
COMMUNICATION

Simultaneous Protein Expression and Modification: An Efficient Approach for
Production of Unphosphorylated and Biotinylated Receptor Tyrosine Kinases by
Triple Infection in the Baculovirus Expression System

Dirk Erdmann,* Catherine Zimmermann, Patrizia Fontana, Jean-Christophe Hau, Alain De Pover,
and Patrick Chène

Druggability Enzymology Profiling Unit, Novartis Institutes for BioMedical Research, Oncology, Novartis Pharma AG,
Basel, Switzerland

Protein kinases can adopt multiple protein conformations depending on their activation status. Recently, in
drug discovery, a paradigm shift has been initiated, moving from inhibition of fully activated, phosphorylated
kinases to targeting the inactive, unphosphorylated forms. For identification and characterization of putative
inhibitors, also interacting with the latent kinase conformation outside of the kinase domain, highly purified
and homogeneous protein preparations of unphosphorylated kinases are essential. The kinetic parameters of
nonphosphorylated kinases cannot be assessed easily by standard kinase enzyme assays as a result of their
intrinsic autophosphorylation activity. Kinetic binding rate constants of inhibitor-protein interactions can
be measured by biophysical means upon protein immobilization on chips. Protein immobilization
can be achieved under mild conditions by binding biotinylated proteins to streptavidin-coated chips,
exploiting the strong and highly specific streptavidin– biotin interaction. In the work reported here, the
cytoplasmic domains of insulin receptor and insulin-like growth factor-1 receptor fused to a biotin ligase
recognition sequence were coexpressed individually with the phosphatase YopH and the biotin-protein
ligase BirA upon triple infection in insect cells. Tandem affinity purification yielded pure cytoplasmic kinase
domains as judged by gel electrophoresis and HPLC. Liquid chromatography-mass spectrometry analysis
showed the absence of any protein phosphorylation. Coexpression of BirA led to quantitative and site-
specific biotinylation of the kinases, which had no influence on the catalytic activity of the kinases, as
demonstrated by the identical phosphorylation pattern upon autoactivation and by enzymatic assay. This
coexpression approach should be applicable to other protein kinases as well and should greatly facilitate the
production of protein kinases in their phosphorylated and unphosphorylated state suitable for enzymatic and
biophysical studies.
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INTRODUCTION

Protein kinases constitute a major fraction of the current drug
targets,1 and numerous small molecule kinase inhibitors are
currently in clinical trials for treatment of various human
diseases, including cancer.2,3 Most protein kinases progress
from their latent to their active state by phosphor-
ylation through other kinases or by autophosphorylation and
are able to adopt different conformations in each state.4,5

The majority of inhibitors on the market is directed
against the active kinase conformation, and the inhibitors
were identified and characterized using phosphorylated

recombinant kinase domains. Recently, the emergence of
kinase inhibitor resistance in the clinic and the hope for
gaining better selectivity have shifted the drug discovery
focus from targeting the active, fully phosphorylated pro-
tein to targeting the latent, nonphosphorylated protein and
binding to allosteric sites outside of the conserved ATP-
binding pocket, inhibiting the kinase through a non-ATP
competitive mechanism.6–8 The protein production strat-
egies to supply protein for initial inhibitor screening and
secondary assays have to reflect this new development.
When aiming at the identification of inhibitors binding to
the latent protein, the challenge is to provide sufficient
amounts of high-quality, nonphosphorylated, full cyto-
plasmic domains of kinases for screening and secondary
assays. As a result of autophosphorylation, the kinetic
parameters of nonphosphorylated kinases are not easy to
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measure, and thus, a repertoire of secondary assays com-
prising biophysical methods, such as surface plasmon
resonance (SPR), can be helpful. For gentle binding to
solid surfaces, the protein can be modified by an affinity
tag, and amongst others, biotin labeling has often been
used.

Using the insulin receptor (IR) family as model pro-
teins, the purpose of the work reported here was to develop
a system for the production of unphosphorylated and si-
multaneously, site-specifically, biotinylated receptor ty-
rosine kinases. IR and insulin-like growth factor-1 receptor
(IGF1R) are usually considered as important regulators of
carbohydrate metabolism but have also been implicated in
neoplastic transformation of cells. In human cells, multiple
tyrosine phosphorylation sites have each been reported for
human IGF1R and IR.9–13 Screening for and characteriza-
tion of inhibitors binding to the latent form of kinases
require the production of unphosphorylated proteins. Al-
though protein kinase domains differing in their phosphor-
ylation status can be separated by conventional protein
purification methods,14 this does not seem feasible for large
quantities of full-length cytoplasmic domains with a com-
plex phosphorylation pattern and limited amounts of each
phosphorylated form. There are currently two major ap-
proaches to generating unphosphorylated protein kinases.
One approach is to express kinases in Escherichia coli ex-
pression systems, which nevertheless, might in case of au-
tophosphorylation, produce phosphorylated protein,15

and proteins are prone to aggregation, even in the presence
of chaperones.16 Also, toxic effects of kinases have been
observed in E. coli.17 An alternative approach is to express
recombinant kinases in the baculovirus expression system
and treat them with recombinant phosphatases during or
after purification. However, this process is tedious and
often needs additional purification steps. In addition, de-
phosphorylation is often incomplete, and protein yields
might be low as a result of protein aggregation.18,19 Similar
issues have been reported for in vitro biotinylation of
proteins, as the level of biotinylation cannot be controlled
easily, and nonspecific and over-biotinylation often causes
loss of protein by precipitation or reduces protein activity.20,21

To overcome the limitations of in vitro protein modification,
dephosphorylation and biotinylation have been achieved suc-
cessfully in vivo by coexpression of phosphatases or biotin
ligase, respectively.18,19,22

To produce large quantities of unphosphorylated and
biotinylated protein in the work reported here, we ex-
panded and optimized the expression approach for the
simultaneous expression of phosphatase and biotin ligase,
yielding homogeneous, completely dephosphorylated and
site-specifically biotinylated kinases.

MATERIALS AND METHODS
Cloning

A polyhedrin promoter-GST fragment was PCR-amplified
from pFastBacGST2 (Invitrogen, Basel, Switzerland) with
upstream and downstream primers spanning Bst1107I and
EcoRI restriction sites, respectively. The downstream
primer introduced a PreScission protease recognition site.
This fragment was subcloned via Bst1107I/EcoRI into
pFastBac.

The cDNA encoding for the entire cytoplasmic domain
of human IGF1R (Genbank NM_000875) from aa 960 to
1367 and the cDNA encoding for the entire cytoplasmic
domain of human IR (Genbank NM_000208) from aa 980
to 1382 were amplified by PCR using existing, in-house
expression plasmids as template.23 The downstream primers
introduced a C-terminal 6� His-tag, and the products
were subcloned via EcoRI/KpnI into the formerly generated
pFastBacGST2-PreScission vector. For in vivo biotinyla-
tion, the recognition sequence (AviTag)24 for the BirA
biotin-protein ligase was inserted in-frame as a double-
stranded oligonucleotide into the unique EcoRI site.

Sequences of all plasmids were confirmed by sequenc-
ing (Solvias AG, Basel, Switzerland).

Recombinant baculovirus was generated with the Bac-
to-Bac system (Invitrogen), following the manufacturer’s
instructions. The integrity of the gene of interest in the
virus was confirmed by sequencing of viral genomic DNA
(Solvias AG).

The baculovirus stock was amplified once and frozen
following the Titerless Infected-Cells Preservation and
Scale-up protocol (TIPS), as described.25 In brief, 1 � 108

Spodoptera frugiperda (Sf9) cells, in 100 ml ExCell 420
medium (JRH Biosciences, Lenexa, KS, USA) in an Erlen-
meyer flask (300 ml), were infected with the virus of
interest at a multiplicity of infection (MOI) � 3. After 24 h
at 27°C on a shaker (130 rpm), the culture was transferred
to two 50 ml tubes and centrifuged at 100 g for 10 min at
room temperature. The cells were resuspended to 1 � 107

cells/ml in freezing medium [ExCell420 medium, 0.5�strep-
tomycin/penicillin (Sigma-Aldrich, Switzerland), 10 g/l BSA,
10% DMSO]. Aliquots of 0.5 ml were transferred to 1.8 ml
cryotubes and frozen in a Nalgene Cryo 1°C freezing
container overnight at �80°C. An aliquot of frozen cells
was diluted 1:100 and used for inoculation of expression
cultures.

Protein Expression and Purification

Proteins were expressed in Sf9 cells in ExCell420 medium
containing 0.5� streptomycin/penicillin solution, with 10
ml TIPS stock diluted 1:100 (1�106 cells, corresponding
to MOI�0.1)/liter expression culture (1�109 cells) in
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3–l shake flasks (expression volume, 1 liter; 120 rpm) or
BioWave bioreactors (expression volume, 10 liters; 20 rpm;
aeration 30 l/h; O2�30%) for 72 h at 27°C. Cells were
harvested by centrifugation at 800 g and stored at �80°C.

A baculovirus vector containing the phosphatase
YopH in pACMP3-GW and a baculovirus expressing
biotin-protein ligase BirA were obtained from Janet Sim
(Novartis Institutes for BioMedical Research, Em-
eryville, CA, USA) and Shari Caplan (Novartis Insti-
tutes for BioMedical Research, Cambridge, MA, USA),
respectively. YopH and BirA were coexpressed with
IGF1R and IR as TIPS using 10 ml/l and 2.5 ml/l
diluted TIPS stock, respectively. For BirA coexpression,
D-biotin (50 mM stock solution in 0.1 N NaOH) was
added to 4 �M final concentration.

Cells from a 1-l expression aliquot were resuspended in
120 ml lysis buffer [50 mM Tris � HCl, pH 8.0 (25°C), 150
mM NaCl, 1 mM Tris(2-carboxyethyl)phosphine (TCEP),
10% glycerol, 10 �g/ml E-64 (Peptides International, Louis-
ville, KY, USA; Buffer A)], supplemented with 1% Triton
X-100, 4.8 ml protease inhibitor complete without EDTA
(25�conc., Roche Diagnostics, Rotkreuz, Switzerland),
and 60 �l Benzonase (25 U/�l, Merck Biosciences, Nova-
gen, Darmstadt, Germany), and gently rocked for 30 min
at 4°C. After sonication with a Branson sonifier 250 (2�30
s pulse, 1 min on ice, duty cycle 50%, output control 4–5),
cell debris was precipitated by two consecutive centrifuga-
tion steps for 30 min at 4°C with 19,700 g and 47,800 g,
respectively. The soluble fraction was filtered through 5
�M (PALL, Port Washington, NY, USA), 1.2 �M
(PALL), and 0.45 �M Durapore filters (Millipore, Bed-
ford, MA, USA) and incubated on a rotator with 4 ml
glutathione sepharose 4B (GE Healthcare, Glattbrugg,
Switzerland, Cat. No. 27-4574-01) for 4 h at 4°C. The
glutathione sepharose was washed five times with 20 ml
Buffer A, supplemented with 0.01% Triton X-100 at 4°C,
and bound protein eluted four times for 10 min with Buffer
A, supplemented with 0.01% Triton X-100 and 10 mM
reduced L-glutathione. The pooled fractions were incu-
bated with 200 units (2 U/�l) PreScission protease (GE
Healthcare, Glattbrugg, Switzerland) during dialysis in 3 l
Buffer A (0.01% Triton X-100) in Slide-A-Lyzer 3.5K
dialysis cassettes (3500 MWCO, Thermo Scientific Pierce,
Zug, Switzerland) overnight at 4°C.

After cleavage, the protein was loaded with an Aekta
fast protein liquid chromatography (LC; GE Healthcare,
Glattbrugg, Switzerland) onto a His-Trap HP 5-ml col-
umn (GE Healthcare, Cat. No. 17-5248-02), which was
equilibrated with Buffer A (0.01% Triton X-100, 5 mM
imidazole). After protein binding, the column was washed
with 10 column volumes (CVs) Buffer A and then re-
equilibrated with Buffer B (50 mM Hepes, 10% glycerol, 1

mM TCEP, 5 �g/ml E-64, supplemented with 5 mM
imidazole), followed by another wash of 10 CVs. Bound
protein was eluted with Buffer B, supplemented with 500
mM imidazole. Protein was aliquoted and snap-frozen in
dry ice/ethanol.

Protein concentrations were determined by a mod-
ified Bradford method, as described,26 with a Bradford
kit (BioRad, Reinach, Switzerland) in microtiter plates
and albumin as a standard. For SDS-PAGE analysis,
protein samples were heat-denatured in the presence of
1� lithium dodecyl sulfate sample buffer and reducing agent
(Invitrogen) and loaded onto NuPAGE Bis-Tris 4–12%
Novex gels (Invitrogen), which were stained with GelCode
blue stain reagent (Thermo Scientific Pierce). Protein quality
was assessed by HPLC and mass spectroscopy (MS).

Western Blotting

For Western blot analyses, the cells were lysed in 1� lysis
buffer [50 mM Tris � HCl, pH 7.5 (Sigma-Aldrich), 1%
Triton X-100 (Fluka, Buchs, Switzerland), 150 mM NaCl,
2 mM EDTA, 1 mM DTT, 1 mM activated Na3VO4

(Sigma-Aldrich), 10% glycerol, 1�protease inhibitor
Complete (Roche Diagnostics), and Benzonase (2.5 �l/ml
lysis buffer, VWR International, Dietikon, Switzerland)].

Cells from 1 ml expression culture were harvested by
centrifugation (500 g), and the cell pellets were resus-
pended in 100 �l lysis buffer and incubated with gentle
shaking for 30 min at room temperature (�total protein).
Half of the sample was centrifuged for 5 min at 14,000 rpm
to precipitate cell debris (�insoluble fraction) from super-
natant (�soluble fraction). All samples were stored at
�80°C until use.

For Western blotting, the proteins were transferred
onto nitrocellulose membranes with an Xcell Blot module
(Invitrogen). The proteins were detected with specific an-
tibodies [Phospho-IGF1R (Tyr1161)/IR (Tyr1185; Cell
Signaling Technologies, Danvers, MA, USA, Cat. No.
3021, 1:1000); IGF1R� (C-20; Santa Cruz Biotechnol-
ogy, Heidelberg, Germany, Cat. No. Sc-713, 1:1000); and
IR� (C-19; Santa Cruz Biotechnology, Cat. No. Sc-711,
1:2000)]. The rabbit primary antibodies were detected by
IRDye 700DX-conjugated, affinity-purified goat anti-rab-
bit IgG (Rockland Immunochemicals, Gilbertsville, PA,
USA), diluted 1:20,000 (in Rockland blocking buffer), and
membranes were scanned on an Odyssey fluorescence near
infrared imager (Li-Cor, Bad Homburg, Germany).

HPLC-Tandem MS (MS/MS)

All chemicals were from Sigma-Aldrich, if not stated oth-
erwise. Proteins were diluted at 2 �M in Hepes buffer, 50
mM, pH 7.2 (Gibco, Grand Island, NY, USA), 1 mM
DTT, 1 mM MnCl2, and 10 mM MgCl2, in the presence
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or absence of 5 mM ATP (Sigma-Aldrich), in a final
volume of 40 �l. Reactions were stopped with 40 �l 0.5 M
EDTA and put in ice until LC-MS analysis. Separation of
proteins was performed on a HP1100 HPLC system
(Hewlett Packard, Palo Alto, CA, USA), using a 1-mm �
150-mm column packed with POROS R1/H (Perseptive
Biosystems, Foster City, CA, USA). The column was kept
at 80°C. Each sample (25 �l) was injected onto the column
using a CTC PAL autosampler (CTC, Zwingen, Switzer-
land) fitted with a Valco model C6UW HPLC valve
(Valco, Houston, TX, USA) and a 25-�l injection loop.
HPLC was controlled by MassLynx software (Waters,
Manchester, UK). UV detection was performed at � � 214
nm. Eluent A was water containing 0.05% trifluoroacetic
acid (TFA). Eluent B was a 1:9 mixture of water:acetoni-
trile containing 0.045% TFA. A gradient from 20% B to
90% B was run in 12 min. The flow rate was typically 80
�l/min. The total flow from the LC system was introduced
into the UV detection cell prior to introduction in the
electrospray ionization (ESI) source. MS was carried out
using a quadrupole time-of-flight (Waters) hybrid MS/MS
equipped with a Waters Z-type ESI source.

Enzymatic Activity Assay

The catalytic activity of purified IGF1R and IR was deter-
mined by a radiometric assay as described.27 In brief, the
AviTag-IGF1R, AviTag-IR, IGF1R, and IR (1.3 mM)
proteins were incubated for 15 min in reaction buffer (50
mM Hepes, pH 7.4, 1 mM MnCl2, 10 mM MgCl2, 1 mM
DTT, 0.01% Brij35) in the presence of 5 mM ATP. The
autophosphorylation reactions were diluted into reaction
buffer containing DMSO and incubated for 30 min. The
peptide (Ac-EQEDEPEGDYFEWLE-NH2, 15 �M) and
33�P-ATP (0.003 �Ci/�l) were added, and the reactions
were run for 10 min [final concentrations: (ATP)�6 �M;
(enzyme)�2 nM; (DMSO)�3%]. The reactions were
stopped by the addition of stop solution (200 mM phos-
phoric acid) and transferred onto preactivated filter plates
(96-well MultiScreen plates, Millipore). The plates were
washed twice with 0.5% phosphoric acid and dried at room
temperature. Microsint 40 (Perkin Elmer, Wellesley, MA,
USA) was dispensed, and the bound radioactivity was
counted in a TopCount NXT (Hewlett Packard).27

SPR Assay

Neutravidin (Thermo Scientific Pierce) was immobilized
on the surface of a carboxymethylated dextran matrix
(CM5) sensor chip (GE Healthcare) by the standard
amine-coupling procedure. All BIAcore experiments were
done at a flow rate of 10 �l/min on a BIAcore T100
machine. Buffer of this reaction was: PBS 1� pH 7.5,
TCEP 1 mM, and Tween 20 0.05%. Reagents were in-

jected in the following order: 0.05 M N-hydroxysuccinim-
ide/0.2 M 1-ethyl-3-(3-dimethylaminopropyl) carbodi-
imide mixture and 1 M ethanolamine (pH 8.5; all GE
Healthcare) and neutravidin (45 �g/ml), diluted in buffer
(1�). The amount of immobilized neutravidin was ap-
proximately 20,000 resonance units. The biotinylated
AviTag-IGF1R and the untagged IGF1R were diluted in
buffer 1� at a final concentration of 300 nM (15 and 14
�g/ml) and injected over the neutravidin surface during
60 s at a flow rate of 10 �l/min.

RESULTS

Small molecular weight protein kinase inhibitors are a
well-established treatment regimen for several cancers. Re-
cently, the emergence of resistance in the clinic and the lack
of strong selectivity causing undesired side-effects have
triggered the development of new classes of kinase inhibi-
tors targeting the latent conformation or binding in a
non-ATP competitive manner to allosteric sites outside of
the ATP-binding pocket. The enzymatic and biophysical
characterization of the new inhibitor classes sets high stan-
dards in terms of protein quantity and quality. Protein
kinases isolated from eukaryotic expression systems are
usually phosphorylated and as such, in their active confor-
mation, not suitable for the characterization of compounds
binding to the latent conformation. Consequently, they
have to be dephosphorylated prior to use. In addition,
labeling with an affinity tag, e.g., biotin, would facilitate
SPR studies. Although dephosphorylation and biotinyla-
tion can be achieved in vitro, both methods have some
disadvantages. In vitro dephosphorylation is often incom-
plete, the protein might aggregate, leading to reduced
yields, and additional purification steps are required.18,19

Similar issues are known for in vitro biotinylation reac-
tions, as the level of biotinylation cannot be controlled, and
nonspecific and over-biotinylation can cause loss of protein
by precipitation or reduces protein activity.20,21

To overcome the limitations of the in vitro reactions,
we aimed at achieving both protein modifications in a more
physiological way by enzymatic reactions in vivo in the
baculovirus expression system. The model proteins IGF1R
and IR, respectively, were expressed simultaneously with
the phosphatase YopH and the biotin-protein ligase BirA,
aiming at modifying the target proteins concomitantly
during expression.

The full-length cytoplasmic domains of IGF1R (960–
1367) and IR (980–1382) were cloned into pFastBac
vectors and expressed in the baculovirus system following
the TIPS protocol.25 Both proteins were expressed as fu-
sion proteins with a C-terminal His-tag and an N-terminal
GST-tag with an adjacent PreScission protease cleavage
site. The double-tagging allowed for an efficient tandem-
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affinity purification strategy via glutathione sepharose, re-
moval of the GST-tag by PreScission protease cleavage, and
Ni-affinity purification, which yielded the full-length cyto-
plasmic domains of IGF1R and IR.

Optimization of MOI and time of expression revealed
good expression levels for both proteins after 72 h at all virus
levels tested, as judged by Western blotting with anti-IGF1R
and IR-specific antibodies. The MOI � 0.01 corresponds to
0.1 ml baculovirus-infected insect cells (BIIC)/100 ml expres-
sion volume. Expression levels of IGF1R and IR did not
improve with longer expression time (96 h), and thus, the
parameters for all future protein expression experiments were
set to MOI � 0.1 (1 ml BIIC from TIPS/100 ml expression
volume) and 72 h (Fig. 1A and B).

The strong signal with phospho-specific antibodies of
cell lysates indicated that the untreated, full-length cyto-
plasmic domains expressed in insect cells are phosphory-
lated (Fig. 1C and F, lane 13). Aiming at producing unphos-
phorylated proteins, the multi-specific tyrosine phosphatase
YopH28 was coexpressed from a second virus. YopH from the
pathogen Yersinia pseudotuberculosis29,30 has been coex-
pressed successfully in bacteria for dephosphorylation of
Abl and Src31 and in the baculovirus-expression system to
act on Bruton’s tyrosine kinase, Janus Kinase 3, and EPH
receptor A2.18 As shown in Figure 1 for the AviTag-IGF1R
and IR constructs, coexpression of YopH from a second
virus added at a very low MOI already reduced the strong
tyrosine phosphorylation of both proteins to levels almost
nondetectable by Western blotting with a phospho-IGF1R
(Y1161)/phospho-IR (Y1185) dual-specific antibody (Fig.
1C and F, lanes 1–4 and 13).

The intensity differences of the phospho-specific signal
for IGF1R (Fig. 1C, lanes 5–8 and 13) and IR (Fig. 1F,
lanes 5–8 and 13) in the absence of phosphatase might
stem from the dual-specific antibody having a different
affinity to each of the two proteins. The absence of a
phospho-specific signal upon YopH coexpression demon-
strates an efficient dephosphorylation in the cell. There was
also no difference in terms of dephosphorylation efficiency
between double and triple infection (Fig. 1C and F, lanes
1–4 and 9–12).

A MOI � 0.1 was chosen for all future YopH coex-
pression experiments. The good dephosphorylation effi-
ciency during coexpression, as demonstrated here, may not
only be a result of the dephosphorylation as such but might
also be attributed to the prevention of autophosphorylation
by keeping the activation status of the kinases below a
critical threshold, rendering them inactive.

Ideally, for the purpose of characterization by SPR, not
only dephosphorylation but also biotinylation, enabling
gentle immobilization of the target protein to solid sur-
faces, should be achieved. Thus, we asked the question of
whether it would be feasible to dephosphorylate and site-
specifically biotinylate the proteins at the same time, and
for this purpose, we have expanded the concomitant pro-
tein expression and dephosphorylation by an enzymatic
biotinylation step in vivo, which makes the purified pro-
teins readily suitable for assays using biotin for immobili-
zation or labeling.

The coexpression of BirA with IGF1R and IR led to a
strong biotinylation of both receptor tyrosine kinases, as
shown by Western blotting with a fluorescent-labeled

anti-IGF1R

1         2         3         4         5        6         7         8         9       10        11       12      lane #
0.01    0.05    0.1      0.5      0.01   0.05      0.1      0.5     0.01   0.05      0.1      0.5     MOI  

48       48     48       48        72      72       72        72       96      96        96      96      time of expression (h)   

A

C

1         2         3       4       5        6         7        8        9      10       11      12      13     lane #  
0.01   0.05   0.1    0.5        - - - - 0.1     0.1     0.1     0.1       - MOI YopH virus

- - - - 0.01   0.05    0.1     0.5    0.01   0.05    0.1     0.5   - MOI  BirA virus

anti-IGF1R

anti-phospho-
IGF1R/IR

D

E

Streptavidin

anti-IRB

F

1         2         3       4       5        6         7        8        9      10       11      12      13     lane #   
0.01   0.05    0.1     0.5       - - - - 0.1     0.1     0.1     0.1       - MOI YopH virus

- - - - 0.01   0.05    0.1     0.5    0.01   0.05    0.1     0.5   - MOI  BirA virus

anti-IR

anti-phospho-
IGF1R/IR

G

H

Streptavidin

IGF1R

IR

AviTag-
IR

AviTag-
IGF1R

FIGURE 1

Expression optimization: Western blotting of cell
extracts from Sf9 BIIC. Time course and virus titra-
tion for expression of IGF1R (A) and IR (B). For all
coexpression experiments, the MOI IGF1R and
IR was kept at MOI � 0.1. (C) Phospho-AviTag-
IGF1R Western blot detection upon YopH and
BirA virus titration. (D) Visualization of biotin-
labeled AviTag-IGF1R by fluorescence-labeled
streptavidin after virus titration as in C. (E) Avi-
Tag-IGF1R detection by Western blotting as in C
and D. (F) Phospho-AviTag-IR detection as in C.
(G) Detection of biotinylation of AviTag-IR as in
D. (H) Western blotting of AviTag-IR.
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streptavidin (Fig. 1D and G, lanes 5–8). Best results were
obtained with a MOI � 0.01 and 0.05, and a MOI �
0.025 was selected for future expressions. The same strong
level of biotinylation could be achieved when YopH was
coexpressed with IGF1R/IR and BirA (Fig. 1D and G,
lanes 9–12). Although biotin-dependent enzymes are
ubiquitous in nature, biotinylation is a relatively rare mod-
ification, and only a few biotinylated protein species are
found in different organisms.32 Accordingly, the biotin-
protein ligase BirA used here belongs to an enzyme family
that catalyzes a reaction of high specificity, usually yielding
protein with a single biotin moiety attached.33 As the
degree of in vivo biotinylation by coexpression of BirA
depends on the concentration of D-biotin, and exogenous
D-biotin can drive the enzymatic reaction,34,35 D-biotin
was added to the expression medium at a final concentra-
tion of 4 �M.

The triple-infection approach yielded up to a 30-mg
electrophoretically homogeneous protein/liter baculovirus
expression (Fig. 2) at a concentration of 2 mg/ml. With
some batch-to-batch variability, the yield of pure protein
was about 2% of the total protein lysate, which corresponds
to approximately 8 pg-purified protein/cell. HPLC analysis
of the tandem affinity-purified proteins showed that the
amount of impurities for all proteins was below the detec-
tion limit of the method, and thus, the protein purity was
determined as 	95% (Fig. 3 insets). As expected, too high
virus levels impaired the yield of recombinant protein (Fig.
1E and H, lanes 5–8 and 9–12).

The biotinylation as well as the phosphorylation status
of the proteins were determined by LC-MS. As shown in
Figure 3, the presence of a single peak in the LC-MS spectra
of dephosphorylated IGF1R and IR from all constructs
confirmed the quantitative dephosphorylation of the pro-
teins by coexpression of YopH (Fig. 3A–D). The single
peak of AviTagged but nonactivated IGF1R and IR
showed that the proteins were quantitatively biotinylated.
The molecular weight shift of 225 Da of the AviTagged
IGF1R and IR confirms the presence of a single biotin
molecule/protein, which was attached specifically by the
biotin-protein ligase BirA (Fig. 3C and D). After activa-
tion, the LC-MS spectra revealed a step-wise molecular
weight increase with a multiple of 80 Da, corresponding to
addition of phosphates to the proteins, and the majority of
molecules has four, five, and six phosphates attached (Fig.
3B, D, F, and H).

Nontagged, nonbiotinylated and AviTagged, bio-
tinylated proteins could be activated equally well by
ATP and showed consistently the addition of four, five,
and six phosphates upon activation (Fig. 3B, D, F, and
H). Although the autoactivation and phosphorylation
pattern indicated that the purified proteins were active,

the catalytic activity of phosphorylated IGF1R and IR
was assessed by an enzyme assay with an exogenous
peptidic substrate (Ac-EQEDEPEGDYFEWLE-NH2)
prior to and after activation by incubation with 5 mM
ATP for 15 min.27 Biotinylation had no or very little
impact on enzyme activity, as the catalytic activity of
biotinylated IGF1R and IR was 0.4 (nonbiotinylated 0.57)
and 0.12 (nonbiotinylated 0.31) �moles/min/mg, respectively
(Fig. 4B). This indicated that neither the presence of the
AviTag nor the biotin attached to it had any negative
effect on the catalytic activity of the enzymes, and the
modification of the enzymes, as applied here, renders
them suitable for in-depth characterization of their en-
zymatic properties.

The accessibility of the attached biotin for binding to a
neutravidin-coated solid surface was proven by a SPR assay

100
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37

25
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FIGURE 2

Stained gel of purified proteins. The four purified proteins used in this
study were loaded (2 �g each) onto a NuPAGE Bis-Tris 4–12%
Novex gel (Invitrogen) and stained with GelCode blue stain reagent
(Thermo Scientific Pierce).
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of biotinylated AviTag-IGF1R and nontagged IGF1R as
control (Fig. 4A). The functional characterization by SPR
experiments revealed that the biotin attached to the AviTag
fused to both target proteins was accessible and well suited
for high-affinity binding to neutravidin-coated chips.

DISCUSSION
In conclusion, not only complete dephosphorylation but
also quantitative biotinylation could be achieved, and the
triple infection approach is a convenient and fast means to
obtain unphosphorylated and quantitatively biotinylated

FIGURE 3

HPLC and MS analysis of purified IGF1R and IR cytoplasmic domains. Unphosphorylated and biotinylated or
nonbiotinylated proteins were analyzed prior to and after activation. Arrows indicate proteins with five phosphates.
(A) Biotin-IGF1R; (B) biotin-IR; (C) IGF1R; (D) IR; (E) biotin-IGF1R-autophosphorylated; (F) biotin-IR-autophosphorylated;
(G) IGF1R-autophosphorylated; (H) IR-autophosphorylated. (Insets) HPLC chromatogram.
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protein kinase cytoplasmic domains as described here, and
initial results in our laboratory indicate that it might also be
applicable to other protein families that are then suitable
for a whole variety of biochemical assays.
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