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Abstract

Accumulated evidence indicates that PtdIns5P, one of the seven phosphoinositides, found now to
be constitutively present in yeast, plants and metazoa, serves as a signaling molecule to modulate
pleiotropic cellular functions in both the nucleus and the cytoplasm. The enzymatic routes in
biogenesis of basal PtdIns5P have remained incompletely understood. The role for candidate
kinase PIKfyve that is principally involved in Ptdins(3,5)P, production, has been questioned. In
this review article we scrutinize the past obstacles that prevented the definitive implication of
PIKfyve in PtdIns5P biosynthesis from Ptdins and focus on the recent pharmacological and
genetic advancements that now make this conclusion well supported. We further summarize our
current knowledge of the diverse stimuli modulating PtdIns5P levels, binding partners and
regulated cellular process, with particular reference to the available mechanistic insights for the
relevant signaling pathways.
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Introduction

The phosphorylated products of phosphatidylinositol (PtdIns),! collectively called
phosphoinositides (PIs), are eukaryotic cell membrane- anchored phospholipids that serve as
versatile signaling molecules regulating diverse and essential cellular processes. Pls are
produced by reversible phosphorylation that engages three out of the five hydroxyls in the
inositol headgroup, i.e., D3, D4 and/or D5, yielding seven species: PtdIns3P, PtdIns4P,
PtdIns5P, Ptdins(3,4)P,, PtdIns(3,5)P,, PtdIns(4,5)P, and Ptdins(3,4,5)P3 [1]. Pls are
heterogeneously localized within cells, where in conjunction with a membrane protein, they
serve as co-receptors for specific membrane targeting of cytosolic effector proteins [2-4]. PI
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metabolism is tightly controlled in time and space by the action of various kinases,
phosphatases and phospholipases, each exhibiting specific intracellular localization [5-7].

Levels of the seven Pls vary significantly among each other and among cell types. As a rule,
PtdIns(4,5)P, and Ptdins4P are the high-abundance Pls, whereas the higher D3-
phosphorylated species, i.e., PtdIns(3,4)P,, PtdIns(3,5)P, and Ptdins(3,4,5)P3 are typically at
the lowest or even undetectable levels in non-stimulated cells [1]. Although PtdIns5P is
certainly not the lowest-abundance PI, its natural occurrence was the last to be identified [8].
This is related to the fact that the PtdIns5P elution characteristics by HPLC (high-pressure
liquid chromatography), the principal method for separation and quantitation of individual
Pls, are similar to those of Ptdins4P. Moreover, with levels of PtdIns4P being substantially
greater than those of PtdIns5P (> one order of magnitude in mammalian cells), even when
detected on the chromatograms, PtdIns5P represents a small peak or a shoulder within the
descending arm of the PtdIns4P peak [8,9]. Continuing efforts for optimization of the
PtdIns5P separation by HPLC [8,10] as well as the development of an alternative indirect
enzymatic approach [11] have largely circumvented the detection limitations. These
advancements have led to the conclusion that PtdIns5P is constitutively present in several
species separated by a great evolutionary distance, including unicellular yeast [12], plants,
such as Chlamidomonas and Arabidopsis [13,14], Drosophila [15] and mammals [16]. More
importantly, PtdIns5P has been found to be acutely regulated upon physiological and
pathophysiological challenges, indicating that in addition to a housekeeping function it
serves as a signaling molecule in its own right, modulating cellular responses to various
stressors, hormones and growth factors.

Newly developed tools for PIKfyve research, such as knockout (KO) mouse models and
chemical inhibitors, have shed light as to how the bulk of PtdIns5P is being synthesized [17—
19]. PIKfyve is the primary kinase responsible for PtdIns(3,5)P, production [20]. Its
involvement in direct PtdIns5P biosynthesis from Ptdins has been proposed early on
[9,21,22], but such a role remained a matter of debate [16,20]. However, several recent
findings suggest direct PIKfyve-catalyzed PtdIns5P synthesis from PtdIns. Thus, upon
Pikfyve gene disruption, PtdIns5P is decreased similarly [18], or even preferentially to
PtdIns(3,5)P, [19] despite vastly greater amounts of the former vs. the latter. Concordantly,
upon PIKfyve chemical inhibition by the YM203616 compound, intracellular PtdIns5P is
more severely reduced than PtdIns(3,5)P, [17]. This review article critically evaluates the
existing literature on PtdIns5P biogenesis and intracellular functions, focusing on new
developments. For details on the metabolism and specific functions of the other Pls, the
reader is referred to recent reviews [5,16,23- 26].

Enzymatic routes in intracellular Ptdins5P production

The enzymology of Ptdins5P in mammals is rather complex (Fig. 1) and perhaps the reason
for the difficulty in reaching consensus for the principal pathway by which basal PtdIns5P is
made. Intriguingly, the most obvious route for its intracellular production, i.e., direct
phosphorylation of the abundant PtdIns, a pathway documented in biogenesis of the other
monophosphorylated Pls, has not been embraced for years, despite the significant amount of
accumulated evidence implicating PIKfyve [20]. New data from PIKfyve KO mouse
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models, however, reinforce this role and together with previous data, indicate that PIKfyve-
catalyzed synthesis from PtdIns is the major route for constitutive PtdIns5P [17- 19,22].
Turnover of PtdIns(3,5)P, and PtdIns(4,5)P, by myotubularin/myotubularin-related D3-
phosphatases (MTM/MTMRS) [27] or PtdIns(4,5)P, 4-phosphatases [28], respectively, may
also serve as plausible pathways in response to certain stimuli. Below, | critically analyze
the available data for the contribution for each of these enzymatic routes in PtdIns5P
biogenesis.

Direct synthesis from Ptdins by PIKfyve

PIKfyve-produces PtdIns5P in vitro from Ptdins apart from MTM/MTMRs—
PIKfyve was first implicated in PtdIns5P biosynthesis based on in vitro data from our
laboratory, which revealed that native or recombinant PIKfyve preparations purified from
various mammalian or insect cells synthesize PtdIns5P from PtdIns and PtdIns(3,5)P,, from
PtdIns3P in the presence of [y-32PJATP [9,29-31]. Substrate side chains play a key role in
the efficiency of the in vitro kinase assay, with naturally occurring acyl chains being greatly
preferred over the synthetic di-Cqg [9]. Therefore, in studies conducted in our laboratory we
typically employ natural PtdIns substrate preparations from soybean or liver (Avanti Polar
Lipids), as superior substrates for assaying PIKfyve lipid kinase in vitro [9]. However,
because the native PtdIns substrates are contaminated by native PtdIns3P, PtdIns(3,5)P,
synthesis along with PtdIns5P is also observed. Interestingly, under these conditions
PtdIns(3,5)P, production proceeds with a similar or even greater efficiency compared to the
usage of synthetic PtdIns3P [9] (see Fig. 2A). Similar in vitro assays have also been
conducted by an independent laboratory that used our mouse PIKfyve clone expressed by
yeast plasmid [32]. Agreeably, our laboratory and that of Dr. Bob Michelle did not observe
PtdIns5P when synthetic PtdIns3P substrate preparations were used in the in vitro assays,
despite the great amounts of produced 32P-PtdIns(3,5)P [9,29,32] (illustrated in Fig. 2A).
Lack of coproduced PtdIns5P along with Ptdins(3,5)P, has been observed using PtdIns3P
substrates with either di-C¢ or di-C4g side chains-from multiple vendors (Matreya; Echelon
or Michelle’s lab) in in vitro assays conducted by different laboratories [9,29,32]. Thus, the
experimental data in these studies had firmly demonstrated that PIKfyve-catalyzed PtdIns5P
synthesis in vitro is strictly dependent on the presence of PtdIns substrates.

Given these compelling arguments, a recent experimentally unverified claim, refuting the in
vitro PIKfyve 5-kinase activity towards PtdIns substrates [19] is rather peculiar. Because it
would serve as a main argument against PIKfyve-catalyzed PtdIns5P production from PtdIns
in cellular contexts [19], this claim is important to be carefully examined. In this study [19],
previous data by our group for decreases of both PtdIns5P and PtdIns(3,5)P, in embryonic
fibroblasts derived from the heterozygous PIKfyveWT’KO mouse model [18] were confirmed
and extended to fibroblasts of PIKfyve gene-trap mice. However, in contrast to our
conclusion for impaired direct PtdIns5P synthesis by PIKfyve [18], Weisman’s team
hypothesized the role of MTM/MTMRs 3-phosphatases in the observed PtdIns5P decrease
along with Ptdins(3,5)P, [19]. Hence, Zolov et al., interpreted our data from the PIKfyve in
vitro assays (Fig. 2) to be a result of MTM/MTMRSs, presumably associated/
coimmunoprecipitated with endogenous PIKfyve, and catalyzing 32P-PtdIns(3,5)P,
hydrolysis to 32P-PtdIns5P during the in vitro kinase reaction [19]. Unfortunately, however,
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this interpretation cannot be supported by the published in vitro data summarized above
[9,29,30,32]. Furthermore, the interpretation in Zolov et al., [19] also contradicts other
reports demonstrating direct in vitro generation of PtdIns5P from PtdIns substrates by a
GST-purified PIKfyve recombinant protein, produced by a baculoviral system [30] (Fig.
2B). Under these conditions, such hypothetically associated MTM/MTMRs making 32P-
PtdIns5P from 32P-PtdIns(3,5)P. in vitro would appear to be exceedingly unlikely due to
the vastly greater amounts of the recombinant protein relative to the endogenous
myotubularin-like insect homologues. Furthermore, the single yeast myotubularin-like
phosphatase Ymr1p does not use PtdIns(3,5)P, substrate [33], an important fact, further
challenging the additional data in the yeast system used to support MTM/MTMR’s role [19].
Finally, the view that not PIKfyve but MTM/MTMRSs were to be responsible for the in vitro
generated PtdIns5P in the PIKfyve kinase assays [19] also faces conspicuous discrepancies
with the findings for differential in vitro generation of PtdIns5P vs. PtdIns(3,5)P, by two
PIKfyve point mutants, differing by a single amino acid within the predicted substrate
binding pocket. The in vitro kinase potential of these mutants has been compared with
identically processed immunoprecipitates from transfected COS cells [34]. The observations
that the K2000E mutation renders in vitro synthesis of PtdIns5P less efficient compared to
PtdIns(3,5)P,, whereas the K1999E mutation exhibits the opposite effect, is consistent with
residue K2000 being selectively required in PtdIns5P vs. PtdIns(3,5)P, synthesis and vice
versa, for the residue K1999 [34]. In this regard, the claims and conclusions in [19] require
re-evaluation. Regardless, the above analysis strongly indicates that PIKfyve catalyzes direct
conversion of PtdIns to PtdIns5P in vitro preferring native over synthetic substrate
preparations and, together with the in vivo data discussed below, imply that PIKfyve
produces directly Ptdins5P from PtdIns in a cellular context.

PIKfyve generates directly PtdIns5P in vivo—A great deal of experimental evidence
suggests that PIKfyve is the principal enzyme responsible for the constitutive levels of
PtdIns5P in intact mammalian cells. The first clue for such a role came in 2002 from
findings that several cell types, both mammalian and insect, have higher steady-state levels
of PtdIns5P subsequent to infection with PIKfyve adeno- and baculovirus, respectively, as
demonstrated by HPLC analyses in radiolabeled cells [22].Corroborating this conclusion, we
found by the PtdIns5P mass assay 2-fold higher and 2-fold lower PtdIns5P levels in
HEK293 cell lines stably expressing active PIKfyveWT or PIKfyveK1831E 3 dominant-
negative kinase-deficient form carrying a mutation in the predicted ATP-binding site,
respectively [22]. Concordantly, hypo-osmotic shock in 3T3L1 fibroblasts down-regulated
both PtdIns5P and PtdlIns(3,5)P, consistent with their concomitant production by the
PIKfyve-dependent pathway [22].

More recent data based on PIKfyve pharmacological inhibition or protein knockdown (KD)
have generated a new wave of experimental support for the claim that PIKfyve is a major
source for biogenesis of PtdIns5P in mammals. For instance, PIKfyve protein depletion or
activity inhibition by curcumin or the YM201636 compound [35-37] has resulted in a
decline of the PtdIns5P pool in several mammalian cell types as determined by PtdIns5P
mass assays [38] and HPLC analyses [17,19]. The notion for PIKfyve-catalyzed PtdIns5P
biosynthesis in mammalian cells is further reinforced by recent data from HPLC-based
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quantitation of steadystate levels of Pls in fibroblasts derived from two independently
developed genetically modified mouse models, in which the PIKfyve protein is ablated to a
variable degree. Thus, embryonic or skin fibroblasts derived from heterozygous
PIKfyveWT/KO [18] or PIKfyve gene-trap (PIKfyve/9e0/40e0) mice [19], respectively,
exhibit reduction in both PtdIns5P and PtdIns(3,5)P,. Likewise, fibroblasts from the gene-
trap mouse model of ArPIKfyve (gene symbol VAC14), the protein that associates with and
up-regulates PIKfyve [39], have a decline in both PtdIns5P and Ptdins(3,5)P, [40].

Whereas this ample amount of experimental evidence is sufficient to convince the biggest
skeptics that PIKfyve is the master enzyme responsible for PtdIns5P production in vivo, as
suggested near a decade ago [22], these data still do not provide unequivocal support for a
direct biosynthesis from PtdIns. Moreover, the documented ability of the MTM/MTMR
family members to dephosphorylate Ptdins(3,5)P, to PtdIns5P along with PtdIns3P to Ptdins
in vitro, suggests the possibility for such a reaction to take place in vivo (see Section 2.2 for
more detail). However, although MTM/MTMRs might fulfill such a role under certain in
vivo conditions, several lines of experimental evidence and quantitative considerations based
on simultaneous measurements of Ptdins5P and PtdIns(3,5)P, indicate that the majority of
constitutive PtdIns5P is made in cells directly from Ptdins by PIKfyve, rather than through
PtdIns(3,5)P, synthesis and dephosphorylation by PIKfyve and myotubularins, respectively.
Thus, that PtdIns5P is unlikely to be derived from PtdIns(3,5)P, has been apparent by the
observations that steady-state levels of PtdIns5P are many fold higher (from 7 to 50-fold)
than those of PtdIns(3,5)P, [18,40,41]. More recently, it was revealed that low
concentrations (160 nM) of the PIKfyve inhibitor YM201636 preferentially prevent
formation of PtdIns5P vs. PtdIns(3,5)P, in several mammalian cells types, such as 3T3L1
adipocytes, HEK293, CHO-T and HEK?293, with nearly 2-fold difference, consistent with
direct PIKfyve-dependent synthesis of PtdIns5P [17]. Importantly, the decrease of the
PIKfyve-inhibitable PtdIns5P under these conditions was found to be quite substantial in all
of the tested cell types, by 71-62% [17], indicating a significant portion of the basal
PtdIns5P being made by direct biosynthesis from PtdIns. These data are corroborated by
findings for a similar preferential decline (by ~40%) of steady-state levels of PtdIns5P vs.
PtdIns(3,5)P, (2.6- and 1.8-fold, respectively, vs. control) in fibroblasts from the gene-trap
PIK fyve/9e0/#9e0 mice exhibiting about 10% residual PIKfyve protein [19]. Concordantly,
preferential PtdIns5P reduction was also seen in the heterozygous PIKfyve*/#9€° fibroblasts,
with steady-state levels of PtdIns5P declining by 30%, whereas those of PtdIns(3,5)P,
remained unaltered [19]. Likewise, data in the ArPIKfyve gene trap mouse model
(Vac14/#9e0/40e0) also indicated that, compared to wild-type fibroblasts, PtdIns5P reduction
was roughly 50% greater than that of PtdIns(3,5)P, (PtdIns5P, 0.3% vs. 0.1% in
controls;PtdIns(3,5)P5, 0.04% vs. 0.02% in controls [40]. Similarly, in mouse embryonic
fibroblasts (MEFs) from heterozygous PIKfyveWT/KO in which the PIKfyve protein is
decreased by ~50%, both PdIns5P and Ptdins(3,5)P, diminished [18]. In this case, however,
the decline of the two lipid products is similar (by 35-39%), consistent with the idea that
greater amounts of the remaining PIKfyve might compensate for uneven turnover. Finally,
the notion for direct PtdIns5P biogenesis is also supported by the findings that KD of
PIKfyve in quiescent or stimulated human BJ fibroblasts reduces steady-state levels of
PtdIns5P more effectively than KD of MTMR3 [42]. Notably, in this study, PtdIns(3,5)P2
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was not detected due to limitations associated with the used double column in the HPLC
separation, which prevents firm conclusions about the probability of PtdIns(3,5)P, —
PtdIns5P conversion. Together, these data and considerations very strongly indicate that the
majority of the constitutive PtdIns5P pool is made by direct PIKfyve-catalyzed biosynthesis
from PtdIns. Myotubularins may contribute to PtdIns5P production under stimulation
condition, as detailed further (Section 2.2).

How PIKfyve performs dual biosynthesis of PtdIns5P and Ptdins(3,5)P,—As
discussed above, PIKfyve is also the principal enzyme for intracellular PtdIns(3,5)P2
production [16]. In the absence of structural information for the PIKfyve catalytic domain,
the molecular basis of the two distinct PIKfyve lipid kinase activities and their regulation
could only be a matter of speculation. One potential mechanism may operate through
substrate recognition by separate amino acid residues of the PIKfyve catalytic domain,
selectively coordinating the head-groups in Ptdins or Ptdins3P prior to addition of the D5
phosphate (Fig. 3). Findings that Lys2000 within the predicted PIKfyve substrate binding
pocket supports preferentially PtdIns5P over PtdIns(3,5)P, synthesis, whereas Lys999’s
effect is in an opposite manner, is consistent with such prediction [34]. Accordingly, Lys199°
but not Lys2%00 was found to interact, although weakly, with PtdIns3P-containing liposomes
in an in vitro binding assay utilizing GST-immobilized PIKfyve peptide fragments [34].
Furthermore, it is also plausible that PtdIns5P and Ptdins(3,5)P, are produced by distinct
subfractions of PIKfyve. It is now clear that the intracellular PtdIns(3,5)P, synthesis in both
yeast and mammalian cells is executed by an evolutionarily-conserved PIKfyve complex
that incorporates the ArPIKfyve-Sac3 subcomplex [43,44], the triad typically being referred
to as the PAS complex (for the first letters of the three proteins) [45,46]. Thus, it is possible
that PtdIns5P is synthesized by a PIKfyve subpopulation, independent of the PAS complex.
Such a notion is corroborated by quantitative analyses of the coimmunoprecipitation data
from different mammalian cell types, revealing a quite substantial proportion of PIKfyve to
be unrelated to the PAS complex [43]. Existence of two distinct PIKfyve pools and/or
catalytic residues may explain the data for the differential inhibition of PtdIns5P vs.
PtdIns(3,5)P, production by the YM201636 compound [17], discussed above. Future
structural studies combined with molecular modeling will certainly enlighten the basis for
the dual enzymatic activities of PIKfyve towards PtdIns3P and Ptdins.

Basal PtdIns5P is unlikely to be made by MTM/MTMRs-catalyzed hydrolysis of
Ptdins(3,5)P,

Given the considerable amount of evidence indicated above, a legitimate question is why
PIKfyve has not been definitively implicated in direct PtdIns5P synthesis [47]. A major
obstacle for accepting direct biosynthesis of PtdIns5P by PIKfyve has been an early
complementation analysis that found HPLC-undetectable PtdIns5P in a Afabl yeast strain
(Saccharomyces cerevisiae) ectopically expressing mouse PIKfyve yet the PtdIns(3,5)P»
was elevated [32]. This observation, together with other studies showing no constitutive
presence of PtdIns5P in yeast [33,48,49] led to the assumption that like yeast fabl, PIKfyve
does not produce PtdIns5P in mammalian cells. However, this assumption is most likely
incorrect because of more recent key observations. Thus, the low expression levels of
PIKfyve achieved in this initial study were also unable to rescue the hyperosmotic elevation
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of PtdIns(3,5)P, in the Afabl yeast strain [32]. Subsequent research under more effective
PIKfyve expression in the Afabl yeast strain has revised this conclusion but information
about PtdIns5P under these conditions has not been disclosed [50]. Regardless, a recent
study that also revisited this issue, has documented significantly greater PtdIns5P production
in wild-type S. cerevisiae upon heterologous expression of human PIKfyve [19]. This study
has further documented ~1.7-fold reduction of PtdIns5P in a Afabl yeast strain vs. wild type.
Together, the available data suggest that PtdIns5P is not only detectable in yeast but also is
subject to PIKfyve-dependent regulation.

Whereas these recent data seem to resolve the doubts about mammalian PIKfyve making
PtdIns5P in yeast, other results in mammalian cells make the origin of constitutive Ptdins5P
still ambiguous. This is related to the potential role of the MTM/MTMRSs, a family of D3-
phosphatases that in mammals is comprised of 8 enzymatically active forms [51]. Their
contribution to PtdIns5P production was first predicted by findings that heterologously
expressed mammalian MTMR3 in S cerevisiae hydrolyzes both PtdIns3P and PtdIns(3,5)P,
thereby increasing Ptdins5P [52]. The following studies revealed that many active MTM/
MTMR family members, including MTM1 and MTMR1, 2, 4, 6 or 14, have similar dual
specificity, hydrolyzing in vitro both Ptdins3P and PtdIns(3,5)P, substrates to Ptdins and
PtdIns5P, respectively [27,53-58]. These findings have allowed the assumption that MTM/
MTMR-catalyzed hydrolysis of PtdIns(3,5)P, to PtdIins5P may take place in vivo.
Unfortunately, this assumption, particularly related to constitutive PtdIns5P production, is
highly conjectural.

In fact, several lines of observations from different species imply that in vivo, MTM/
MTMRs are unlikely to hydrolyze Ptdins(3,5)P»-to-PtdIns5P at normal conditions. Thus, in
mammals, the major enzymatic activity and functions of several MTM/MTMR members,
such as MTM1, MTMR2, MTMR3, MTMR6 and MTMR14, are delivered through
hydrolysis of Ptdins3P rather than PtdIns(3,5)P, [59-67]. Reportedly Drosophila mtm acts
in a similar manner as does the Caenorhabditis elegance Mtm-1 in supporting phagosome
maturation [68,69]. Likewise, in yeast (S.cerevisiae), the single myotubularin phosphatase
Ymr1is also implicated in regulating PtdIns3P, but not Ptdins(3,5)P, levels [33,59]. For
example, yeast strain overexpressing Ymr1 exhibits lower, whereas the Aymr1 strain, higher
PtdIns3P, with no changes in Ptdins(3,5)P, under both conditions [33]. Further limitations
related to PtdIns(3,5)P, turnover to PtdIns5P are also provided by quantitative
considerations discussed above. Thus, the fact that basal levels of PtdIns(3,5)P, are an order
of magnitude lower than those of PtdIns5P makes the possibility for the latter being
produced from the former highly improbable. Concordantly, knockdown of MTMR3 in
quiescent BJ cells does not decrease PtdIns5P, which should be expected if MTMR3 is to
hydrolyze PtdIns(3,5)P, [42]. Furthermore, putative PtdIns(3,5)P,-to-PtdIns5P hydrolysis at
basal conditions contradicts data documenting robust PtdIns(3,5)P, conversion to PtdIns3P
in pulse-labeled mouse fibroblasts as assessed by HPLC separation of extracted lipids [70].
Notably, turnover of PtdIns(3,5)P, to PtdIns3P is well supported by findings in both yeast
and mammalian cells, implicating the Sac3 D5-phosphatase that, when complexed with
PIKfyve, promotes both synthesis and turnover of PtdIns(3,5)P, [16,44]. Therefore,
fibroblasts from the Sac3 KO mouse model have decreased Ptdins(3,5P),. Conspicuously,
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PtdIns(3,5)P, levels are not restored back to normal upon MTMR?2 ablation in the Sac3 KO,
as observed in fibroblast from mice with double KO of Sac3 and MTMR2 [12], questioning
also MTMR2’s role in hydrolyzing PtdIns(3,5)P, and contributing to basal PtdIns5P in a
measurable outcome.

Nonetheless, a recent study indicates that cultured cells of the MTMR2 KO mice display
increases in PtdIns(3,5)P, and decreases in PtdIns5P levels, as measured by HPLC and the
mass assay, respectively [12]. Despite the level of variability associated with the usage of
different techniques for PtdIns5P/PtdIns(3,5)P, measurements and in different cell types
[12], it should be taken into consideration that the inevitable elevation of PtdIns3P in
MTMR2 KO or KD models [63] could increase PIKfyve-catalyzed PtdIns(3,5)P, production
through mass action. Furthermore, elevated PtdIns3P may selectively suppress PtdIns5P
production, as inferred by in vitro data for a selective inhibition of PIKfyve-catalyzed
synthesis of PtdIns5P from PtdIns, but not of PtdIns(3,5)P, from PtdIns3P, if the Ptdins and
PtdIns3P substrates are present together at a 1:1 M ratio [9]. Support for such a regulatory
mechanism (illustrated in Fig. 3A) is aslo provided by observations for a distinct role of
residues K1999 and K2000 from the predicted PIKfyve substrate binding pocket in PtdIns5P
vs. PtdIns(3,5)P5 synthesis [71]. Whereas this regulatory model requires further
investigation, the above analysis of the available data makes the in vivo PtdIns5P production
by MTM/MTMRs-catalyzed PtdIns(3,5)P, hydrolyses, at least under basal conditions,
highly improbable. Novel reagents, such as radiolabeled D3-deoxy myo-inositol that is
phosphorylation-deficient at 3-OH position, will certainly be of great importance to
ultimately define the in vivo contribution of PIKfyve vs. MTM/MTMRs to PtdIns5P
production under different conditions.

Hydrolysis of Ptdins(4,5)P, to PtdIns5P by Pl 4-phosphatases

PtdIns5P could also be produced by dephosphorylation of the abundant PtdIns(4,5)P, (Fig.
1). This pathway has been discovered based on findings that several bacterial pathogens,
including Salmonella and Shigella, release SigD and IpgD virulence factors, respectively,
that turned out to be homologous to mammalian inositol polyphosphate 4-phosphatases [72—
74]. Infection of various mammalian cells with these virulence factors results in profound
increases of PtdIns5P due to powerful hydrolysis of PtdIns(4,5)P5 [72,74]. Homology
screening of the human genome has led to the identification of two ubiquitously expressed
PtdIns(4,5)P,-4-phosphatases, referred to as type | and type Il [28]. However, whereas they
both produce PtdIns5P from PtdIns(4,5)P, in vitro, only type I that translocates to the
nucleus upon DNA damage is capable of increasing the nuclear pool of Ptdins5P by ~50%,
as shown in transfected HelL a cells [28,75]. Given the late endosomal/lysosomal localization
of both enzymes, it is likely for this pathway to also be prominent outside the nucleus in
certain cell types, in which the endogenous PIKfyve protein levels and/or activity is low. For
example, the human osteosarcoma U20S cell line, in which neither PIKfyve nor
myotubularins have been possible to be implicated in constitutive PtdIns5P production [76],
is a possible candidate for regulation by Pl 4-phosphatases but more work will be required to
decipher such a mechanism. At any rate, the endogenous levels of PIKfyve protein in the
U20S cells have not been determined nor were the PtdIns(3,5)P, basal or stimulated levels
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detected in the HPLC profiles of the in vivo labeled Pls [76], which prevents firm
conclusions.

Enzymes responsible for Ptdins5P removal

Whereas PtdIns5P could be removed by several mechanisms, the obvious enzymatic
pathway for its breakdown, i.e., dephosphorylation by a D5-specific phosphatase, remains
elusive. In fact, previously implicated phosphatase PTPMT1 in this process is now found to
have a different physiological substrate [77]. At any rate, PtdIns5P and PtdIns(3,5)P, are
likely to be hydrolyzed by different phosphatases, and whereas for PtdIns5P, the enzyme(s)
is yet to be determined, the Sac3 D5-phosphatase turns over the PtdIns(3,5)P2 pool in
mammals [43]. The phosphatases are expected to have different turnover rates towards their
respective substrates, which should explains recent observations for a slight difference in the
disappearance of PtdIn5P vs. Ptdins(3,5)P5 in fibroblasts, subsequent to chemical inhibition
of PIKfyve by YM201636 [19]. A PtdIns5P-removal pathway with a potential physiological
significance involves hydrolysis by phospholipase C-61 that, under high CaZ*, could acquire
preferential specificity for PtdIns5P over PtdIns(4,5)P5 hydrolysis [78]. However, the
robustness of this pathway has yet to be explored.

A major role in the Ptdins5P removal pathway is attributed to PIP4Ks that catalyze D4
phosphorylation in PtdIns5P to PtdIns(4,5)P, [8,79]. Two active isoforms a and 3 are
known, of which the former is ~2000-fold more active that the latter [80]. Whereas the a
isoform is cytoplasmic, PIP4Kg is predominantly nuclear [81,82]. A third, catalytically
inactive form, PIP4KYy, localized on endoplasmic reticulum, is also critical for PtdIns5P
levels [10,83] likely acting in intracellular targeting of the active PIP4Ka and/or PIP4Kf
[84]. In addition to alteration of subcellular locales, PIP4Ks may regulate PtdIns5P by
transient phosphorylation-dependent inhibition of their enzymatic activities. For example,
increased nuclear PtdIns5P under oxidative stress is achieved by p38 MAPK-dependent
phosphorylation and inhibition of PIP4Kf [85]. Similarly, PIP4 Ka might also be inhibited
through PKD-catalyzed phosphorylation [86].

Ptdins5P-binding domains and effector proteins

Like the other phosphoinositides, PtdIns5P transduces its physiological effects through
associating with specific downstream effector proteins that carry PtdIns5P-recognizing
domains [87]. Several effector proteins have been identified, the most well understood
functional importance being that of the nuclear ING2 (inhibitor of growth), a member of the
protein family of tumor suppressors. ING2 harbors a PHD (plant homeodomain) finger
domain, a motif common for many chromatin-regulatory proteins [88] whose interaction
with PtdIns5P is proposed to regulate the p53-dependent apoptotic pathway [88,89]. Other
PHD domain-containing proteins, such as ING1, WSTF and ACF (ATP-chromatin-
remodeling factor), which contain the similar cluster of characteristic lysines, also bind
PtdIns5P along with other Pls [89]. Likewise, the PHD-like domain in ATX1, an
Arabidopsis homolog of trithorax1 that regulates numerous genes also associates with
PtdIns5P [90]. It should be noted, however, that molecular modeling and structural
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information of the amino acid residues involved in coordinating PtdIns5P reveal a critical
role of a polybasic region positioned C-terminally to the PHD domain [91-93].

The mammalian Dok (downstream of tyrosine kinases) adaptor proteins that are tyrosine
phosphorylated upon activation of a number of receptor tyrosine kinases, are preferentially
expressed in hematopoietic/immune cells [94]. Intriguingly, all seven members of this
family contain a PH domain capable of binding PtdIns5P, which is predicted to regulate T
cell signaling. The different Dok’s PH domains bind PtdIns5P with various affinity and
specificity, with Dok5 exhibiting the highest affinity [95,96].

Proteins, containing FYVE finger domains, known to associate with PtdIns3P, could also
bind PtdIns5P to a low degree [97]. As PtdIns5P’s structure is most similar to that of
PtdIns3P, this interaction is apparently not surprising. For example, Fgd1, a GDP/GTP
exchange factor of the family of cdc42 GTPases that display multiple phosphoinositide
binding domains [98],harbors an atypical FYVE finger domain able to strongly associate
with PtdIns5P [99].

Septins, a class of evolutionarily conserved GTP-binding filamentous proteins that are
responsible for organization of the cellular cytoskeleton have also been reported to bind Pls
[100]. Notably, whereas in mammalian cells, the basic residue region within the molecule
binds PtdIns(4,5)P, and Ptdins(3,4,5)P3, yeast septin members show specificity for PtdIns5P
[101]. The functional outcome of this association in each case remains to be seen.

There are conflicting data about the PtdIns5P interaction with the PH-GRAM domain that is
found in all active and inactive members of MTM/MTMRs [51]. For example, whereas the
PH-GRAM domains in MTMR2 and MTMR3 have been reported to bind PtdIns5P
[102,103], data from crystallographic analyses of the MTMR2 PH-GRAM domain fail to
confirm such an interaction or predict potential PtdIns5P binding [58,104]. Clearly,
additional work and approaches [3,105] might be required to elucidate the specificity and
functional significance of the PH-GRAM - PtdIns5P interaction.

Intracellular localization of PtdIns5P

Whereas several downstream proteins can associate with PtdIns5P as indicated above, the
binding domains derived from these proteins are inadequate as specific cellular probes in
analyses of endogenous PtdIns5P distribution. Likewise, antibodies against PtdIns5P are
also unavailable. This, together with the several enzymes that might modulate PtdIns5P
levels makes the PtdIns5P intracellular localization a challenge. For years, the intracellular
PtdIns5P pool has been confined to the nucleus, where it has been demonstrated to be
involved in UV stress, apoptosis, transcription activity and the cell cycle [75,85,89,106]. An
extranuclear pool of PtdIns5P has been identified only recently. Thus, biochemical
fractionation in a mouse insulinoma cell line combined with HPLC separation on a double
column revealed substantial PtdIns5P amounts at the plasma membrane as well as in several
intracellular membrane compartments such as smooth endoplasmic reticulum and Golgi
[10]. However, the ratio between the cytoplasmic and the nuclear pool was not determined
in this study. Another study has also addressed the localization by using the PtdIns5P mass
assay and postnuclear subcellular fractions derived from baby hamster kidney cells, in which
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the fractionated compartments have been well characterized [107,108]. Intriguingly,
although at a low level, the greatest subfraction of the endogenous post-nuclear PtdIns5P
pool was recovered in the fraction of early endosomes [108]. The endosomal fractions also
contained the majority of PtdIns5P that has been produced upon transfection of these cells
with the virulence factor IpgD but whether this localization is achieved by specific
interactions remains to be identified.

Cellular processes and intracellular pathways regulated by PtdIns5P

PtdIns5P regulates various cellular processes in both the nucleus and the cytoplasm. In many
instances, PtdIns5P’s role is inferred through the modulation of the enzymes that regulate
PtdIns5P levels, such as PIKfyve, PIP4Ks, Pl4-phosphatases and the IpgD virulence factor,
which inevitably affect levels of the other Pls. With this reservation in mind, below we
discuss the cellular processes regulated by PtdIns5P (Fig. 4) and the potential mechanisms.
We place emphases on studies where a direct role for PtdIns5P role has been possible to be
documented through exogenous delivery into cells.

Nuclear functions

The first indication that PtdIns5P plays a role in nuclear function was provided by data for
large increases of nuclear PtdIns5P mass during G1 progression of murine erythroleukemia
cell proliferation [106]. Several studies in mammalian cells indicate that nuclear PtdIns5P
plays a role in apoptosis through increasing p53 activation and stability [75,85,89,92]. For
example, the nuclear interaction between PtdIns5P and the tumor supressor ING2 promotes
p53 acetylation and cell apoptosis and this is significantly inhibited by overexpression of
PIP4KJ that depletes nuclear PtdIns5P [89,92]. PtdIns5P nuclear levels are reportedly
upregulated by a number of stressors, such as UV irradiation, oxidative stress or DNA-
damaging agents. This is associated with stress-dependent inhibition of the nuclear PIP4K]
activity by p38 MAPK phosphorylation [85] and/or nuclear translocation of the
PtdIns(4,5)P, 4-phosphatase type 1 [75].

Findings for an interaction of the Cul3-SPOP ubiquitin ligase complex with nuclear PIP4Kf3
and stimulation of the complex activity by either of the two PtdIns(4,5)P,-4-phosphatases
that increase PtdIns5P has further implicated the latter in nuclear function [109]. The nature
of the physiological stimuli that activate this pathway as well as the predicted role of p38
MAPK downstream of PtdIns5P is yet to be determined.

Cytoplasmic functions

Responses to hormone/growth factor cues and environmental stressors—The
idea that PtdIns5P has a function outside the nucleus has been supported early on by the
observations for acute and transient increases of PtdIns5P in the anucleate platelets upon
thrombin stimulation [11]. More detailed information about hormonal regulation and
functional significance of cytoplasmic PtdIns5P is provided in the case of insulin challenge
in insulin-responsive cells. Thus, PtdIns5P has first been implicated in insulin action in
3T3L1 adipocytes and CHO-T cells expressing the human insulin receptor based on data
from our lab for robust and transient increases in PtdIns5P mass levels [110]. Insulin-
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dependent PtdIns5P increases in CHO-T cells have been confirmed in a recent study [10].
The PtdIns5P rise in CHO-T cells proceeds independently of class IA PI3K activation,
evidenced by its resistance to cell pre-treatment with wortmannin, a powerful class 1A PI13K
inhibitor [110]. Because exogenous di-Cq6-PtdIns5P, delivered intracellularly by
cytoplasmic microinjection has also induced a wortmannin-resistant breakdown of actin
stress fibers in CHO-T cells [110], it has been suggested that PtdIns5P is required in the
class IA PI3K-independent remodeling of actin filaments, shown to be critical for optimal
GLUT4 translocation to the cell surface in response to insulin [111]. Concordantly,
exogenously delivered di-C1g.PtdIns5P into 3T3L1 adipocytes increased cell surface
abundance of ectopically expressed GLUT4 in the absence of insulin [110]. Conversely,
sequestering PtdIns5P by the 3xPHD domain derived from various PHD-containing
proteins, disabled insulin triggered cell surface gain of ectopically expressed GLUT4 [110].
PtdIns5P increases have also been reproduced in insulin-responsive L6 myotubes but not in
L6 myoblasts or other insulin-unresponsive cells [112], suggesting that PtdIns5P might be a
key insulin-regulated mediator signaling to GLUTA4. Indeed, both GLUT4 translocation and
glucose uptake have been found activated upon carrier-mediated delivery of di-C4-PtdIns5P
in non-stimulated L6 myoblasts [112]. PtdIns5P-triggered activation of glucose uptake in L6
myoblasts is dependent on the PI3K/Akt pathway, which, together with the wortmannin-
resistant PtdIns5P rise suggest that the PI3K/Akt pathway functions downstream of Ptdins5P
[110,112].

The role of PIKfyve as the kinase responsible for PtdIns5P upregulation by insulin was first
suggested based on observations that PIKfyve produces PtdIns5P both in vivo and in vitro,
and that its ectopic expression mimics the effect of exogenously delivered PtdIns5P on F-
actin breakdown in CHO-T cells [110]. Findings for insulin-dependent recruitment of a
cytosolic subfraction of PIKfyve to intracellular membranes in 3T3L1 adipocytes could
mechanistically explain the PtdIns5P increases in this cell type [113]. The predicted role of
PIKfyve in acute insulin-dependent PtdIns5P increases has been recently solidified by data
for the abolishment of the Ptdins5P increment upon 3T3L1 adipocyte inhibition with the
YM201636 compound that preferentially reduces PtdIns5P [17]. Furthermore, the transient
nature of the rise suggests that PtdIns5P is removed though PtdIns5P-4-kinases and a
putative PtdIns5P phosphatase. Observations for abrogated insulin-regulated PtdIns5P
elevation upon ectopic expression of PIP4 Ka in L6 myotubes is in agreement with such a
prediction [112]. Because pervanadate, an agent that mimics many insulin responses both in
vivo and in vitro via inhibiting tyrosine dephosphorylation [114,115] has also been found to
acutely elevate PtdIns5P in Hela cells [116], a tyrosine phosphorylation step is likely to be
required. However, more work is required to shed light onto the molecular events
responsible for the acute rise and fall of PtdIns5P by insulin and how these modulations are
linked with glucose uptake activation. Whatever the molecular mechanism, it is significant
to emphasize recent metabolic data from the newly developed mouse model with Pikfyve
specific disruption in skeletal muscle [117], the tissue responsible for the majority of
postprandial insulin-stimulated glucose disposal. The observations for whole-body glucose
intolerance and insulin resistance due to a primary defect of muscle insulin resistance
indicate the physiological role of PtdIns5P and/or PtdIns(3,5)P» in glucose homeostasis
[117].
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In addition to insulin receptor, stimulation of T cell receptors by anti-CD3 antibody
produces a dramatic rise in the PtdIns5P cytoplasmic pool [95] but the physiological
significance of this remains to be determined. Dok protein phosphorylation downstream of
PtdIns5P is suggested as a plausible mechanism in T cell activation [95]. PtdIns5P has also
been shown to be modestly elevated by stimulation of BJ cells with fibroblast growth factor
1 and related to cell migration through a mechanism that involves PIKfyve and MTMR3
[42].

An extranuclear pool of PtdIns5P has also been implicated in the environmental stress
responses in mammalian and plant cells. Thus, acute hypo-osmotic shock in 3T3L1 cells
dramatically decreased PtdIns5P [22]. Consistently, hyperosmotic shock in Chlamydomonas
increases PtdIns5P [13]. Likewise, in Arabidopsis, the extranuclear PtdIns5P pool is
elevated in response to dehydration, leading to gene expression by yet to be established
signaling pathway [14]. Recently, oxidative stress has also been shown to acutely increase
PtdIns5P in several mammalian cell types, which is linked to Akt activation [76,118].
Together, these data indicate that PtdIns5P is a key mediator in the response mechanisms to
multiple hormonal and stress challenges. Details about the upstream regulators and
downstream effectors remain to be identified in each case.

Actin remodeling and membrane trafficking—Several studies indicate that PtdIns5P
is implicated in actin remodeling. For example, elevation of intracellular PtdIns5P by
cytoplasmic microinjection of di-Cyg-PtdIns5P in CHO-T cells or upon ectopic expression
of PIKfyveWT induced a marked F-actin stress fiber breakdown [110]. Conversely,
sequestration of endogenous PdIns5P by ectopic expression of a 3xPHD domain abrogated
insulin’s ability to trigger actin stress fiber loss. Experimental support for PtdIns5P
functioning in F-actin reorganization is also coming from studies in HeLa and NIH-3T3
cells, in which PtdIns5P has been elevated by ectopic expression of IpgD, a bacterial inositol
polyphosphate 4-phosphatase [72]. Upon longer expression time, these cells exhibited actin
stress fiber disappearance followed by membrane blebbing. Reduced PtdIns5P by
knockdown of PIKfyve and MTMR3 protein has also been found to trigger actin fiber
remodeling in parallel with reduced cell migration that was restored by delivery of
exogenous di-Cqg PtdIns5P [42].

Acute actin cytoskeleton rearrangements support many aspects of both inward and outward
membrane trafficking. However, only a few studies suggest that PtdIns5P-regulated
cytoskeletal remodeling may alter the intracellular trafficking pathways. For example,
increased GLUT4 plasma membrane accumulation in both 3T3L1 and L6 myocytes by
direct delivery of PtdIns5P, discussed above, is consistent with PtdIns5P’s role in inhibiting
GLUT4 endocytosis and/or accelerating exocytosis [110,112]. Corroborating these
observations, a comparative genomic approach of Pl enzymes and regulators has postulated
a role for PtdIns5P in exocytosis [119]. Furthermore, a recent study provides functional
information about PtdIns5P’s role in EGFR intracellular trafficking by exploring the ability
of IpgD to produce PtdIns5P [108]. The authors have attributed the observed early
endosomal retention and prevented lysosomal degradation of EGFR to PtdIns5P-dependent
disruption of endosome maturation and/or transport progression from early to late
endosomes [120].Whether this conclusion might be correct, it should be emphasized that
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similar trafficking defects are triggered by intracellular PtdIns(3,5)P, decline [16,20]. For
example, arrested traffic progression of fluid phase cargo from early to late endosomes [121]
and inhibited EGFR lysosomal degradation [122] have both been observed by perturbations
of PIKfyve activity. Under these conditions, the invariant endosome dilation/cytoplasmic
vacuolation is manifested due to a specific decline in PtdIns(3,5)P5 but not in PtdIns5P as
shown by direct cytoplasmic delivery of these lipids [34,123]. The cellular mechanisms
operating under these conditions are associated in part with enhanced endosome membrane
fusion and arrested endosome maturation/vesicle fission [43,124]. Because expression of
IpgD might induce cytoplasmic vacuolation, as inferred by the aberrant morphology of
illustrated transfected HelL a cells [108], the IpgD-triggered membrane trafficking defects
could be related to PIKfyve feedback inhibition by PtdIns5P, markedly elevated on early
endosomes under these conditions (>150-fold). Additionally, IpgD-dependent PtdIns5P
elevation may activate certain members of MTM/MTMRs [55] to increase PtdIns(3,5)P»
turnover. This prediction is supported by findings for delayed EGFR-lysosomal degradation
in COS cells expressing MTM that translocates to late endosomes upon EGF stimulation to
hydrolyze EGFR-elevated Ptdins(3,5)P, and trigger formation of large endosomal vacuoles
[54]. The predicted mechanisms (Fig. 3) underlying the trafficking defects under IpgD-
elevated PtdIns5P associated with inhibition of PIKfyve-dependent PtdIns(3,5)P, synthesis
and activation of MTM/MTMRs-dependent PtdIns(3,5)P, hydrolysis warrant further
investigation.

Many of the Ptdins5P-dependent cytoplasmic functions appear to be transduced by Akt that
is activated downstream of elevated Ptdins5P [36,112,120,125,126]. Various mechanisms
have been implicated to account for this effect, such as activation of class 1A PI3K [120],
inhibition of PtdIns(3,4,5)P3 5-dephosphorylation [126] or inhibition of protein phosphatase
2A that dephosphorylates Akt [127]. Further mechanistic details as to how this is achieved
as well as information about the specificity of each of the suggested mechanisms would
certainly be of great importance.

Concluding remarks

PtdIns5P has typically been referred to as the most mysterious Pl and it certainly continues
to deserve such a description. Many old challenges remain unchanged, including its low
levels, obstacles for co-detection together with the other Pls and existence of multiple
enzymatic pathways by which its levels could be regulated. This, coupled with the fact that
specific reagents, such as antibodies or bioreporters to reveal more precisely its intracellular
localization remain unavailable, continue to place PtdIns5P as one of the most
disadvantaged P1 for research. Regardless of these multiple and persisting challenges, a
great deal of information has recently accumulated to implicate PtdIns5P in regulating a
myriad of cellular processes such as stress/hormone-induced signaling, cytoskeletal
dynamics, membrane trafficking, cell migration, cell cycle and apoptosis (Fig. 4). For these
or other yet to be discovered versatile features, several pathogens have resorted to invade
host cells by elevating PtdIns5P. Due to advancement in the development of genetically
modified PIKfyve mouse models, it is now clear that PIKfyve is responsible for the majority
of PtdIns5P production. Compelling evidence discussed herein imply direct PtdIns5P
biosynthesis from PtdIns at basal conditions as a universal road for the majority of
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constitutive PtdIns5P in quiescent mammalian cells, rather than PIKfyve/MTMRs-
dependent PtdIns(3,5)P2 synthesis/hydrolyses, as proposed by some researchers. However,
despite these achievements, many pressing questions remain. How does PIKfyve deliver
both PtdIns(3,5)P, and PtdIns5P biosynthesis? Under what conditions do MTM/MTMRs
hydrolyze intracellular PtdIns(3,5)P, and which one of the active members does so? How is
PtdIns5P dephosphorylated? The answer to these and other questions will help distinguish
between the roles of PtdIns(3,5)P, and PtdIns5P in physiological and pathological
conditions that are manifested in the mouse models, including systemic metabolic
derangement upon muscle-specific PIKfyve ablation [117], preimplantation lethality under
global PIKfyve KO [18] and neurodegeneration [16]. Future research with more specific
tools will be able to enlighten the ample amount of functional and mechanistic challenges.
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Fig. 1.
Enzymatic reactions by which Ptdns5P is produced and consumed. Indicated are the relevant

enzymes and Pls participating in the reactions discussed in this review. The Pl molecule
includes inositol 1-phosphate (a hydrophilic portion exposed to the cytosol), bound via the
phosphate group to 1-R1, 2-R2 diacylglycerol (a hydrophobic membrane-anchored portion).
R1/R2, fatty acid; P, phosphate; PtdIns, phosphatidylinositol; PI, phosphoinositide; K,
kinase; PIKfyve, phosphoinositide 5-kinase, five-domain containing; MTM/MTMRs,
myotubularin/myotubularin-related D3-phosphatases; Sac3, Sac domain-containing D5-
phosphatase.
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Fig. 2.

Ingvitro activity of endogenous and recombinant PIKfyve. (A) PIKfyve immune and
preimmune sera (Preim.) immunoprecipitates from PC12 cell lysates, adsorbed onto Protein
A Sepharose beads were subjected to in vitro lipid kinase assay (15 min) in the presence of
10 uCi of [y-32P] ATP (50 pM) and 100 mM of indicated substrates, PtdIns (natural form
from soybean, Avanti Polar Lipids) and di- C15-PtdIns3P (Echelon Biosciences). Lipids
were resolved by TLC using an acidic solvent system [65:35(v/v)1-propanol-2 Maceticacid].
Indicated are Ptdins(3,5)P, and PtdIns5P products confirmed by HPLC analyses of the
radioactive spots. PtdIns(3,5)P,, produced from native Ptdins and synthetic di-Cg-PtdIns3P
substrates has different mobility due to different side chains in the respective substrates.
Only PtdIns(3,5)P, but not PtdIns5P is generated with the PtdIns3P substrate, ruling out
myotubularin-dependent PtdIns5P production through hydrolysis of PtdIns(3,5)P, during the
in vitro reaction, as suggested in Ref. [19]. Modified from Ref. [29]. (B) Lysates from Sf9
cells, infected with baculovirus encoding GST-PIKfyve or control virus were incubated with
GSH-agarose beads (1 h). Washed beads were subjected to in vitro kinase assay in the
presence of the PtdIns substrate (natural form, Avanti Polar Lipids) under the conditions
described in A, plus phosphatase inhibitors Lipids were resolved by TLC using a basic
organic solvent system [90:90:20:7 (v/v) chloroform, methanol, water, 30% ammonia]. The
radioactive spots were identified by HPLC. PtdIns(3,5)P, runs faster in A compared to B due
to different TLC solvent systems. Similarly to the endogenous, recombinantly produced
PIKfyve makes directly PtdIns5P from Ptdins. Modified from Ref. [30].
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Fig. 3.
Proposed model for PIKfyve dual activity and regulation in vivo. (A) The differential role of

K1999 and K2000 residues from the predicted PIKfyve substrate binding pocket in
production of PtdIns(3,5P), and PtdIns5P, respectively, has been established both in vivo
and in vitro [34]. Feed-forward inhibition of PIKfyve-catalyzed PtdIns5P production from
PtdIns in the presence of high levels of PtdIins3P was observed previously in vitro [9] and is
shown in B. Feedback inhibition of PIKfyve-catalyzed PtdIns(3,5)P, synthesis from
PtdIns3P by high levels of PtdIns5P is suggested based on reduced in vitro synthesis of
PtdIns(3,5)P, in the presence of PtdIns5P. (Sbrissa D & Shisheva A, unpublished
observation that is now presented in B). Activation of MTM, MTMR3 and MTM6 by
PtdIns5P was observed in vitro [55]. See text for more detail. (B) PIKfyve lipid kinase
activity in vitro was determined with the indicated substrates alone or in various
combinations, added at a molar ration 1:1, under conditions, specified in Fig. 2A. Presented
is the TLC autoradiogram of generated products whose identity was confirmed by HPLC
analyses.
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Fig. 4.
Functions of PtdIns5P. Depicted are the main functions of PtdIns5P discussed in this review.

Arch Biochem Biophys. Author manuscript; available in PMC 2015 June 21.



