases, sufficient amount of com-

plexes for protein identification by mass spectrome-

try can be obtained from 2 L of culture.11 When the

standard TAP tag is applied to higher eukaryotes,

however, the recovery of the tagged protein is often

much lower (i.e., �1%12–15), necessitating a much

larger amount of starting material to provide suffi-

cient protein for subsequent analyses. As cultivation

and handling of mammalian and insect cells is very

costly and labor intensive, the low recovery of the

ProA-CBP tag in higher eukaryotes has limited the

use of the original TAP method in these systems.

To make the method more practical in non-yeast

systems, a number of alternative TAP tags using dif-

ferent affinity handles have been developed,12–26

and some of them have shown improved protein

recovery (Table I). In addition to the tags developed

by individual laboratories to meet their own needs,

Stratagene developed a tandem tag consisting of

CBP and streptavidin-binding peptide (SBP) and

created the commercial InterPlay mammalian TAP

system based on it. The major advantage of this sys-

tem is that it supports a purification protocol with-

out the need of proteolytic enzyme, as both tags can

be eluted from their respective resins under mild

conditions. However, protein purification is very

case-dependent: each protein behaves differently

when expressed in a heterologous system based

on its individual structural/functional properties,

endogenous interactors and the effects its overex-

pression has on the cell phenotype. Furthermore,

simple considerations of protein folding mean that no

affinity purification system will work for all targets.

To overcome such limitations with the analysis of

our target protein of interest, Btk tyrosine kinase, we

added a His-tag to the C-terminus of the target pro-

tein and used it in place of the CBP for the second

round of purification. Btk is a non-receptor tyrosine

kinase, mutations in the gene for which cause x-

linked immunodeficiency agammaglobulinemia (XLA)

in humans and x-linked immunodeficiency (XID) in

mice.27,28 Since its original discovery in the setting of

XLA/XID, significant progress has been made to

understand the mechanisms of Btk activation in the

immune system and its role in lymphocyte develop-

ment and regulation.29 Nevertheless, a unbiased

analysis of Btk interactors by TAP-mass spectrometry

has never been reported. To discover novel regulatory

mechanisms for this protein, we utilized a newly engi-

neered TAP construct to map Btk interactors from

mammalian cells. This approach resulted in a much

greater yield of the target protein and its interacting

partners and could serve as a useful approach to com-

plement existing tagging strategies for purification of

other protein targets.

Results

Expression and extraction of human Btk
The human Btk is 659 amino acids in length, and

the fusion (with N-terminal or flanking affinity tags,

Figure 1) has an anticipated molecular weight of 85

kDa. As confirmed by Western blot, Btk was

expressed in transfected HEK-293 cells with the ma-

jority extracted to the soluble portion (Fig. 2).

Streptavidin-based first round of purification

with calmodulin-based second round
The Btk fusion protein bound to the streptavidin

resin efficiently as indicated by its absence from

cell lysate supernatant after overnight incubation

[Fig. 3(A), SBP-Unb.]. To estimate protein recovery,

biotin eluate was subjected to a serial dilution (two-

fold, fourfold, sixfold, and eightfold) and the diluted

samples were electrophoresed with the cleared cell

lysate (note: the volume of biotin eluate was 12.5%

that of the cell lysate supernatant). Western blotting

Table I. Reported Recovery Rates for Several TAP Tag
Combinations

Tag combination Recovery (%)
Systems and
references

ProtA-CBP 20–30 Yeast10

1–1.5 Drosophila14;
mammalian cells15

FLAG-His 10–20 Drosophila14

Protein G-SBP 5 Mammalian cells15

His-Strep II 16 Mammalian cells21

2xStrep II-FLAG 30–50 Mammalian cells22

SBP-hemagglutinin 30–40 Mammalian cells26
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demonstrates that the band intensity of the cell

lysate supernatant is comparable with that of the

sixfold diluted biotin eluate [Fig. 3(B), compare lanes

‘‘6’’ and ‘‘WCL’’]. This result suggests that about 75%

of the target protein present in the cleared cell

lysate was recovered after this initial purification.

We next attempted to perform the second step of

TAP using the CBP tag. However, the majority of

Btk remained in the unbound portion after over-

night incubation [Fig. 3(C)], indicating that the effi-

ciency of binding to the calmodulin resin was very

poor for this fusion protein. Accordingly, almost no

Btk was detected in the EGTA eluate.

Nickel-based second round of purification

To overcome this limitation of poor recovery, we

designed the construct described above and in Fig-

ure 1. The C-terminally His-tagged Btk was first

purified with streptavidin resin following the same

procedure as for the non-His-tagged version. The

newly added His-tag allows the target protein to be

subsequently purified by immobilized metal ion

affinity chromatography (IMAC). Most of the Btk

present in the biotin eluate binds to the Ni-NTA

resin after 2 h incubation (as indicated by the minis-

cule amount of Btk left in the unbound portion) and

is subsequently released with 300 mM imidazole

[Fig. 4(A)]. The volume of the final eluate was 25%

of that of the streptavidin eluate applied to the

nickel resin. To assess target recovery of this purifi-

cation step, a small aliquot of imidazole eluate was

diluted fourfold and electrophoresed in parallel with

the biotin eluate. Western blotting for Btk found

that the intensities of the two bands are indistin-

guishable [Fig. 4(B)], suggesting that most of

the target protein present in the biotin eluate was

recovered after IMAC. To evaluate the recovery of

Btk-associated proteins, the eluates from single and

double purification were also analyzed by silver

staining. As shown in Figure 4(C), the tandem puri-

fication greatly enriches for the bait protein (aster-

isk, as determined by mass spectrometry) and

reduces background nonspecific binding.

Protein identification by tandem mass
spectrometry

Tandem affinity purified protein samples (from Btk-

transfected cells and empty vector-transfected nega-

tive control) were separated by SDS-PAGE and

visualized by Oriole staining [Fig. 5(A)]. Immediately

apparent from the gel image is the efficiency of Btk

(indicated by asterisk) enrichment and the specificity

of the optimized TAP procedure to recover Btk-asso-

ciated proteins [Fig. 5(B)]. Both gel lanes were cut

into �16 slices, digested with trypsin and analyzed

by high mass accuracy LC/MS/MS on an Orbitrap.

As described in Methods, rigorous criteria were used

for protein identification and the reported list of Btk

interacting proteins excluded any identifications

made from the negative control lane (TAP-null). The

TAP purification and mass spectrometry analyses

were performed three independent times, and pro-

teins included as Btk interactors were observed in

two or more biological replicates (Table II).

Discussion

Multistep purification has various applications for

the preparation of recombinantly expressed proteins.

The major advantage of this approach when com-

pared with single step purification is improved speci-

ficity of recovery: hence, the major application for

TAP has been to examine protein interactions, where

confounding effects of nonspecificity are a major con-

cern for discovering new functions of a protein. TAP

systems based on the CBP-SBP combination are an

essential tool used by many laboratories for the suc-

cessful isolation of various protein complexes.30–32

However, the percentage of overall recovery of the

Figure 2. Western blot analysis of human Btk expression

and extraction. Whole cell lysate (WCL) of pNTAP-hBtk- or

empty vector- (pNTAP-null) transfected HEK-293 cells were

separated along with supernatant (sup) or pellet (pel)

extraction from pNTAP-hBtk transfected cells, followed by

immunoblotting for Btk. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Figure 1. Schematic representation of the affinity-tagged

human Btk. Btk was N-terminally fused to the CBP-SBP

tandem tag system and a C-terminal His-tag engineered to

expand protein purification options. The positively and

negatively charged residues in CBP and SBP, respectively,

are highlighted. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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Figure 3. Dual streptavidin- and calmodulin-based purification. A: First step streptavidin-based purification recovers

substantial Btk protein: supernatant of whole cell lysate (WCL); unbound portion (SBP-Unb.); and product of 2 mM biotin

eluate (Bio-Elu.). B: Protein recovery as illustrated by serial dilution of biotin eluate: undiluted (Bio-Elu.); twofold, fourfold,

sixfold, and eightfold dilution; and supernatant of whole cell lysate (WCL). C: Second phase of TAP purification via

calmodulin binding is ineffective to recover Btk: biotin eluate resulted from the first round of purification (Bio-Elu.);

unbound portion following incubation of streptavidin eluate with calmodulin resin (CBP-Unb.); product of 5 mM EGTA

elution (EGTA-Elu.). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 4. Dual streptavidin- and nickel-based purification. A: Eluate from first step streptavidin-based purification (Bio-Elu.);

unbound portion (His-Unb.); and product of 300 mM imidazole eluate (Imi-Elu.). B: Protein recovery, including Biotin eluate

(Bio-Elu.) and four-fold diluted imidazole eluate (Imi-Elu. 4). C: Silver staining of partially and fully purified Btk complex: biotin

eluate from the first round of purification (Bio-Elu.) and imidazole eluate from the second round of purification (Imi-Elu.).

Asterisk indicates Btk as determined by mass spectrometry. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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target protein has been unclear from many of these

studies. In our hands, the N-terminal CBP-SBP

tagged Btk fusion bound to the streptavidin resin

efficiently, allowing 70–80% of the target protein to

be recovered. This is in agreement with previous

reports, which stated that SBP-mediated purification

recovered 75–90% of the bait proteins.15,26 In con-

trast, the CBP-SBP-Btk fusion bound poorly to the

second (calmodulin) resin, resulting in a paltry pro-

tein yield and effectively defeating the purpose of

dual tagging.

Inefficiency of the calmodulin affinity chroma-

tography step has been observed by others and was

postulated to be responsible for the low recovery of

the original ProA-CBP tag in higher eukaryotes.13,15

The poor binding could be due to several factors.

First, as with all recombinant protein experiments,

we cannot rule out the possibility that the CBP is

inaccessible due to Btk-specific protein folding;

related to this possibility, however, we observe that

the SBP module, which is sandwiched between the

CBP module and the target protein, works well for

isolation. Second, endogenous calmodulin could bind

to the CBP moiety and prevent its binding to the

resin.1 Third, mammalian cells express a greater

number of endogenous calmodulin-binding proteins

that will compete with the fusion during purifica-

tion.13,16 A final possibility specific to this tag combi-

nation, 16% of residues on adjacent SBP are nega-

tively charged (Fig. 1), which may interfere with

CBP binding to calmodulin resin due to electrostatic

interactions between the tags.

To circumvent the ineffective purification of the

Btk fusion via calmodulin, we added a His-tag to the

C-terminus of Btk to be used with IMAC in lieu of

CBP-calmodulin for the second round of purification.

This approach has the advantage of retaining the

SBP and CBP modules in the vector for use in

future applications (with Btk or other targets of in-

terest), effectively creating a purification system

with three independent options for two-step enrich-

ment of a target protein. This modified approach

was very successful for the purification of human

Btk, allowing for subsequent mass spectrometry-

based analysis of its interacting partners. It is note-

worthy that the amount of nickel resin is critical for

Figure 5. Methodology for analysis of Btk-associated proteins using new TAP vector combined with mass spectrometry. A: Oriole

staining of tandem affinity purified Btk complex: negative control of tandem affinity purification (TAP-Null) and tandem affinity

purified Btk complex (TAP-Btk). Asterisk indicates Btk. B: Experimental workflow for TAP purification and protein identification.
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the His-tag-mediated purification. We initially used

50 lL of resin under which conditions we had diffi-

culty eluting the bound protein even with high

concentration of imidazole. For the test case of Btk,

protein production from eight 150-mm dishes of cells

plus 10 lL of Ni-NTA resin was sufficient for recov-

ery of recombinant protein while also allowing effi-

cient elution. Our western blotting results indicate

>80% of the fusion present in the biotin eluate from

the first round of purification was recovered in the

second step with the improved SBP-His combination

(Fig. 4), putting the overall yield at >50%, which is

among the highest reported for any TAP tag system.

The high recovery makes further concentration of

the purified sample unnecessary, which avoids

potential loss during such a step. In fact, only 10%

of the final purified protein complex was sufficient

for protein identification by mass spectrometry.

Although both SBP and His-tag are used as

components in various tandem tags, their use to-

gether is rare. Our investigations show that they are

quite compatible with each other having the advant-

age that the entire purification can be performed in

one buffer system. Furthermore, the Ni-NTA resin is

relatively less expensive and has a higher capacity

compared with the antibodies required for epitope

tag-based purification, and binding can be carried

out under denaturing conditions if desired. Finally,

this approach minimally modifies the fusion protein

construct and effectively adds a third option for

purification (as both the CBP and SBP modules are

unmodified) of target molecules. The His tag was

placed on the C-terminus, in this study, to minimize

possible steric interactions with the other tag(s) dur-

ing purification, although a separate construct with

the His on the N-terminus would very likely identify

new interacting proteins missed in the current

strategy.

Having optimized this purification system for

Btk, we sought to apply it to map the proteins inter-

acting with this kinase in human cells. Btk is known

to play a fundamental role in lymphocyte develop-

ment and B cell maturation. B cell receptor stimula-

tion leads to Btk activation after which the cytoplas-

mic kinase normally translocates to the cytoskeleton,

calcium storage, and nuclear domains within the

cell. Although many protein regulators of Btk have

been described in specific contexts, an unbiased anal-

ysis of its interactors was lacking. Our investigations

found specific interaction of Btk with numerous fila-

ment and cytoskeletal-associated proteins, including

myosin light chain, filament actin, twinfilin, keratin,

and tubulin, several of which (including tubulin

and keratin) are also implicated in nuclear structure

(Table II). Interaction of Btk with multiple compo-

nents of the cytoskeleton is quite intriguing and

provides a mechanism for how Btk participates in

signaling processes at various subcellular locations.

Another Btk interactor identified in this study,

spectrin, which also has a PH domain required for

Table II. Btk Interacting Proteins Identified by TAP and Mass Spectrometry

UniProt/IPI Protein Name MWa Xcorrb Known Functionc

P23396/IPI00011253 40S ribosomal protein S3 26,671 90.3 Protein translation machinery
Q9Y4W6/IPI00001091 AFG-like protein 88,528 40.2 ATP-dependent protease
P68133/IPI00021428 Alpha skeletal actin 42,023 216.4 Contraction
P12814/IPI00013508 Alpha-actinin 102,993 60.2 Myofilament (actin) anchoring protein
P25705/IPI00440493 ATP synthase alpha subunit 59,713 210.3 ATP production in mitochondria
P06576/IPI00303476 ATP synthase beta subunit 56,524 140.3 ATP production in mitochondria
Q9BYX7/IPI00888712 Beta-actin 41,988 178.3 Cytoskeleton
B4DMH3/IPI00798401 Coronin-1C 49,347 30.3 Cytokinesis, cell motility
O00571/IPI00215637 DDX3X, ATP-dependent

RNA helicase
73,198 30.2 Nucleotide-binding, RNA processing

Q16643/IPI00003406 Drebrin 71,381 30.3 Cell migration
Q05639/IPI00014424 Elongation factor 1 alpha 50,438 30.2 Promotes t-RNA binding to ribosome
P21333/IPI00302592 Filamin-A 279,841 30.2 Anchors cytoskeleton to membrane
P04406/IPI00219018 Glyceraldehyde-3-phosphate

dehydrogenase
36,030 40.2 Glycolytic enzyme

Q86YZ3/IPI00398625 Hornerin 282,226 40.3 Epidermis formation
P13647/IPI00009867 Keratin, type II 62,340 250.3 Cytoskeletal structure
Q9H1R3/IPI00221127 Myosin light chain kinase 2 64,644 40.2 Regulates contraction of striated muscle
P28331/IPI00604664 NADH-ubiquinone oxidoreductase 80,945 50.3 Mitochondrial respiratory chain
P23246/IPI00010740 SFPQ, splicing factor 76,101 110.2 Nucleotide-binding, spliceosome formation
P02549/IPI00220741 Spectrin, alpha chain 279,998 40.2 Cytoskeletal structure
P40939/IPI00031522 Trifunctional enzyme, alpha subunit 82,947 70.3 Fatty acid metabolism
P68366/IPI00007750 Tubulin, alpha 4A chain 49,892 30.2 Major constituent of microtubules
P68371/IPI00007752 Tubulin, beta 2C chain 49,799 38.3 Major constituent of microtubules
Q12792/IPI00183508 Twinfilin 43,890 40.3 Actin binding, polymerization

a Molecular weight, as calculated from amino acid sequence.
b As determined by SEQUEST from highest single run in which protein was identified.
c Determined from UniProt annotation.
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membrane anchoring, has been shown to play a key

role in cytoskeletal signaling during B cell diseases.33

Previous studies had demonstrated global changes in

glycolytic enzyme (including GAPDH) levels by

microarray during the process of T helper cell devel-

opment,34 although the mechanism was unclear. It is

interesting to note that Btk interacts with a number

of metabolic proteins including ATP synthase subu-

nits a and b and GADPH. It will be intriguing for

future studies to explore how Btk plays a role in this

aspect of T helper cell development, and whether

direct interactions with these proteins (as uncovered

in our study) is involved. Figure 5(A) shows clearly

that all protein bands examined in this study are at

or below a 1:1 ratio with Btk, ruling out a concern of

identification of proteins solely on their abundance

in the cell. Nevertheless, caveats to our investigation

include the uncertain role these interactors have in

Btk signaling in the setting of the B cell; however,

we reason these proteins are more likely to be rea-

sonable targets when compared with those isolated

from non-mammalian cells. Furthermore, Btk is acti-

vated following B cell receptor stimulation, a situa-

tion not replicated in our analyses. Future studies

will be required to understand how this physiological

stimulus affects the subproteome of Btk interacting

molecules.

Materials and Methods

Materials

HEK-293 cells were obtained from American Type

Culture Collection (Manassas, VA). The eukaryotic

TAP expression vector pNTAP was purchased from

Stratagene (La Jolla, CA). Oligonucleotides were

ordered from Eurofins MWG Operon (Huntsville,

AL). All reagents were obtained from Sigma-Aldrich

(St. Louis, MO) and Fisher Scientific (Pittsburgh, PA)

unless otherwise stated. PCR reagents, DNA poly-

merase, restriction enzymes, T4 DNA ligase, compe-

tent E. coli, Geneticin, NuPAGE 4–12% Bis-Tris gel,

Seeblue prestained standard, and SilverXpress silver

staining kit were purchased from Invitrogen (Carls-

bad, CA). QIAquick PCR purification kit, QIAprep

spin miniprep kit, PolyFect transfection reagent, and

Ni-NTA agarose were purchased from Qiagen (Valen-

cia, CA). Complete Mini EDTA-free protease inhibitor

cocktail tablets was purchased from Roche (Indianap-

olis, IN). Streptavidin Sepharose and calmodulin

Sepharose were purchased from GE Healthcare

(Pittsburgh, PA). Biotin was purchased from USB

(Cleveland, OH). Nitrocellulose membrane, Oriole

fluorescent gel stain, and Precision Plus Protein

standards were purchased from Bio-Rad Laboratories

(Hercules, CA). Btk (C-20), a goat polyclonal antibody

raised against the C-terminal region of human Btk,

and donkey anti-goat IgG-HRP were purchased from

Santa Cruz Biotechnology (Santa Cruz, CA). Super-

Signal West Pico chemiluminescent substrate was

purchased from Thermo Fisher Scientific (Rockford,

IL). Sequencing grade modified trypsin was pur-

chased from Promega (Madison, WI). Microcon cen-

trifugal filter devices were purchased from Millipore

(Billerica, MA).

Methods

Construction of expression vectors

The cDNA for the full-length human btk was the

kind gift of Dr. Owen Witte (UCLA). The coding frag-

ment was PCR-amplified using the forward primer

50-CGCGGATCCCATGGCCGCAGTGATTCTGGAGA

GCATC-30 and the reverse primer 50-ACGCGTC

GACCTAGGATTCTTCATCCATGACATCTAGAAT-30.
The forward and reverse primers contain recogni-

tion sites for BamHI and SalI (underlined), respec-

tively. After purification and digestion, the PCR

product was cloned into similarly digested pNTAP

expression vector. The resultant recombinant plas-

mid was named pNTAP-hBtk. Cloning into the

pNTAP vector allows the target protein to be N-ter-

minally fused to the CBP and SBP tandem affinity

tag (Fig. 1). Using the same forward primer and a

newly designed reverse primer 50-ACGCGTCGACT

CAATGATGATGATGATGATGGGATTCTTCATCCA

TGACATCTAG-30 (SalI site was underlined) and

following the same procedures, the cDNA encoding a

C-terminally hexahistidine-tagged human Btk was

amplified and inserted into the same pNTAP vector.

The new construct was named pNTAP-hBtkHis. In

this case, the fusion has a C-terminal His-tag in

addition to the N-terminal tag (Fig. 1). The presence

and identity of the insert in either construct was

verified by diagnostic restriction digestion and DNA

sequencing.

Cell culture and stable transfection

HEK-293 cells were grown in Dulbecco’s modified

Eagle’s medium (DMEM) supplemented with 10%

fetal bovine serum, 2 mM glutamine, 100 units/mL

penicillin, and 100 lg/mL streptomycin, at 37�C, 5%
CO2. Cells in 100-mm dishes were transfected with 8

lg of recombinant plasmid (pNTAP-hBtk or pNTAP-

hBtkHis) or pNTAP (empty vector, served as a nega-

tive control) using PolyFect transfection reagent

according to the manufacturer’s instructions. Stable

cell lines were selected with Geneticin (500 lg/mL),

which was added 48 h after transfection, for 2 weeks.

Test of protein expression and extraction

Transiently transfected HEK-293 cells (harvested

from a 100-mm culture dish) were resuspended in

0.2 mL of lysis buffer (150 mM NaCl, 25 mM Tris,

and 0.1% Nonidet P-40, pH 8.0) and disrupted by

three rounds of freeze-thawing. Soluble and insolu-

ble portions were separated by centrifugation. Small
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aliquots of whole cell lysate, supernatant, and pellet

(resuspended in 8M urea) were analyzed by SDS-

PAGE and immunoblotting.

Streptavidin-based purification

For protein complex isolation, eight 150-mm dishes

of HEK-293 cells stably expressing human Btk (with

N-terminal or flanking affinity tags) were pelleted

by centrifugation at 3000g (�2.0 g cells can be

obtained) and resuspended in 8 mL of lysis buffer

containing protease inhibitor cocktail. Cells were

disrupted via six cycles of sonication (15 s each with

cooling between cycles), and insoluble cell debris

was removed by centrifugation at 14,000g for 20

min. For every 1 mL of cleared lysate, 4 lL 0.5M

EDTA, and 0.7 lL 14.4M b-mercaptoethanol were

added. The lysate was subsequently aliquoted into 1

mL portions and each aliquot was incubated with

�30 lL of streptavidin resin (110 lL resin suspen-

sion) at 4�C overnight on a rotation shaker. The

resin was collected by centrifugation (2,000g for 5

min) and washed twice with 1 mL of streptavidin

binding buffer (lysis buffer with 2 mM EDTA and 10

mM b-mercaptoethanol). The bound protein complex

was eluted by incubation with 125 lL of streptavidin

binding buffer containing 2 mM biotin for 4 h, and

fractions from each aliquot were pooled.

Calmodulin-based purification

For Btk fusion with N-terminal tag alone, biotin elu-

ate (�1.1 mL), supplemented with 1 mM magnesium

acetate, 1 mM imidazole, and 2 mM CaCl2, was

incubated with 100 lL calmodulin Sepharose (200

lL resin slurry) at 4�C overnight. The resin was

collected by centrifugation and washed twice with

calmodulin binding buffer (lysis buffer supplemented

with 1 mM magnesium acetate, 1 mM imidazole, 2

mM CaCl2, and 10 mM b-mercaptoethanol). Protein

complex was liberated with 275 lL of calmodulin

elution buffer (lysis buffer supplemented with 1 mM

magnesium acetate, 1 mM imidazole, 5 mM EGTA,

and 10 mM b-mercaptoethanol).

Nickel-based purification

For Btk fusion with the C-terminal His-tag, biotin

eluate (�1.1 mL) was incubated with 10-lL Ni-NTA

agarose (20-lL resin slurry). Binding was allowed to

proceed for 2 h at 4�C with rotation. The resin was

collected and washed twice with lysis buffer contain-

ing 20 mM imidazole. Bound proteins were eluted

with 275 lL of lysis buffer containing 300 mM

imidazole.

SDS-PAGE and Western blot analysis

SDS-PAGE separated proteins were visualized by

silver or Oriole staining using SilverXpress silver

staining kit or Oriole fluorescent gel stain according

to the instructions from the respective manufac-

turers. For Westerns, protein samples were resolved

on 4–12% Bis-Tris SDS-PAGE gels and transferred

to a nitrocellulose membrane. Protein transfer was

confirmed by Ponceau staining. After blocking, the

membrane was immunoblotted with goat polyclonal

antibody against human Btk (diluted 1:500), fol-

lowed by donkey anti-goat IgG conjugated to horse-

radish peroxidase (diluted 1:5000). Blots were devel-

oped with SuperSignal West Pico chemiluminescent

substrate and detected by autoradiography.

In-gel tryptic digest and mass

spectrometric analysis

The volume of the final imidazole eluate was

reduced to half using Microcon centrifugal filter

devices to achieve a two-fold concentration (subse-

quent experiments simply used 120 lL instead of

275 lL elution buffer to eliminate this step). The

overall scheme for analysis of Btk interactors is

shown in Figure 5(B). Approximately 1/10 (i.e., 12

lL) of the concentrated sample was loaded onto a

SDS-gel for protein separation and Oriole staining.

The gel lanes for isolated Btk complex and negative

control (cells transfected with empty vector and sub-

jected to the same purification procedure) were each

sectioned into 16 slices in such a way that, when

visible, protein bands constituted a single slice. Pro-

teins in the gel slices were reduced, alkylated, and

digested with 1 lg of modified trypsin (in 50 lL of

50 mM ammonium bicarbonate) at 37�C overnight.

The reaction was terminated by adding 5 lL of 5%

trifluoroacetic acid. The peptide mixture was recov-

ered from the gel slices with 0.1% trifluoroacetic

acid in 50% acetonitrile solution, separated by

reverse phase LC (Eksigent) and analyzed by MS/

MS on a Thermo Orbi-trap.35 Spectra were acquired

in data-dependent mode (top six ions selected) with

dynamic exclusion. Data were searched against the

human IPI database (version 3.51; 74,024 entries)

using the SEQUEST algorithm in the Bioworks soft-

ware (Thermo). All proteins were identified on the

basis of �3 peptides, and each spectra used for iden-

tification had deltaCN > 0.1 and met the following

Xcorr criteria: >2 (þ1), >3 (þ2), >4 (þ3), and >5

(þ4). Searches required full tryptic cleavage, no

missed cleavages, and were performed with the dif-

ferential modifications of carbamidomethylation on

cysteine and methionine oxidation. Mass tolerance

was 1 Da for precursor and 0.5 Da for product ions.

Rate of false positive identification, as estimated by

reversed database searching, was <1%.
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