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Evolutionarily conserved structural changes in phosphatidylinositol
5-phosphate 4-kinase (PI5P4K) isoforms are responsible for differences in

enzyme activity and localization

Jonathan H. CLARKE" and Robin F. IRVINE
Department of Pharmacology, Tennis Court Road, Cambridge CB2 1PD, UK.

Mammals have genes coding for three PISP4Ks (PtdIns5P
4-kinases), and these have different cellular localizations, tissue
distributions and lipid kinase activities. We describe in the present
paper a detailed molecular exploration of human PI5SP4Ks «, 8
and y, as well as their fly and worm homologues, to understand
how and why these differences came to be. The intrinsic ATPase
activities of the three isoforms are very similar, and we show
that differences in their G-loop regions can account for much
of their wide differences in lipid kinase activity. We have also
undertaken an extensive in silico evolutionary study of the
PISP4K family, and show experimentally that the single PISP4K
homologues from Caenorhabditis elegans and Drosophila
melanogaster are as widely different in activity as the most
divergent mammalian isoforms. Finally we show that the close

association of PISP4Ks « and y is a true heterodimerization,
and not a higher oligomer association of homodimers. We
reveal that structural modelling is consistent with this and
with the apparently random heterodimerization that we had
earlier observed between PISP4Kw and PISP4KB [Wang, Bond,
Letcher, Richardson, Lilley, Irvine and Clarke (2010), Biochem.
J. 430, 215-221]. Overall the molecular diversity of mammalian
PI5SP4Ks explains much of their properties and behaviour, but
their physiological functionality remains elusive.

Key words: dimerization, lipid kinase activity, phosphatidylin-
ositol 5-phosphate (PtdIns5P), phosphatidylinositol 5-phosphate
4-kinase (PISP4K).

INTRODUCTION

PI5P4Ks (PtdIns5P 4-kinases, EC 2.7.1.149) phosphorylate
PtdIns5P to PtdIns(4,5)P, [1]. Although this serves as another
route of PtdIns(4,5)P, synthesis, alternative to the 5-phosphoryl-
ation of PtdIns4P catalysed by the PI4P5Ks (PtdIns4P
5-kinases), the much lower cellular levels of PtdIns5P compared
with PtdIns4P [2-4], plus the evidence for the major pathway
of PtdIns(4,5)P, synthesis in vivo being via the PI4P5K route
[5,6], has led to a consensus that the most likely function of
PISP4Ks is to regulate the levels of their substrate PtdIns5P
(for examples, see [7-10]). PtdIns5P has been proposed to have
a number of functions in the nucleus [11,12] and cytoplasm
[8,13—15]. The route of PtdIns5P synthesis is not certain; one
possibility is by 4-dephosphorylation of PtdIns(4,5)P, [16,17],
and 3-dephosphorylation of PtdIns(3,5)P, by myotubularins is
another route that has experimental support [15,18].

Even though the PISP4K family has significant catalytic site
structural similarity to the protein kinase superfamily [19],
previous studies have shown large differences between the
specific activities of the three mammalian PISP4Ks when assayed
under the same experimental conditions, with PISP4K« being
significantly more active than PISP4K 8 [20,21], and the PISP4Ky
isoform having little or no intrinsic PISP4K activity [22].
Although we show below that some of these differences are
accounted for by differing ATP affinities of the three isoforms,
even at physiological ATP levels their PISP4K activities are
still orders of magnitudes apart, which raises some fundamental
questions about how and why this came to be. One suggestion
may be that the more active PISP4Ka can be targeted to
different cellular locations by its association with the less active

isoforms, such that PISP4KS targets it to the nucleus [20,21]
and PISP4Ky to an as yet undefined intracellular vesicular
compartment [9,22,23]. This would require the isoforms to
associate with each other, as has been shown with PISP4K« and
PISP4Kg in vivo [20,21], either as complexes of homodimers or
as heterodimers. However, the enzymatic activity of PISP4Kp
appears to have a functional role [12,24], so the question
of how the sequence differences in these enzymes relate to
functional activity differences and why these three enzymes are
so different in their activity remain unresolved, yet central to our
understanding of these enigmatic lipid kinases.

We have undertaken a detailed biochemical and evolutionary
study of the three mammalian PISP4Ks. As a protein family, the
PI5SP4Ks share a high sequence similarity at the amino acid level,
suggesting that, although the common structural architecture
defines similar mechanisms of action [19,25], the subtle functional
differences between these isoforms must be encoded in the regions
of disparity. We have investigated how the sequence differences
in this enzyme family reflect structure, function and molecular
evolution.

EXPERIMENTAL
PI5SP4K recombinant protein expression and mutagenesis

Constructs harbouring human PIP4K2 (HGNC approved symbol,
previously PIP5K2) genes [22] were used to generate PCR
fragments that were subcloned into the pGEX6P vector
(GE Healthcare). Specifically, these were PIP4K2A (UniGene
138363), PIP4K2B (UniGene 171988) and PIP4K2C (UniGene
6280511). PCR fragments were also subcloned from constructs

Abbreviations used: NLS, nuclear localization sequence; PI4P5K, Ptdins4P 5-kinase; PI5P4K, PtdIns5P 4-kinase.
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encoding the Drosophila melanogaster PIP4K gene (FlyBase
identifier FBgn0039924; a gift from Dr Raghu Padinjat, National
Centre for Biological Sciences, Tata Institute of Fundamental
Research, Bangalore, India) and the Caenorhabditis elegans
PPK-2 gene (WormBase identifier WBGene00004088; a gift
from Dr Wiebke Sassen, Georg-August-Universitat, Drittes Phy-
sikalisches Institut, Gottingen, Germany). These clones were
subjected to site-directed mutagenesis (either using sequential
rounds of mutagenesis with primers generating single codon
changes or using primers generating multiple codon changes)
using the QuikChange® technique (Agilent Technologies)
to produce chimaeric and kinase-dead versions. BL21(DE3)
Escherichia coli clones harbouring these constructs were induced
with 0.4 mM IPTG and probe-sonicated in the presence of
protease inhibitors (Sigma—Aldrich P8465). GST-fusion proteins
were harvested by binding to glutathione—Sepharose beads (GE
Healthcare) and untagged protein was generated by in situ
cleavage with 50 units of PreScission protease (GE Healthcare)
for 4 h at 4°C. Purity was confirmed by SDS/PAGE and protein
concentration was determined by colorimetric assay (Bio-Rad).

Biochemical assays and enzyme kinetics

Lipid kinase assays were performed as described previously
[20] with minor adaptations. Lipid substrate micelles were
formed in kinase buffer (S0 mM Tris/HCl, pH 7.4, 10 mM
MgCl,, 80mM KCI and 2mM EGTA) by sonication. The
substrate was presented as PtdIns5P micelles (6 uM), as a
component of artificial plasma membrane liposomes [26] or
in a hexagonal-phase phosphatidylethanolamine carrier (6 uM
PtdIns5P and 60 uM phosphatidylethanolamine). Recombinant
lipid kinase was added to the reaction mixture (200 pl
final volume) with 10 uCi of [y-**P]ATP for 10-30 min at
30°C. Lipids were extracted using acidic phase-separation
[27] and separated by one-dimensional TLC (2.8:4:1:0.6
chloroform/methanol/water/ammonia, by vol.). Radiolabelled
PtdIns(4,5)P, spots were detected by autoradiography, extracted
and counted with Ultima Gold XR scintillant (Packard) on a
LS6500 scintillation counter (Beckman Coulter). For kinetic
studies, standardized assays using increasing concentrations of
unlabelled ATP (0-150 uM) were used to determine K ,,, values for
ATP. Turnover number (k) values were calculated using Prism
5 (GraphPad) and a conversion factor was used for histidine-
tagged fusion constructs (PISP4KS 4 and PISP4Ky 4 ) using
Hiss-tagged PISP4K« as standard.

Assays to determine intrinsic ATPase activities of the enzymes
were completed using the Transcreener ADP? fluorescence
polarization method (BellBrook Labs). A range of enzyme
concentrations was assayed with ATP substrate (100 uM ATP,
60 min of incubation at 22 °C) and polarization units (mP) were
read using a PHER Astar Plus microplate reader (BMG Labtech).
Experimental values were interpolated from an ADP/ATP
utilization standard curve and plotted using non-linear regression
analysis with Prism 5.

Dimerization studies

Mixtures of untagged purified recombinant PISP4K« and
PISP4AKy were allowed to reach equilibrium for 16 h at 4°C in
PBS. Proteins were then cross-linked by incubation with a 50-fold
molar excess of BS? [bis(sulfosuccinimidyl)suberate] for 30 min
and the reaction was quenched by the addition of 50 mM Tris/HCl,
pH 7.4, for 15 min, both at 22°C. Proteins were then thermally
denatured to prevent any further potential dimerization in the
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assay. Samples of these mixtures were run on SDS/PAGE (8 %
gels) with recombinant protein controls and Western blotted with
antibodies raised against PISP4K« (rat monoclonal) and PISP4Ky
(rabbit polyclonal) as described previously [22]. Parallel samples,
without higher multimeric or aggregated forms of the proteins
(as assayed this way), were analysed by sandwich ELISA. Anti-
PISP4K«a antibody was coated on to 96-well polysorp plates
(Nunc-Immuno) for 16 h at 4°C, washed with PBS and blocked
with 2% BSA for 2 h. Protein complex was added to the wells
(in PBS plus 0.2 % BSA) for 2 h at room temperature and washed
off. Captured protein was detected with anti-PISP4Ky antibody
and horseradish peroxidase-conjugated anti-rabbit IgG secondary
antibody (Pierce), each for 1h at room temperature. After
incubation with TMB (3,3',5,5-tetramethylbenzidine) substrate
for 30 min, reactions were stopped with 30 % H,SO, and the
chromogenic change was measured at 450 nm on a Multiskan
Ascent plate reader (Labsystems).

Sequence comparison and structural modelling

DNA and protein alignments were made using DNADynamo
(Blue Tractor Software). Crystal structure data for PISP4Ko
(PDB code 2YBX), PISP4KB (PDB code 1BO1 [19]) and
PISP4AKy (PDB code 2GK9) were used to formulate predictive
full models of the three isoforms using the UCSF Chimera
package [30]. Disordered regions were confirmed as loops
without any predicted sheet or helix secondary structure using
GOR V [31]. Loop optimization was performed using Modeller
[32] to produce ten energetically stable loop conformations for
each disordered region, of which those with the best modeller
objective function values were assessed with PDBsum, including
PROCHECK (EMBL-EBI). The highest-quality models were
selected as predicted structures within these theoretical confines.
Modelled ribbon structures of each isoform were superimposed
using Matchmaker [33] and regions of variability in the structural
alignments were highlighted for experimental analysis.

Evolutionary analysis

Annotated sequences for PISP4K isoforms were obtained
from all vertebrate genomic databases by gene-name and
orthologue searches (Ensembl). Phylograms were obtained from
the EnsemblCompara GeneTrees resource [34] to predict gene
orthologies and paralogies as maximum likelihood phylogenetic
gene trees (generated by TreeBeST). Newick format tree files were
converted into Nexus format files [35] and the software package
r8s [36] was used to estimate divergence times from branch
length values of relative substitution frequencies. The resulting
tree graphics were generated using TreeGraph 2 [37]. Graphical
representations of multiple sequence alignments producing
consensus sequences were generated using WebLogo 3 [38].

RESULTS

Biochemical analyses indicate different activities of PI5P4K
isoforms

We have previously reported that, using specific activities under
the same assay conditions [20-22], the three PISP4K isoforms
differ widely in activity, with PISP4K« being the most active and
PISP4Ky being the least active by several orders of magnitude.
Enzymatic assays using PISP4Ks overexpressed in mammalian
cells showed no change in activity when the substrate was
presented as artificial membranes or as a hexagonal-phase lipid,
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Table 1

The Ko, value for ATP was determined experimentally and turnover numbers were interpolated
as described in the Experimental section. PISPAKB + and y + clones refer to mutants with
PI5P4Ka-like G-loop regions.

Relative activities of wild-type and mutant PI5P4K isoforms

Isoform Ko (M ATP) Keat (S71)

PI5P4Ka 3.94 1.05 x 102
PI5P4KB 67.05 9.55 x 10-°
PI5P4Ky 94.18 572 x 106
PISP4KB + (mutant) 758 727 x10-*
PISP4Ky + (mutant) 3.96 257 %103

and no other inositol lipid we tested acted as a better substrate
than PtdInsSP (results not shown). It remains a possibility that
a post-translational modification in eukaryotic cells has a major
effect on one or more of the isoforms to make their activity levels
more similar, but as precipitation of any endogenous or transfected
PI5P4K from cell lines unavoidably results in co-precipitation of
another isoform(s) because of their heterodimerization ([20,21]
and see also below), we cannot address this issue directly.

To obtain further quantitative insight into how isoform structure
differentially affects activity, we undertook a more detailed
study of the recombinant proteins to compare turnover rates
for each isoform based on K, values for ATP (Table 1 and
Supplementary Figure S1 at http://www.biochemj.org/bj/454/
bj4540049add.htm). It is apparent that some of the differences
in specific activity that we reported previously [20,22] are due
to differences in ATP affinities, but the data in Table 1 show
that the three isoforms also differ greatly in their turnover rates,
such that even under physiological conditions (ATP concentration
in the millimolar range, and thus saturating) they would still
show very different PISP4K activities: PISP4K« is 100-fold more
active than PIPSKA and 2000-fold more active than PISP4Ky.
In comparison with other human kinases PISP4Ko has an
intermediate turnover number, whereas PISP4Ky is at the lowest
end of the scale (Supplementary Table S1 at http://www.biochem;.
org/bj/454/bj4540049add.htm).

We were able to estimate broadly the actual rate of PISP4K«
activity in a cell. Data from previous DT40 cell studies give an
accurate titre of cellular PISP4K« concentration quantified by
quantitative MS as 1.5 pmol/mg of protein [20]. Assuming an
average DT40 cell size of 10 um diameter, this number can be
converted into a V ,,, of approximately 1 x 10* PtdIns5P molecules
phosphorylated per s per cell, although this could be higher
depending on the PtdIns5P concentration local to the enzyme.

PI5P4Ky is a fully functional kinase

To investigate whether the comparatively very low activity of
the PISP4Ky isoform is due to the fact that it has a reduced
ability (compared with the other two isoforms) to interact with
or phosphorylate PtdIns5P, or whether it is actually a disabled
kinase enzyme (i.e. poor in binding to or utilizing ATP), the
intrinsic ATPase activity of all three isoforms was measured
(Figure 1). This assay monitors the ATP turnover in the absence
of lipid substrate as futile cycling, a property exhibited by most
kinases (for examples see [39,40]). The data in Figure 1 show
that in comparison with a kinase-dead PISP4Ky mutant (D280K)
control, all three isoforms showed low levels of intrinsic ATPase
activity, as would be expected from catalytically active enzymes
[41]. Interestingly, in this assay PISP4Ka and PISP4KfS were
indistinguishable, and PISP4Ky is only 3-4-fold less effective
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Figure 1 Intrinsic ATPase activities of PI5SP4K isoforms

The percentage of ATP consumed over a range of enzyme concentrations was plotted for each
PI5P4K isoform and compared with the kinase-dead control (@, PI5P4Ke; A, PI5P4KS; W,
PI5P4Ky ; @, PI5P4Ky kinase-dead). ATP concentration in the assay was 100 ..M. Result are
means of triplicate samples at each enzyme concentration and error bars indicate + S.E.M.

than those two isoforms. A simplistic interpretation of this result is
that much of the difference between the isoforms in their PISP4K
activity lies in their ability to recognize and then phosphorylate
their lipid substrate.

Activity of PI5SP4Ky and PISP4Kg can be altered by mutation

The three human isoforms of PISP4K show a high degree of ho-
mology [9,42], with three major domains of sequence variability
being the activation loop, the variable loop (where the PISP4K
nuclear localization motif lies [43]), and the putative G-loop
structure (Supplementary Table S2 at http://www.biochemj.org/
bj/454/bj4540049add.htm), which in PISP4Kp has been sug-
gested to be responsible for positioning key residues involved
with stabilizing ATP in the catalytic site (Supplementary Figure
S2 at http://www.biochemj.org/bj/454/bj4540049add.htm). Fig-
ure 2(A) shows the sequence alignment of the three PISP4Ks
around this G-loop region, emphasizing the clear differences
between the three isoforms. To explore the significance of
these, we undertook a systematic sequential mutation of the
PISP4KB and PISP4Ky putative G-loop regions to change
them to the PISP4Kw sequence (Figure 2A). These changes
significantly increased the activity of these isoforms (Figures 2B—
2C). Additional mutation of some residues where the PISP4K«
and PISP4K g isoforms are identical and different from PISP4Ky,
and which are likely to interact with the PtdIns5P substrate ([19]
and Figure 2A), further enhanced activity (Figure 2C). These
mutations included a key amino acid close to one of the conserved
catalytic residues in PISP4Ky (see [19]) plus three amino acids
in the vicinity of the potential gatekeeper residue [44].

A comparison of the specific activities of all of the mutants
is shown in Figure 3 (note the logarithmic scale). The most
active mutants were designated as PISP4KS + (PISP4KS Gl1,
Figure 3) and PISP4Ky + (PISP4Ky G3 4 AB, Figure 3) and
enzyme turnover rates were quantified and calculated for these
mutants for comparison with the wild-type enzymes (Table 1 and
Supplementary Figure S1). Although the most active PISP4K S
and PISP4Ky mutants are not as active as PISP4K« (Figure 3), it
is apparent that they are approaching that activity, and thus that,
certainly for PISP4Ky, we have countered and thus explained
much of the low PISP4K activity of this isoform.

Heterodimerization between PI5SP4K isoforms

The dimerization interface along the PISP4K B1-sheet domain
has been predicted to allow hetero- as well as homo-dimerization
[19], and apparent heterodimerization has been shown to occur
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Figure 2 Mutation of PI5SP4KB and PI5P4Ky sequences increases lipid kinase activity

(A) Alignment of fragments of the three PI5P4K amino acid sequences in the region containing the putative G-loop (boxed). Linked boxes show the sequential mutation of the wild-type sequences
to match the PI5P4Ke sequence, with the mutant constructs labelled in red. The conserved catalytic lysine residue (boxed, yellow) and residues additionally mutated in PIP4Ky (boxed, blue) are
shown. Scores represent matches; =, identical; :, conserved; ., semi-conserved. (B) Example of lipid kinase activity of the resulting mutant PI5P4KB protein (15 w.g) compared with wild-type.
(C) Left-hand panel: example of lipid kinase activity of the resulting mutant PI5P4Ky proteins (200 1.g) compared with wild-type (G1-G3). Lanes are reordered from the same TLC plate. Right-hand
panel: additional mutants were made using the PI5P4Ky G3 construct (A =E156T, B =N198G + E199V + D200E) and showed further increases in activity (20 g per sample). Positive control
was 50 ng of PIP4Ke, negative control was 200 g of purified protein expressed from the empty pET vector. PIP4Ka:: HGNC, 8997; UniProtkB, P48426. PIP4K8: HGNC, 8998; UniProtkB, P78356.

PIP4Ky : HGNC, 23786; UniProtkB, Q8TBX8.
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Figure 3  Specific activities of all mutant PISP4Kg and PISP4Ky constructs

In comparison with wild-type PI5P4Ke control (50 ng), PI5P4KB mutant G1 showed enhanced
activity over wild-type PI5P4KB (15 1g). Similarly, mutation of the PI5P4Ky G-loop (G1-G3)
enhanced activity over wild-type PI5P4Ky (200 1.g). Additional mutations further increased the
activity of mutant PI5P4Ky G3 (A, Band A + B, 20 g of each). At least four replicates of each
sample were used (n=15,7,7,10, 4, 4,4, 6, 6 and 9 respectively from left to right). For details
of specific mutants see Figure 2.

in cells between PISP4AKa and PISP4KA [20,21], probably
at random, governed only by the relative abundance of the
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two isoforms [20]. Activity measurements suggested indirectly
that heterodimerization with PISP4Kg may alter the enzymatic
activity of PISP4Ku [21].

Activity assays using mixtures of different PISP4K isoforms
with kinase-dead PISP4K« show a reduction in activity in all
cases, suggesting that there may be a combinatorial enhancement
to activity within the dimer (Figure 4A), but this may also be
explained as an inhibition of activity caused by association of
different homodimers to form tetramers, an association that has
been shown to occur in the crystal structure of PISP4Ky (PDB
code 2GK9) and in vitro (below). Indeed, the association of
PI5SP4Ka with PISP4Kg in cells [20,21] and of PISP4Ka with
PI5SP4Ky in vitro [22] could all be explained by interaction
of homodimers to form heterotetramers (or higher multimeric
states), and true heterodimerization has not been rigorously
established for any PISP4Ks.

Predictive full models of the three isoforms were created in
silico using existing structural data, and estimated conformations
were modelled for the disordered regions and assessed for
viability as described in the Experimental section. Predicted
ribbon structures were aligned along the dimerization plane
and are presented as homodimers (Supplementary Figure S3 at
http://www.biochemj.org/bj/454/bj4540049add.htm), and further
to previously published work regarding the energetic feasibility
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Figure 4 Heterodimerization of PI5SP4Ks
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(A) An example of activity assays using purified recombinant PI5P4Ks showing reduced PtdIns(4,5)P, production with 100 r.g of kinase-dead PI5P4Ke (KD), PI5P4KB or a combination (200 rcg)
of the two (left-hand panel, lanes reordered from the same TLC plate) or 10 g of active mutants of PI5P4KA and PI5P4Ky (+ ) in combination with 10 g of kinase-dead PI5P4K« (right-hand
panel). (B) Western blots of mixtures of PI5P4Ka and PI5P4Ky (after cross-linking) at different protein concentrations promoting formation of monomers, dimers and higher oligomeric forms. The
same mixtures were blotted with antibodies against each PI5SP4K, using the relevant purified isoform as a control (not cross-linked). The 2.0 mg/ml lane on the PI5SP4Ke blot is a longer exposure of
the same blot. (G) Sandwich ELISA controls were not significantly different (ANOVA using Bonferroni’s multiple comparison test) to signal obtained detecting PI5P4Ky in a cross-linked monomer
dilution. Controls indicated no signal above background (no complex, no antibody) for the detection blank or cross-reactivity of the antibodies. (D) Strong positive signal was detected from the
assay using complex at multimer concentration as a positive control. Significant capture of PI5P4Ky signal was also detected in a protein mixture comprising dimers (ANOVA using Tukey’s multiple
comparison test), against the monomer dilution (values background subtracted). n = 8 for all samples, results are means + S.E.M.

of PISP4Ka—PISP4KS heterodimers [20], our modelling also
suggests that the dimerization interface would support PISP4Ka—
PI5P4Ky and PISP4KS-PISP4Ky heterodimers (Supplementary
Figure S3), with predicted number and lengths of potential
hydrogen bonds similar to homodimer structures (Table 2).

To address this issue experimentally we used purified
recombinant PISP4Ka and PISP4Ky that were un-tagged, to
ensure that no interaction of tags occurred to complicate
the interpretation. The two isoforms were allowed to mix at
various concentrations before cross-linking the proteins (through
multiple lysine residues at the dimerization interface region).
Western blotting of these mixtures then indicated the different
concentrations at which the proteins formed monomers, dimers
or multimeric complexes (Figure 4). When these mixtures were
in parallel subjected to a sandwich ELISA to capture (using

© 2013 The Author(s)

Tabhle 2 Comparison of dimerization interfaces for PI5SP4K homo- and
hetero-dimers

Frequency and length of hydrogen bonds from available crystal structures and potential bond
numbers and lengths from modelled heterodimers as described in the Experimental section. 1
A=0.1nm.

PI5P4K dimer (monomer—monomer) ~ Number of hydrogen bonds ~ Average bond length (&)

a—a 11 2.93
B-B 7 2.97
y—-y 9 2.90
a—pB (modelled) 9 3.00
a—y (modelled) 7 3.22
B—y (modelled) 8 2.65
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anti-PISP4Kw antibody) and subsequently detect any PISP4Ky
isoform, a signal was observed using the concentration of protein
mixture that consisted solely of dimers (Figures 4B and 4D).
Controls were included to detect the level of background signal
obtained from the assay, and no cross-reactivity was seen using
the specific antibodies for capture or detection. The signal
obtained capturing protein from the mixture conditions producing
only monomers was not significantly higher than background
(Figure 4C), and the protein mixture producing higher multimeric
forms gave an enhanced positive signal as expected (Figure 4D),
thus providing respective internal negative and positive controls.
Overall the data in Figure 4 provide experimental evidence for
true heterodimerization between PISP4Ko and PISP4Ky, and our
structural modelling described above leads us to conclude that the
apparently random association between PISP4K« and PISP4Kp
[20] is also a heterodimerization.

Divergence of isoforms suggests molecular evolution

Screening specifically for PISP4K enzymes by sequence
similarity, the divergence of superfamily PI4P5K and PISP4K
activities seems to date back to the evolutionary appearance
of the metazoans (Supplementary Figure S4 and Table S3 at
http://www.biochemj.org/bj/454/bj4540049add.htm). Within the
PI5SP4K family a single enzyme seems to be present in invertebrate
species (Figure 5A), and further genome searching using the
sequence for the D. melanogaster gene suggested that there
is also evidence for a PISP4K activity in most, but not all,
metazoan genomes so far sequenced (Supplementary Table S3). A
comparison of all of the currently annotated vertebrate genomes
available showed that single genes coding for the PISP4K« and
PISP4K B isoforms are conserved in every species, with the
exception of duplicate copies of the PISP4K« gene in three fish
genomes and the absence of an annotated PISP4KS gene from
three different species (Supplementary Table S4 at http:/www.
biochemj.org/bj/454/bj4540049add.htm). In contrast, the gene
coding for the PISP4Ky isoform is present in most mammalian
genomes, but conspicuously absent from any bird genomes, and
is present in multiple copies in all fish genomes so far sequenced
(Supplementary Table S4).

Of the three PISP4K isoforms, the earliest divergence is
apparently that of PISP4Ky resulting from a gene duplication
event with a later divergence of PISP4Ka and PISP4KS by a
second gene duplication, suggesting that these two isoforms have
a closer evolutionary relationship (Figure 5A). It is therefore a
crucial question whether the much lower lipid kinase activity of
the PISP4Ky isoform was due to a subsequent loss of function,
or whether the high lipid kinase activity of PISP4Ko was caused
by a gain of function (neofunctionalization). To answer this, an
experimental comparison was made of the PISP4Ks from two of
the organisms expressing a single kinase isoform. We assayed the
PI5P4K activity of recombinant dPIP4K from D. melanogaster
and PPK-2 from C. elegans. The specific activity of dPIP4K
was comparable with that of human PISP4K«, implying a
loss of activity of PISP4Ky since divergence. However, PPK-
2 from C. elegans had a similar specific activity to that of
PISP4Ky, suggesting the exact opposite: a gain of activity by
PI5P4Ka (Figure 5B: again, note the log scale). A caveat to these
observations, and a probable explanation of the paradox, would
be that both have continued to evolve gain or loss of function
since divergence, and without accurate prediction of the ancestral
sequence either outcome is possible. Put another way, we can
only experimentally examine these organisms now, not millions
of years ago.

© 2013 The Author(s)
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Figure 5 Molecular evolution of PI5P4K family activity

(A) Bifurcating unrooted chronogram depicting the evolution of PI5P4K isoforms estimated
from substitution rate branch lengths as detailed in the Experimental section. Nodes represent
postulated speciation (black) or gene duplication (white) events and triangular terminal nodes
represent clades. (B) A comparison of specific activities of human PI5P4Ke, PI5P4KB and
PI5P4Ky isoforms with the single C. elegans PI5P4K activity, PPK-2 (UniProtkB Q9BL73), and
the single D. melanogaster activity dPIP4K (UniProtkB Q8SXX1). Activity units are nmoles of
product/min per mg of enzyme. n=>5 and results are means + S.E.M.

Within vertebrates, evolutionary trees were constructed for each
isoform on the basis of sequence similarity, which suggested sim-
ilar routes of evolution (Supplementary Figure S5 at http://www.
biochemj.org/bj/454/bj4540049add.htm), although consensus of
key sequences such as the NLS (nuclear localization sequence)
and G-loop regions across all organisms for each isoform sugges-
ted a conserved function unique to each (Figure 6). In particular,
the high degree of conservation in the PISP4KS NLS resulted
in strong secondary structure features, presumably conserving its
nuclear localization as discussed below. Interestingly, both of the
single PISP4K enzymes in Drosophila and C. elegans show closer
similarity to the PISP4K« consensus sequence.

Nuclear localization of PISP4K3

Another finding of interest emerging from our structural
modelling concerns the NLS of PISP4Kf, which lies at the
start of the variable loop [43]. Our earlier more superficial
prediction was that the PISP4Ko sequence would not be helical
in this region [43], but secondary structure prediction using two
separate algorithms indicates that, although the corresponding
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(A) Conservation of protein sequence in the NLS region of different PI5P4K isoforms. Comparison was made of all sequences available on the Ensembl database with sequence in this region
(PI5P4Ka, 53 species; PISPAKB, 44 species; PI5P4Ky, 39 species). Greyscale denotes hydrophobicity (black, hydrophilic; light grey, neutral; dark grey, hydrophobic). (B) Comparison of protein
sequence in the G-loop region of different PI5P4K isoforms (PI5P4Ker, 52 species; PISPAKB, 51 species; PI5P4Ky, 47 species). Greyscale denotes amino acid charge (black, uncharged; dark grey,
positive; light grey, negative). Units are bits and error bars represent an approximate Bayesian 95 % confidence interval.

variable insert

loop

Figure 7 Comparison of modelled PI5P4K structures

Aribbon diagram overlay of modelled structures shows close similarity (grey regions) of all three
isoforms with regions of variability coloured [PI5P4Ka (PDB code 2YBX), red; PI5P4K8 (PDB
code 1BO1), cyan; PI5P4Ky (PDB code 2GK9), purple]. The modelled structure highlights
differences in the variable insert and G-loop regions (labelled). Broken lines represent the
activation loop regions that were not modelled (PI5P4Kc, amino acids 366-386; PI5P4KB,
amino acids 372-391; and PI5P4Ky, amino acids 377-404). N-terminal peptide sequences
with no crystallographic structure were omitted (PI5P4Ker, amino acids 1-33; PI5P4K 8, amino
acids 1-38; and PI5P4Ky,, amino acids 1-43). Protein N- and C-termini are labelled.

PI5SP4Ky sequence would not be helical (Supplementary Figure
S6 at http://www.biochemj.org/bj/454/bj4540049add.htm), the
PISP4KB and PI5SP4Ka NLSs would form «-helix structures.
However, the structure of PISP4Ko (PDB code 2YBX) taken
together with our modelling of these regions in the present study
suggests that there is an increased accessibility of this helix
in PISP4Kp (Figure 7), which must account for the different
(nuclear) location of that isoform. This is consistent with our
earlier experimental observation that even a change in orientation
of the relevant «-helix can alter the cellular localization of
PISP4K g [43].

© 2013 The Author(s)

DISCUSSION

The clearest conclusion that can be drawn from the results of the
present study is that the three mammalian PISP4K isoforms have
evolved to have very different PISP4K activities, and that these
differences are inherent within their structures. Similar intrinsic
ATPase activities of the three PISP4Ks suggests that the observed
isoform-specific differences in lipid turnover are due to structural
adaptations, as higher activity can be regained by mutation of
amino acids to mimic the PISP4Ka active site. The physiological
reason for this difference in catalytic activity is still elusive. Our
studies have not identified alternative substrates or mechanisms of
substrate presentation to suggest that in vivo the differences may
not be significant. A possibility that remains for us to explore
experimentally is that one or more of these enzymes might have
a physiologically significant protein kinase activity, either against
themselves or each other to regulate activity, or against entirely
different protein substrates, which have precedents in lipid kinases
such as PI3Ky (phosphoinositide 3-kinase y) [45] and PI4P5Ky
[46]. It is worth noting in this context that above we calculated
an approximate rate of PtdIns5P phosphorylation by PISP4K« in
a DT40 cell. Were PISP4Ky to be expressed at a level similar
to that of PISP4Ke, it would only be metabolizing PtdIns5P
at approximately less than 1 molecule/cell per s, which, taken
together with an estimate of approximately 500000 PtdInsS5P
molecules per cell (from e.g. [3]) could be argued to support
the idea of PI4P5SKy having a natural substrate other than that
lipid.

Alternatively, a primary function of the two less active isoforms
may be to target the active PISP4Ke to different locations [20,21],
as their different localization sequences seem also to be inherent
in their structure, at least as far as PISP4Kg is concerned (above).
Additionally, we have also shown in the present study that,
at least in vitro, the different PISP4K isoforms can naturally
heterodimerize, suggesting that this interaction, rather than the
association of homodimers, is a viable mechanism.

There is, however, good evidence to show that the intermediate
enzymatic activity of PISP4K S does have physiological relevance
[12,24], suggesting multiple roles for the PISP4Ks that are
possibly tissue- and cell-type-specific. Investigation of the
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PI5P4Ks in organisms with a single enzyme activity (C. elegans
and D. melanogaster) has provided contradictory evidence to
the question of whether the ancestral sequence had high or low
intrinsic activity, and this opens the question as to whether a
functionally active PISP4K is required or whether organisms
such as C. elegans have since evolved adaptive functions for
this enzyme, given that the time needed for fixation of a
null mutation and pseudogenization has been estimated to be
short [47,48] compared with the earliest divergence of these
isoforms approximately 200000000 years ago. One possibility
would be that PISP4Ky has been retained in mammals by
subfunctionalization as a protein kinase as discussed above.
Further detailed investigation will be required to find answers
to these new questions.

In conclusion, we believe our data throw valuable light on the
role(s) of the PISP4K family in the animal kingdom, and how their
function is related to the molecular evolution that is apparent in
structural differences between very similar isoforms. Addressing
these questions at the physiologically functional level requires
further exploration.
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Figure S1 Saturation curves for PI5P4K enzyme activity assays at different ATP substrate concentrations

Experiments were conducted with a minimum of triplicate samples. Mutant PI5P4K8 and PI5P4Ky enzymes refer to constructs mutagenized to increase the intrinsic activity of the isoform (see the
Experimental section and Figure 2 of the main text). Results are means + S.E.M.
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Figure S2 Models of PISP4Kg indicating key structural amino acids

Ribbon (A and B) and space-filling (C and D) models of PI5P4KB with amino acid residues suggested to be important in ATP binding (red), PtdIns5P binding (yellow) and membrane interaction
(cyan). Side views (A and C) and membrane-binding views (B and D) are shown. Data were extracted from [1]. Models were compiled using the UCSF Chimera package.
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Figure S3  Predicted full structures of PI5P4Ks

(Aand B) Amino-acid sequence and X-ray crystallography structures of all three isoforms were used to model the unordered regions and suggest possible conformations. The structures are presented
as homodimers with one monomer coloured (PIP4Ker, red; PIP4K, cyan; and PIP4Ky , purple) and dimers are positioned to view the side elevation (A) and the flat surface that would be in contact
with a membrane (B). (C and D) Dimerization interfaces for PI5P4K homo- and hetero-dimers. Fragments shown represent the A1 sheet interface (molecular view) attached to the 82 sheet region
(ribbon view), with predicted hydrogen bonding shown in yellow. Bonding across the homodimer interfaces is predicted from the published structures (C) and predictions of heterodimerization
interfaces were generated by superimposing the structure for the first 120 amino acids of an isoform on to one chain of the homodimer crystal structure of the pairing isoform and identifying the
comparative hydrogen bond lengths using the FindHBond function of Chimera (D).
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Figure S4 Evolutionary divergence of species with annotated PI4P5K/PI5P4K superfamily genes, relative to mammalian evolution

Groups denote taxa with only PI4P5K activity (light shading) and taxa with at least one PI5PAK activity (dark shading), as defined by gene sequence homology. The presence of genes in other
lower metazoa (not annotated) has not been included (see Table S4). Timescale represents millions of years (since present). Values for estimated divergence of taxa expressing PI5SP4K activity were

estimated using TimeTree [2].

Table S1

The examples show the maximum and minimum range of all known enzymes and also specifically
of kinases. The k. values reported are for wild-type human enzymes utilizing natural substrates.

Example turnover numbers from the BRENDA enzyme database

Enzyme ket (5771)
Histone-arginine N-methyltransferase 2.0x 106
Neutrophil collagenase 23x10°4
Calpain-1 2.0x10-?
Alcohol dehydrogenase 25
Deoxyribonuclease | 703
Cholinesterase 1433
Carbonic anhydratase I 1.4 % 108
Ethanolamine kinase 16x10~*
Polo kinase 9.4 %103
Thiamine diphosphokinase 6.9x 102
Mitogen-activated protein kinase 0.9
Diacylglycerol kinase 1.7
Ins(1,3,4)P5 5/6-kinase 20
Diphosphoinositol-pentakisphosphate kinase 38

Choline kinase 7.5
Creatine kinase 143
Adenylate kinase 842
Phosphoglycerate kinase 2633

Table S2 Regions of amino acids relating to structural variations in aligned
models

Region 1 is synonymous with the putative G-loop sequence, region 2 with the variable insert
sequence and region 3 with the activation loop, as designated in the PI5P4Kg structure [1].

Region PI5P4Ke PISP4KB PISP4Ky
Region 1 125133 130-138 133-140
Region 2 284-332 289-342 291-347
Region 3 363-387 372-397 378-402

© 2013 The Author(s)

Table 83 Evidence for PI5SP4K activity in metazoan genomes

A BLAST search of the EnsemblMetazoa genomes using the dPIP4K peptide sequence from D.
melanogaster (bold) matched regions of genomes from other species, suggesting that at least
one similar sequence is present. Using D. melanogaster as a search control, the best percentage
identity scores are reported over the largest alignment length. Species below the parasitoid wasp
have ambiguity over the presence of a potential PI5SP4K activity. The presence of regions of
translated protein identity does not confirm the presence of a functional activity in these species.
BLAST searches of the EnsemblPlants, EnsemblFungi, EnsemblProtists and EnsemblBacteria
genome databases did not produce any matches greater than 35%, 40%, 34% or 29% identity

respectively.

Length of
Common name Latin name |dentity (%)  alignment
Fruitfly Drosophila melanogaster 100 404
Red flour beetle Tribolium castaneum 72 415
Human louse Pediculus humanus 73 394
Waterflea Daphnia pulex 65 331
European honeybee Apis mellifera 65 307
Nematode Trichinella spiralis 50 321
Monarch butterfly Danaus plexippus 68 298
Silkmoth Bombyx mori 62 299
Pea aphid Acyrthosiphon pisum 60 423
Trichoplax Trichoplax adhaerens 47 404
Trematode Schistosoma mansoni 49 402
Nematode Caenorhabditis elegans 53 411
Deer tick Ixodes scapularis 58 372
Starlet sea anenome Nematostella vectensis 57 319
Purple sea urchin Strongylocentrotus purpuratus 46 337
Leafcutter ant Atta cephalotes 58 247
Nematode Pristionchus pacificus 61 104
Parasitoid wasp Nasonia vitripennis 96 33
Southern house mosquito  Culex quinquefasciatus 31 279
Yellow fever mosquito Aedes aegypti 31 279
Sponge Amphimedon queenslandica 40 205
Mosquito Anopheles gambiae 28 214
Postman butterfly Heliconius melpomene 36 197
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Figure S5 Molecular evolution of PI5P4K isoforms

Cladograms were created from phylograms (generated using the EnsemblCompara GeneTrees resource) to depict evolutionary divergence of PI5P4Ks in sequenced genomes. Numbers in parentheses
represent percentage identity between orthologues. Scores were calculated from ClustalW pairwise alignments (using the BLOSUM sequence identity matrix) over regions of (partial) sequence
available [3]. Coloured groups indicate related taxa (red, primates; brown, cetaceans and ungulates; purple, carnivores; cyan, rodents; green, marsupials; yellow, reptiles and birds; blue, fish).
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Table $4 Annotated PISP4K genes in vertebrate genomes

The search was limited to complete sequenced genomes available on the Ensembl (EMBL-EBI) database using gene name and orthologue searches. The available genomes were current as of 1
January 2013.

PIP4K2A gene(s) PIP4K2B gene(s) PIP4K2C gene(s) Common name Latin name Class, order

2 0 2 Zebrafish Danio rerio Actinopterygii, Cypriniformes
1 1 2 Platyfish Xiphophorus maculatus Actinopterygii, Cyprinodontiformes
1 1 2 Medaka (Japanese killifish) Oryzias latipes Actinopterygii, Beloniformes
1 1 2 Stickleback Gasterosteus aculeatus Actinopterygii, Gasterosteiformes
2 1 2 Pufferfish Takifugu rubripes Actinopterygii, Tetraodontiformes
2 1 3 Green-spotted pufferfish Tetraodon nigroviridis Actinopterygii, Tetraodontiformes
1 1 2 Tilapia Oreochromis niloticus Actinopterygii, Perciformes

1 1 2 Cod Gadus morhua Actinopterygii, Gadiformes

1 1 1 Coelacanth Latimeria chalumnae Sarcopterygii, Coelacanthiformes
1 1 1 Western clawed frog Xenopus tropicalis Amphibia, Anura

1 1 1 Chinese softshell turtle Pelodiscus sinensis Sauropsida, Testudines

1 1 1 Anole lizard Anolis carolinensis Reptilia, Squamata

1 1 0 Turkey Meleagris gallopavo Aves, Galliformes

1 1 0 Chicken Gallus gallus Aves, Galliformes

1 1 0 Zebra finch Taeniopygia guttata Aves, Passeriformes

1 1 1 Platypus Ornithorhynchus anatinus Mammalia, Monotremata

1 0 1 Tasmanian devil Sarcophilus harrisii Mammalia, Marsupialia

1 1 1 Wallaby Macropus eugenii Mammalia, Marsupialia

1 1 1 Opossum Monodelphis domestica Mammalia, Didelphimorphia
1 0 1 Sloth Choloepus hoffmanni Mammalia, Pilosa

1 1 0 Armadillo Dasypus novemcinctus Mammalia, Cingulata

1 1 1 Lesser hedgehog tenrec Echinops telfairi Mammalia, Afrosoricida

1 1 1 Hyrax Procavia capensis Mammalia, Hyracoidea

1 1 1 Elephant Loxodonta africana Mammalia, Proboscidea

1 1 1 Shrew Sorex araneus Mammalia, Soricomorpha

1 1 1 Hedgehog Erinaceus europaeus Mammalia, Erinaceomorpha
1 1 1 Megabat Pteropus vampyrus Mammalia, Chiroptera

1 1 1 Microbat Myotis lucifugus Mammalia, Chiroptera

1 1 1 Ferret Mustela putorius furo Mammalia, Carnivora

1 1 1 Dog Canis familiaris Mammalia, Carnivora

1 1 1 Panda Ailuropoda melanoleuca Mammalia, Carnivora

1 1 1 Cat Felis catus Mammalia, Carnivora

1 1 1 Horse Equus caballus Mammalia, Perissodactyla

1 1 1 Pig Sus scrofa Mammalia, Artiodactyla

1 1 1 Cow Bos taurus Mammalia, Artiodactyla

1 1 0 Alpaca Vicugna pacos Mammalia, Artiodactyla

1 1 1 Dolphin Tursiops truncatus Mammalia, Cetacea

1 1 1 Pika Ochotona princeps Mammalia, Lagomorpha

1 1 1 Rabbit Oryctolagus cuniculus Mammalia, Lagomorpha

1 1 1 Ground squirrel Ictidomys tridecemlineatus Mammalia, Rodentia

1 1 1 Guinea pig Cavia porcellus Mammalia, Rodentia

1 1 1 Kangaroo rat Dipodomys ordii Mammalia, Rodentia

1 1 1 Rat Rattus norvegicus Mammalia, Rodentia

1 1 1 Mouse Mus musculus Mammalia, Rodentia

1 1 1 Tree shrew Tupaia belangeri Mammalia, Scandentia

1 1 1 Bushbaby Otolemur garnettii Mammalia, Primates

1 1 1 Mouse lemur Microcebus murinus Mammalia, Primates

1 1 0 Tarsier Tarsius syrichta Mammalia, Primates

1 1 1 Marmoset Callithrix jacchus Mammalia, Primates

1 1 1 Macaque Macaca mulatta Mammalia, Primates

1 1 1 Gibbon Nomascus leucogenys Mammalia, Primates

1 1 1 Orangutan Pongo abelii Mammalia, Primates

1 1 1 Gorilla Gorilla gorilla Mammalia, Primates

1 1 1 Chimpanzee Pan troglodytes Mammalia, Primates

1 1 1 Human Homo sapiens Mammalia, Primates
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PISP4Ka (281-305) HDVERAEQEEVECEENDGEEEGESD
Prediction: GOR V CCHHHHHHHHHHHCCCCCCCCCCCC
Prediction: PSIPRED CHHHHHHHHHHHHHHCCCCCCCCCC
[confidence] 9566765544212104664225579
PISP4K|;', (286-310) HDVDRAEQEEMEVEERAEDEECEND
Prediction: GOR V CCCCHHHHHHHHHHHHHHHHHHCCC
Prediction: PSIPRED CHHHHHHHHHHHHHHHHHHHHHHCC
[confidence] 9036899899999887666766509
PISP4Ky (288-312) HDIIRGSEPEEEAPVREDESEVDGD
Prediction: GOR V CCCcCccceceeceeeeecceceecececceceecececce
Prediction: PSIPRED CCccccecceceececeecececececececececcecece
[confidence] 9643589866458863356422489

Figure S6 Prediction of secondary structure for the NLS regions of PI5SP4K
isoforms

Amino acid numbers are given in parentheses. Secondary structure prediction was performed
by two separate methods, GOR V and PSIPRED v3.2 [4,5] with reported prediction accuracies
(Q3) of 73.5% and 81.6% respectively. Prediction lettering follows the Dictionary of Protein
Secondary Structure (DSSP) format; H, 4-turn helix (a-helix); C, coil. Confidence is an arbitrary
value 09 for the PSIPRED prediction.
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