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Abstract: The dual-specificity activity of the homeodomain interacting protein kinase 2 (HIPK2) is regu-
lated by cis-auto-phosphorylation of tyrosine 361 (Y361) on the activation loop. Inhibition of this pro-
cess or substitution of Y361 with nonphosphorylatable amino acid residues result in aberrant HIPK2

Abbreviations: A-PPase, Lambda protein phosphatase; DYRK, Dual-specificity tyrosine phosphorylation-regulated kinase; GST-
HIPK2K228 | K228 mutated in A and fused to the GST; GST, Glutathione S-transferase; HIPK2, Homeodomain interacting pro-
tein kinase 2; HIPK2"T or WT, HIPK2 wild type; HIPK2"6' or Y361F, Y361 mutated in phenylalanine (F); HIPK2X%® or
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forms that show altered functionalities, pathological-like cellular relocalization, and accumulation into
cytoplasmic aggresomes. Here, we report an in vitro characterization of wild type HIPK2 kinase domain
and of two mutants, one at the regulating Y361 (Y361F, mimicking a form of HIPK2 lacking Y361 phos-
phorylation) and another at the catalytic lysine 228 (K228A, inactivating the enzyme). Gel filtration and
thermal denaturation analyzes along with equilibrium binding experiments and kinase assays per-
formed in the presence or absence of ATP-competitors were performed. The effects induced by muta-
tions on overall stability, oligomerization and activity support the existence of different conformations
of the kinase domain linked to Y361 phosphorylation. In addition, our in vitro data are consistent with
both the cross-talk between the catalytic site and the activation loop of HIPK2 and the aberrant activi-
ties and accumulation previously reported for the Y361 nonphosphorylated HIPK2 in mammalian cells.

Keywords: protein kinase; homeodomain interacting protein kinase 2 (HIPK2); posttranslational

modification; activation-loop phosphorylation

Introduction

The homeodomain interacting protein kinase 2
(HIPK?2) is a multidomain, tyrosine(Y)-regulated ser-
ine/threonine (S/T) kinase mainly found in the
nucleus. It belongs to the HIPK family, classified as a
subfamily of the CMGC kinases."? By controlling
gene expression or protein stability through phos-
phorylation of specific transcription factors or regula-
tors, HIPK2 contributes to a vast array of biological
processes that range from embryonic differentiation
and development to cell response to DNA-damaging
agents.>® Dysfunctions of HIPK2 result in the devel-
opment of diseases and abnormalities linked to
increased cell proliferation, as in cancer or fibrosis.®™®
The pleiotropic function of HIPK2 requires a tight
control of its activity, achieved through the complex
architecture of its functional domains and a “code” of
posttranslational modifications that include ubiquity-
lation, sumoylation, acetylation, and phosphoryla-
tion.”'* Among this code, particular attention has
been devoted to understand the regulatory effects of
phosphorylation in the activation loop, located in the
kinase core and conserved among members of the
HIPK family.>'%'2-* Single or multiple phosphoryla-
tion events at the activation loop occurring via trans-
or cis-auto-phosphorylation induce conformational
changes and regulate the activity of many kin-
ases.’®'® More specifically, in the dual-specificity
members of the CMGC group of kinases, a cis-auto-
phosphorylation on specific Y at the activation loop
occurs on translational intermediates that form dur-
ing ribosomal biosynthesis and turns kinase specific-
ity toward S/T residues on substrates.!”2° The dual-
specificity tyrosine phosphorylation-regulated kinase
1A (DYRKI1A) is the prototype of these dual-specificity
Y phosphorylation-regulated kinases?*2? and HIPK2
has been recently shown to be activated through a
similar mechanism. Actually, HIPK2 undergoes cis-
auto-phosphorylation at Y361 (Y354) in the activation
loop on a translational intermediate that shows differ-
ent and transient properties with respect to the
mature kinase, i.e., recognition and phosphorylation
of a specific Y rather than canonical S/T substrates.®!°
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Similarly to the homologous DYRKI1A, this event of
phosphorylation in HIPK2 does not determine the
inactive-to-active transition, but the switch of the
mature kinase specificity toward S/T residues of tar-
get proteins and HIPK2 itself. Notably, HIPK2 auto-
phosphorylates on S/T residues both inside and out-
side its activation loop and this activity is also main-
tained by the isolated kinase domain.?®1°

The relevance of Y361-cis-auto-phosphorylation
has been confirmed by the fact that its absence pro-
motes strong Y-off-target cis-auto-phosphorylation
that coupled to a different distribution of the surface
charge results in altered activity toward HIPK2 part-
ners. Moreover, pharmacological inhibition of Y361
phosphorylation or the usage of Y361F mutant have
been shown to promote a strong delocalization of
HIPK?2 into the cytoplasm, leading to accumulation
into aggresomes.>!® Of relevance, this behavior has
been extended to each member of the HIPK family®®
while a comparable cytoplasmic accumulation has
been described for HIPK2 in pathological conditions,
such as in some human cancers.'®?*

While a detailed description of the cellular effects
of the absence of Y361 phosphorylation has been pro-
vided and conformational changes in the regulatory
tracts of the kinase domain linked to Y361 phosphory-
lation have been hypothesized to control HIPK2 dual
activity,”'® an in vitro characterization is still lacking.
Here, we perform an in vitro evaluation of the stability,
oligomerization, and activity of the wild type kinase
domain (KDom) of HIPK2 (HIPK2W7T) in comparison
with two phospho-defective mutants, HIPK2Y%61¥ and
HIPK2¥??%4 The Y361F mutant mimics HIPK2 in its
Y361-unphosphorylated, not mature intermediate, i.e.,
an aberrant/mot-fully-active HIPK2, while the
HIPK2X?2%A mutant is mainly inactive and unphos-
phorylated, given the substitution of the catalytic
lysine residue.?>?® The auto-phosphorylation pattern
of these kinase domains produced in Escherichia coli,
as well as of the relative full-length proteins, has been
previously mapped by mass spectrometry.®° As
reported, only HIPK2WT is phosphorylated at Y361
(Y354) while Y361F mutation abolishes the possibility
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Figure 1. Effects of phosphorylations on HIPK2 KDom oligomerization. (A) Overall phosphorylation and dephosphorylation of
HIPK2WT, HIPK2Y3¢1F and HIPK2X?28A Samples not treated and treated with A-PPase were analyzed by immunoassay using both
anti-pSer/Thr and anti-pTyr antibodies (upper panels). Ponceau staining is also shown as loading control (lower panels). The band shift
to a faster mobility of dephosphorylated samples is indicative of the removal of the surface phosphates. (B) Chromatographic profiles.
SEC of murine HIPK2VT (WT), HIPK2K2284 (K228A), HIPK2Y3¢'F (Y361F). Elution volume is reported at the top of the corresponding
peak, straight lines were added to highlight the most abundant eluted species. The minor peaks present in all chromatograms at lon-
ger retention times are consistent with the presence of a minute amount of contaminants as shown in Figure S1 that reports an SDS-
PAGE of the more than 90% pure HIPK2 KDom samples. (C) A-Phosphatase Assay. SEC of KDom murine HIPK2VT (WT), HIPK2K228A
(K228A), and HIPK2Y%'F (Y361F). The overlay of the relevant region of the chromatographic profiles of the samples treated (dashed
lines) and untreated (solid lines) with -PPase is reported. Once treated, HIPK2"T and HIPK2"2¢'F elute in two peaks at 16.4 mL and
17.9 mL (straight lines are reported to guide the eyes). M = monomer, MP = monomer with phosphorylations, D = dimer

for that position to be phosphorylated, and other,
though aberrant, Y sites become phosphorylated.
Lastly, K228A mutation inactivates the enzyme lead-
ing to the absence of phosphorylation. Our in vitro
characterization of these HIPK2 KDoms—wild type
and phospho-defective mutants—confirms the cross-
talk between the catalytic site and the activation loop
of HIPK2, highlights the existence of different confor-
mations possibly linked to Y361 phosphorylation, and
offers a possible explanation for the aberrant functions
and the aggresome formation by the Y361 nonphos-
phorylated HIPK2 observed in mammalian cells.

Results and Discussion

Y361-phosphorylation affects HIPK2
oligomerization

Recombinant HIPK2 KDoms (HIPK2V", HIPK2Y361F
and HIPK2X?24) were purified by GST- affinity

Scaglione et al.

chromatography and, after proteolytic removal of
the tag, analyzed by SDS-PAGE to evaluate protein
purity (Supporting Information Fig. S1). The phos-
phorylation status was assessed by Western blotting
(WB) with anti-phosphoSer/Thr and anti-phosphoTyr
antibodies, before and after Lambda phosphatase (A-
PPase) treatment [Fig. 1(A)].

Size exclusion chromatography (SEC) was first
performed on HIPK2WT and HIPK2K?284 t0 assess the
overall effect of phosphorylation on the oligomeric
state of the kinase domain. Analysis of chromato-
grams [Fig. 1(B), upper and middle panels] showed
that phosphorylated HIPK2VT [Fig. 1(A), lanes 1 and
7] elutes predominantly as monomer (M) (Mw~ 45.6
kDa) in a peak centred at 16.9 mL, a volume typical of
a 40 kDa protein [see also Supporting Information
Fig. S2(A)], and confirmed by ultra-centrifugation
(UC) analysis (Supporting Information Table S1).
Conversely, the nonphosphorylated HIPK2K?2%4 [Fig.

PROTEIN SCIENCE ‘ VOL 27:.725-137 121



1(A), lanes 5 and 11] mainly elutes at 17.9 mL with a
smaller peak at 16.4 mL, that UC respectively
assigned to monomeric and dimeric (D) forms (Sup-
porting Information Table S1). The elution profile also
shows an enlarged band centred at a volume of
13.9 mL that suggests the presence of multimeric spe-
cies. The shape of the elution profiles and the differ-
ence between HIPK2WT and HIPK2X?284 were
observed reproducibly in more than five independent
purifications.

To further investigate the effect of phosphoryla-
tion on the different elution profiles, HIPK2""T and
HIPK25?284 were treated for 30 minutes at 310 K
with A-PPase or just incubated for 30 minutes at
310 K before SEC. As shown in Figure 1(A), removal
of phosphates from HIPK2VT was complete for S/T
residues (compare lanes 1 and 2) and, differently to
what previously reported on isolated KDom, it was
only partial for Y residues (compare lanes 7 and 8),
most likely Y361, which is known to be resilient to
dephosphorylation in full-length  pro-
tein.®1%2% The conditions herein explored, that do
not include detergents, most likely preserve the fold
typical of the mature full-length protein in the iso-
lated KDom of HIPK2, resulting in a partially bur-
ied, not accessible, phosphorylated Y361 residue.

Of note, the electrophoretic mobility of the \-
PPase treated HIPK2"" became similar to that of
the nonphosphorylated HIPK2X2284 (compare lanes
1 and 7 with 2 and 8 and 5 and 11, both immunoblot
and Ponceau panels) suggesting a negligible contri-
bution of the residual phosphates. Subsequently, the
samples were injected into the SEC column and the
relative chromatograms recorded before (solid lines)
and after (dashed lines) A-PPase treatment are com-
pared in Figure 1(C).

As expected, only minor
observed on the nonphosphorylated HIP
before and after A-PPase treatment [Fig. 1(C), middle
panel]; these differences were presumably linked to
protein precipitation, more relevant for higher oligo-
meric species [Supporting Information Fig. S2(B)]. In
contrast, the removal of phosphate groups from
HIPK2WT yielded a chromatographic profile [Fig.
1(C), upper panel] that resembles the one from
HIPK2K?284 showing a shift of the peak at 17.9 mL
and the appearance of a minor shoulder at 16.4 mL.
These results indicate that the difference in the elu-
tion rate from 16.9 to 17.9 mL of the monomeric phos-
phorylated (MY) and nonphosphorylated (M) species
of HIPK2"T are linked to phosphorylation-dependent
variations of the interaction with the column matrix.
In addition, the minor shoulder at 16.4 mL suggests
that a small population of dimers appears in the
HIPK2WT after its dephosphorylation, though to a
lesser amount than observed for HIPK2X?284 gugges-
ting that phosphorylation at Y361, still present after

mature

differences were
K2K228A

728 PROTEINSCIENCE.ORG

A-PPase treatment in HIPK2VT, might prevent dimer
formation.

To evaluate the contribution of Y361 phosphoryla-
tion on these results, SEC analyzes were performed
on the HIPK2Y3%" KDom before and after A-PPase
treatment. Consistent with our previous mass-
spectrometry data,'® WB analyzes showed that HIP-
K2Y361F i phosphorylated on both S/T and Y residues
[Fig. 1(A), compare lines 3 with 4 and 9 with 10].
Treatment with A-PPase completely dephosphorylated
both types of sites supporting that Y361 is the site
resilient to dephosphorylation [Fig. 1(A), compare
lines 8 and 10]. SEC [Fig. 1(B), lower panel] shows
that untreated HIPK2Y3¢'F elutes with a main peak
at 16.6 mL, that UC assigned to a monomer (Support-
ing Information Table S1). In addition, we reliably
observed a peak in the void volume of the column (~
8.4 mL) and a few peaks at volumes ascribable to dif-
ferent oligomeric species [Fig. 1(B); Supporting Infor-
mation Fig. S2(A)], indicating a tendency of the
HIPK2Y36F to form high molecular weight oligomers.
The elution profile of the A-PPase treated HIPK2Y261F
[Fig. 1(C), lower panel] constantly showed loss of
higher oligomeric species [Supporting Information
Fig. S2(B)] and the appearance of a major 17.9 mL (M)
and a minor 16.4 mL (D) peaks, corresponding to the
nonphosphorylated monomers and dimers observed in
the HIPK25X2284 and in the A-PPase treated HIPK2WT
[Fig. 1(C), middle and upper panels]. These findings
support a role in HIPK2 KDom in dimer formation of
(a) overall phosphorylation, (b) phosphorylation at
Y361, and (c) the Y to phenylalanine substitution at
position 361.

Concerning the higher oligomeric species
(<16.4 mL) present in HIPK2K?284 and to a signifi-
cantly larger extend in HIPK2Y%%'F we found that they
are endowed with low temperature stability, as they
disappear upon incubation at 310 K also in the control
experiments without A-PPase [Supporting Information
Fig. S2(B)]. This result precludes the assessment of the
effect of dephosphorylation in the higher oligomeric for-
mation. However, their prevalence in the HIPK2Y261F
might be compatible with the previous observation in
cellular systems that full-length HIPK2Y3%'F mutant
and HIPK2V" with nonphosphorylated Y361, obtained
by cell treatment with Purvalanol A (PurvA) during
protein translation of transfected HIPK2-expressing
plasmid, accumulate into cytoplasmic aggresomes.*’

Thermodynamic stability

To assess whether mutations at Y361 and K228 and
their overall phosphorylation affect the stability of
HIPK2, circular dichroism (CD) thermal denaturation
experiments were performed on HIPK2WT and mutant
KDoms, following the CD signal at /=222 nm. The
change in heat capacity, Ac,, was estimated indirectly
by following the dependence of the enthalpy change,
AHrty, and the melting temperature, T, at different

Effects of Y361-Cis-Auto-Phosphorylation on HIPK2
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Figure 2. Thermal stability. Thermal denaturation profiles of
HIPK2VT (WT, full dots), HIPK2"3¢'F (Y361F, empty squares),
and HIPK2X2284 (K228A, full triangles)

pH values (Supporting Information Fig. S3), according
to Privalov and Fersht.?”?® The value of Acy, is related
to the amount of hydrophobic area exposed to solvent
upon unfolding and is constant for a given protein. For
HIPK2"" KDom we estimated Ac, = 6099.00 = 0.02 cal
mol 'K 1, compatible with what expected for a globu-
lar protein of about 400 folded residues.?’ This value
was then used as fixed parameter to determine the 7',
of unfolding for the three HIPK2 KDom variants
studied.??

The denaturation curves obtained for HIPK2WT
and mutant KDoms closely approach a two-state
transition (Fig. 2). Though several conditions were
explored, thermal-induced denaturation of HIPK2
KDom always resulted in irreversible formation of
protein aggregates at high temperature (> 350 K).
However, measuring the unfolding parameters for
HIPK2W™T at different rates of heating yielded simi-
lar readouts, suggesting that the kinetics of aggrega-
tion does not affect the results.>°

Thus, we compared the 7', of the three KDoms. As
shown in Figure 2, HIPK2WT shows a T,, equal to
328.2 + 0.1 K, HIPK2KX2284 3 T equal to 325.2 + 0.1 K,
while the HIPK2Y%'F a4 T equal to 317.0 +0.4 K.
Therefore, both mutations decrease the HIPK2 KDom
stability, but the semi-conservative mutation at the
regulatory Y361, that also affects the overall phosphor-
ylation pattern, introduces a more substantial destabi-
lization of the KDom than the inactivating,
nonphosphorylated K228 A mutation.

ATP-competitor binding: Evidence for the
cross-talk between the catalytic pocket

and the activation loop

Structural plasticity of the activation loop influences
the activity of protein kinases and regulates their

Scaglione et al.

function.'®'® The arrangement that activation loop
adopts upon phosphorylation at specific residues
allows the interface between N- and C- lobes of the
kinase domain to assume its active conformation,
due to a correct organization of critical residues,
including the conserved catalytic lysine (e.g., K228
in HIPK2). Consequently, failure in phosphorylation
at the activation loop results in inactivation/deregu-
lation of the enzyme due to an incorrect loop
conformation.'®

To highlight structural differences in the HIPK2
KDom linked to Y361-phosphorylation, we compared
static fluorescence and circular dichroism spectra of
HIPK2WT, HIPK2¥?%%4 and HIPK2Y**'" KDoms, but
negligible differences were detected with this analysis
(Supporting Information Fig. S4). Therefore, in a fur-
ther effort to probe different conformational states of
the KDom associated with Y361-phosphorylation, we
measured the binding of the three HIPK2 KDom var-
iants with chemically different ATP-competitors, i.e.,
4,5,6,7-tetrabromobenzimidazole (TBB), 1H-imidazol-
2-yl-4,5,6,7-tetrabromoisoindoline-1,3-dione (TBID),
Purvalanol A (PurvA), SB203580 (SB), staurosporine
(Stauro) and 5-iodotubercidin (Itu) [Fig. 3(A)], that
directly interact with the catalytic pocket of the
enzyme in the site that is normally occupied by a mol-
ecule of ATP.22 Structurally different compounds can
in principle affect to a different extent binding affinity
and activity of Y361-phosphorylated and unphos-
phorylated HIPK2 if the binding sites of the two forms
are structurally different.2®?? Equilibrium binding
experiments were performed by measuring the
quenching of the intrinsic protein fluorescence upon
ligand binding at the active site. The observed satura-
tion curves display a simple hyperbolic transition that
accounts for a single binding event [Fig. 3(B); Sup-
porting Information Fig. S5]. The extrapolated disso-
ciation constants Kp estimated for HIPK2WVT KDom
are consistent with previously reported I1Csq (Support-
ing Information Fig. S6 and references®' ), and
show that Stauro and TBB have the highest affinity
for HIPK2WVT, while Itu and SB yield the lowest ones
(Table I).

Next, Kp values were determined also for
Y361F and K228A, reported in Table I. With respect
to the wild type, we observed differences of Kp for
the binding of PurvA and Itu to HIPK2Y%¢'F and for
Itu binding to HIPK2¥?2%A highlighting an effect of
these mutations on the structural arrangement of
the HIPK2 active site.

It is worth noting that whereas mutation at
K228A in the catalytic pocket affects a residue
directly involved in ATP binding [Fig. 4(A), site A,
mutation at Y361 introduces a perturbation on the
activation loop [Fig. 4(A), site B] that is spatially far
from the binding site. Indeed, using the DYRKI1A
KDom in complex with its inhibitor INDY as struc-
tural template, we built a model of HIPK2 that

PROTEIN SCIENCE ‘ VOL 27:726-787 128
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Figure 3. Binding of ATP-competitors to HIPK2"T and mutants. (A) Chemical structures of ATP-competitors. The structures of
Itu, PurvA, SB, Stauro, TBB and TBID are reported in alphabetic order. (B) Equilibrium binding experiments. The change in the
intrinsic fluorescence of the protein that occurs upon ATP-competitor binding to HIPK2VT (WT), HIPK2Y3¢'F (Y361F), and
HIPK2K228A (K228A) is shown. Protein fluorescence intensities at 324, 330, 340, and 342 nm depending on the compound, as
detailed in Material and Methods, are reported as function of ATP-competitor concentration on a logarithmic scale. 100% corre-
sponds to the fluorescence signal of the unbound protein. Determined Kp are reported in Table |

allow us to estimate the distance between the cata-  activation loop (site B) due to phosphorylation at
lytic pocket and the activation loop to be above 20 A Y361 should affect the binding at the catalytic
[Fig. 4(A)1.3% Despite this distance, if sites A and B pocket (site A). Thus, to assess whether the two sites
are structurally coupled, rearrangements of the  are coupled, we calculated the change in free energy
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Table I. Binding Parameters of HIPK2WY, HIPK2Y3%'F qnd HIPK2%2?54

HIPK2WT HIPK2Y361F HIPK2K2284
Kp (uM) AGpinding (keal mol 1) Kp (uM) AGpinding (kecal mol 1) Kp (uM) AGypinding (kcal mol™ b
TBB 0.8+0.2 —~7.86+0.14 1.5+0.3 ~7.51+0.11 1.8+0.2 —7.41+0.06
TBID 8.0+28 —6.57+0.20 7.6+2.0 —-6.60+0.15 8.7+5.0 —6.53 +0.32
PurvA 6.2+1.0 —6.71+0.09 1.9+0.3 —~7.38+0.09 3.4+0.7 —7.05+0.12
SB 18.7+ 1.7 —6.10 +0.05 11.4+0.9 —6.37+0.04 12.0+1.2 —6.35+0.01
Stauro  0.50 = 0.03 —-8.12+0.03 1.1+0.2 ~7.68+0.10 2.0+0.4 ~7.35+0.11
Ttu 15.6 £ 5.0 —~6.20+0.18 3.1+26 —7.10 +0.47 0.3+0.1 -8.39+0.18

(AAGpinging) for ATP-competitor binding after muta-
tion at Y361 and K228 (Table II), using the Kp con-
stants determined with the equilibrium binding
experiments (Table I). If the two sites are energeti-
cally linked, a perturbation in the binding of ATP-
competitors induced by mutation in site A (i.e.,
K228A in the catalytic pocket) should correlate with
binding perturbations triggered by mutation in site
B (i.e., Y361F at the activation loop) [Fig. 4(A)]. As
shown in Figure 4(B), a cross-correlation plot of the
AAGyinging values obtained with HIPK2Y36F gand
with HIPK2X2284 (Table II) reveals a significant cor-
relation between the two sets of binding energies
(returning P value of 0.017). This confirms that the
two sites are energetically connected and provides a
physico-chemical evidence of a linkage between the

N-lobe

C-lobe

Y361 phosphorylation at the activation loop and the
conformation of the active site.

Kinase activity in the presence of ATP-
competitors highlights the HIPK2 KDom
structural plasticity

Lastly, we evaluated the effects of the different ATP-
competitors on the kinase activity of HIPK2VT and
its Y361F mutant that, in contrast to the kinase-
defective K228 mutant, was shown to maintain
residual and aberrant kinase activity.>'* In wvitro
kinase assays were performed in the presence of
[vy->2 P]-ATP using myelin binding protein (MBP)
and the inactive HIPK2X??%4 KDom fused to the
GST (GST-HIPK2X2284) a5 substrates. Even though
the HIPK2Y3%1F KDom showed ~2-fold lower kinase

(AGK?2AAG™T) (kcal mol™)

AAGbmdmg

2 p=0.017
e

-t 05 0 05
— Y361F WT) -
AAG, . = (AGYF-AG") (keal mol)

Figure 4. The cross-talk between the catalytic pocket and the activation loop. (A) lllustrative structural model of the HIPK2/T
kinase domain. The structure of the homologous kinase DYRK1A (overall homology 31%) in complex with INDY (orange,
ball-and-stick mode, PDB ID 3ANQ>* was used as template to model the structure of HIPK2 using the Swiss-Model server.*?
The protein scaffold is represented by light gray ribbons. The activation loop is colored in dark-blue and is highlighted by a
light-yellow circle (Site B) with phosphorylated Y361 (Y3617) shown in yellow sticks with the phosphate group in red. Helix Ca,
the catalytic loop and B3 strand are given in light pink ribbons. K228 is represented in green sticks. The active site of the
protein, where ATP-competitors bind, is highlighted by a light-green circle (Site A). A dashed line indicates the distance
between the Ca carbons of K228 and Y3617. The image was generated using PyMOL (http://pymol.sourceforge.net). (B)
Cross-correlation plot between the free energy of binding parameters for Y361F and K228A mutants of HIPK2. ATP-

competitor binding Kp determined at 293 K were used to calculate the change in the free energies upon binding AAGpinging=
(AGmutant - AGwig type) induced by mutation on Y361F and K228A, considering AGpinging= RT In (Kp/Co), with co =1 mol/L.
AAGpinging Values obtained from K228A mutation are plotted versus the ones obtained in mutant Y361F. The line is the best fit
to a linear equation, returning R= 0.89 and R? = 0.79; the P value, determined by PRISM 6.0 program, indicates the probability
that the two variables are not correlated (P > 0.05 means no correlation)

PROTEIN SCIENCE ‘ VOL 27:726-781 131

Scaglione et al.


http://pymol.sourceforge.net

Table II. Changes in ATP-Competitor Binding Free
Energy (AAGpinging) for Single Mutant at Positions
Y361 (AGY3¢™ - AGWT) and K228 (AGK*#4.AGWT)

AAG’binding =
(AGY361F-AGWT)
(kcal mol ™)

AAGbinding =
(AGKZZSA_AGWT)
(kcal mol 1)

TBB 0.35*0.18 0.45*+0.15
TBID —0.03*+0.25 0.05+0.38
PurvA —0.66 = 0.13 —0.34£0.15
SB -0.28 £0.07 —0.25 £0.05
Stauro 0.44+0.11 0.78+0.12
Itu —0.90 = 0.50 —-2.19+0.25

activity than HIPK2WT (kcat in Supporting Informa-
tion Fig. S7), as originally reported for the full-
length proteins,”1® we were still able to detect differ-
ential effects induced by the addiction of ATP-
competitors to the kinase reactions (Fig. 5, compare
ATP-competitor treated vs. untreated samples).

To highlight different behaviors of HIPK2WT
and HIPK2Y6'F in response to ATP-competitors,

semi-quantitative measurement of the residual
activity of the KDoms in the presence of the compet-
itors was calculated by normalizing to one the densi-
tometry values of both HIPK2WT and HIPK2Y26LF
untreated samples [histograms in Fig. 5(C,F)]. Com-
parison of the residual activities measured from
three independent experiments shows that Stauro
and Itu similarly inhibited both KDoms, and thus,
were not informative for our question. In contrast,
TBID, PurvA, and SB affected the activity of
HIPK2™T but not of HIPK2Y25F though not always
with statistically significant differences [Fig. 5(C,F)],
supporting the existence of different conformations
between the two KDoms. Surprisingly, TBB simi-
larly inhibited the activity of both KDoms when
MBP was the substrate [Fig. 5(C)], while inhibited
only HIPK2WT when GST-HIPK2K?284 was used as
substrate [Fig. 5(F)], suggesting that ATP-
competitors might differentially affect the kinase
activity also depending on the substrate. Therefore,
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TBB TBID PurvA SB Stauro Itu

Figure 5. Effect of ATP-competitors on kinase activity on substrates. Representative autoradiography for HIPK2"T (upper pan-
els, A and D) and HIPK2"%®'F (middle panels, B and E) and each substrate (MBP and GST-HIPK2?%®4) are shown. The relative
Coomassie blue staining is reported. For MBP the same amount of substrate and the same length of exposure time are shown,
for GST- HIPK2X?28A the substrate was loaded in different amount while the exposure time is the same. Histograms at the bot-
tom (panels C and F) report the residual kinase activity, expressed as a ratio with activity in the absence of ATP-competitors (-
), of HIPK2WT (WT, white bars) and HIPK2Y*6'F (Y361F, gray bars) as mean of at least three independent experiments (mean +
Standard Error). ** P<0.01; * P<0.05; ns P> 0.05 by Student t test
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Figure 6. Inhibition activity is substrate dependent. (A) Effect of ATP-competitors on kinase activity on p53. Representative

autoradiography for HIPK2"T (upper panel) and HIPK2Y31F (

lower panel) acting on p53 are shown. The relative Coomassie blue

staining is also reported. (B) ATP-competitors affect HIPK2 KDom activity depending on the substrate. Histograms report the
residual kinase activity, expressed as a ratio with activity in the absence of ATP-competitors (-), of HIPK2"T (top) and HIP-
K2Y31F (bottom) as mean of at least three independent experiments (mean =+ Standard Error). White bars represent kinase
residual activity using MBP as nonspecific substrate, gray and black represent respectively the data obtained using GST-
HIPK2K?284 and p53 as specific substrates of HIPK2. ** P < 0.01; * P < 0.05; ns P> 0.05 by One-Way ANOVA (GRAPHPAD

PRISM 6.0)

additional kinase assays were performed using p53 as
alternative HIPK2 substrate [Fig. 6(A)]. A comparison
of the residual kinase activities of HIPK2"" and HIP-
K2Y%81F  on the three substrates, MBP, GST-
HIPK2E?284 and p53 [Fig. 6(B)] confirmed that the
two KDoms are differently inhibited by different ATP-
competitors also depending on the substrate. Indeed,
TBB inhibits HIPK2VT when the substrates are MBP
and GST-HIPK2X?284 whereas it decreases phosphor-
ylation by HIPK2Y3¢'F enzyme of MBP. Finally, TBID
induces a pronounced decrease of phosphorylation by
HIPK2Y3%'F when p53 is the substrate.

These observations suggest that the conformation
of the activation loop, that directly interacts with the
kinase targets,'® can change depending on the nature
of the substrate thus affecting the structure of the
HIPK2 catalytic pocket as a consequence of the cross-
talk between the two sites. Structural changes of the
catalytic residues might alter the interaction with the
ATP-competitive compounds, thus modulating their
inhibitory activity. Furthermore, in analogy with
DYRKSs,2%%2 the different sensitivity of HIPK2VT and
HIPK2Y6' to structurally diverse ATP-competitive
compounds supports the existence of different confor-
mations of the HIPK2 catalytic site. Based on the
semi-conservative nature of the Y361F mutation,
these different conformations can be reasonably
ascribed to the phosphorylation state of Y361.

Finally, it is of interest to observe that when
GST-HIPK2X?2%A {5 the substrate some compounds

Scaglione et al.

such as TBID, PurvA and SB, rather than inhibiting
seem to work as activators of the Y361F variant
[Fig. 5(D-F)]. Differently from the other substrates,
GST-HIPK2K?284 can bind the ATP-competitors.
Therefore, we hypothesize that binding of these com-
pounds to GST-HIPK2X¥?2%A might induce a confor-
mational change in the area surrounding the ATP
binding site that could increase solvent exposure of
some phosphorylatable residues (i.e., Tyr), making
them more accessible and available for phosphoryla-
tion by HIPK2Y3¢'F In other words, the presence of
the ATP competitor bound to the GST-HIPK2K2284
active site makes some residues a better substrate
for HIPK2Y?$'F This phenomenon does not occur
with wild type HIPK2 and it represents another evi-
dence that HIPK2VT and HIPK2Y3¢'F are different
in structure.

Conclusions

HIPK2 is an interesting molecular target for selec-
tive activation or inactivation, depending on the
pathology and on the cellular context.*"3%37 Never-
theless, the complexity of the system jeopardizes the
understanding of how specific modifications contrib-
ute to its regulation. Recently, the role of residues
located in the kinase domain and in the activation
loop that are phosphorylated by the protein itself or
by other kinases in response to specific stress sig-
nals has been investigated.'?1*3® Among those, the
Y361 cis-auto-phosphorylation that regulates the
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HIPK2 dual activity has been described as a com-
mon mechanism for all members of the HIPK family
and a detailed description of the cellular effects of
its failing has been provided.® %2

In this work, we studied the effect of Y361 phos-
phorylation utilizing the wild type KDom of HIPK2
and its Y361F and K228A mutants. Our data indi-
cate that phosphorylation at Y361 affects the struc-
ture of KDom in the regulatory and catalytic tracts.
This is consistent with a scenario where activation
loop and catalytic pocket are in communication and
explore in concert different conformations, possibly
also depending on the target protein. Indeed, kinase
assays suggest that ATP-competitive compounds can
exert inhibition in a substrate-specific manner. In
addition, we report that the stability and the oligo-
merization state of the KDom are influenced by the
extent of protein phosphorylation and by the amino
acid at position 361. Indeed, mutation at Y361
decreases the HIPK2 KDom stability and increases
its tendency to form high molecular weight oligom-
ers, resulting in a less active form of the enzyme.

Taken together our data suggest that the
absence of phosphorylation at Y361 changes the
HIPK2 structure, perturbs its stability, decreases its
activity and affects its capability to interact with
partners and with itself, increasing its tendency to
form aggregates. Therefore, with the caveat that our
in vitro observations are limited to the isolated
kinase domain, these results offer a biochemical
explanation for the abnormal behavior observed in
cellular systems with the Y361-unphosphorylated
full-length form, such as altered activities and spe-
cificity on substrates, and accumulation in cytoplas-
mic aggresomes.g’10

Materials and Methods

Protein cloning and site-directed mutagenesis:
Expression and purification

The plasmid pGEX-6P-1, containing the nucleotide
sequence coding for murine HIPK2 wild type (Iso-
form 1, Reference Sequence: NP_034563.2 (14))
kinase domain (KDom, 165-564) was utilized
(HIPK2V7T) and expressed in frame with a Glutathi-
one S-transferase (GST) tag at its N-terminus, and a
PreScission cleavage after the tag.'’ Site-directed
mutagenesis was performed by using the Quick-
Change Lightning kit (Agilent Technologies). Y361
was mutated into phenylanaline (HIPK2Y2¢'F) and
K228 was mutated into alanine (HIPK2X2284)
Recombinant HIPK2WT KDom and mutants were
overexpressed in E. coli and purified as detailed in
Supplementary Material. Quality and quantity of
purified proteins were evaluated by SDS-PAGE
(Supporting Information Fig. S1) and UV/visible
spectra using the theoretical €959 nm= 48820 M !

cm ! Plasmid containing human p53 full-length
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quadruple M133L/V203A/N239Y/N268D
(p53), N-terminus fused to a six His-tag, a lipoyl
domain and TEV cleavage site, was expressed in E.
coli BL21 (DE3) strain and purified as described
previously,>® without removing the tag (Mw 60 kDa).
Purified Myelin Basic Protein (MBP, Mw 20 kDa)
from mouse was obtained by Sigma Aldrich (St.
Louis, Missouri).

mutant

A-phosphatase assay

Twenty micrograms of HIPK2VT KDom and mutants
were incubated at 310 K for 1 hour in the absence
and in the presence of 1 uL (400 units) of Lambda
protein phosphatase (A-PPase, New England BioL-
abs). Final products were loaded into a BioFox 17/
1200 SEC column (Knauer-Berlin, Ge) coupled with
UV-vis absorbance detector (Smartline 2520, Kna-
uer- Berlin, Ge), and eluted in isocratic mode in
50 mM Tris-HCl, 300 mM NaCl, 5 mM Tris(2-carbox-
yethyl)phosphine (TCEP), 5% Glycerol, pH 8.0. Elu-
tion profile was followed at A=280 nm at room
temperature (RT). Samples treated and not treated
with A-PPase were analyzed by Western Blot using
both anti-pTyr (Clone 4G10, Millipore) and anti-
pSer/Thr (Cell Signaling Technology) antibodies.
Ponceau staining was used as loading control. Dif-
ferently to previously reported methods for A-PPase
treatment,>!° no detergent was added to the reac-
tion buffer.

CD- thermal denaturation

CD thermal denaturation experiments on HIPK2WT
KDom and mutants (4 uM) were monitored at
222 nm using a Jasco spectropolarimeter, with heat-
ing from 293 to 363 K at a rate of 1 K min ! in
50 mM potassium phosphate, 150 mM NaCl, 0.4 M
NaySO4, pH 8. At temperature over 350 K, a second
transition was observed due to protein aggregation
and precipitation. However, measuring the unfolding
parameters for HIPK2VT KDom at different rates of
heating returned the same apparent unfolding
parameters, thus showing that kinetics of aggrega-
tion does not affect the results.?® Thermal denatur-
ation was analyzed by fitting the transition region
data from 293 to 350 K to a two-state model.?” Heat
capacity change upon thermal denaturation of the
wild type, Acp, has been estimated as described in
Supporting Information Figure S3.28

Equilibrium binding experiments

Equilibrium binding experiments of HIPK2WT
HIPK2Y%'F and HIPK2¥??®* KDom to a set of
ATP-competitors, i.e., 4,5,6,7-tetrabromobenzimidazole
(TBB), 1H-imidazol-2-yl-4,5,6,7-tetrabromoisoindoline-
1,3-dione (TBID), Purvalanol A (PurvA), SB203580
(SB), 5-Iodotubercidin (Itu), and Staurosporine
(Stauro), were performed by measuring quenching of
the intrinsic fluorescence of the protein that occurs

Effects of Y361-Cis-Auto-Phosphorylation on HIPK2



upon binding. Emission spectra were recorded between
300 and 400 nm with an excitation wavelength of
280 nm using a Fluoromax spectrofluorimeter (Jobin
Yvon, Edison, NJ). With the exception of TBID that
was a kind gift of Prof. C. Kunick, Braunschweig (Ger-
many), all compounds were purchased by Sigma
Aldrich. ATP-competitor stock solutions were prepared
at concentrations ranging from 10 to 40 mM in
dimethyl sulfoxide (DMSO). Equilibrium binding
experiments were performed at 295 K in 50 mM Hepes
and 200 mM NaCl, pH 7.5, using a constant concentra-
tion of protein (typically ranging between 0.3 and 1.5
uM, see also Supporting Information Fig. S2), and
varying ligand concentration. The final concentration
of DMSO was kept below 1%. Since inhibitor absor-
bance at 280 nm is not negligible, we applied a mathe-
matical model for correction of the inner filter effect to
the measured fluorescence intensities:

ie(I) = im(I)x10" [A(Aex) + A(em)] (D

where i. is the corrected and i,, the observed fluores-
cent intensities as a function of ATP-competitor
concentration (I), and A(Jey), and A(4ey) are respec-
tively their absorptions at the wavelengths of excita-
tion and emission.*® Each titration curve was fitted
to a hyperbolic function and the calculated dissocia-
tion constant (Kp) was estimated using Kaleida-
graph software, by plotting corrected intensities at
324 nm for PurvA, 330 nm for Itu, 340 nm for SB,
and 342 nm for TBB, TBID, and Stauro, depending
on the compound optical properties, as a function of
ATP-competitor concentration. Since the Kp for
HIPK2Y" binding to TBB and Stauro, and for
HIPK2X2284 hinding to Itu was not markedly higher
than the protein concentration used, data in these
cases were fitted to a quadratic equation. Correla-
tion analysis of the changes in binding free energy
for single mutations at Y361 and K228 with respect
to HIPK2WT (AAGpindging) was performed using
PRISM 6.0 program (GraphPad, La Jolla).

Kinase assays

Murine HIPK2 KDom wild type and Y361F mutant
(1 pg was used to allow a clear visualization and
quantification by Coomassie stain as loading control)
were preincubated for 60 minutes in the presence of
1 ug of substrate (MBP, p53, GST-HIPK2K?284) at
RT in kinase buffer (20 mM Hepes pH 7.4, 50 mM
NaCl, 10 mM MgCly;, 10 mM CaCl,) and 1-1.5%
DMSO, either in the absence and in the presence of
saturating concentration of ATP-competitors (>10-
fold of Kp, [TBB]I=50 uM, [TBID]=125 uM,
[PurvA] =100 puM, [SB]= 150 pM, [Stauro] =30 pM,
[Ttu] = 180 puM). The GST-fused form of HIPK2X2284
(GST-HIPK2K2284) was utilized allowing us to distin-
guish it from the wild type on a SDS-PAGE due to
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its larger size. [y-2?P]-ATP (~ 180 kBq) was added
(final volume 25 pL), incubating the mixture for 30
minutes at 303 K. The reaction was stopped by 10
minute incubation at 363 K with Laemmli buffer.*!
Reaction products were resolved by SDS-PAGE and
32p_labelled proteins were detected by autoradiogra-
phy. The detected signals were quantified by densi-
tometric analysis and normalized to the amount of
sample loaded into the gel, as determined by Coo-
massie stain. The relative signal of the samples
without ATP-competitors was used as reference. The
reported residual kinase activity of HIPK2WT and
HIPK2Y36'F ig the mean of at least three indepen-
dent experiments.

Kinase activity of HIPK2WT and HIPK2Y6F
was measured on MBP following the incorporation
of radiolabeled phosphate from [y- 32P]-ATP into the
substrate.*? See Supporting Information Figure S7
for experimental details and data analysis.

Supporting Information

Supporting Information includes a detailed descrip-
tion of HIPK2WT, HIPK2Y**'F and HIPK2K?2%4
KDom expression and purification protocols and
purity assessment by SDS-PAGE. The comparison of
the static fluorescence and CD spectra of the three
forms is shown and experimentally detailed. The cal-
ibration curve of the SEC column and additional
chromatograms as well as the observed sedimenta-
tion velocities of the protein samples are reported.
Supporting Information also includes raw data for
equilibrium  binding measurements of ATP-
competitors at 293 K and for TBID also at 310 K,
and the experimental details and data analysis for
determining the Ac,. Kinetic analysis on the kinase
activity of HIPK2WT and HIPK2Y3$F on MBP
together with experimental details and data analysis
are also reported. Supplementary_Material.pdf
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