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ABSTRACT. The dual-specificity tyrosine phosphorylation-regulated kinase[I¥RK1A gene is localized

in human chromosome 21, and its overexpression has been associated with the learning and memory
deficits of Down syndrome. DYRK1A contains a&¥XY 321 motif shared by all members of the DYRK
protein kinase family. Residue Y321 in the motif is phosphorylated in DYRK1A preparedHEsaimerichia

coli and from eukaryotic cells. It has been proposed that the YXY motif is an equivalent of the TXY
motif, the activation loop, of mitogen-activated protein kinase and that phosphorylation at the motif is
required for DYRK activity. In this study, the role of tyrosine phosphorylation in the activity of DYRK1A
was investigated in detail. Wild-type DYRK1A with a reduced level of phosphotyrosine (pY) was prepared
by treatingE. coli-produced DYRK1A with two different protein tyrosine phosphatases. The resulting
pY-depleted DYRK1A could not regain pY during autophosphorylation but was as active as the untreated
control. These findings were further supported by the observation that DYRK1A retained significant
enzymatic activity when both tyrosine residues in the YXY motif were replaced with either histidine or
glutamine. Together, we conclude that tyrosine phosphorylation and tyrosine residues in the YXY motif
are not directly involved in DYRK1A enzymatic activity in vitro.

DYRK1A (1) is the mammalian ortholog dbrosophila DYRK1A is equivalent to the ERK2's TXY motif, the
minibrain kinase (MNB) 2). Both DYRK1A and MNB activation loop 18, 19). Phosphorylation of both threonine
belong to the DYRK protein kinase family3), which and tyrosine in the TXY motif by upstream kinases activates
includes yeast Yak1pl}, several related DYRK$(-7), and ERK2 (20). Despite the name of dual specificity, DYRK1A
many others§—11). The humarDYRK1Agene is mapped has so far been shown to function only as a proline/arginine-
to the g22.2 section of chromosome 21, termed the Down directed serine/threonine kinase toward exogenous substrates
syndrome critical regionl@—14). Several lines of evidence  (21—-30).

have implicated this gene in Down syndroni,(16). Recombinant DYRK1A produced iBscherichia coliand

In addition to the conserved kinase subdomains commonin mammalian cells is enzymatically active and contains
to all kinases 17), members of the DYRK family contain  phosphotyrosine (pY) at Y321 in the YXY motifl{ 19).
several characteristic sequence features unique to thisThe Y321F substitution produces a protein with a low pY
family (3). One of them, the YXY motif, is found between content and a greatly reduced kinase activityl©). On the
kinase subdomains VII and VIII3j. DYRK1A is distantly other hand, Y319 of the YXY motif is not phosphorylated
related to mitogen-activated protein kinase (MAPK)S). and the Y319F mutant has activity similar to that of the wild-
Molecular modeling based on the crystal structures of type protein {, 19). Therefore, it was hypothesized that
extracellular regulated kinase 2 (ERK2), a member of the phosphorylation, probably through autophosphorylation, at
MAPK family, has suggested that the’¥XY > motif of Y321 in the YXY motif is required for DYRKI1A activity

(1, 19). Evidence obtained from other members of the DYRK
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However, to our surprise, DYRK1A lacking pY was as active
as the untreated control. Therefore, the role of tyrosine
phosphorylation on DYRK1A was investigated in detail. Our

Biochemistry, Vol. 46, No. 25, 2007615

DYRK1A in a kinase buffer [25 mM HEPES (pH 7.4), 5
mM MgCl,, and 100 mM NacCl] as previously describéd (
36). The reactions were initiated by the addition of-#D0

results indicate that neither tyrosine phosphorylation nor uM ATP (final concentration) and were allowed to proceed

tyrosine residues in the YXY motif are absolutely required
for the activity of DYRKZ1A in vitro.

MATERIALS AND METHODS

Clone ConstructionThe GST fusion full-length (GST-
FL) DYRK1A clone, the truncated (GST-497) DYRK1A
clone, and human Gli 136) expression vector (pcGlil) were
described previoushysg, 37). Vector, pMNB, for expressing
intact (nonfusion) DYRK1A was constructed by inserting
the DYRK1A fragment from the GST fusion vect@g) into
T7 RNA polymerase vector pND1 through the Clal and Xhol
sites as described previousI$g). Construction of the FF
mutant was described previousBg6). HH and QQ mutants
were prepared by site-directed mutagenesis using the fol-
lowing oligonucleotides, agttggggcagagaattcaccagcatat-
tcagagtcgcttcta  and

mammalian vectors for expressing the full-length YXY motif
mutant were first constructed as the pPRHC-Mnb cla2ig.(
TheDYRK1Agene in the resulting pRHC-Mnb(mutant) clone
was then spliced into the pcDNA3 vector (Invitrogen)
through the Hindlll and Xhol sites to produce pcMnb-
(mutant) vectors as described previous?g,(37).

Protein Preparation All protein preparations were per-
formed at 6-4 °C except where indicated otherwise. Full-
length (either with or without GST fusion) DYRK1A was
purified with Ni-NTA resin, while all GST-497 constructs
were purified with glutathione resin as described previously
(36, 39). pY-dep DYRK1A was prepared as follows. Protein
tyrosine phosphatase hydrolysis was performed by treating
10ug of DYRK1A in a 100uL reaction mixture with either
25 units of LAR (New England Biolabs) or 400 units of
APPase (New England Biolabs) at 30 in each respective
buffer (supplied by the manufacturer) for 40 min. The
“untreated” DYRK1A was prepared in parallel as described

agttggggcagagaattcaacagcagat
tcagagtcgcttcta, respectively, as the mutagenic primer. The

at 30 °C. At the indicated times, a L aliquot was
withdrawn, boiled in SDSPAGE protein loading buffer,
and used for immunoblotting analysis. When necessary,
autophosphorylation was performed in the presenceud?i2

of [y-32P]ATP (specific activity of 2.66 Ci/mmoal). Incorpora-
tion of phosphate into DYRK1A was assessed by precipitat-
ing a 5ulL aliquot of reaction mixture together with 10@

of BSA in 2 mL of 4% silicotungstic acidni 3 N sulfuric
acid, collected onto a glass fiber filter (Whatman GF/C), and
guantified in a scintillation counter. DYRK1A activity was
measured in a 3@L reaction mixture containing kinase
buffer, 100 ng of DYRK1A, 1ug of substrate (see below),
and 2uCi of [y-3?P]ATP (specific activity of 2.66 Ci/mmol).
The reaction was initiated by the addition of kinase. When
dynamin 1 was used as the substrate, incorporation of
phosphate was assessed in @.5timed-withdrawn aliquot

by the acid precipitation protocol as described above. When
D3 peptide was used as the substrate, incorporation of
phosphate was assessed via a phosphocellulose (Whatman
P81) membrane binding assa&7). Kinetic parameters for
truncated WT, HH, and QQ were determined as previously
described 7).

Phospho-Amino Acid AnalysiBhospho-amino acid analy-
sis was performed according to the method of Hunter and
Sefton @1) as described previous27).

Gli 1-Dependent Transcription Assagli 1-dependent
transcription was conducted on COS7 cells exactly as
described previously3().

MS Analysis of Phosphorylated Peptid€sntrol and pY-
dep WT GST-497 samples were further purified by SDS
PAGE for MS analysis. The PAGE step was necessary for
removal of Brij 35 used in the LAR reaction buffer. The
GST-497 band was sliced from the PAGE gel after a brief
staining with Coomassie Blue. The protein was then destained,
reduced, modified with iodoacetamide, and digested in gel
with trypsin essentially as described previoush?)( The

above but without phosphatase. If necessary, both untreatecbigested peptides were then prepurified with an OMIX micro

and pY-dep DYRK1A were repurified from reaction mixtures - gyiraction tip (Varian, Inc.) as suggested by the manufacturer.
by using glutathione resin. The resin-bound DYRK1A was 1hg solution recovered was dried and reconstituted in 25

washed three times with the washing buffer [25 mM Tris-
HCI (pH 7.4), 100 mM NacCl, and 0.1% Triton X-100] and
then eluted with 10 mM glutathione in 0.1 M Tris-HCI (pH

uL of solvent A (0.1% formic acid in water), and portions
were loaded on a Symmetry C18 nanoAcquity column (180
um x 20 mm) as two or three sequential 4:ll injections

7.4). Glutathione in the eluted samples was subsequentlysy; either MS-only runs (33% of the sample) or MS/MS runs

reduced by repetitive washing and concentration with the
Triton-free washing buffer in a Millipore Microcon YM-10
filter. Samples were then stored a0 °C until they were

(49% of the sample). Following the last injection, the
peptides were resolved on an Atlantic dC18 nanoAcquity
column (100um x 100 mm) using one of two different

used. The effectiveness of phosphatase treatment Wagomplex gradients of solvent B (0.1% formic acid in

monitored by immunoblotting using anti-pY antibodies.
Antibodies and Immunological AssayBoth anti-pY

acetonitrile) using a nanoAcquity UPLC system (Waters).
The percentage of solvent B in the first gradient increased

antibodies, PY-99 and PY-20, were purchased from Santafrom 5% (flow rate of 0.6.L/min) to 18% at 10 min (flow

Cruz Biotechnology. Mouse monoclonal anti-DYRK1A
antibody 7F3 was produced as described previoudly. (

Antibody 7F3 was batch purified from the ascites fluid by
using Bakerbond Abx (J. T. Baker). Immunoblotting was

rate of 0.4uL/min) to 30% at 90 min, 40% at 100 min, 70%
at 105 min, and 90% at 109 min (all at a flow rate of 0.4
uL/min). The percentage of solvent B in the second gradient
increased from 0% (flow rate of 04L/min) to 15% at 15

performed using chemiluminescent reagent CDP-Star asmin (flow rate of 0.4uL/min) to 20% at 25 min (flow rate

described previously3).

Kinase AssaypY regeneration (autophosphorylation) was
performed in a 3QuL reaction mixture containing Ag of

of 0.25uL/min), 35% at 85 min, 40% at 95 min, 50% at
105 min, 60% at 110 min, and 90% at 115 min (all at a
flow rate of 0.25«L/min). The eluent from the column was
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analyzed directly on a Q-TOF Micro mass spectrometer A
(Waters Corp.) equipped with a nanoflow electrosprayer and
scanned form/z 200 to 1990 at 1.1 s intervals. An external
lock mass standard (leucine enkephativiz 556.2771) was
analyzed through a separate orthogonal electrosprayer at 22
or 30 s intervals, depending on the exact method that was
being used. The data were collected in either MS mode for
quantifying phosphorylated peptides or the survey mode for
determination of structures by fragmentation and MS/MS
analysis. The quantification of peptides was performed using
MassLynx 4.0 as briefly described here. Chromatograms
were created from each data set by plotting a 1Da window
around thar/z values of interest. The chromatographic peaks
were confirmed to have the component of interest by
summing the mass spectra across the peak and determining
the centroidm/z values, followed by deconvolution and
transformation to the accurate mass value of the one plus
ion. The ion envelope encompassing mass isomers containing
zero to threé3C atoms (obtained prior to TOF transforma-
tion) was plotted to create the chromatogram of the specific
peptide. Both the phosphorylated and nonphosphorylated
forms of the IYQYIQSR peptide eluted as single peaks, with
the phosphorylated form having a slightly shorter retention Fgure 1: Dephosphorylation of WT GST-497 by LARAR
time. Estimates of the relative amount of each peptide were hydrolysis was performed in a 104 reaction mixture containing
determined by two different methods. The first relied on the 10ug of E. coli-expressed WT GST-497 as described in Materials
integrated peak areas obtained using the integration function@nd Methods. The reaction was initiated by the addition of LAR.

. - At the indicated times, aliquots of the reaction mixture were
in MassLynx, and the second used the peak height of theWithdrawn and subjected to immunoblotting against antibodies PY-

one plus ion from the peak obtained from the TOF 99 (A and B), 7F3 (C), and PY-20 (D). Controls were samples
transformation routine. Both methods yielded essentially the similarly prepared without the addition of LAR. The amount of

same results. The amount of phosphorylated IYQYIQSR GST-497 used for immpnoblotting was 20 ng for antibody 7F3

peptide was determined relative to the amount of nonphos-2nd 100 ng folr :nt'b"d'tetsh F;Yt'gg and PY-20. Pda”e's B was the

phorylated IYQYIQSR peptide in the same sample (pY/pY- Same as panel A except that It was overexposed.

dep). The percentage reduction in the amount of phospho-tyrosine phosphorylation in DYRK1A activity by using the

rylated IYQYIQSR peptide after phosphatase treatment waswWT protein directly.

determined by the formula 108 (PY contro/PY-d€Rontrol — Activity of LAR-Treated WT GST-49ZAR-treated pY-

PYireatedPY -d€Qreated/ (P Y contro/ P Y -d€Re0ntro).- dep and untreated WT GST-497 were prepared and repurified

RESULTS using glutathione resin. These proteins were first assessed
for their ability to regain pY through autophosphorylation

Dephosphorylation of E. coli-Expressed DYRK1A by LAR under the conditions normally used to measure DYRK1A
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Protein Tyrosine Phosphatas&ST fusion DYRK1A con-
taining the first 497 residues of the kinase, GST-4937),(
was selected for the initial study. GST-497 includes the entire
kinase domain (residues 16@80) of DYRK1A and an

activity (1, 36). The incubation did not lead to pY production
in pY-dep WT GST-497 for at least 20 min at 30 (Figure
2A). However, a very low level of pY could be detected
after incubation for 4680 min (Figure 2B). The incubation

additional 160 residues to its N-terminal end. The construct, did not alter the pY level in untreated DYRK1A (Figure
expressed as an 85 kDa polypeptide (see Figure 8), retain®A,B), nor did it change the level of total protein (Figure

a catalytic activity similar to that of the full-length protein
(37).

Like full-length WT DYRK1A (1, 19), E. coli-expressed
WT GST-497 was recognized by the anti-pY antibodies PY-
99 (Figure 1A,B). Upon LAR hydrolysis, pY in GST-497
was quickly removed and reached a level below the limit of
detection by antibody PY-99 (Figure 1A,B). LAR treatment
did not alter the levels of total GST-497 protein, which was
evident in immunoblots employing anti-DYRK1A antibody
7F3 @0) (Figure 1C). The removal of pY from WT GST-
497 by LAR hydrolysis was further confirmed by a second
anti-pY antibody PY-20 (Figure 1D) as well as mass
spectrometry (Table 2). However, PY-20 was less sensitive
than PY-99 in detecting WT GST-497. Therefore, antibody

2C). Probing with antibody PY-20 also supported the
conclusion that little or no pY was regenerated after
autophosphorylation (Figure 2D).

Although pY-dep WT GST-497 was repurified after LAR
treatment, the level of residual LAR remaining in the
preparation was not known. To rule out the possibility that
the failure to regain pY may be due to contaminating LAR,
autophosphorylation was performed in the presence of
phosphatase inhibitor sodium vanadate {i{@,). NagVO,
at 1 mM completely inhibited LAR (Figure 3A), while it
marginally affected the activity of DYRK1A, as measured
by the phosphorylation of dynatide 3 (D3) (Figure 3B), a
peptide substrate derived from the major DYRK1A phos-
phorylation site of dynamin 1xa2{). As shown in Figure

PY-99 was used for subsequent experiments unless noteBC, pY-dep WT GST-497 did not regain pY even in the

otherwise. The ability to prepare WT GST-497 depleted of
pY, designated pY-dep, permitted us to examine the role of

presence of N&/O,. This finding indicates that the inability
to regain pY in pY-dep WT GST-497 is unlikely to be due
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Table 1: MS/MS Fragmentation of YXY Peptides from Control WT GST-497
calculated mass (error)

precursor mass ion

[M +2H]>*  series I Y Q Y I Q S R
535.7852 a 86.097 249.160 —a —a —a —a —a —a
(-0.005)  (—0.001)

b —a 277.155 405.214 568.277 681.361 809.420 896.452 —a
(-0.004)  (=0.001)  (0.010) (0.022) (0.025) (0.012)

y —a 957.479 794.416 666.357 503.294 390.210 262.152 175.120
(0.017) (-0.004)  (—0.005)  (—0.003)  (0.006) (-0.012)  (—0.003)

z —a —a 777.389 —a —a 373.184 —2 —a

(—0.020) (—0.015)

calculated mass (error)

precursor ion
mass [M+ 2H]?"  series I Y Q pY I Q S R
575.7718 a 86.097 249.160 —a —a —a —a —a —a
(—0.004) (—0.007)
b —a 277.155 405.214 648.243 761.327  889.386 976.418 —a
(—0.004) (—0.001) (0.005) (0.029) (—0.026) (0.035)
y —a 1037.446 874.382 746.324 503.294  390.210 262.152 175.120
(0.011) (0.004) (—0.001) (0.001) (—0.004) (—0.002) (0.000)
z —a 1020.419 857.356 729.297 —a —a —a —a
(0.042) (0.007) (—0.010)

aNo matching fragment ion.

Table 2: Reduction of pY321 by Phosphatase Hydrolysis Untreated pY-dep
ratio of YXY peptides % of reduction 10 20 40 80 10 20 40 80 (min)
(phosphorylated/unphosphorylated) (treated/control) e
treatment trial 1 trial 2 trial 1 trial 2 103_ rg—
controf 9.70 2.46 - - T
LAR 2.15 1.30 77.8 47.2
controP 0.975 0.695 - - B -
JPPase 0.029 0.015 97.0 97.8 |

a|ncubated in LAR buffer® Incubated intPPase buffer.
to the contaminating LAR. The inability to regain pY in pY- c
dep WT GST-497 cannot be attributed to a limitation in Untreated pY-dep
DYRKZ1A and ATP concentration, as similar results were 10 20 40 80 10 20 40 80 (min)
obtained with up to 33:M DYRKZ1A (Figure S1) and 500 123—
uM ATP (data not shown). This inability of pY-dep 1087 PR A——
DYRKI1A to regain pY is similar to that of dDYRK2 and (Ea
MNB (34).

Interestingly, if autophosphorylation was conducted in the D Untreated pY-dep
presence of f-3?P]JATP, both pY-dep and untreated WT 10 20 40 80 10 20 40 80 (min)
GST-497 were found to incorporat&P]phosphate with a 103—
slow but an indistinguishable rate (Figure 4A). This result 77— ooee

indicates that pY-dep WT GST-497 is as active as the .
; ; . Ficure 2: Autophosphorylation of pY-dep WT GST-493Y-de
untreated counterpart in catalyzing autophosphorylation. To 4 untreatedeTstq- 497 We‘?e prgpare d and subjec?e d to

identify the phosphorylated amino acid residues that resultedautophosphorylation as described in Materials and Methods in the
from autophosphorylation, pY-dep and untreated WT GST- presence of 5¢M ATP. At the indicated times, aliquots of the

497 were autophosphorylated in the presence fPJATP reaction mixture were withdrawn and subjected to immunoblotting

for 30 min and subjected to phospho-amino acid analysis. gga'”.sbt 3”.“%‘1"93 PB'Q?F(A a”dl BP)' 7FISB(.C)' a”? : Y-20 (D) asd
The results in Figure 4B show that while phosphoserine (pS) escrived n the legend of Figure 1. Fanel B1S panel A overexposed.
and phosphothreonine (pT) were readily detectable in both

pY-dep and untreated WT GST-497, pY was not detected pY-dep and unt_reated WT GST-497 have_a similar activity
in either sample. This finding is consistent with the result N Phosphorylating D3 and dynamin 1 (Figure 5). In fact,

of anti-pY antibody staining (Figure 2A,B,D) and confirms N0 change in kinase activity of WT GST-497 was observed
that no pY was regenerated for at least the first 30 min of €ven when the reactions were performed either with LAR-
autophosphorylation. treated WT GST-497 that was not repurified or with extra

Subsequently, the ability of pY-dep and untreated WT LAR added to the reaction mixture (data not shown). In
GST-497 to phosphorylate exogenous substrates was examsummary, we conclude that LAR treatment does not affect
ined. The time course of phosphorylation shows that both DYRK1A activity.
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Ficure 3: Effects of NgvO, on the activity of LAR and DYRK1A. Ll =

(A) Inhibition of LAR by NagVO,. LAR hydrolysis was performed
similarly as described in the legend of Figure 1 except that 1 mM

NaVO,4 was included in the assay. At the indicated times, aliquots -
ofa?he ?eaction mixture were Wit%drawn and subjected to irﬂmu- (LAR) and untreated WT GST-497 were autophosphorylated in the

. ; . : : presence of)[-32P]JATP as described in Materials and Methods.
Eztlgoztitggjgl\?g\%g? ?EE];I?Aoggsirer?wz-n?g?tlg)%;ﬁif zgt??/ﬁgf ?nV\{EZOUt The stoichiometry of phosphate incorporation was determined from

presence of N&O,. DYRK1A activity was measured as the extent acid-prec_ipitateéZP-IabeI_ed proteins. The data represent the average
of 32P incorporation into D3 in a 36L reaction mixture containing o;tr&ree 'Ei%pec\?fnéglﬁli’ég ugtre;kt]ed VrYT GST-497.§n&DIf'|
1 ug of D3 and 100 ng of WT GST-497 with or without 1 mM pY-dep (LAR) -497. (B) Phospho-amino acid profile.

NagVO, as described in Materials and Methods. Data were corrected Autophosphorylated samples of untreated and pY-dep WT GST-

: 497 from panel A were subjected to phospho-amino acid analysis
for backgrounds (D3 alone and kinase alone samples) before they. S descritf)ed previv(\)luslﬁg. {:’. represee]ts fPee pholsphat(; and gril

were plotted. The data represent the average of three independen L
trials: (@) without and W) with NagVO,. (C) Autophosphorylation ?eprese”ts ongin.

of pY-dep WT GST-497 in the presence of N®,. pY-dep (LAR) L .
and untreated WT GST-497 samples were prepared and subjectedve suspected that the apparent reduction in kinase activity

to an autophosphorylation assay as described in the legend of Figurevas due to the presencei®Pase. Repurification dPPase-
2 with the addition of 1 mM N&/O,. At the indicated times,  reated WT GST-497 by glutathione resin did not improve
gth_lé%tS of DYRKIA were withdrawn and probed with antibody apparent activity iiPPase-treated WT GST-497 (data
' not shown). However, the addition of 1 mM N&D, to the
Dephosphorylation of WT GST-497 hyProtein Phos- reaction mixture, a condition inhibitingPPase hydrolysis
phatase {PPase) APPase was previously shown to remove 0f DYRK1A-phosphorylated D3 (Figure S2), fully restored
pY and to reduce correspondingly the catalytic activity of the activity of iPPase-treated WT GST-497 to that of the
dDYRK2 and MNB @3, 34), two members of the DYRK untreated control (Figure 6B). This result indicates that the
family. Therefore, we examined the effects #PPase  action of APPase is the cause for the apparent activity
hydrolysis on the activity of WT GST-497. Like LAR reduction in APPase-treated WT GST-497. As in LAR
treatment, pY in WT GST-497 could be readily removed by treatment, we conclude thaPPase dephosphorylation also
JPPase and reached a level essentially below the level ofdoes not affect DYRK1A activity.
detection by antibody PY-99 (Figure 6A; see also Table 2). Dephosphorylation of pY321 by LAR anéPase.To
This observation is in direct contrast with that of ADYRK2 verify dephosphorylation at pY321 by protein tyrosine
and MNB asiPPase removed pY only partially from these phosphatase hydrolysis, we characterized the YXY motif
two proteins 83, 34). We then measured the activity of containing tryptic peptide3®YQYIQSR, by mass spec-
APPase-treated WT GST-497 without further repurification. trometry (MS). MS detected a pair of [M 2H]?>" ions with
APPase treatment caused a&30—40% reduction in the  the mass and the charge envelope matching that of unphos-
“apparent” activity of WT GST-497 to phosphorylate D3 phorylated (Wz 535.7856) and singly phosphorylated
(Figure 6B). Unlike LAR APPase is a broad-spectrum protein 1YQYIQSR peptides ifyz 575.7688), respectively (Figure
phosphatasedB, 44) and DYRK1A-phosphorylated D3isa  7A). The identity of these ions was subsequently confirmed
good substrate of this phosphatase (Figure S2). Thereforeby MS/MS fragmentation. An example of MS/MS fragmen-

FiIGurRe 4: Autophosphorylation (A) and phospho-amino acid
analysis (B) of pY-dep and untreated WT GST-497. (A) pY-dep
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Ficure 5: Catalytic activity of LAR-treated WT GST-497. LAR-
treated pY-dep and untreated WT GST-497 were similarly prepared,
repurified, and then subjected to activity measurement by using
D3 [(®) untreated andd) pY-dep on the lef-axis] or dynamin

1 [(m) untreated andX) pY-dep on the righy-axis] as the substrate

as described in the legend of Figure 3.

o L

D3 phosphorylation (pmol)

tation of the unphosphorylated YXY peptides and phospho-
rylated YXY peptides from control WT GST-497 is shown
in Table 1. MS/MS fragmentation confirmed that Y321 was

the phosphorylated residue, while no phosphorylation was =T ==
detected at Y319 (Table 1). The levels of the two M Time (min)

2HP*" ions were quantified as described in Materi.als and Ficure 6: Dephosphorylation of WT GST-497 lifPPase treatment
Methods. Although the level of phosphorylated peptides and () and catalytic activity oiPPase-treated WT GST-497 (B). (A)

unphosphorylated peptides cannot be directly compared dueiPPase hydrolysis was performed in a @0 reaction mixture
to a potential difference in ionization efficiency, the detection containing 1Q:g of E. coli-expressed WT GST-497 and 400 units
of a comparable level of both peptides, more the phospho_of/lPPase as described in Materials and Methods. At the indicated

. . imes, aliquots of the reaction mixture were withdrawn and
rylated peptide than the unphosphorylated one in some case ubjected to immunoblotting against antibodies PY-99 and 7F3.

(Table 2), suggests that Y321 is significantly phosphorylated controls were samples similarly prepared without the addition of
in E. coli-expressed WT GST-497. If one assumes that the APPase. The amount of GST-497 used for immunoblotting was 20

two peptides have the same ionization efficiency, the ng for antibody 7F3 and 100 ng for antibody PY-99. @)Pase-

i : treated and untreated WT GST-497s were then used without
stoichiometry of Y321 phosphorylation would be at least repurification for phosphorylating D3: untreated WT GST-4@J, (

~40% (Table 2). The phosphorylated form but not the ;ppase-treated WT GST-49%); untreated WT GST-497 with 1
unphosphorylated form of the HINEVWYAK peptide was mM NaVO, (M), and APPase-treated WT GST-497 with 1 mM
also detected (data not shown), suggesting that Y111 is fullyNaVO, (0). All data represent the average of three independent

phosphorylated in WT GST-497. Y111 phosphorylation was trials.
not detected in DYRK1A expressed in mammalian cél$),( gnown). This result suggests that pY at Y111 is stoichio-
and mutation at this residue did not alter the activity of metrically hydrolyzed by either phosphatase.
DYRK1A (19). Y111 phosphorylation irk. coIi—express_e_d Kinetic Actiity of pY-dep Full-Length WT DYRK14&o0
WT GST-497 may only be a byproduct of DYRKIA activity.  ghoy that our findings are not an artifact of protein
Nevertheless, the phosphorylation profile of WT GST-497 ncation, experiments were also performed with GST fusion
identified in our study is in accord with that of another full-length WT DYRK1A (GST-FL) expressed if. coli.
coli-expressed DYRKlA trunc_ated mutant (containing resi- The GST-FL preparation consists of multiple pY-containing
dues 1-498) determined previously by otherkd. polypeptides ranging in size from 95 to 125 kDa (the
Subsequently, we investigated the change in the levels ofpredicated size of GST-FL) (Figure S3). Probing with a few
pY321 in GST-497 upon phosphatase treatment. Both LAR different anti-DYRK1A antibodies recognizing different
andAPPase could readily hydrolyze pY321 from WT GST- regions of DYRK1A suggests that all these polypetides were
497, but the phosphorylated YXY peptide could still be derived from the full-length protein, and the degradation
detected (Figure 7B and Table 2). Therefore, we developedappears to start from the C-terminal end of the polypeptide
a scale using the relative ratio of the unphosphorylated to (data not shown).
phosphorylated YXY peptide within the sample to evaluate Like the case in GST-497, pY in GST-FL was readily
the extent of dephosphorylation (Table 2). Clearly, pY321 dephosphorylated by LAR as revealed by antibodies PY-99
in GST-497 was substantially reduced upon LAR.BPase and PY-20 (Figure S3). Thus, pY-dep WT GST-FL was
treatment, andPPase appears to have removed nearly all prepared and subjected to autophosphorylation. Both anti-
pY321. On the other hand, no pY111-containing peptide was bodies, PY-99 and PY-20, failed to detect pY-dep WT GST-
detected in either LAR- otPPase-treated samples (data not FL that has been autophosphorylated for up to 60 min (Figure
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FIGURE 8: pY level (A) and in vitro activity (B) of the YXY domain
mutants. (A) The pY level (top panel) was determined by
immunoblotting 50 ng of each protein against antibody PY-99 as
described above. Coomassie blue staining (bottom panel) of 0.5
ug of each protein was used as the loading control. (B) Time course
D3 phosphorylation was performed similarly as described in the
legend of Figure 3. The data represent the average of three trials:
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the same as that of WT GST-497; neither requires pY for

: . . enzymatic activity.
FIGURe 7: MS analysis of YXY peptides. DYRK1A was digested .
with trypsin and subjected to MS analysis. (A) Accurate mass ion DYRKIA has been suggested to form oligome#§)( If

profiles of the phosphorylated and unphosphorylated IYQYIQSR tyrosine phosphorylation is required for proper formation of
peptides show the characteristic ion envelopes obtained from thethe tertiary structure and for subsequent kinase activity, this
centroid accurate mass spectra for the-M2H]** ions from the requirement may be masked in GST fusion proteins. There-

peaks shown in panel B (57.02 and 60.30 min, respectively). The e f|length DYRK1A without GST fusion was subse-
identities of each peptide and the ion profiles were confirmed in !

separate MS/MS analyses. Chromatographic profiles of the phos-duently prepared and subjected to the same analysis. Again,
phorylated and unphosphorylated forms of the IYQYIQSR peptide E. coli-expressed protein was found to contain pY, and its
in control (B) andiPPase-treated (C) WT GST-497 were plotted activity in phosphorylating D3 was not altered when pY was
from the liquid chromatographymass spectrometry data as removed by LAR treatment (data not shown).

described in Materials and Methods. The chromatograms show only - : : :
the MS ion counts for the [MF 2H]?t ions of the mass isomers Activity of DYRK1A Harboring YXY Motif Mutations

containing zero to thre&C atoms for phospho-IYQYIQSR{z Although phenylalanine and tyrosine are structurally similar,
575.6-577.4) and IYQYIQSRVz 535.5-537.4). The ion intensi-  phenylalanine may not be a suitable substitution for address-
ties determined at 1.1 s intervals were summed and smoothed. Theng the role of tyrosine phosphorylation because it does not
y-axis scales are 5100 (B) and 10 800 (C) ions per second full scale.form hydrogen bonds and it is more likely to be buried inside

Differences in column equilibration conditions caused the retention - : :
times for both peptides to shift somewhat between individual runs. a protein than tyrosinel(). Thus, the lack of function caused

However, the phospho-IYQYIQSR peptide emerged consistently DY conformational alterations may be misinterpreted as being
~3 min earlier than the unphosphorylated one from the reverse- caused by the loss of the hydroxyl group. Therefore, two
g?}gs;e;ﬁl;gg flg;izrcahsezggzrmifﬁgg?ggg(;?]Sa T:ng\{grgalléSuelgt-additional YXY motif mutants with a hydrophilic substitu-
the ratio of YXY peptides (Table 2). The minor peak eluting at i%g’lhI\?vtlec:g]ecg:gt)n?;g(?lL(J)tr?r?rl:;e t(r%anélt{:[ dbcgggiii afr(n)cri
approximately 59.5 min in the control sample does not contain the ) : h - g ’ o
IYQYIQSR peptide. analysis. Replacing the tyrosine residues with either histidine,
glutamine, or phenylalanine caused a reduction in the level
S3). Despite lacking pY, pY-dep WT GST-FL had an activity of pY (Figure 8A). These proteins were then subjected to
identical to that of the untreated control in phosphorylating the kinase assay using D3 as the substrate. Like that of the
D3 (Figure S4) and intact dynamin 1 (data not shown). These full-length protein, the enzymatic activity of WT GST-497
results indicate that the mode of action of WT GST-FL is was largely eliminated by Y319F and Y321F double
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Table 3: Kinetic Parameters (meanstandard deviation) D3
Phosphorylatiohof YXY Motif Mutants

GST-497 apparen€m, (uM) apparenkea (min—?)
WT 43.63+ 9.59 14.20+ 2.43
HH 61.48+ 18.27 455+ 1.08
QQ 67.32+ 12.86 3.26+ 0.65
FF NDP NDP

2 Performed with a constant ATP concentration of &d. ® Not
determined due to low activity.

substitution (FF) (Figure 8B). On the other hand, despite
lacking tyrosine residues in the YXY motif, both HH and
QQ still retained a significant fraction=R0—30%) of
DYRK1A activity (Figure 8B and Table 3).

Subsequently, we used the Gli 1-dependent transcription,
whose activity depends on DYRK1ALT), to measure the
activity of these YXY motif mutants in cultured cells. To
facilitate the assay, all YXY motif mutants were first
reconstructed from the truncated mutants to the full-length
clone in the pcDNA3 mammalian expression vector. Experi-
ments were performed by transiently transfecting COS 7 cells
with a mixture of the Gli 1 expression vectddq) and a
luciferase reporter vector containing the Gli 1 binding
sequence 48). As expected, the inclusion of the WT
DYRKZ1A vector in the cotransfection consistently improved
the luciferase output by-6—7-fold under our assay condi-
tions (Figure 9A). Under the same conditions, mutant FF
was found to display~4% of the WT activity (Figure 9A).
However, mutants HH~23% of that of WT) and QQ
(~15% of that of WT) were significantly more active than
mutant FF (Figure 9A), despite the fact that none of them
contain a tyrosine residue in the YXY motif. The activity of
the YXY mutants in vivo parallels that in vitro; both
observations suggest that tyrosine residues in the YXY motif
are not an absolute requirement for the activity of DYRK1A.
WT and all YXY mutants were expressed at comparable
levels in COS7 cells (Figure 9B), ruling out the protein
expression level as a contributing factor to the difference in
promoting the Gli 1-dependent transcription in vivo.

DISCUSSION

The YXY motif is conserved among members of the
DYRK family (3). It has been hypothesized that the motif
is the structural equivalent of the activation loop of MAPK
(18, 19) and that phosphorylation at the motif is required
for DYRKZ1A activation (1, 19). The hypothesis was directly
examined in this study.

DYRK1A lacking detectable levels of pY by immunob-
lotting was prepared by LAR hydrolysis (Figure 1). When
pY-dep DYRK1A was incubated under the conditions
routinely employed for measuring DYRK1A activity, no
detectable pY was regenerated after incubation for ZD
min (Figure 2). Despite lacking pY, pY-dep DYRK1A was
found to be equally active as the pY-containing untreated
DYRKZ1A in autophosphorylation (Figure 4) and phospho-
rylation of various exogenous substrates in vitro (Figures 5
and S4). Similar to LAR, phosphataseéPase was also found
to hydrolyze pY321 efficiently from WT GST-497 (Figure
6A and Table 2) without affecting the catalytic activity of
WT GST-497 (Figure 6B). However, our results also
demonstrate that the data obtained witRPase-treated
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Ficure 9: Activity (A) and level of expression (B) of YXY domain
mutants in COS7 cells. The YXY domain mutants were first
restored to the full-length clones in the pcDNA3 vector and then
used to promote the Gli 1-dependent transcription in COS7 cells
using luciferase as the reporter. The luciferase output was first
corrected for the background (activity promoted by pcDNA3) and
then normalized to the WT (100%) before being plotted. The data
represent the average from three independent trials. The level of
total DYRK1A in the lysate (used for the luciferase assay) was
detected by immunoblotting using antibody 7F3. Cells were
cotransfected with 0.4g of pcDNAS3 (lane 1), 0.1kg of pcMNB-
(WT) (lane 2), 0.2¢g of pcMNB(WT) (lane 3), 0.2¢tg of pcMNB-

(FF) (lane 4), 0.2ug of pcMNB(HH) (lane 5), or 0.2ug of
pcMNB(QQ) (lane 6).

samples must be interpreted cautiously because of the broad
phosphatase activity ofPPase, which may hydrolyze the
very phosphorylated substrate used for monitoring the
progress of the reaction (Figure S2). The usé.PPase is
further complicated by the fact that a simple method, such
as glutathione affinity chromatography, is not sufficient to
remove alllPPase from the treated sample (data not shown).
Some may argue that the reason for not detecting a change
in activity after phosphatase hydrolysis is due to very low
stoichiometry of Y321 phosphorylation . coli-expressed
DYRK1A. Apparently, this is not the case as tke coli-
expressed WT GST-497 appears to contain a substantial level
of pY321 (Figure 7 and Table 2). The stoichiometry of Y321
phosphorylation was estimated to be at least 40% hy
assuming that the phosphorylated and nonphosphorylated
YQY peptides have the same ionization efficiency. If
anything, the stoichiometry of the phosphorylated peptide
may be underestimated as the phosphorylated peptides are
generally ionized less efficiently than the unphosphorylated
counterpart in positive ion MS moddg). However, even
if the stoichiometry of Y321 phosphorylation is low, the
activity change upon dephosphorylation could still be detect-
able as long as phosphorylation activates DYRK1A by a
significant margin. MS analysis further confirmed that either
LAR or APPase could readily remove pY321 from WT GST-
497, especially foiPPase, which removes nearly all pY321
(Table 2). The substantial reduction in the level of pY321
was clearly not accompanied with by corresponding reduction
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in kinase activity. Our results support the conclusion that other related kinases34). If this is indeed the case for
Y321 phosphorylation is not required for DYRK1A activity. DYRKZ1A, the involvement of pY must be limited only to
Y111 is highly phosphorylated i. colirexpressed DYRK1A,  the processes prior to protein maturation, as the removal of
and the phosphorylation can be quantitatively removed by pY has little effect on the kinetic activity of the mature
phosphatase treatment (data not shown). Phosphorylation an#tinase.
dephosphorylation at this residue may account for most of  The physiological significance of Y321 phosphorylation
the changes observed in the anti-pY antibody staining. is not clear since the enzymatic activity and tyrosine
We subsequently investigated whether tyrosine residuesphosphorylation are apparently not directly related. It is
of the YXY motif were dispensable by replacing these possible that Y321 phosphorylation is a mere opportunistic
residues with either histidine or glutamate. Similar to that byproduct of DYRK1A kinase activity or that it may have
of the FF mutant, the pY level is reduced in both the HH other functions that have yet to be defined. Tyrosine
and QQ mutants (Figure 8). However, in contrast to the FF phosphorylation is apparently involved in maintaining the
mutant, which contains little kinase activity, both the HH tertiary structure of MIRK/DYRK1B, a close relative of
and QQ mutants retained significant levels of enzymatic DYRK1A (52). In addition, proteins containing the SH2
activity in vitro (Figure 8B and Table 3). Furthermore, by domain are known to interact with p¥68). These proteinr
using the Gli 1-dependent transcription system for assessingprotein interactions may be crucial for the proper functioning,
the activity of DYRK1A in cultured cells (Figure 9), we have such as further activation or localization, of DYRK1A in
also found that both the HH and QQ mutants are appreciablyvivo. Regardless, it is clear that the presence of pY should
more active than the FF mutant in COS7 cells. Nevertheless,not be used as the sole index for DYRK1A activation. A
both the HH and QQ mutants still suffer from significant direct kinase assay should be employed whenever possible
activity reduction when compared to that of WT. This (11, 31—33).
indicates that the region at or near the YXY motif is  Many members of the DYRK family were shown to
important for kinase activity and that neither histidine nor contain pY in the YXY motif @, 5, 6, 19, 31, 33). Our
glutamine is an optimal substitution for maintaining proper finding that tyrosine phosphorylation is not essential for the
local protein structures. This is in agreement with the finding activity of DYRK1A may not be applicable to every member
that the region immediately following the YXY motif is  of the family. For example, protein tyrosine phosphatase
highly conserved for the DYRK family3( 50) and specif-  treatment was found to reduce the kinase activity along with
ically the Q323 residue is important for the DYRK1A activity  the pY content irS. cereisiae Yaklp 31), dDYRK2, and
(51). However, the fact that the YXY motif tolerates DrosophilaMNB (33, 34). Those results directly contrast
substitutions suggests that tyrosine residues (and phosphoour findings for phosphatase-treated DYRK1A. However,
rylation) in the YXY motif do not play a direct role in  those studies used immunoprecipitated proteins instead of
regulating the activity of DYRK1A. The results also support purified proteins for analysis. The contribution of kinase-
speculation that the lack of enzymatic activity associated with associated factors to the activity of the kinase cannot be
the FF mutant is more likely to be a result of a conforma- assessed in those cases. Furthermore, the activity of Pom1p
tional alteration in or near the YXY motif rather than aresult from fission yeast is abolished when Y857 and Y859
of the loss of the phosphorylatable residues at positions 319(corresponding to Y319 and Y321, respectively, of DYRK1A)
and 321. The hydroxyl group of the tyrosine residue could are substituted with aspartat&l], while DYRK3 appears
serve as the recipient of a hydrogen bond, which may be to retain most of its activity when the corresponding tyrosine
required for stabilization of the region around the YXY motif. residues, Y331 and Y333, are replaced with glutama&} (
Furthermore, according to the model developed by Chothia Those studies suggest that despite sharing numerous sequence
(46), the FF substitutions would have drastically increased homologies, different members of the DYRK family may
the hydrophobicity around the YXY motif and enhanced the employ different mechanisms for regulating the kinase
probability of the YXY motif being buried inside the  activity. A generalized scheme cannot be drawn at present
polypeptide. In contrast, little change in surface accessibility until more examples are examined. The mode of DYRK1A
is predicated for the HH and QQ mutants. This reduced activation is clearly different from that of MAPK, which is
surface accessibility may further augment the consequencesurned on by activation lip phosphorylatio2Q). Many
of the loss of hydrogen bonding in the FF mutant. kinases are regulated through interactions with other factors.
The reason for the inability of the pY-depleted but DYRK1A may belong to this class of kinases. In fact, protein
enzymatically active DYRKI1A to regenerate pY can be 14-3-3 was shown to bind and promote DYRK1A activity
satisfactorily addressed by inferring from the study delineat- (54, 55). The interactions between DYRK1A and protein 14-
ing the mechanism of autophosphorylation in dDYRK2 and 3-3 appear to be regulated by DYRK1A phosphorylation at
DrosophilaMNB (34). Similar to DYRK1A, both mature  S520 §5). Whether this represents the mechanism for
dDYRK2 andDrosophilaMNB are unable to produce pY  regulating cellular DYRK1A activity has yet to be elucidated.
via autophosphorylation. Instead, these kinases appear to
acquire pY during certain intermediate steps of translation ACKNOWLEDGMENT

by means of intramolecular autophosphorylatig4) ( Since We thank Drs. Robert Denman, Robert Gould, and David

all these proteins are highly conserved, it is likely that Miller for critical reading of the manuscriot
DYRKI1A is also utilizing the same mechanism to produce 9 pt.

pY. That explains the inability of pY-dep DYRKI1A to SUPPORTING INEFORMATION AVAILABLE

recuperate pY during autophosphorylation. The mechanism

was further proposed to be the one-off inceptive event for Four supplemental figures (§54). This material is
the activation of dDYRK2DrosophilaMNB, and possibly available free of charge via the Internet at http://pubs.acs.org.
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