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Abstract

A great portion of tyrosine kinases are involved in cell development and their structural alteration
are intimately involved in associated pathologies of development and oncology. These kinases are
one of major groups of targets under investigation for molecular therapeutics. To carry out
biochemical and structural biological studies on these kinases, economical production of their
purified forms is highly desirable. However over-expressing tyrosine kinases as recombinant
forms in bacterial systems and their purification is a significant challenge. Abelson kinase (Abl)
has previously been expressed on a large scale to facilitate X-ray crystallography and NMR
structure studies mainly in baculovirus infected insect cells. Even though success has been
achieved in expression of soluble tyrosine kinases in £. coli with chaperones to improve correct
folding, low expression level of kinases are intrinsic in such systems because of diversion of
resources to produce chaperones. Here we present a straightforward method to express and purify
isolated Abl kinase domain, and SH3-SH2-kinase multi-domain structures. The expressed Abl
protein retains its correct folding and biological function. The yield of soluble proteinisina
several mg/L range in minimal media. Furthermore we demonstrate that segmental isotopic
labelling using expressed protein ligation can be achieved using bacterial expressed Abl kinase
domain constructs, which is especially useful in NMR structure/activity studies.

Introduction

Nonreceptor tyrosine kinase c-Abl is ubiquitously expressed and highly conserved in
metazoan evolution®: 2. In its N-terminal half of the molecule c-Abl bears a 42% sequence
identity to the Src tyrosine kinase family and shares a similar domain organization. It is well
known that Ber-Abl fusion protein has enhanced tyrosine kinase activity and consequently is
the major cause of human chronic myeloid leukaemia (CML)3. CML is a hematopoietic
stem cell disease whose underlying cause is generally thought to be a reciprocal
translocation between the long arms of chromosomes 9 and 22. The chromosomal
translocation results in the expression of Bcr-Abl, an aberrant fusion tyrosine kinase with
elevated activity 4. The identification of the kinase hyperactivity as the underlying cause of
the leukemia enabled the rational development of targeted therapy with tyrosine kinase
inhibitors. Imatinib, an inhibitor with selectivity for Bcr-Abl was the first available targeted
treatment for patients with newly diagnosed CML5: 6. Imatinib is highly effective in newly
diagnosed CML patients but many patients have their Abl kinase ultimately evolve to drug-
resistant forms’~11, Studies have revealed that the small molecule Imatinib is susceptible to
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resistance in patients because of amino acid substitutions in the target Abl kinase domain
that sterically hinder drug occupancy of the active sitell. The majority of relapsed patients
frequently harbour point mutations within Ber-Abl kinase domain!2, where imatinib binds to
the ATP binding site of the kinase domain with high affinity and specificity3. Search for
novel therapeutic approaches may eventually develop inhibitors which can effectively
suppress evolved molecular resistance, and significant effort has been devoted to this’ 14 15,

To design inhibitors with specificity toward Abl tyrosine kinase activity, or to other kinases,
one needs to fully understand the subtle differences in conformation and dynamics that
distinguish it from the other structurally closely related kinases, or to discover and utilize its
unique regulatory mechanism, to provide selectivity and potencyl®: 17 As for Ber-Abl, there
is a need to better comprehend the effects of resistant mutations on drug binding and on the
regulatory functions of those neighbouring domains on the enzymatic activity of kinase
domain to search for alternative therapeutic target sites from the ATP-binding pocket,
possibly distant from the kinase domain itself18. This goal can best be achieved by
combination of /n vivo studies and /n vitro biochemical, biophysical, and structural
investigation. Whereas biochemical studies might require only minute amounts of protein,
many biophysical and structural studies demand proteins on the milligram scale. The
availability of sufficient amounts of homogenous protein of exceptional stability and purity
is often the bottleneck for these studies. Currently the most often used method for large scale
production of Abl tyrosine kinase is insect cell culturel®-22, Even though insect cell culture
gives high protein yields, its lengthy time and high cost can be concerns. Obtaining isotope
enriched samples in such culture is cost prohibitive for most labs pursuing solution structural
studies of Abl. Many attempts have been carried out but only limited protocols for bacterial
expression of Abl either in its viral form v-Abl23, or in cellular form c-Abl24 25 have been
published. Problems faced by these methods are that either the bacterial expressed
recombinant Abl has very low solubility, or lacks evidence of its quality adequate for NMR
studies. Even though through chaperone over-expression of the soluble portion of Abl kinase
domain is increased in bacterial cell lysate, the total expression level of it is decreased due to
large portion of limited nutrition resource being consumed by producing large quantity of
chaperones with large molecular size. Such intrinsic conflicting features present a significant
challenge for high yields of c-Able kinase.

Here we present a straightforward method for expressing and purifying wild type,
biologically active c-Abl kinase domain in E. coli. Either isolated c-Abl kinase domain or
SH3-SH2-kinase triple domain construct was expressed as a C-terminal fusion of Maltose-
binding protein MBP. Multi-milligrams of purified protein can be generated from 1 | of £.
coli culture in minimum medium M9. We believe that this is one of the first works
demonstrating that an active tyrosine kinase domain has been expressed in bacterial cells
with both high quantity and quality suitable for NMR studies. The purified Abl kinase
domain is very soluble and stable in buffered solution. Such an economic approach permits
us to carry out NMR studies on Abl. Moreover the domains were constructed as intein
fusions which allow us to carry out protein ligation. Such reaction permits us to produce
domain/segment specifically isotope labelled samples for NMR studies.

c-Abl kinase expressed in E. coli

To express c-Abl kinase domain in bacteria we have tried several expression systems
including GST fusion, MBP fusion, and Intein fusions. In general the expression level of
Abl kinase was significant, judged by SDS gel analysis. However in most cases, the
recombinant Abl kinase was mainly found to be insoluble. Only when Abl kinase was
expressed as an MBP fusion, did its solubility dramatically increase. More than 90% of such
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recombinant fusion remained in soluble cell lysate after 30 m centrifugation at 15,0009
(Figure 1A). To improve the affinity binding efficiency Hisg-tag/Co%* was chosen over
MBP/amylose. Isolated Abl kinase domain on itself tends to aggregation. Adding its
inhibitors such as PD166326 or Imatinib depending on its phosphorylation status can
improve the situation dramatically. Overproducing the bacterial protein chaperone GroEL/
ES machinery 26 during Abl Kinase expression did not further increase its solubility.
Similarly SH3-SH2-kinase was expressed as an MBP fusion, and high yield was obtained
for purified soluble and stable recombinant protein (Figure 1C).

Tyrosine phosphorylation activity detected

The kinase released from TALON® resin was subjected to Q column for further purification.
It was eluted from the ion exchange column through a large NaCl concentration range. The
mass spectrum indicated that the purified recombinant protein was possibly phosphorylated,
since the measured mass was higher than the calculated one and showed a broadened peak.
To identify the phosphorylation site(s), Western blots were carried out. Only anti-pTyr
antibody showed a strong positive response (Figure 1B). A faint signal of phosphorylated
serine/threonine was detected on Abl kinase domain (data not shown with other antibodies).
The results were the same for Abl kinase expressed in bacterial cells with or without GroEL/
ES over-expression. Without Abl kinase there was no detective phosphorylated tyrosine in
E. coli cells after protein expression induction (Figure 1B, lane 1). The bacterial cells
harboured pREP4groESL was used as a control. Upon Abl kinase domain expression,
however, not only the kinase itself was phosphorylated, many bacterial proteins were also
heavily phosphorylated (lane 2 and 3). When CIP was applied the kinase was
dephosphorylate (Figure 1B, lane 6 and 7). The gel band of the kinase became focused and
migrated faster compared to one without CIP treatment (Figure 1B, lane 5 and 6). After CIP
treatment the kinase domain eluted from Q column as a single peak.

Phosphorylation sites in bacterial expression

The mass spectrum indicated the phosphorylation of recombinant Abl kinase was not
homogeneous, which prompted us to seek its location. Partial trypsin and subtilisin digestion
of Abl kinase prior to phosphatase treatment generated overlapping peptide fragments. Due
to the different preferences for cutting sites, the two digestions generate complementary sets
of peptide fragments depending on the degree of completion 27. LC-MS/MS 28 analyses of
the digest peptides of two proteases recovered fragments corresponding to 97.8% of the
sequence in the construct, including all tyrosine and threonine as shown in Figure 2(A).
Briefly, the mixed peptide fragments were separated by standard liquid chromatographic
methods and individual masses determined. The entire set of MS data was compared to the
genomic database 2. Five out of 16 tyrosine residues were found in phosphorylated form,
which are Y272, Y276, Y283, Y412, and Y468. The key residue for Abl kinase activation,
Y412 in the activation loop, through auto-phosphorylation, was among them. Four other
phosphorylated tyrosines were located near the protein surface (Figure 2(B)). One of the two
threonine residues flanking Y412 was also found phosphorylated at very low level.
Information on the possible biological role of such phospho-threonine in Abl kinase activity
is beyond the scope of this paper.

Inhibitors and ligand binding

Our purification of Abl kinase domain was carried out with PD166326 addition in the cell
lysate. If Imatinib was used instead very little purified kinase could be obtained under
otherwise same conditions. It suggested that the bacterial expressed recombinant protein
bound to PD166326, but not Imatinib, before CIP treatment. However after complete de-
phosphorylation the purified Abl kinase domain could either bind to PD166326 or to
Imatinib as our NMR data indicated. This is in total agreement with the fact that activated

Mol Biosyst. Author manuscript; available in PMC 2013 July 06.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Xu et al. Page 4

and inactivated Abl kinase adopt different conformation30. While imatinib only binds
inactive conformer, PD166326 binds to both inactive and active ones.

Two dimensional NMR studies

The two dimensional NMR spectra of Abl kinase in complex with PD166326 and with
imatinib were taken on 1°N uniformly labelled samples. The 15N HSQC maps of both
complexes show a well dispersed chemical shift pattern, which indicates that this bacterial
expressed Abl kinase domain is folded (Figure 3A). Compared to the HSQC/TROSY spectra
for a c-Abl kinase expressed in baculovirus-infected insect cells with either amino-acid-type
selective or uniform labelling?L: 22: 31 our spectra have similar corresponding chemical
shifts. This data provides concrete support that our Abl kinase domain expressed in bacterial
cells has the same folding as those expressed in high level eukaryotic cells.

There are some large chemical shift changes between the spectrum of Abl kinase in complex
with PD166326 and one with Imatinib. This is in total agreement with the fact that when Abl
kinase binds to PD166326 or Imatinib it adopts different conformation.

Abl kinase domain with its regulatory domains SH3 and SH2 in the native single chain form
was also successfully expressed in £. coli. The TROSY spectrum of 19N, 2H-uniformly
labelled Abl SH3-SH2-kinase in complex with PD166326 and 2PB, a peptide as SH2
domain ligand, is shown in Figure 3B. The data indicates that this bacterial expressed multi-
domain protein also adopts a well folded form. Similarly replacing PD166326 by Imatinib in
the complex also induces chemical change (data not shown). 2BP was added to reduce the
degree of protein self-association.

Protein ligation

Abl SH3-SH2 dual domain was expressed with an intein fused to its C-terminus. Such
construction allows SH3-SH2 to form a C-terminal thioester on addition of a suitable thiol.

To test the activity of SH3-SH2-intein-CBD in thio-ester formation and subsequent protein
ligation at the C-terminus of SH3-SH2, a synthetic fluorescent peptide Flu-P1 containing an
N-terminal cysteine and a fluorescein-labelled lysine, NH,-CDPEK(F)DS-CONH,, was
used as reaction reporter. This synthetic peptide contains an N-terminal cysteine and a
fluorescein-labelled lysine in meddle. The N-terminal free cysteine is a requirement for such
ligation. The fluorophore allowed one to monitor the reaction and to visualize any ligation
product formation. MASNA (sodium 2-mercaptoethanesulfonate) was used to release SH3-
SH2 from the intein and to form chemically active thioester derivative. The test ligations
were under two pH conditions, 7.0 and 8.0. More than 2/3 of the SH3-SH2 reactant was
incorporated in the ligation product after 20 hours (Figure 4(A)). SDS gel indicated that the
SH3-SH2 was fully active in protein ligation. The visible difference between pH 7.0 and 8.0
was that the latter weakened the binding of CBD to Chitin Beads.

With active SH3-SH2 in hand, generating single chain Abl SH3-SH2-Kinase from
separately expressed and purified SH3-SH2 and kinase was attempted. When Abl kinase
was constructed as an intein fusion in pMAL/SspDnaAblCkinase, a free N-terminal cysteine
was introduced to it after temperature-sensitive cleavage. Upon mixing bead-bound SH3-
SH2-intein-CBD and Cys-kinase, with 300 mM MASNA in the system, ligation product
SH3-SH2-kinase was clearly visible on SDS-PAGE gel (Figure (B)).

Discussion and conclusions

Even though expression level was never a major issue for many engineered protein
expression systems in £. coli which we have tested, only MBP fusion construct showed
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significant improvement in recombinant Abl kinase solubility. Its inhibitor PD166326
further stabilized it and made purification and large quantity of this kinase domain for NMR
study feasible. When using this construct, over-expression of bacterial chaperone GroEL/ES
is not required to enhance the solubility of expressed Abl kinase. This in turn allows the
nutrition resources in a bacterial cell to be used mainly to produce Abl kinase after
induction, and therefore reaches a higher recombinant protein expression level.

While there is no readily detectable tyrosine phosphotransferase activity in £. co/iBL21
cells, many proteins were heavily phosphorylated at their tyrosine sites after expression of
the recombinant Abl kinase was induced in our study (see Figure 1(B) Lane 1 and 2). Mass
analysis found out that the auto-phosphorylation site in this bacterially expressed
recombinant Abl kinase active loop, Y412, was indeed phosphorylated. This is direct
evidence that the Abl kinase domain we expressed auto-phosphorylated and activated itself,
which in turn further randomly phosphorylated itself at some surface accessible tyrosine
sites as well as other proteins in the bacterial system. The data solidly supports that this
bacterial produced kinase domain is enzymatically active.

All phosphate groups on this recombinant kinase can be removed by CIP treatment (Figure
1(B) Lane 6 and 7). On the other hand both Abl kinase specific inhibitors, PD166326 and
imatinib, did inhibit such auto-phosphorylation after Abl kinase forms a complex with either
of them. The tyrosine kinase activity of Abl in the bacterial host cells did interfere with cell
growth. Successful recombinant Abl kinase expression here depends on the balance of a
careful maintenance of healthy cell growth and a moderate Abl kinase induction rate. While
others have shown that co-expression with phosphatases can produce some quantities of Abl
kinasel8: 24. 25,32, 33 ng NMR spectra are available to assess the fold-ness of the product
overall.

In our study there was indirect evidence that the phosphorylated form of Abl kinase in cell
lysate did not bind to imatinib. Adding PD166326 to fresh cell lysate let us purify Abl
kinase and obtain final homogenous product with yield around several milligrams from one
litre bacterial culture starting material. However, keeping all other conditions the same if
PD166326 was replaced by imatinib, only negligible amount of purified kinase could be
obtained. On the other hand, if large amount of CIP was added to the cell lysate and enough
incubation time was allowed before adding imatinib and moving onto purification, similar
yield to the PD166326 case could also be achieved. Since PD166326 is a type | inhibitor
which binds to Abl kinase in both active and inactive forms, while imatinib only binds to its
inactive form34, the stabilization differences are understandable.

Furthermore our NMR data shows the inactive form (dephosphorylated) of bacterial
expressed recombinant Abl kinase forms complex with both PD166326 and imatinib in
different conformations (Figure 3A). Compared to the HSQC/TROSY spectra for a c-Abl
kinase expressed in a baculovirus-infected insect cells with either 1°N-Phe, 1°N-Tyr, 15N-
Val, and 1°N-Gly amino-acid-type selective labelling or uniform labelling?L: 22. 31 our
spectrum has similar corresponding chemical shifts.

From both functional and folding points of view our data provides indicate that the Abl
kinase domain expressed in bacterial cells simply as MBP fusion has the same folding as
those expressed in high level eukaryatic cells. The yield is in the range of several milligrams
per litre of bacterial culture. Such yield is high enough, in an economic sense, for NMR type
structural studies, and for some other /n vitro functional studies/screening which require
large amount of samples. The bacterial expressed Abl SH3-SH2-kinase also adopts a fully
folded form as its NMR TROSY spectrum indicates. Without SH2 ligand the concentration
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suitable for NMR study causes self-association of this multi-domain protein. Adding a SH2
peptide ligand, 2BP, improves the stability.

To demonstrate the possibility of generating segmentally labelled SH3-SH2-kinase, the
protein was engineered and expressed in two separated fragment and “sewed” together
through protein ligation under native conditions. SH3-SH2 was expressed as N-terminal
intein fusion to form active thioester derivative. The kinase domain was expressed as a C-
terminal intein fusion with a cysteine at its N-terminus. Again MBP was introduced to
produce correctly folded and soluble kinase. Indeed two separately expressed segments can
be ligated together in a designed order through peptide linkage. This approach opens doors
for us to study the allosteric change through function regulation, inter-domain interaction,
ligand/substrate binding, et al, via NMR technique.

Experimental Procedures

PD166326 was purchased from Cayman Chemical (Michigan), and Imatinib was a generous
gift from Novartis.

Expression constructs

The gene segment coding c-Abl 1b kinase domain between residues S248 and S519 3° was
selected for isolated kinase construct. Its PCR product was sub cloned in pMAL-c2X vector
(New England Biolabs) between restriction sites BamH/and Sa/l. Similarly a longer
construct with the PCR product of gene segment coding c-Abl L84 to G533 was inserted in
this vector. A cysteine to alanine mutation, C119A, was introduced using QuikChange®
Site-Directed Mutagenesis kit (Stratagene). A Hisg-tag has been constructed in front of the
malE gene which codes a Maltose-binding protein MBP 36 to facilitate efficient affinitive
purification.

To facilitate protein ligation reaction, the expression plasmids of c-Abl SH3-SH2 harbouring
C119A mutation and the kinase domain were constructed as follows. The DNA segment
coding residues L84-G246, with C119A mutation, was cloned into p7.XB1 (New England
Biolabs) between restriction NMade/and Spe/sites to produce SH3-SH2 as N-terminal fusion
of Mxe intein/chitin binding domain (CBD). This expression vector is named as pTXB1/
AbISH32G_(C2A). For the kinase portion, first the DNA coding residues S248-G533 was
inserted into p7WINI (New England Biolabs) between restriction sites Sap/and EcoRl. A
stop codon and a Sa// restriction site were introduced right in front of the £coR/ site at the
3’prime end of the insert via primer design and PCR. The new plasmid, pTWIN/Ablkinase
was used as template to amplify a DNA sequence coding in-frame fusion of mini Ssp DnaB
intein and c-ab/kinase. This piece was then cloned in pMAL mentioned above between
restriction sites BamH/ and Sallto generate expression plasmin pMAL/SspDnaAblCkinase.

Protein expression and purification

Plasmids containing ab/kinase, pMAL/Ablkinase, was transformed into £. col/iBL21
(Stratagene) competent cells, or BL21 harbouring a GroEL/GroES expression vector
PREP4groESL. Plasmid containing SH3-SH2-kinase, pMAL/SH32(C2A)kin and plasmid
containing kinase domain for ligation, pMAL/SspDnaAblCkinase were simply transformed
into £. coli BL21 for recombinant protein expression. For pTBX1/AbISH32G_(C2A),
BL21-codonplus(DE3)RIPL (Stratagene) were used. Bacterial competent cells were
transformed by plasmids carrying selected inserts and plated on LB agar. Appropriate
ampicillin or combination of antibiotics, ampicillin and kanamycin, was applied for
resistance selection. The plate was incubated at 37 °C overnight. Next morning the colonies
from the plate were suspended in expression media with antibiotics (50 mg/L for ampicillin,
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and 30 mg/L for kanamycin), LB for unlabelled protein or M9 in either H,O or D,0O

with 15NH,4CI for NMR samples. Cultures were grown at 37 °C with 300 rpm shaking.
When cell density reached 0.9 ODggonm, IPTG was added to 0.25 mM to induce
recombinant protein expression. The induction was carried out at 37 °C for 0.5 h, and
transferred to 18 °C for another 16 h for in-LB growth, to 20 °C for 20 h for in-H,0O M9
growth, and to 22 °C for 40 h for in-D,O M9 growth. The IPTG induction concentration is
0.5 mM for pTBX1/AbISH32G_(C2A), and its induction was either at 30 °C for 2 h
followed by 28 °C for 12 h in D,0 or at 37 °C for 5 h in H,O. Cells were harvested by
centrifuge at 8,000 g for 20 min. Cell pellets were either stored at -80 °C for future use, or
processed immediately to purification.

All MBP fusions were purified via affinity binding of their N-terminal Hisg-tag with
TALON® resin (Clontech). After re-suspension in lysis buffer A (25 mM MOPS pH 7.0,
500 mM NacCl, 1 mM MgCl,, 15% glycerol), cells harbouring recombinant Abl kinase were
incubated with lysozyme (0.1 mg/ml) on ice for one hour. They were further lysed by
passing through a high pressure homogenizer EF-C3 (Avestin, Inc.). One EDTA-free
COMPLETE protease inhibitor tablet (Roche) is used per 50 ml cell lysate. 6-(2,6-
dichlorophenyl)-2-[3-(hydroxymethyl)anilino]-8-methylpyrido[2,3-d]pyrimidin-7-one
(PD166326)3": 38 (Cayman Chemical, Ann Arbor) at 20 M was added to form Abl kinase/
inhibitor complex. Clear lysate was collected after centrifuging at 15,000 g for 30 min. The
clear cell lysate was mixed with TALON® resin pre-equilibrated with lysis buffer.
Continued gentle agitation of the mixture on a rotator at 4 °C for > 4 h allowed the Hisg-
tagged fusion protein to bind the resin. Unbound proteins and other contaminants were
drained away. The protein-bound resin was thoroughly washed with a high salt buffer (20
mM MOPS pH 7.2, 500 mM NaCl, 1 mM MgCl,, 20% glycerol) and then washed and
equilibrated in cleavage buffer A (20 mM MOPS pH 7.6, 150 mM NaCl, 10 mM MgCl,,
20% glycerol). For Abl SH3-SH2-kinase purification, the only difference is that 20 mM
NaH,PO4 was included in the lysis buffer and the high salt buffer, and 5 mM of it in the
cleavage buffer. Both Abl kinase from pMAL/Ablkinase and SH3-SH2-Kinase from pMAL/
SH32(C2A)kinase were released from resin bound protein fusion by thrombin cleavage.
Briefly, one volume of resin was suspended in 3 volumes of cleavage buffer with 2.5 mM
CaCl, and 25 U/ml of thrombin (Enzyme Research Laboratories) following standard
procedures3?. The reaction was carried out at 20 °C for 18 h with gentle agitation to keep the
resin suspended. Protein released from MBP fusion by thrombin was eluted from the resin,
and 1 mM AEBSF (Allex) was added to stop thrombin activity. Abl kinase was
dephosphorylated by calf intestinal alkaline phosphatase (CIP, 20 units/ml) (New England
BioLabs) at 20 °C. Abl kinase expressed from pMAL/SspDnaAblCkinase was released from
the fusion in the cleavage buffer, with pH adjusted to 7.0, after keeping at room temperature
for 24 hours.

SH3-SH2-intein-CBD was purified through chitin affinitive binding. Cells were lysed in
lysis buffer B (50 mM Tris pH 8.0, 150 mM NaCl, 0.1 mM EDTA, 0.1% Triton X-100)
through a EF-C3 homogenizer. The recombinant fusion protein in the clear cell lysate was
bound to Chitin Beads (New England BioLabs). After thorough washing, the fusion protein
was left on beads to proceed to the ligation reaction. SH3-SH3 may be released from beads
in cleavage buffer B (25 mM MOPS pH 7.2, 150 mM NaCl, 100 mM DTT, 0.1 mM EDTA)
for other studies as well.

Subsequent anion exchange chromatography was applied to separate Abl kinase from
thrombin and other co-eluted protein contaminants. The dephosphorylated Abl kinase was
loaded on a HiTrap™ Q HP column (GE Healthcare), and was eluted with a 55 min linear
gradient from 0 to 50 mM NaCl in 20 mM MOPS pH 7.2. Elution fractions containing Abl
kinase were collected and concentrated for other analyses. SH3-SH2-kinase was first
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subjected to HiTrap™ Q HP column linear gradient purification, and then to size exclusive
Sephacryl™ S-100 column (GE Healthcare). A Bis-tris/NaH,PO, buffer (20 mM Bis-tris, 20
mM NaH,POy, pH 6.8, 100 mM NaCl, 1 mM EDTA) was used as the mobile phase. SH3-
SH2 was purified through HiTrap™ SP HP column (GE Healthcare) in 20 mM MOPS pH
7.0 with a linear gradient of NaCl from 0 to 50% in 52 min.

Mass analysis and tyrosine phosphorylation identification

Abl kinase samples at different purification stages were subjected to 12% Tris-HCI SDS-
PAGE gels (Bio-Rad), then transferred to P\VDF membranes (Bio-Rad) using a Trans-Blot
SD Semi-Dry Transfer Cell (Bio-Rad). The membranes were blocked by non-fat dry milk.
Phosphotyrosine was identified by rabbit anti-phosphotyrosine polyclonal antibody (Zymed
Laboratories). The corresponding peroxidase-conjugated second antibodies, goat anti-rabbit
IgG (Zymed Laboratories) was applied subsequently. After a thorough wash with 0.05%
Tween 20 and rinse with fresh water, the blotting was revealed by ECL Western blotting
detection reagents (GE Healthcare) and the images were captured on X-ray films.

The molecular mass of Abl kinase domain was measured by MALDI TOF using sinapinic
acid as matrix*0.

To identify phosphorylation sites, Abl kinase eluted from TALON® resin was first
alkylated, and then separately subjected to trypsin and subtilisin digests. These were
analyzed by LC-MS/MS. Phosphorylated peptide identification and the phosphorylated
residue location was carried out by Mascot search engine (Matrix Science, Boston, MA).

NMR samples and measurement

[U-I5N]ADbI kinase in complex with PD166326 was concentrated to about 300 LM in buffer
containing 20 mM Bis-Tris, pH 6.5 (25 °C), 100 mM NaCl, 1 mM EDTA, and 2 mM DTT.
To form Abl kinase/imatinib complex, 4:1 imatinib to kinase ratio was added to the diluted
solution with Abl kinase/PD166326, followed by concentration to replace bound PD166326.
The procedure was repeated to complete the replacement.

[U-15N,2H] Abl SH3-SH2-kinase, with C119A mutation, was in complex with PD166326 in
1:1 ratio. A 180 M solution was prepared in 90% H,0 and 10% D,0, 20 mM MOPS, 300
mM NaCl, 1 mM EDTA (pH 7.0). Abl SH2 domain ligand, 2BP with sequence
GSG(pY)ENPED*, was also added in 1:2 protein to peptide ratio.

All NMR spectra were acquired at 30 °C on an 800 MHz Bruker Avance-II spectrometer. 1H
was referenced relative to the frequency of the 2H lock resonance of water. 1°N chemical
shifts were referenced indirectly using the TH/5N frequency ratios of the zero point:
0.101329118. LH[*°N]-HSQC spectrum was acquired for isolated Abl kinase domain,

and TH[15N]-TROSY spectrum for SH3-SH2-kinase multidomain sample. Topspin software
was used to process acquired data and generate final spectra.

Expressed protein ligation

To test the reactivity of its potential C-terminal thioester intermediate, 50 .l SH3-SH2-
intein-CBD bound Chitin Beads were flushed with 3x bead volume of a testing buffer (25
mM HEPES, 300 mM MESNA, 300 mM NaCl, 20 mM MgCl,, 0.1 mM EDTA, 10%
glycerol) with pH at either 7.0 or 8.0. The beads was re-suspended in 50 pl ligation buffer,
and 20 .l Flu-P1 peptide (New England Biolabs) was added so that in the liquid phase the
composition is MESNA is ~ 200 mM, peptide 570 uM, and SH3-SH2 ~ 200 .M (assuming
it was totally released from the beads). The reaction system was kept at room temperature
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with gentle agitation for 20 h. Reaction mixture was checked on 20% PAGE gel and
visualized by UV light and Coomassie blue stain.

Expressed protein ligation was carried out between Abl SH3-SH2 and kinase domains. SH3-
SH2-intein-CBD-bound Chitin Beads were flushed with 3 bead volume of Ligation buffer
(25 mM MOPS pH 7.0, 300 mM MASNA, 120 mM NaCl, 20 mM MgCl,, 0.1 mM EDTA,
10% glycerol). Partially purified kinase domain expressed from pMAL/SspDnaAblCkinase
was exchanged to Ligation buffer, and added to the beads. The reaction was carried out at
room temperature with agitation for one day before PAGE gel analysis.
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Figure 1.

Abl kinase domain and Abl SH3-SH2-Kinase single chain multi-domain expression in
bacteria and their purification analysed by SDS-PAGE and Western blot. (A) SDS-PAGE of
Abl kinase: whole-cell lysate (Iane 1); soluble proteins after centrifuge (lane 2); proteins
bound on Co?* resin (lane3); retaining proteins on Co2" resin after thrombin cleavage (lane
4). (B) Tyrosine phosphorylation status: whole-cell lysate of BL21 with GroEL expression
(lane 1); whole-cell lysate of BL21 with GroEL and Abl kinase domain co-expression (lane
2); proteins bound on Co2* resin (lane 3); proteins on Co?* resin after thrombin cleavage
(lane 4); proteins eluted from the affinity resin (lane 5); protein from Lane 5 after CIP
treatment (lane 6); dephosphorylated Abl kinase domain after purification (lane 7). The
upper panel is Coomassie blue stained SDS-PAGE, the lower panel is an immunoblot with
anti-phosphotyrosine antibody. (C) SDS-PAGE of Abl SH3-SH2-kinase: cell lysate before
and after centrifuge (land 1 and 2); proteins remained on and eluted from the TALON resin
after thrombin cleavage (land 3 and 4); after ionic exchange purification (lane 5); after both
ionic exchange and size exclusion purification (lane 6); NMR sample before and after
measurement (lane 7 and 8).
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A
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NLLDYLRECNRQEVSAVVLLYMATQISSAMEY
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ELLEKDYRMERPEGCPEKPELMRACWQWNP
SDRPSFARERAFETMFQES

(B)

Figure2.

Locating phosphorylation sites in Abl kinase via trypsin/subtilisin digestion and mass
analysis. (A) Mass spectrometry identified phospho-tyrosine residues in primary sequence,
marked in bold, in bacterial-expressed Abl kinase domain. Sequences undetected by mass
analyses are marked in red. These seven are not subject to possible phosphorylation. (B)
Locations of phosphorylated residues in its 3-D structure (PDB code 10PJ). The active loop
is colored red. All other phosphorylated sites are labelled in magenta.
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Figure 3.

(A) [F°N-TH]-HSQC spectra for Abl kinase domain expressed in bacteria. Signals for Abl
kinase in complex with PD166326 is in blue, and with imatinib in red. (B) [1°N-1H]-TROSY
spectrum of bacterial expressed Abl SH3-SH2-kinase in complex with PD166326 and 2BP.
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Figure4.

SDS-PAGE gel analysis of Abl SH3-SH2 and kinase domain ligation. (A) SH3-SH2 ligated
with a test peptide Flu-P1. Lane 1 and 2 are SH3-SH2-intein-CBD bound on Chitin Beads;
Lane 3 and 4 are the liquid phase of ligation mixture at pH 7.0 after 20 hour reaction; Lane 5
and 6 are the same as 3 and 4, except the reaction was carried out at pH 8.0. Left panel is the
gel visualized by Coomassie blue stain, and right panel is the same gel under UV light. (B)
SH3-SH2 ligated to kinase. Lane 1 is SH3-SH2-intein-CBD bound to Chitin Beads before
mixed with cys-kinase; lane 2 is partially purified cys-kinase; lane 3 is the ligation mixture
of 100 pl (~100 M) of cys-kinase added to 200 p.l SH3-SH2-intein-CBD (~200 M)
bound Chitin Beads, and lane 4 is the ligation mixture of 150 w.l of cys-kinase added to 200
pl SH3-SH2-intein-CBD bound Chitin Beads, after 20 hours reaction; lane 5 is SH3-SH2-
intein-CBD bound Chitin Beads suspended in 150 I ligation buffer without cys-kinase as a
control.
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