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Previous studies have shown that the kinase activation loop
(KAL) of the oncogenic fusion protein NPM-ALK regulates its
overall tyrosine phosphorylation status and tumorigenicity.
Using tandem affinity purification-mass spectrometry, we
assessed how the KAL of NPM-ALK regulates the phosphoryla-
tion status of its individual tyrosines. Using the lysates of GP293
cells transfected with NPM-ALK, our highly reproducible
results showed evidence of phosphorylation in all 3 tyrosines in
KAL and 8 tyrosines outside KAL. We created 7 KAL mutants,
each of which carried a Tyr-to-Phe mutation of =1 of the 3
tyrosines in KAL. A complete loss of the 8 phosphotyrosines
outside KAL was found in 3 KAL mutants, and their oncogenic-
ity (assessed by cell viability, colony formation, and the ability to
phosphorylate effector proteins) was abrogated. A partial loss of
the 8 phosphotyrosines was found in 4 KAL mutants, but their
oncogenicity did not show simple correlation with the number
of residual phosphotyrosines. Tyr-to-Phe mutations of each of
the 8 phosphotyrosines outside KAL did not result in a signifi-
cant decrease in the oncogenicity. In conclusion, we have pro-
vided details of how the KAL in NPM-ALK regulates its tyrosine
phosphorylation pattern. Our results challenge some of the cur-
rent concepts regarding the relationship between the tyrosine
phosphorylation and oncogenicity of NPM-ALK.

It is well established that inappropriate activation of various
tyrosine kinases represents one of the important mechanisms
underlying tumorigenesis (1, 2). NPM-ALK, an oncogenic
fusion protein found exclusively in a subset of ALK-positive
anaplastic large cell lymphoma, is believed to promote tumor-
igenesis via its constitutively active tyrosine kinase (3). The for-
mation of NPM-ALK is a direct consequence of the #(2,5) chro-
mosomal translocation that places the DNA segment encoding
the N-terminal/oligomerization domain (1-117 amino acid
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residues) of the nucleophosmin (NPM) gene directly upstream
of the DNA segment encoding the C-terminal/kinase portion
(1058 —1620 amino acid residues) of the anaplastic lymphoma
kinase (ALK) gene (4). There is mounting evidence that NPM-
ALK is central to the pathogenesis of ALK-positive anaplastic
large cell lymphoma (5). Based on the current concept, NPM-
ALK undergoes auto-phosphorylation of the 3 tyrosine resi-
dues located in the kinase activation loop (KAL)? that bears the
insulin receptor kinase subfamily motif (“YaxxYY”)(6, 7). Once
the autophosphorylation of the KAL tyrosine residues is
achieved, NPM-ALK becomes activated, and subsequent phos-
phorylation of various tyrosine residues outside of the KAL fol-
lows. Some of these phosphorylated tyrosine residues have
been shown to serve as the docking sites for a number of effec-
tor proteins, many of which are known to be involved in cellular
signaling. Via their physical interactions with NPM-ALK, these
effector proteins are in turn phosphorylated and activated by
NPM-ALK, resulting in the constitutive activation and deregu-
lation of a host of important signaling pathways (3, 8—17). The
interaction between NPM-ALK and Shc, an adaptor cellular
signaling protein, provides an example to illustrate these con-
cepts. Specifically, it has been demonstrated Shc co-immuno-
precipitates with NPM-ALK and site-directed mutagenesis of
Tyr*>®” of NPM-ALK was found to abrogate the Shc/NPM-ALK
interaction and reduce the phosphorylation of Shc (1, 18).
While this conceptual model regarding the biology of NPM-
ALK is widely accepted, details of some of the aspects are
incompletely understood. For instance, the importance and
functional roles of the KAL in NPM-ALK have not been fully
examined. Because the KAL of NPM-ALK carries the motif of
the insulin receptor kinase subfamily (YxxxYY)(6, 7), it has been
inferred that this KAL regulates the phosphorylation process in
a similar fashion as that found in the other members of the
insulin receptor kinase subfamily. In our search of the litera-
ture, we found only one study directly addressing the biological
importance of the KAL of NPM-ALK. Using site-directed
mutagenesis of the three tyrosine residues in the KAL of NPM-
ALK (Y338xxxY342Y343), Tartari and et al. (2) assessed the bio-

3 The abbreviations used are: KAL, kinase activation loop; TAP, tandem
affinity purification; LC-MS, liquid chromatography-mass spectrome-
try; MTS, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium, inner salt.
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logical importance of the KAL by correlating various mutations
in the KAL and the oncogenic potential of these mutants. Their
results have provided direct evidence that the KAL of NPM-
ALK is biologically important, because mutation at Tyr*>*® (but
not that of Tyr*** or Tyr>**) completely abrogated evidence of
tyrosine phosphorylation of NPM-ALK and its oncogenic
potential (2). Nevertheless, because the tyrosine phosphoryla-
tion status of NPM-ALK was assessed by immunoprecipitation
and immunoblotting (with an anti-tyrosine antibody), only an
estimate of the overall tyrosine phosphorylation status of NPM-
ALK could be made. In other words, whether the reduction in
the oncogenic potential of the NPM-ALK mutants is due to a
specific change in the tyrosine phosphorylation pattern could
not be addressed.

In this study, we aimed to perform functional characteriza-
tion of the KAL of NPM-ALK. Instead of using immunoprecipi-
tation and immunoblotting, an approach used in most of the
previous studies of the KAL in the insulin receptor kinase sub-
family, we chose to employ tandem affinity purification (TAP)
in combination with a newly developed, highly sensitive liquid
chromatography-mass spectrometry (LC-MS) protocol (19—
21). The major advantage of using this method is that we are
able to comprehensively profile the phosphorylation status of
individual tyrosine residues on NPM-ALK and evaluate their
changes in response to our experimental manipulation of the
KAL. TAP, as used in this study, allows us to effectively purify
the full-length NPM-ALK using a relatively small amount of
total proteins. We aimed to provide new insights into the func-
tional role of the KAL of NPM-ALK that can serve as a proof of
principle for future studies of related oncogenic tyrosine
kinases.

MATERIALS AND METHODS

Site-directed Mutagenesis and Construction of Gene Vectors—
As described previously, our constructed NPM-ALK expres-
sion vector can produce full-length human NPM-ALK that is
tagged with HB, which consists of an RGS-hexahistidine (H) tag
and a bacterially derived biotinylation (B) signal peptide (19).
We have also previously found that HB/NPM-ALK expresses
functional NPM-ALK at levels similar to those found in ALK-
expressing anaplastic large cell lymphoma cell lines (19). Site-
directed mutagenesis (Tyr to Phe) was performed using the
QuikChange XL kit (Stratagene) according to the manufactur-
er’s instructions. Mutations of =1 of the three tyrosine residues
present in the KAL (Tyr®*%, Tyr**?, and Tyr**?) were intro-
duced using HB/NPM-ALK inserted in a pcDNA3.1(+) back-
bone. As summarized in Table 1, a total of 7 KAL mutants were
generated. Single mutations of individual tyrosine residues out-
side the KAL of NPM-ALK (“single mutants”) were introduced
using the pcDNA3.1(+)/NPM-ALK vector. Primers were
designed using the on-line software provided by Stratagene.
The coding sequence of NPM-ALK and all of its mutants were
confirmed to ensure that no artificial mutations were acquired.

Cell Culture and Gene Transfection—The GP293 packaging
cell line (a modified version of the HEK293 human embryonic
kidney cell line, Clontech) was maintained in Dulbecco’s mod-
ified Eagle’s medium (Sigma Aldrich), supplemented with 10%
heat-inactivated fetal bovine serum. GP293 cells were trans-
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fected with the various NPM-ALK expression vectors using
Lipofectamine 2000 (Invitrogen) in accordance with the man-
ufacturer’s suggested protocol. The culture media was supple-
mented with 4 uMm biotin to improve the biotinylation efficiency
of HB-tagged proteins.

TAP under Denaturing Conditions—GP293 cells, transfected
with HB/NPM-ALK or one of the 7 KAL mutants, were lysed in
CellLytic M (Sigma), supplemented with 1 mm phenylmethyl-
sulfonyl fluoride, a phosphatase inhibitor mixture, and a prote-
ase inhibitor mixture (Sigma). Lysates were cleared by centri-
fugation (20,000 X g, 15 min) and the resulting supernatant
concentration was determined by the bicinchoninic acid assay
following the manufacturer’s protocol (Bio-Rad). TAP was per-
formed based on two distinct rounds of purification. For the
HB-tagged proteins, purification was performed on Ni**-
Sepharose beads (GE Healthcare), followed by immobilized
streptavidin beads as described previously (19) with the addi-
tion of 8 M urea to all washing buffers. This modification of our
original protocol to denaturing conditions allows for the
removal of noncovalently bound binding partners, resulting in
increased HB/NPM-ALK purity and the subsequent sequence
coverage upon LC-MS analysis.

On-bead Protein Digestion, LC-MS, and Data Analysis—
NPM-ALK was digested into peptide fragments suitable for
LC-MS by on-bead tryptic or chymotryptic digestions (21-23),
with modifications developed by our laboratory (22, 24 -26);
the different cleavage sites of trypsin and chymotrypsin allow
for increased sequence coverage during LC-MS. Data base
searches by MASCOT, restricted to Homo sapiens in the Swiss-
Prot Database, were performed as described previously (22).
Assigned sequence and spectra were imported into a manual
data base including the peptide sequences of NPM-ALK and
the 7 KAL mutants. An increased molecular mass of 79.96 Da
ona tyrosine residue was indicative of phosphorylation. Peptide
fragments containing a phosphorylated tyrosine residue, with a
matching score above the MASCOT threshold score for iden-
tity (95% confident level), were manually examined. The phos-
phorylation profile for NPM-ALK or 7 KAL mutants was an
assembly of three independent experiments (twice using tryp-
sin and one using chymotrypsin). For each experiment, the
resulting peptide mix was analyzed with five consecutive runs,
with each run carried out using an optimal and maximized sam-
ple loading (26); peptide precursor ion exclusion strategy was
applied to exclude relatively high abundance peptides identi-
fied from the previous runs, thus allowing the identification of
relatively lower abundance peptides (27). No further phosphor-
ylated residues were identified after the fourth stage of analy-
sis. The final identified phosphorylated tyrosine residue was
only considered as true positive if it was identified from at least
two tryptic digestion experiments or one tryptic digestion and
one chymotryptic digestion experiment.

Western Blot Analysis—Cell lysates from GP293 cells trans-
fected with HB/NPM-ALK, NPM-ALK, or one of the mutants
were subjected to SDS-PAGE and immunoblotting. The follow-
ing antibodies, all of which were obtained from Cell Signaling
Technology (Danver, MA) unless otherwise stated, were used
for immunoblotting: phospho-STAT3 (Tyr”%?), STAT3 (BD
Biosciences), phospho-Src (Tyr*'®), phospho-Src (Tyr®*),
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FIGURE 1.Schematicillustration of the 21 tyrosine residues on NPM-ALK. The locations of the 21 tyrosine residues, with reference to the kinase domain and
the YxxxYY motif of the kinase activation loop, are provided. Specific tyrosine residues (n = 11) showing evidence of phosphorylation, and their equivalent
positions in the full-length ALK (in parentheses), are summarized as follows: Tyr'3® (Tyr'%78), Tyr'52 (Tyr'992), Tyr'>¢ (Tyr'9%), Tyr'®" (Tyr''37), Tyr®38 (Tyr'278),
Tyr342 (Tyr'l 282), Tyr343 (Tyr'l 283), Tyr419 (Tyr'l 359), Tyr567 (Tyr1507), Tyr544 (Tyr1584), and Tyr664 (Tyr1 604). aa, amino aCid(S).

phospho-Shc (Tyr***/?4%), Shc, phospho-ZAP70 (Tyr**?), ZAP-
70, phospho-S6 ribosomal protein (Ser***>?¢), S6 ribosomal
protein, phospholipase Cyl (PLCvy1l), and phospho-PLCy1
(Tyr”®% AssayDesigns, Ann Arbor, MI). NPM-ALK was de-
tected using either an anti-NPM (LabVision clone NA24,
Thermo Fisher Scientific, Fremont, CA) or an anti-ALK (Cell
Signaling Technology) monoclonal antibody. For the detection
of the KAL mutants, an anti-ALK antibody reactive with an
epitope carboxyl to the kinase domain was used. For the detec-
tion of the 8 single mutants of NPM-ALK, an anti-NPM mono-
clonal antibody was used, since none of 8 tyrosine residues were
located in the NPM portion of NPM-ALK.

Cell Viability and Colony Formation Assays—GP293 cells trans-
fected with NPM-ALK, one of the 7 KAL mutants or one of the 8
single mutants were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 5% fetal bovine serum for 24 h. Trans-
fected GP293 cells (at a final concentration of 0.5 X 10* cells/100
wul) were seeded in each well of a 96-well plate and cultured for 48 h,
and the cell viability was measured using the 3-(4,5-dimethylthia-
zol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-te-
trazolium, inner salt (MTS) assay (Promega, Madison, W)
following the manufacturer’s protocol (28). For the colony
formation assay, transfected GP293 cells (20,000 cells) were
seeded in each well of a 6-well plate with soft agarose. The
soft agarose consisted of two layers, both of which were pre-
pared from a stock 1.2% agarose (Bio-Rad) that was dissolved
in distilled water and autoclaved. For the bottom layer, Dul-
becco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum was added to the stock agarose to achieve
a 0.6% agarose concentration. For the top layer, cell suspen-
sion was mixed with the stock agarose to achieve a final
agarose concentration of 0.35%. Cells in the agar were fed
with 200 ul of Dulbecco’s modified Eagle’s medium/10%
fetal bovine serum every 3 days. Colonies were stained and
visualized with 0.05% crystal violet after 4 weeks of culture.

RESULTS

Identification of 11 Tyrosine Residues Involved in Phos-
phorylation—Within NPM-ALK, there are a total of 21 tyrosine
residues (Fig. 1). Using two different digestion enzymes (trypsin
and chymotrypsin), we were able to assess 95% of the NPM-
ALK amino acid sequence using a 95% confident level (Fig. 2).
Unfortunately, the first tyrosine residue located in the NPM
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NPM-ALK sequence coverage =95%

MEDSMDMDMSPLRPQNYLFGCELKADKDYHFKVDNDENEHQLSLRTVSLGAGA

WEEEWAPEGVPPLLVS AKREEERSPAA
PPPLPTTSSGKAAKKPTAAEVSVRVPRGPAVEGGHVNMAFSQSNPPSELHKVHG

FIGURE 2. The sequence coverage of NPM-ALK obtained by LC-MS using
peptide precursor ion exclusion strategy. 95% of the NPM-ALK amino acid
sequence was covered; sequences obtained by using trypsin are underlined
with solid lines, whereas sequences obtained by using chymotrypsin are
underlined with dashed lines.

portion of NPM-ALK (Tyr'”) fell into the 5% of the amino acid
sequence for which the confident level was <95%. Of the
remaining 20 tyrosine residues present on NPM-ALK, we
found evidence of phosphorylation in 11, and their locations are
summarized in Fig. 1. The tandem mass spectrometry (MS/MS)
spectra of these 11 tyrosine residues are illustrated in Fig. 3 and
supplemental Fig. 1. All of these 11 tyrosine residues were
found in the ALK portion; all of the 3 tyrosine residues (Tyr>*%,
Tyr®*?, and Tyr®*®) present in the KAL were found to be phos-
phorylated, and 8 tyrosine residues found outside the KAL were
also phosphorylated (including Tyr'®%, Tyr'*2, Tyr'®®, Tyr'*®!,
Tyr*?, Tyr>®”, Tyr®**, and Tyr®®*). Evidence of phosphoryla-
tion of 2 additional tyrosine residues (Tyr*®! and Tyr®*®) was
found, but only in one of the three independent experiments; in
view of their low confident spectra, we excluded these 2 tyro-
sine sites from our phosphorylation list.

The Significance of the 3 Tyrosine Residues in the KAL—W'e
then characterized how the 3 tyrosine residues in the KAL reg-
ulate the phosphorylation process of NPM-ALK. Using site-
directed mutagenesis of one or more of these 3 tyrosine resi-
dues in KAL, we created a total of 7 mutants, as summarized in
Table 1. Using our TAP/LC-MS method and GP293 cells trans-
fected with NPM-ALK (or one of the KAL mutants), the tyro-
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FIGURE 3. Representative electrospray ionization tandem mass spectrometry spectra of phosphopeptides. Electrospray ionization tandem mass spec-
trometry spectra of three representative identified phosphotyrosine residues (pTyr'*® (A and B), pTyr'? (Cand D), and pTyr'®' (E and F)) from tryptic (4, C,and
E) and chymotryptic digested peptides (B, D, and F). The remaining spectra are available in supplemental Fig. 1.

sine phosphorylation profiles of the expressed NPM-ALK pro-
teins were comprehensively assessed.

Within the KAL—Results are summarized in Table 1. A Tyr-
to-Phe mutation of any 1 of the 3 tyrosine residues in the KAL
did not affect the phosphorylation of the remaining 2 tyrosine
residues. While the phosphorylation of Tyr**® was preserved
when both Tyr®**? and Tyr**® were mutated (i.e. double mutant
YFF), no evidence of phosphorylation was detectable in Tyr>*?
or Tyr** in the other 2 double mutants, FYF or FFY, respec-
tively. These data suggests that Tyr**® is likely the first tyrosine
residue to be phosphorylated in the KAL.

Outside of the KAL—As described above, we found evidence
of phosphorylation of 8 tyrosine residues outside the KAL. The
phosphorylation of these 8 tyrosine residues was profoundly
affected by any mutation of the 3 KAL tyrosine residues, as
summarized in Table 1. A simultaneous Tyr-to-Phe mutation
of all 3 tyrosine residues (i.e. triple mutant FFF), as well as muta-
tion of Tyr*>*® in combination with Tyr**? or Tyr**® in the KAL
(i.e. FFY, FYF) resulted in a complete loss of phosphorylation of
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all tyrosine residues, inside or outside the KAL. In the other 4
KAL mutants, abrogation of the phosphorylation outside the
KAL was found only in a subset of these 8 tyrosine residues.
Specifically, mutants with substitution of Tyr**® (FYY) or
Tyr®*3 (YYF), as well as the double mutant YFF, had two
residual phosphotyrosine residues outside the KAL. The
most preserved phosphorylation pattern was seen with YFY,
which retained 4 phosphotyrosine residues outside the KAL.
Interestingly, the loss of phosphorylation due to mutations
in the KAL was not a random process; of the 8 tyrosine res-
idues outside the KAL, Tyr'®® and Tyr>®” were the least
affected, whereas Tyr'>?, Tyr'®!, Tyr*'®?, and Tyr®®* were
consistently affected with any mutation of the KAL. We also
noted that evidence of tyrosine phosphorylation was found
exclusively in the originally identified 8 phosphorylatable
sites in these 7 KAL mutants.

The Relationship between the NPM-ALK Phosphorylation
Profile and Cell Viability—Using our panel of KAL mutants, we
then asked whether the KAL of NPM-ALK regulates the onco-
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TABLE 1
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Tyrosine phosphorylation patterns for the KAL mutants, as compared to the unaltered NPM-ALK

Y138
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Y419 Y567 Y644 Y664
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FFY F-x-x-x-F-Y

No detectable tyrosine
FYF F-x-x-x-Y-F phosphorylation inside &

outside KAL

2 F-x-x-x-F-F

F refers to phenylalanine;
Y refers to tyrosine;

° referes to phosphorylated tyrosine

genic potential of NPM-ALK by virtue of controlling the num-
ber of phosphotyrosine residues. To test this hypothesis, we
first assessed the cell viability of GP293 cells transfected with
one of the seven KAL mutants using the MTS assay. As shown
in Fig. 4, the 3 KAL mutants that showed no detectable tyrosine
phosphorylation (i.e. FFF, FFY, and FYF) had no significant dif-
ference in the cell viability when compared with cells trans-
fected with an empty vector (i.e. negative control). Cells trans-
fected with the other 4 KAL mutants, all of which had reduced
numbers of phosphotyrosine residues outside the KAL, showed
a significant increase in cell viability over the negative control
(p <0.01), but the effects were significantly less than cells trans-
fected with unaltered NPM-ALK (p < 0.01). In the 4 KAL
mutants with residual phosphotyrosine residues, there was no
simple correlation between the number of phosphotyrosine
residues and the conferred increase in cell viability. Specifically,
cells transfected with the YYF mutant, which had 2 phosphoty-
rosine residues outside the KAL (i.e. Tyr'®® and Tyr>®?) dis-
played a significantly higher number of viable cells compared
with those transfected with the YFY mutant, which carried 4
phosphotyrosine residues outside the KAL (i.e. Tyr'?®, Tyr'>°,
Tyr>®’, and Tyr®**) (p < 0.01). Moreover, the number of viable
cells in those transfected with YFY was not significantly higher
than those transfected with either FYY or YFF, both of which
had only 2 phosphotyrosine residues outside the KAL (i.e.
Tyr'*® and Tyr’®). To further evaluate the relationship
between the phosphorylation profile of various KAL mutants
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and their tumorigenicity, colony formation assay was also per-
formed, and our results were essentially aligned with those of
the MTS assay (Fig. 4B).

The Relationship between the NPM-ALK Phosphorylation
Profile and the Ability to Phosphorylate Its Downstream Targets—
To further assess the oncogenic potential of the seven KAL
mutants, we measured their ability to phosphorylate a panel of
downstream effector proteins, including STATS3, Src, Shc, ZAP,
S6, and PLCv1, all of which are known to be phosphorylated by
NPM-ALK. As shown in Fig. 5, unaltered NPM-ALK phosphor-
ylated all of these 6 substrates strongly. Consistent with our
finding that FFF, FFY and FYF do not mediate phosphorylation,
all three mutants failed to induce any detectable phosphoryla-
tion of the 6 substrates. The 4 KAL mutants that retained resid-
ual phosphorylated tyrosine residues were less efficient in phos-
phorylating these targets. Similar to the MTS and colony
formation data, the number of phosphotyrosine residues in these 4
mutants showed no simple correlation with the ability to phosphor-
ylate the 6 substrates. Specifically, the FYY mutant (with 2 residual
phosphotyrosine residues outside the KAL) mediated the highest
level of substrate phosphorylation among the 4 mutants. In con-
trast, YFF, which also had the same 2 phosphotyrosine residues
outside the KAL as FYY, had no detectable phosphorylation of
these 6 substrates. YFY mutant, which carried 4 phosphotyrosine
residues outside the KAL, mediated substantially weaker phos-
phorylation in all but 1 substrate.
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FIGURE 4. Characterization of the NPM-ALK KAL mutants-associated tumorigenicity. A, cell viability of GP293 cells transfected with HB/NPM-ALK or one of
the seven HB-tagged KAL mutants, measured at 48 h post-transfection using MTS assay, is shown. Triplicate experiments were performed. These results were
normalized against GP293 cells transfected with the empty HB vector. B, colony formation of GP293 cells transfected with HB/NPM-ALK or one of the three KAL
single tyrosine mutant or YFF mutant or FFF mutant is shown. Triplicate experiments were performed. Statistical analysis was performed using one-way

analysis of variance. ***, significant difference; ns, not significant.

The Effects of a Single Tyr-to-Phe Mutation of Tyrosine Resi-
dues Outside the KAL—Because we observed that mutations of
the KAL resulted in dramatic decreases in the phosphorylation
of the 6 effector proteins, we investigated the possibility that 1
of these 8 tyrosine residues may serve as their docking sites, and
a Tyr-to-Phe mutation of these sites is expected to be sufficient
to abrogate the phosphorylation of these substrates. Thus, we
transfected GP293 cells with various single mutants, each of
which carried mutation of one of the 8 tyrosine residues outside
the KAL. As illustrated in Fig. 6, with the exception of Shc and
Src, the phosphorylation of these substrates was not apprecia-
bly reduced in these 8 mutants. Shc phosphorylation was dra-
matically decreased upon mutation of Tyr>®”, and this finding is
consistent with that reported in the literature (18). The phos-
phorylation of Src was also decreased, but this decrease was
found in 4 different mutants, including Tyr'>®, Tyr'*, Tyr*'?,
and Tyr®®”. We performed MTS assay; no significant difference
was found when we compared each of these 8 single mutants
with unaltered NPM-ALK (Fig. 6). Similarly, no significant dif-
ference using the colony formation was found between each of
these single mutants and unaltered NPM-ALK (data not
shown).

DISCUSSION

To fully characterize the KAL of NPM-ALK, which is
believed to be crucial for the activation of this oncogenic fusion
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protein, we employed a highly sensitive TAP/LC-MS method.
As compared with immunoprecipitation and immunoblotting
(with an anti-tyrosine antibody), a method used most com-
monly to study KAL in other members of the insulin receptor
kinase subfamily, TAP/LC-MS is superior because this method
allows us to comprehensively profile the phosphorylation sta-
tus of individual tyrosine residues of NPM-ALK. Moreover, the
HB tag was specifically selected to be used in this study because
it can endure harsh denaturing washing condition (i.e. 8 M urea
or 2% SDS can be added to the washing buffer) (21). Thus, we
were able to effectively wash away NPM-ALK-binding partners
and substantially reduce the background. This aspect is partic-
ularly important to this study, as one of the major objectives was
to assess the tyrosine phosphorylation status of NPM-ALK
itself, and the phosphopeptides derived from NPM-ALK would
have been easily outnumbered by those derived from NPM-
ALK-binding partners, if washing was not sufficiently harsh.
With this powerful tool, we were able to map the tyrosine phos-
phorylation sites of NPM-ALK, and more importantly, assessed
their changes upon our experimental manipulation of the KAL.

Our TAP-LC/MS protocol has proven to produce highly
reproducible results, as we achieved consistent conclusions in
three independent experiments. In addition, the spectra for all
of the phosphorylated tyrosine residues are of high quality, as
illustrated in Fig. 3 and supplemental Fig. 1. More importantly,
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FIGURE 5. The effect of NPM-ALK KAL mutants on the tyrosine phosphor-
ylation of NPM-ALK substrates. GP293 cells were transfected with HB/NPM-
ALK or one of the seven HB-tagged KAL mutants. Cell lysates were harvested
24 h after gene transfection and analyzed by immunoblot to detect tyrosine
phosphorylation of a number of NPM-ALK substrates. pY, phosphotyrosine;
phos, phospho.

the validity of our data is supported by the fact that our identi-
fied 11 phosphorylable tyrosine residues of NPM-ALK largely
overlap with those identified in a very recent study (29). Specif-
ically, using proteomic-based approaches, Boccalatte et al. (29)
profiled ALK-associated tyrosine phospho-peptides using a
panel of ALK-expressing lymphoma cell lines, and they identi-
fied 11 phosphorylated tyrosine residues on ALK, with 10 of
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FIGURE 6. The effect of single mutations of various tyrosine residues on
NPM-ALK. GP293 cells were transfected with pcDNA3.1(+)/NPM-ALK, or one
of eight NPM-ALK single mutants. A, MTS-based cell viability assay was per-
formed 48 h post-transfection. Triplicate experiments were performed. Sta-
tistical analysis was performed using one-way analysis of variance, and no
significant difference was found. Error bar represents S.E. B, cell lysates pre-
pared at 24 h post-transfection were analyzed by Western blot to assess
changes in the tyrosine phosphorylation of various NPM-ALK substrates.
y-Tubulin served as the loading control. phos, phospho.

these 11 tyrosine residues overlapping with our results. The
exceptions are Tyr*'® and Tyr®*, with the former found only in
our study and the latter found only in the study by Boccalatte et
al. (29). These discrepancies may be related to the differences in
the cell lines employed and/or proteomic-based methods. Of
note, we found evidence of phosphorylation for Tyr®*® in one of
three experimental runs, but this tyrosine residue was excluded
from our final list because our inclusion criteria requires high
consistency (as described in “Materials and Methods”) and a
high confident spectrum, both of which lack Tyr®*®.

Our results led us to conclude that Tyr®*® is the first tyrosine
residue within the KAL to be phosphorylated, because the
phosphorylation of Tyr®*® was not dependent on that of either
Tyr**? or Tyr**>. This conclusion is consistent with that of a
previous study employing short synthetic ALK peptides and
Edman sequencing (7). Interestingly, in two members of the
insulin receptor kinase subfamily, namely the insulin receptor
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and the insulin-like growth factor 1 receptor, it is the second
tyrosine residue in the YxxxYY motif that is initially phosphor-
ylated (30). It is unclear why this order of tyrosine phosphory-
lation within the KAL is different among the insulin receptor
kinase subfamily members, but it may be related to the differ-
ences in their amino acid sequence between the first and second
tyrosine residues (7). Nevertheless, some of our conclusions
regarding the KAL of NPM-ALK are contradictory to the very
same study. While it was suggested that Tyr®*® is the only tyro-
sine residue in the KAL that is important in regulating the auto-
phosphorylation of NPM-ALK (7), our results strongly suggest
that both Tyr**? and Tyr>*? contribute to the phosphorylation
and oncogenic potential of NPM-ALK. Specifically, YFY and
YYF, as well as the double mutant YFF, were found to have a
dramatic decrease in the number of phosphotyrosine residues
outside the KAL and a significant decrease in the cell growth-
promoting effects. Our study results also clearly showed evi-
dence of phosphorylation of Tyr***> and Tyr**® in the FYY
mutant. We believe that these discrepancies are likely due to
differences in the methodology, namely the use of synthetic
short ALK peptides and Edman sequencing versus TAP-LC/
MS. Of note, our conclusions correlate well with the observa-
tions that all 3 tyrosine residues within the KAL are phosphor-
ylated independently in the other members of the insulin
receptor kinase subfamily (6, 31).

One of our major objectives is to characterize the biological
importance of the KAL in mediating phosphorylation of vari-
ous tyrosine residues in NPM-ALK and how this phosphoryla-
tion process is linked to oncogenic potential. Because the tyro-
sine phosphorylation status of the KAL of the insulin receptor
kinase subfamily has been shown to determine whether the
kinase is in an inactive or active conformation (6), it has been
inferred that the KAL of NPM-ALK is also important in medi-
ating the oncogenic effects of NPM-ALK. As discussed, only
one previous study directly addresses this question for NPM-
ALK (2). Consistent with the results published by Tartari et al.
(2), our data supports that phosphorylation of all 3 tryosine
residues in the KAL of NPM-ALK is important, because muta-
tions of =1 of these 3 tyrosine sites substantially reduced or
completely abrogated its phosphorylation and oncogenic
potential. For the first time, with the use of TAP/LC-MS, we
were able to reveal details of how the KAL of NPM-ALK regu-
lates the phosphorylation status of individual tyrosine residues
on NPM-ALK. Specifically, our study has provided direct proof
that the number of phosphorylated tyrosine residues decreased
dramatically with mutation of the 3 tyrosine residues in the
KAL. Interestingly, we found that the 8 tyrosine residues out-
side the KAL have different thresholds for losing its phosphor-
ylation status, with Tyr'>® and Tyr®®” being the best to retain
phosphorylation whereas Tyr'?, Tyr'®', Tyr*'?, Tyr®** having
the lowest threshold level for losing the phosphorylation status.
Based on these results, it is tempting to speculate that Tyr'>®
and Tyr*®” carry more biological importance than Tyr'*?,
Tyr'?!, Tyr™'?, Tyr®®?, because the 3 KAL mutants that retain
phosphorylation of Tyr'*® and Tyr*®” only (i.e. FYY, YYF and
YFF) produced a high number of viable cells as compared with
the negative control. The interesting observation is that none of
the KAL mutants show evidence of tyrosine phosphorylation in
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those residues that are not involved in phosphorylation in the
unaltered NPM-ALK. The mechanism underlying their resis-
tance to tyrosine phosphorylation requires further studies.

The lack of significant decrease in oncogenicity in associ-
ation with mutations of each of the 8 tyrosine residues outside
the KAL is relatively surprisingly, because it is widely believed
that these phosphorylated tyrosine residues serve as the “dock-
ing sites” for the downstream effectors, which mediate the
oncogenic effects of NPM-ALK. With the exception of Shc and
Src, we could not identify any detectable decrease in the phos-
phorylation of the remaining 4 substrates, even though their
phosphorylation was completely abrogated in many of the KAL
mutants. Our finding that mutation of Tyr®®*” substantially
decreased the phosphorylation of Shc is entirely consistent with
that described in a previous report (1). However, we did not
identify a detectable decrease in the phosphorylation of PLCy
in the Tyr®®* mutant, as previously suggested (1, 18). While the
phosphorylation of Src was decreased, this decrease was found
in 4 different mutants (including Tyr'®®, Tyr'*!, Tyr*'?, and
Tyr>%”), and thus, no specific docking site for Src was identified.
Our results argue against the concept that the KAL regulates
the oncogenic potential of NPM-ALK simply by controlling the
number of phosphotyrosine residues outside the KAL, or by
providing the docking sites for the interaction with NPM-ALK
effector proteins. Our observation that the number of residual
phosphotyrosine residues in the 4 KAL mutants does not sim-
ply correlate with the oncogenic potential further supports this
notion.

In conclusion, using our TAP/LC-MS method, we have
generated a comprehensive profile of the tyrosine phosphor-
ylation status of NPM-ALK. Using this technique, we
assessed the biological importance of KAL, and we believe
that our data has provided insights into the functional
importance of the KAL. Our study has provided evidence
that the biological importance of the KAL of NPM-ALK lies
beyond the regulation of its tyrosine phosphorylation pat-
tern. Further studies are needed to further characterize the
mechanism by which the KAL of NPM-ALK regulates the
oncogenic effects of this protein. Importantly, our study pro-
vides the proof-of-principle that TAP/LC-MS can be used
effectively to characterize the phosphorylation process of vari-
ous oncogenic tyrosine kinases.
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