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Inositol hexakisphosphate in Schizosaccharomyces pombe: synthesis from

Ins(1,4,5)P, and osmotic regulation
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Schizosaccharomyces pombe extracts synthesize InsP; (myo-in-
ositol hexaphosphate) from Ins(1,4,5)P, plus ATP. An S. pombe
soluble fraction converts Ins(1,4,5)F, into Ins(1,4,5,6)P, and
Ins(1,3,4,5)P,, in a constant ratio of =~ 5:1, and thence
to Ins(1,3,4,5,6)P, and InsP,. We have purified a soluble Mg?*-
dependent kinase of molecular mass = 41 kDa that makes
Ins(1,4,5,6)P, and Ins(1,3,4,5)P, in the same ratio and also
converts Ins(1,4,5,6)P, or Ins(1,3,4,5)P, into Ins(1,3,4,5,6) P, and
InsP,. Of InsP, isomers other than Ins(1,4,5)P,, only the non-
biological molecule Ins(1,4,6)P, potently ‘competed’ with all
steps in conversion of Ins(1,4,5)P, into InsF,. Examination of
molecular graphics representations allowed us to draw tentative

conclusions about the environment needed for an hydroxyl
group to be phosphorylated by this kinase and to predict
successfully that the purified kinase would phosphorylate the 5-
hydroxyl of Ins(1,4,6)P,. S. pombe that have been cultured with
[*H]inositol contains a variety of ®*H-labelled inositol poly-
phosphates, with Ins(1,4,5)P, and InsP, the most prominent, and
the InsP; concentration quickly increases in hyper-osmotically
stressed S. pombe. This yeast therefore contains InsF, and
Ins(1,4,5)P, as normal constituents, makes more InsP, when
hyper-osmotically stressed and contains a versatile inositol
polyphosphate kinase that synthesizes InsF, from Ins(1,4,5)P,.

INTRODUCTION

Since phosphatidylinositol (PtdIns) (4,5)P, hydrolysis to myo-
inositol 1,4,5-triphosphate [Ins(1,4,5)P,] and diacylglycerol was
recognized as a widespread eukaryotic signalling pathway [1-5],
myo-inositol derivatives have been assigned several other cellular
roles [6]. Additional signalling pathways involve receptor-
stimulated PtdIns(3,4,5)F, synthesis from PtdIns(4,5)F, by phos-
phoinositide 3-kinases [7,8] and PtdIns(3,5)P, synthesis by a
stress-activated PtdIns3P S-kinase [9,10]. Polyphosphorylated
inositol glycerolipids and inositol polyphosphates have also been
increasingly implicated in several other central cell functions (see
[6,11-15]).

Many elements of these signalling pathways, though not
PtdIns(4,5)P, 3-kinases, are found in yeasts (e.g. Neurospora
crassa, Saccharomyces cerevisiae, Schizosaccharomyces pombe),
in which inositol utilization has been analysed extensively [16-26].
The stress-regulated PtdIns(3,5) P, pathway was described in [10],
and yeast inositol lipids and /or phosphates may have roles in cell
cycle control and responses to nutrient and osmotic stresses and
mating pheromones [22-26]. It is still not clear whether yeast
Ins(1,4,5)P, is made by the one phosphoinositidase C present in
these organisms (homologous to mammalian phosphoinositidase
C-0 [16-19]) or by some other route, and whether it has a
regulatory role. Although it has been suggested that Ins(1,4,5)P,
provokes Ca®" release from yeast vacuole preparations [20,21],
the S. cerevisiae genome lacks a recognizable Ins(1,4,5)P;-
sensitive receptor or Ca** channel, so Ins(1,4,5)P, seems unlikely
to regulate intracellular [Ca®'] in yeasts in the same manner as in
animal cells [27,28]. Disruption of the PtdIns(4,5)F, 5-phos-
phatase genes causes aberrant vacuole formation, plasma mem-
brane morphology, osmotic sensitivity and growth [29-31].

It is also not clear what roles the other water-soluble inositol
polyphosphates present in yeasts play in their physiology. Euka-
ryote cells (including fungi) contain many inositol polyphos-
phates other than Ins(1,4,5)F,, mostly of undetermined function,
with InsP, usually the most abundant. Depending on the
organism, InsF, can be made by receptor-independent pathways
or from receptor-generated Ins(1,4,5)P, via Ins(1,3,4,5)P,
Ins(1,3,4)P, and Ins(1,3,4,6)P, [6,11,12,32]. Candida albicans
extracts convert Ins(1,4,5)P, into an unidentified InsP, and to
InsP, and/or InsP, [24]. Phosphorylation, rather than dephos-
phorylation, seems to be the predominant fate of Ins(1,4,5)P, in
S. cerevisiae [33,34] and S. pombe (this study). Both S. cerevisiae
and S. pombe have an Ins(1,4,5)P, 6-kinase [33,35], which in
plants is a step in InsP, synthesis [36].

In this paper, we show that the concentration of InsF, in S.
pombe is regulated by stress, and that the Ins(1,4,5)F, 6-kinase of
this yeast is a multi-functional kinase that phosphorylates
Ins(1,4,5)P, to both Ins(1,4,5,6)P, and Ins(1,3,4,5)P,, and also
converts these InsP;s, via Ins(1,3,4,5,6)F,, into InsF,.

MATERIALS AND METHODS
Materials

Du Pont-New England Nuclear Corp. supplied [*H]inositol,
[*Hlinositol phosphates and [y-*P]JATP. S. pombe strains came
from Dr. J. Davey, University of Warwick, Coventry, U.K. (A~
sxa®”) and Professor P. Russell, Scripps Research Institute, La
Jolla, CA, U.S.A. (R109). Ins(1,2,3)P,, Ins(1,2,4)P,, Ins(1,2,5)P,,
Ins(1,2,6)P,, Ins(1,3,4)P,, Ins(1,3,5)P,, Ins(1,4,5)P,, Ins(1,4,6)P,,
Ins(1,5,6)F,, Ins(2,4,5)P,, Ins(2,4,6) P, and Ins(4,5,6) P, were gifts
from Dr. S.-K. Chung (POSTECH, Korea). Pharmacia supplied
S-Sepharose, HR 75-Sepharose, chelating-Sepharose, NAP-10

Abbreviations used: Ins(1,4,5)F;, Ins(1,3,4,5)F,, Ins(1,4,5,6)F,, Ins(1,3,4,5,6) R, InsF etc. represent myo-inositol polyphosphates, numbered by reference
to b-myo-inositol 1-phosphate as Ins1P; Ptdins, phosphatidylinositol; TEAB, triethylammonium hydrogen carbonate; FA, formic acid; AF, ammonium

formate.
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and SR 75 gel-filtration columns. Centriprep-10 concentrators
were from Amicon, and AG-1 resin ( x 8, 200400 mesh, formate
form) and Silver Stain Plus kit were from Bio-Rad. Whatman
supplied Partisil 10-SAX and Partisphere 5-SAX columns,
scintillation fluids (Ultima Flo AF and AP) were from Canberra
Packard, and triethylammonium hydrogen carbonate (TEAB)
was from Fluka Biochemie. Sigma supplied most other reagents.

Preparation of yeast soluble fraction

S. pombe (h sxa®" strain), grown to mid-log phase (4x10°
cells/ml) in 1 litre of Dulbecco’s modified Eagle’s medium, were
harvested, washed with 0.9 %, NaCl and resuspended in a buffer
containing 20 mM Hepes, 5 mM MgCl,, | mM EDTA, 1 mM
EGTA, 1 ug/ml of leupeptin and 10 mM benzamidine. These
and subsequent steps were at 4 °C. Yeasts were lysed by vortexing
with glass beads 5 times for 1 min, with 1 min intervals. Centri-
fugation at 15000 g (15 min) and then 100000 g (1 h) yielded a
‘soluble fraction’. The 100000 g pellet was washed once and
resuspended, yielding a ‘particulate fraction’.

Inositol phosphate kinase incubation conditions

Most experiments used [*H]Ins(1,4,5)P, [1-5nM; either
20000 d.p.m. (for analysis of products by Dowex mini-column
chromatography) or 100000 d.p.m. (for analysis on HPLC anion-
exchange column)] or other *H-labelled inositol polyphosphates
as substrate, under first-order conditions, with 5 mM ATP as
phosphate donor. Assays were also undertaken with unlabelled
inositol phosphates and [y-**P]JATP (0.5 xuM in 0.1 ml assays
containing ~ 5x 10° d.p.m. [y-**P]JATP, purified by HPLC im-
mediately before use). Yeast cell fractions or purified kinase
preparations were incubated at pH 7.5 and 28 °C in 20 mM
Hepes/1 mM EGTA containing ATP (for concentrations, see
above), 10 mM creatine phosphate and 10 units/ml creatine
kinase. *H-Labelled assays were stopped with 109, (w/v) per-
chloric acid, left for 10 min on ice and centrifuged (15000 g,
5 min). After neutralizing with 20 mM Hepes/KOH (pH 7.2)
and standing for 30 min on ice, precipitated salt was removed by
centrifugation. The assays with [y**P]JATP lacked creatine
phosphate and creatine kinase, and incubations (for 2 h at 28 °C)
were terminated with 1 ml ice-cold water and deproteinized on
an NAPI10 desalting column (Pharmacia). The eluate from the
[**P]JATP assays were spiked with [*H]Ins(1,3,4,5)P, and
[*H]Ins(1,4,5,6)P, and analysed by HPLC on a Partisil 10 SAX
column, using the pH 3.8 (NH,),PO, gradient described below.
This gradient separates the InsP, isomers from closely eluting
contaminants in the [y-**P]JATP better than the pH 4.4 gradient
used for other experiments.

Labelling of yeast with [*H]inositol, and analysis of water-soluble
yeast metabolites and products of enzyme assays

S. pombe PR109 (h~leu32ura4~D18) were labelled by growing in
YEAL media (0.59% yeast extract, 250 mg/1 each of adenine,
leucine and uracil) with 3 xCi/ml [*H]inositol for 30 h, harvested
and washed. Chloroform/methanol/conc. HCl (3.75 vols;
200:400:5, by vol.) was added to 1.5ml of cell suspension,
vortexed, frozen in liquid N, and thawed. Phases were separated
by adding chloroform (1.25 vols) and 0.1 M HCI (1.25 vols) and
centrifuging. The *H-labelled water-soluble metabolites in the
upper phase were analysed on Dowex mini-columns or by
HPLC.

Inositol phosphate classes were separated on 6 x 25 mm AG-
1 (x 8, 200400 mesh, formate) columns; samples were diluted
10-fold before loading. They were eluted with 0.18 M ammonium

formate (AF)/0.1 M formic acid (FA) (for InsPs species);
0.4M AF/0.1M FA (InsPs); 0.8 M AF/0.1 M FA (InsPs);
1.2M AF/0.1M FA (InsPs) and 2M AF/0.I1M FA
(InsP;s+InsF;). Each fraction was mixed with 3 ml of 5M AF
and 10 ml of scintillant and radioactivity was measured.

Before individual inositol polyphosphate species were sepa-
rated by anion-exchange HPLC, samples were neutralized with
20 mM Hepes (pH 7.4). A 235x4.6 mm Partisphere 5-SAX
column was eluted with a phosphate gradient at 1 ml/min. Buffer
A was water and buffer B 1.25 M diammonium orthophosphate,
pH 4.4 (or, occasionally, pH 3.8, where indicated). The gradient
was: 0—15 min, 0%, B; 46 min, 69, B; 50 min, 159, B; 90 min,
229, B; 95 min, 389, B; 150 min, 46 9% B; 180-189 min, 100 9%,
B; 190200 min, 0%, B. The ecluate was either collected
(0.25 ml/fraction) or continuously mixed with scintillant (3 ml/
min) and fed into an on-line scintillation detector (0.1 min
averaging periods).

Preparation of [*H]Ins(1,4,5,6)P, and [*H]Ins(1,3,4,5,6)P,

[*H]Ins(1,4,5,6)P, was made by phosphorylating [*H]Ins(1,4,5)P,
with partially purified S. pombe Ins(1,4,5)P, kinase. [*H]Ins-
(1,3,4,5,6)P, was made by incubating [*H]Ins(1,3,4)P, with rat
liver cytosol [32]. They were purified by HPLC, and peak
fractions were pooled, neutralized with 20 mM Hepes/KOH
(pH 7.2), diluted 10-fold, and loaded on to 200 1 AG-1 (formate
form) resin columns. These were washed with 10 ml of 0.3 M
AF/0.1 M FA and 10 ml of water. TEAB (10 ml of 1 M) then
eluted Ins(1,4,5,6)P,, and 20ml of 1 M TEAB eluted Ins-
(1,3,4,5,6)P,: TEAB was removed by lyophilization.

Purification of the inositol polyphosphate kinase

All steps were at 4 °C and pH 7.5. Yeast soluble fraction, from
a 20 litre culture, was introduced at 4 ml/min into a 50 ml Mono
S cation-exchange column (6 x 2 cm) pre-equilibrated with buffer
A (20 mM Hepes/5 mM MgCl,/1 mM EDTA/1 mM EGTA).
The column was washed with 100 ml of buffer A, followed by a
gradient of 0-0.5 M KClI (250 ml): peak activity eluted at 0.4 M
KCI. Pooled active fractions were passed at 1 ml/min through a
20 ml immobilized zinc column (2 x 12 cm) pre-equilibrated with
buffer C (20 mM Hepes/0.5 M NaCl). The column was washed
with 80 ml of buffer C, and kinase activity was eluted with
30 mM imidazole in buffer C. Active fractions were pooled,
concentrated to 10 ml (Centriprep-10) and dialysed against
5 litres of buffer A overnight. The dialysate was passed at
1 ml/min through a heparin—Sepharose column (2 x 12 cm),
which was washed with 40 ml of buffer A, followed by gradients
of 0-0.5 M KCl and 0.5-1 M KCl: the kinase eluted at 0.45 M
KCIl. Peak fractions were concentrated to 0.5 ml and introduced
into an HR75-Sepharose column pre-equilibrated and eluted
with buffer D (20 mM Hepes/5 mM MgCl,/1 mM EDTA/1 mM
EGTA/29, glycerol/0.15M NaCl; 0.25ml fractions). This
kinase preparation was stored at —70 °C.

SDS/PAGE

Enzyme preparations in 62 mM Tris/HCI (pH 6.8)/39%, SDS/
59, 2-mercaptoethanol/10 9%, glycerol were separated on a 129,
polyacrylamide gel at 100 mV. The gel was silver stained by Bio-
Rad protein staining kit.

Energy-minimized molecular models of inositol phosphates

The molecular structures of the relevant inositol phosphates were
imported into QUANTA, and these structures were subjected to



Schizosaccharomyces pombe makes InsR from Ins(1,4,5)R

673

simulated heating and equilibration in the CHARMm molecular
dynamics programme, to allow the molecules to assume min-
imum-energy conformations.

RESULTS
S. pombe contains a variety of inositol polyphosphates

Little is known of the normal inositol polyphosphate complement
of yeasts. Figure 1 shows a profile of the labelled inositol
derivatives with two or more phosphate groups that are found in
S. pombe that had been labelled to close to isotopic equilibrium
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Figure 1  Anion-exchange HPLC analysis of °H-labelled inositol metabolites
in S. pombe labelled to equilibrium during growth to stationary phase

The upper (broken) trace defines the elution positions of a number of common inositol
polyphosphates. The lower (solid) trace shows the S. pombe inositol metabolites: 0.5 min
fractions were collected and their radioactivity determined. The displayed profile is typical of
those seen in 3 experiments.
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Figure 2 Hyper-osmotic stress stimulates InsP, synthesis in S. pombe

HPLC separation of the *H-labelled inositol metabolites extracted from [*Hlinositol-labelled
stationary-phase cells that were either unperturbed or subjected to hyper-osmotic treatment with
0.7 M KClI for the times (T) indicated. Radioactivity eluting from the HPLC column was detected
using an on-line liquid-scintillation monitor. Similar results were obtained in 3 experiments.
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Figure 3 Products of ATP-dependent phosphorylation of Ins(1,4,5)F, by S.
pombe soluble fraction

Soluble fraction (1.5 mg of protein) was incubated with [°H]Ins(1 /4,5)F for 2 h and the products
were separated by anion-exchange HPLC. Tentative identities, based on the elution positions
of inositol polyphosphate standards, are indicated. Results of this type were obtained in 4
independent experiments.

with [*Hlinositol: less highly charged peaks were not analysed
in detail. The cells were grown to stationary phase with
[2-*H]inositol, extracted, inositol phosphates separated by high-
resolution anion-exchange HPLC and radioactivity determined
in 0.5min fractions. The most prominent peaks eluted in
positions characteristic of InsP; (also known as phytate),
Ins(1,4,5)P, and three InsP, isomers. Smaller peaks had the
elution characteristics of other InsP, isomers, two InsP, isomers
[eluting as Ins(1,3,4,5)P, and Ins(1,4,5,6)P] and an InsP,
[co-eluting with Ins(1,3,4,5,6)P]. Extracts from exponentially
growingcellscontained similarcompounds, thoughmainlyatlower
concentrations (results not shown).

When labelled stationary-phase yeasts were hyper-osmotically
stressed, there was a rapid increase in the amount of [*H]InsP,
present. The InsF, concentration in these equilibrium-labelled
cells approximately tripled within a few minutes, and an InsP,
that co-chromatographed with Ins(1,3.4,5,6) P, became progress-
ively more prominent after 30 min or more (Figure 2). These
results identify InsP; as a normal constituent of S. pombe, whose
concentration is env1ronmentally regulated. The kinetics of this
rapid increase in InsP, concentration in osmotically stressed cells
would be consistent with InsF, synthesis from Ins(1,4,5)F, (see
below). Little accumulation of labelled intermediates occurred
during this synthesis. The most intense Ins(1,3,4,5,6) P, labelling
occurred only after achievement of peak InsF, labelling, so this
[*H]Ins(1,3.4,5,6) P, may well have been a metabolite rather than
a precursor of InsP,. A more detailed analysis of this novel yeast
response to osmotlc stress will be reported elsewhere.

S. pombe extracts make InsP, from Ins(1,4,5)P,

The coexistence of major peaks coincident with Ins(1,4,5)P, and
InsF, could indicate that these compounds are inter-related in S.
pombe. We therefore tested whether S. pombe extracts would
metabolize Ins(1,4,5)P, to other inositol polyphosphates. When
an S. pombe soluble fraction was incubated with a low con-
centration of [*H]Ins(1,4,5)P, without added ATP, Ins(1,4,5)P,
was slowly dephosphorylated, mainly to Ins(1,4)P, and Ins(4,5) P,
(in varying proportions). Under first-order conditions, the half-
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Figure 4 The time-course of inositol polyphosphate interconversions by
S. pombe soluble fraction incubated with [*H]Ins(1,4,5)P, and unlabelled ATP

The products were separated by HPLC and the identities indicated correspond to those assigned
in the text and to peaks corresponding in elution positions to standard inositol polyphosphates.
For simplicity, some minor products [Ins(1,4)A, Ins(4,5)A and a third Ins#], each of which
constituted 3% or less of the products at all times, have not been plotted.

time (7,) for Ins(1,4,5)P, dephosphorylation was ~ 5h (results
not shown).

In ATP-supplemented incubations, [*H]Ins(1,4,5)P, was
quickly converted into more highly phosphorylated inositol
derivatives, with a Iy for Ins(1,4,5)P, consumption of ~ 30 min.
Ins(1,4,5)P, was efficiently converted to two InsP, isomers, an
InsP, and InsP; (Figure 3). The time-courses of the accumulation
of these compounds suggested a simple stepwise phosphorylation
of Ins(1,4,5)P, to InsP, via InsP, and InsP, (Figure 4). Small
amounts of labelled compounds with charges higher than InsF,,
possibly inositol polyphosphate pyrophosphates [23], were also
formed. The major InsP, product eluted as Ins(1,4,5,6)P,, and the
minor InsP, as Ins(1,3,4,5)P,. Ins(1,4,5,6) P,, which was the major
initial kinase product (see below), was not appreciably dephos-
phorylated by a yeast soluble fraction even when ATP was
omitted. Under conditions in which Ins(1,4,5)P, was almost all
phosphorylated, there was no detectable phosphorylation of
[*H]Ins(1,4)P,.

A washed total particulate fraction metabolized Ins(1,4,5)P,
only slowly: Ins(1,4,5)P, dephosphorylation was more rapid
than in the soluble fraction, but there was little Ins(1,4,5)P,
kinase activity (results not shown). Subsequent experiments
focused on the soluble fraction.

Isolation of an S. pombe Ins(1,4,5)P, kinase

To investigate the route of Ins(1,4,5)P, metabolism further, we
purified an Ins(1,4,5)P,-phosphorylating kinase from the cytosol
fraction by a multistep FPLC procedure involving chroma-
tography on Mono S, a Zn** affinity column, a heparin affinity
column and gel filtration through HR75-Sepharose (for details,
see the Materials and methods section). The resulting kinase
preparation, which was purified ~ 10000-fold, eluted from the
gel-filtration column with an apparent molecular mass of

Ins(1,4,5,6)P,
Y

Ins(1,3,4,5)P,
/

InsP, products made during brief Ins(1,4,5)F, kinase incubations

S. cerevisiae cytosol
Ins(1,4,5)P; kinase
S. pombe cytosol

105 11I0 1 1.5
Elution time (min)

Figure 5

Three HPLC traces compare the Insf region of chromatograms of the early products of the
[3H}Ins(1,4,5)/g kinase activities of S. pombe soluble fraction, the substantially purified
S. pombe kinase and S. cerevisiae soluble fraction.

~ 40 kDa. SDS/PAGE analysis of the fractions of highest
specific activity predominantly showed one polypeptide band of
~ 41 kDa. The active kinase therefore seems likely to be a
monomeric protein of ~ 41 kDa. Attempts to obtain a partial
amino acid sequence from the = 41kDa SDS/PAGE poly-
peptide band, as a prelude to cloning the Ins(1,4,5)F, 6-kinase,
have so far been unsuccessful. One partial amino acid sequence
identified MRF1, a yeast mitochondrial peptide chain release
factor (& 40 kDa) that was purified by a very similar method
[37], as a contaminant. A second, novel, N-terminal partial
sequence failed to lead to successful cloning of the kinase.

The purified kinase phosphorylates Ins(1,4,5)P, on the 6- or the
3-position

Whether our purest kinase preparation or a soluble fraction from
either S. pombe or S. cerevisiae was used, two InsP, products
were always formed in incubations containing [*H]Ins(1.4,5)P,
and unlabelled ATP (Figure 5). In our standard HPLC gradient
(pH 4.4; see the Materials and methods section), the major
[*H]InsP, product (75-859, of the [PH]InsP, products) eluted
with Ins(1,4,5,6)P,/Ins(3,4,5,6)P,. This was earlier than the
elution position of either Ins(1,3,4,5)P,, the usual product of
mammalian Ins(1,4,5) P, kinases, or Ins(1,3,4,6)P,, another InsP,
isomer commonly found in eukaryotic cells (Figure 5). The
smaller, later eluting, peak co-eluted with authentic Ins(1,3,4,5)P,.
In an HPLC gradient at pH 3.8 in which Ins(1,3,4,5)P, and
Ins(1,4,5,6) P, eluted in the reverse order, the two InsP;s formed
by the kinase action reversed their elution order and again co-
eluted with Ins(1,4,5,6)F, and Ins(1,3,4,5)P, (see below).

In principle, addition of a single phosphate to Ins(1,4,5)P,
could yield Ins(1,2,4,5)P,, Ins(1,3,4,5)P, or Ins(1,4,5,6)P,. To
confirm that the initial kinase products were Ins(1,3,4,5)P, and
Ins(1,4,5,6)P,, we hydrolysed a mixed [*H]InsP, fraction made up
of the purified kinase with ammonia and analysed the liberated
InsPs. Ins1/3P, Ins4/6P and Ins5P species were formed, but no
Ins2P was detected (results not shown), so the kinase can have
made no Ins(1,2,4,5)P,. Periodate oxidation, reduction and
dephosphorylation converted the major [*H]InsP, to [*HJiditol,
confirming it was Ins(1,4,5,6) P, (results not shown). The identity
of the minor InsP, product was thereby confirmed as Ins-
(1,3,4,5)P,.

Since the relative proportions of Ins(1,4,5,6)P, and Ins-
(1,3,4,5) P, produced were approximately constant at ~ 5:1
whichever yeast cytosol was used and regardless of the purity of
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Figure 6 Products of [*H]Ins(1,4,5)F, phosphorylation in prolonged incu-
bations with the purified kinase preparation

Incubations were run under standard conditions for the periods indicated.

the kinase, we conclude that each yeast contains a kinase that, in
parallel, phosphorylates Ins(1,4,5)P, to Ins(1,4,5,6)P, and to
Ins(1,3,4,5)F,.

Specificity and kinetic characteristics

Assays of the conversion of [*H]Ins(1,4,5)P, to a mixed [*H]InsP,
fraction (isolated by simple Dowex chromatography) were used
for kinetic analysis of the purified S. pombe kinase. It had a K |
for Ins(1,4,5)P, of ~0.55 uM and for Mg**-ATP of ~ 70 uM
(results not shown). Phosphorylation was supported by several
nucleoside triphosphates (ATP > GTP > > ITP, but not UTP),
and was most rapid at pH 7.5-8.0. Increasing ionic strength
inhibited activity, with &~ 50 %, inhibition at 0.2 M KCI.

Ins(1,4,5,6)F, and Ins(1,3,4,5)F, are further phosphorylated to an
InsP, and InsF,

During longer incubations of [*H]Ins(1,4,5)P, with S. pombe
cytosol, more highly phosphorylated *H-labelled products cor-
responding to an InsP, and to InsP, accumulated (Figure 3). This
pattern of Ins(1,4,5)P, metabolism to multiple inositol poly-
phosphates, including InsP,, was sustained through all stages of
the kinase purification. In prolonged incubations with the most
purified kinase preparations, Ins(1,4,5)P, was almost quanti-
tatively converted to InsP, and InsP; (Figure 6). A comparison of
the products of Ins(1,4,5) P, phosphorylation by the initial soluble
fraction and the purified kinase revealed only minor differences:
the purified kinase preparation did not dephosphorylate Ins-
(1,4,5)P, and did not make either a minor peak that eluted
between the major InsP, and InsP, (a second, minor, InsP,
product?) or the very polar metabolites that eluted after InsF.

The InsP, made by the kinase preparation was compared with
Ins(1,3,4,5,6)P,, the major InsP, made from Ins(1,3,4)P, via
Ins(1,3,4,6)P, by a rat liver homogenate [32]. The two InsP,
samples co-chromatographed, indicating that the S. pombe kinase
activity makes Ins(1,3,4,5,6)P,.

Either or both of Ins(1,4,5,6)P, and Ins(1,3,4,5)P,, produced
by the S. pombe kinase, might be phosphorylated to Ins-

30 min

InsP,
InsP;

Ins(1,4,5,6)P,
Ins(1,3,4,5)P,

Figure 7 Conversion of both [*H]Ins(1,4,5,6)P, and [*H]Ins(1,3,4,5)F, into
[*H]InsP, and [*H]InsP, by the purified kinase

The upper trace shows the mixture of Ins(1,4,5,6) 7 and Ins(1,3,4,5) 7, that was incubated with
the purified kinase preparation, and the lower trace shows the products of this incubation.

(1,3,4,5,6) P,. Neither of these InsP,s accumulated over prolonged
periods, so it seemed likely that both were further phosphoryl-
ated. Each was therefore tested individually, and both were
converted to Ins(1,3,4,5,6)P, and InsP;: neither yielded any InsP,
isomer other than Ins(1,3,4,5,6)F,. When the purified kinase was
offered a mixture of [*H]Ins(1,3,4,5)P, and [*H]Ins(1.,4,5,6)P,
(under first-order conditions), 6-phosphorylation of Ins(1,3,4,5)-
P, was slightly faster than 3-phosphorylation of Ins(1,4,5,6)P,
(Figure 7). When unlabelled Ins(1,3,4,5)P, or unlabelled Ins-
(1,4,5,6)P, (5 uM) was included in assays in which [*H]Ins(1,4,5) P,
was being phosphorylated under first-order conditions, each
about halved the [*H]InsP, yield, suggesting that their K values
as substrates are &~ 5 uM.

During conversion of Ins(1,4,5) P, to Ins(1,3,4,5,6) P,, the kinase
is supplied with several times more Ins(1,4,5,6)P, than Ins-
(1,3,4,5)P,, but phosphorylates the Ins(1,3.4,5)P, slightly more
efficiently. We conclude that InsP, synthesis from Ins(1,4,5)P,
proceeds mainly via Ins(1,4,5,6)P,, but also via Ins(1,3,4,5)F,.

Do other InsP, isomers inhibit Ins(1,4,5)P, phosphorylation?

We tested the ability of each of the possible regio-stereoisomers
of InsP, to influence conversion of Ins(1,4,5)P, both to InsP,
(using conditions in which < 109, of the initial InsP, products
were further phosphorylated to InsP, and/or InsP,) and onwards
to InsP, and InsF,.

At up to 100 xM, most of the inositol trisphosphates [Ins-
(1,2,3)P,, Ins(1,2,4)P,, Ins(1,2,5)P,, Ins(1,2,6) P, Ins(1,5,6)P,, Ins-
(2,4,5)P,, Ins(2,4,6)P, and Ins(4,5,6)P] had no effect on the
Ins(1,4,5)P, kinase reaction (results not shown). Ins(1,3,4)P, or
Ins(1,3,5)P, (both 100 xM), which have three of the phosphate
groups of Ins(1,3,4,5)P,, approximately halved phosphorylation
of [*H]Ins(1,4,5)P, (= 1 nM; i.e. first-order reaction conditions).
When the purified kinase was offered [*H]Ins(1,3,4)P, as a
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Figure 8 [Inhibition of the purified Ins(1,4,5)F, kinase by Ins(1,4,6)F,

The purified kinase was incubated with [*H]ins(1 ,4,5)R, ATP and various concentrations of
Ins(1,4,6)R. There was progressive inhibition of Ins(1,4,5)4 conversion to InsAs (a) and
InsR+Insg (b). The insets to a (note their different scales) show that Ins(1,4,5,6)F
and Ins(1,3,4,5)A were produced at a ratio of & 4:1 both in control assays and in assays with
2 mM Ins(1,4,6)R (= 70% inhibition).

potential substrate, it was not phosphorylated detectably (results

not shown).
In sharp contrast, Ins(1,4,6) P, potently reduced the conversion

of [*H]Ins(1,4,5)P, to [*H]InsP, under these conditions, with an
IC,, of =~ 0.7 uM (Figure 8a). Ins(1,4,6)P, also inhibited the
further conversion of the initial Ins P, products to InsP, plus InsP,
(assayed as a combined fraction from Dowex mini-columns)
with an even greater potency (IC,, 0.05-0.1 xM; Figure 8b).
Under the first-order reaction conditions of these experiments,
this greater inhibition of InsP, and InsF, synthesis was an-
ticipated, since Ins(1,4,6)P, both limits the supply of [*H]InsP,
from Ins(1,4,5)P, and directly inhibits InsP, and InsP, phos-
phorylation.

The selectiveness of this inhibitory effect of Ins(1,4,6)F, only,
of the many InsP, isomers tested, on all steps in conversion of
Ins(1,4,5)P, into InsP,, gives further support to the idea that one
enzyme active site catalyses the formation of all of the products
of Ins(1,4,5)P, phosphorylation.

Ins(1,4,6)P, is phosphorylated in the 5-position

Ins(1,4,6) P, might reduce [*H]Ins(1,4,5)P, phosphorylation either
by inhibiting the kinase or by being a competing high-affinity
substrate. Since the kinase phosphorylates at least four different
inositol polyphosphates on various positions (6-, 3- and 2-
hydroxyls), it seemed likely that Ins(1,4,6)P, was another sub-
strate. Before testing for Ins(1,4,6)P, phosphorylation, we com-
pared molecular graphics representations of Ins(1,4,5)P,, Ins-
(1,3,4,5)P,, Ins(1,4,5,6) P, and Ins(1,4,6)P,, in the hope of predict-
ing the point of attack. This comparison (for details, see the
Discussion) suggested that the local environment of the 5-
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Figure 9 Products of the phosphorylation of Ins(1,4,5)P, and Ins(1,4,6)P, by [y-**P]ATP

Unlabelled (@) 5 #M Ins(1,4,6)3 or (b) 5 «M Ins(1,4,5)F was incubated with 0.5 «M [y-”P]ATP and the inositol polyphosphate kinase for 2 h. Products were separated by HPLC, using a system
in which Ins(1,3,4,5)7 and Ins(1,3,4,6)/ elute before Ins(1,4,5,6), (see the Materials and methods section). (¢) The elution positions of [*H]Ins(1 34.,5F and [*H]Ins(1 /4,5,6)A. Incubations without
added InsA showed no [*2P]insA peaks.
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hydroxyl of Ins(1,4,6)P, is like that of the 6-hydroxyl of Ins-
(1,4,5)P,, which the kinase phosphorylates fastest. We therefore
predicted that our kinase might act as an Ins(1,4,6)P, 5-kinase.

Labelled Ins(1,4,6)P, was not available as a substrate, so
we compared the kinase-catalysed phosphorylation of un-
labelled Ins(1,4,5)P, and Ins(1,4,6)P, with [y-**P]JATP. As
expected, Ins(1,4,5)P, yielded two *2P-labelled products corre-
sponding to Ins(1,3,4,5)P, (minor) and Ins(1,4,5,6)P, (major)
(Figure 9b). Because of the use of a different HPLC gradient (see
the Materials and methods section), the order of elution of
Ins(1,3,4,5)P, and Ins(1,4,5,6)F, here is reversed compared with
earlier Figures. Phosphorylation of Ins(1,4,6)P, gave a similar
[**P]InsP, yield, but only of a single [**P]InsP, that co-
chromatographed with Ins(1,4,5,6)P, and which was separated
readily from Ins(1,3,4,6)P, and Ins(1,3,4,5)P, (Figure 9a). As
predicted by the modelling studies, therefore, the S. pombe
kinase 5-phosphorylated Ins(1,4,6)F,.

DISCUSSION
The pathway to Insh, in S. pombe and the enzyme(s) involved

The above results show that S. pombe converts Ins(1,4,5)P, to
InsP, by the pathway shown in Scheme 1. The major route is via
Ins(1,4,5,6)P, (reactions 1, 3 and 5). Since Ins(1,4,5,6)P, and
Ins(1,3,4,5)P, were made at a constant ratio throughout our
kinase purification and in an S. cerevisiae extract, a single kinase
almost certainly catalyses the Ins(1,4,5)P, 6-kinase and 3-kinase
reactions (reactions 1 and 2). This is a situation akin to that of
the mammalian Ins(1,3,4) P, kinase that makes Ins(1,3,4,6)P, and
Ins(1,3,4,5)P, in a = 6:1 ratio [38-40], and a related Arabidopsis
Ins(1,3,4)P, kinase that makes Ins(1,3,4,6)P, and Ins(1,3,4,5)F, in
a 1:5 ratio [41].

Does our single soluble S. pombe kinase also catalyse the other
steps in the synthesis of InsF;? This question will only be finally
answered when our kinase is cloned, but all of our results
strongly support the idea that it does. If it does not, then S.
pombe (and probably also S. cerevisiae) must express, at the same
relative concentrations, two Ins(1,4,5)P, 3- and 6-kinases, two
InsP, kinases and an Ins(1,3,4,5,6) P, kinase, all of which must all
co-purify, and must be equally potently and specifically inhibited
by Ins(1,4,6)P, and not by other inositol trisphosphates. This
seems very unlikely.

One recently contentious issue that these results resolve is
whether yeasts can convert Ins(1,4,5)F, to Ins(1,3,4,5)P, [34,42].
It has previously been shown that S. cerevisiaze contains an
Ins(1,4,5)P, 6-kinase [33], but it was also suggested that this yeast
can make Ins(1,3,4,5)P, from Ins(1,4,5)P,. However, the complete
S. cerevisiae genome lacks any gene that would encode an Ins-
(1,4,5)P, 3-kinase of the type found as multiple isoforms in
mammalian cells [42], and this fact has been used to argue that
3-phosphorylation of Ins(1,4,5)P, should not occur in yeasts. The
results reported here reconcile this apparent contradiction by

Ins(1,4,5,6)P,
1. 6-kinase \ inase
Ins(1,4,5)P;
2. 3- kmA /: kinase
Ins(1,3,4,5)P,

4

Scheme 1 The pathway of Ins(1,4,5)P, conversion to Insh, in S. pombe

showing that S. pombe, and probably also S. cerevisiae, contain
dual-specificity Ins(1,4,5)P, 6/3-kinases that produce Ins-
(1,3,4,5)P, as their less-abundant InsP, product and are distinct
from Ins(1,4,5)P, 3-kinases described previously [43]. This con-
clusion illustrates the fallacy of arguing that the absence of a
recognizable enzyme of a particular type from a completed
genome can demonstrate an organism’s inability to carry out the
reaction catalysed by the enzyme in question.

The environments of phosphorylatable hydroxyl groups

Our yeast kinase phosphorylates Ins(1,4,5)P,, Ins(1,3,4,5)P,
Ins(1,4,5,6)P,, Ins(1,3,4,5,6) P, and Ins(1,4,6)P, on one or more of
four hydroxyls (2-, 3-, 5- and 6-), but recognizes neither Ins(1,4)P,
nor InsP, isomers other than Ins(1,4,5)P, and Ins(1,4,6)P, (for
details, see Results). All identified substrates have at least one
equatorial pair of para-phosphate groups [Ins(1,3,4,5,6)P, has
two pairs], and most inositol phosphates that did not affect its
kinase activity lack this feature.

To define the necessary features of hydroxyls acceptable by
this kinase as substrates, we compared energy-minimized views,
from the likely direction of approach of the kinase, of its
substrates (Figure 10). The 6-hydroxyl of Ins(1,4,5)F, is phos-
phorylated fastest. On the 5,6 margin of Ins(1,4,5)P,, flanked by
the 1- and 4-phosphates, the equatorial 6-hydroxyl is ‘tucked in’
between the equatorial 1- and 5-phosphate groups (Figure 10a).
When Ins(1,4,5)P, is viewed from the opposite side, the 1- and 4-
phosphate groups, in reversed positions, bracket its 2,3 margin
(Figure 10b). The environment of the 3-hydroxyl, the less-
favoured substrate hydroxyl in Ins(1,4,5)P,, has some similarities
with that of the 6-hydroxyl, but here the axial 2-hydroxyl
occupies a position similar to that of the much larger equatorial
5-phosphate on the other edge of the ring (compare Figures 10a
and 10b). Ins(1,3.4,5)P, (Figure 10c) and Ins(1.,4,5,6)P, (Figure
10d) are phosphorylated on the 6- and 3-hydroxyls, respectively,
which have very similar environments in Ins(1,4,5)P, and the
InsP;s (compare Figures 10c and 10d with 10a and 10b). Neither
Ins(1,3,4)P, nor Ins(1,4)P, is a substrate and Ins(1,3,4)P, inhibits
Ins(1,4,5)F, phosphorylation only weakly.

Thus it seems that substrate hydroxyls in Ins(1,4,5)P,, Ins-
(1,4,5,6)P, or Ins(1,3,4,5)P, are all equatorial, lie in the 2-carbon
span between a pair of para-phosphate groups and have a second
phosphate or an hydroxyl on the other carbon in that span. Of
the phosphorylation reactions we studied, only the final phos-
phorylation of the axial 2-hydroxyl of Ins(1,3,4,5,6)P, does not
fit this description. We predicted that Ins(1,4,6)P, would be 5-
phosphorylated (see the Results) because the 5-hydroxyl’s situ-
ation looked similar to that of the 6-hydroxyl of Ins(1,4,5)F, or
Ins(1,3,4,5)P, (compare Figure 10e with Figures 10a and 10c).
The success of this prediction suggests that this simple description
does at least partly define the features needed for an hydroxyl to
be a good substrate of this kinase.

5. 2-kinase

Ins(1,3,4,5.6)P; => InsP,
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Figure 10 Edge-on views of energy-minimized molecular models of InsP, and InsP, isomers, viewed from the likely point of view of the catalytic site of

the S. pombe inositol polyphosphate kinase

(a) Ins(1,4,5)A, looking at the 5,6 edge, with the 1-phosphate group to the left and the 4-phosphate to the right. (b) Ins(1,4,5)A, looking at the 2,3 edge, with the 4-phosphate group to the left
and the 1-phosphate group to the right. (¢) Ins(1,3,4,5)%, viewed as in (a). (d) Ins(1,4,5,6)f, viewed as in (b). (e) Ins(1,4,6)R, looking at the 5,6 edge, with the 4-phosphate group to the left and

the 1-phosphate to the right.

A possible catalytic model

The key binding sites that orient the kinase at the 5,6 margin
(Figures 10a and 10c) or 2,3 margin (Figures 10b and 10d) of
Ins(1,4,5)P,, Ins(1,3,4,5)P, or Ins(1,4,5,6) P, seem likely to be the
1-, 4- and 5-phosphate groups [for 6-phosphorylation of Ins-
(1,4,5)P, and Ins(1,3,4,5)P,; Figures 10a and 10c] or the 1- and 4-
phosphates plus the 2-hydroxyl [for 3-phosphorylation of Ins-
(1,4,5)P, or Ins(1,4,5,6)P,; Figures 10b and 10d]. The =~ 5:1
preference for 6-phosphorylation of Ins(1,4,5)P, over its 3-
phosphorylation presumably arises because the function required
of the third grouping is filled better by a 5-phosphate than by a
2-hydroxyl. During phosphorylation of the InsPs, the previously
added phosphate group will be ‘around the back’ of the substrate
and probably has little effect on InsP, access to the catalytic site.
However, Ins(1,4)P, is not a substrate, even for 3-phosphoryl-
ation, so groupings remote from those on the phosphorylated
margin of the substrate must also play some role.
Consideration of the enzyme’s handling of Ins(1,4,6)F, sup-
ports this ‘three-grouping’ view of substrate recognition. Ins-
(1,4,5)P, is 5-phosphorylated, and 0.5 M Ins(1,4,6)P, approxi-
mately halves the phosphorylation of [*H]Ins(1,4,5)P, under first-
order conditions, suggesting that it has an affinity for the substrate
binding site similar to that of Ins(1,4,5)P, (K,, = 0.55 uM). When
the appearances of the 5,6 margin of Ins(1,4,6)P, and the same
margin of Ins(1,4,5)P, or Ins(1,3,4,5)P, are compared, but with
the Ins(1,4,6)P, image inverted relative to the other two images
(compare Figure 10e with Figures 10a and 10c), the spatial
context of the 5-hydroxyl of Ins(1,4,6)P, looks very like that of
the 6-phosphate of either Ins(1,4,5)P, or Ins(1,3,4,5)F,. This led
us to predict, correctly, that the 5-hydroxyl of Ins(1,4,6) P, should
be a substrate for phosphorylation by this yeast kinase, even
though this hydroxyl is already phosphorylated in all of the

known natural substrates of this kinase [Ins(1,4,5)P,, Ins-
(1,3,4,5)P,, Ins(1,4,5,6) P, and Ins(1,3,4,5,6)P,].

InsP, in yeasts

We shall not know why most or all eukaryotic cells, including
yeasts, make InsP; in substantial quantities until there is firm
information on the biological role of this relatively abundant
contributor to the cytosolic polyanion complement (for reviews,
see [6,11-15,44-48]). Similarly, there are no clues why yeasts
share with plants a synthetic route to InsP; from Ins(1,4,5)P,
rather that using one of the pathways employed by mammalian
cells. The signalling function of Ins(1,4,5)P, in stimulated animal
cells is well understood, and in those cells the route from
Ins(1,4,5)P, to Ins Py is relatively long and much of the Ins(1,4,5) P,
is dephosphorylated [directly or via Ins(1,3,4,5)P, and Ins-
(1,3,4)P]. In contrast, we know neither why nor under what
circumstances yeast makes Ins(1,4,5)P,. The only real hint is that
Ins(1,4,5)P, accumulates, presumably as a result of PtdIns(4,5)P,
hydrolysis by phosphoinositidase C, when a nitrogen source is
re-admitted to starved S. cerevisiae [22].

Whatever the control of Ins(1,4,5)P, synthesis in yeasts,
however, the information presented here suggests that a major
fate of Ins(1,4,5)P, in S. pombe is phosphorylation to InsP,, and
even to the pyrophosphates derived therefrom. Although there is
evidence that Ins(1,4,5)F, can be slowly dephosphorylated in S.
pombe ([34] and the results cited above, plus J. A. Stuart, P. J.
Hughes and P. Ongusaha, unpublished work), the three recently
recognized inositol polyphosphate 5-phosphatases of S. cerevisiae
[29-31] all seem more likely to dephosphorylate PtdIns(4,5)P,
[and possibly PtdIns(3,5)F,?] than Ins(1,4,5)P,. We have shown
that hyper-osmotic stress accelerates InsP, synthesis in S. pombe,
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most likely from Ins(1,4,5)P,, and it will be interesting to learn
whether the nutrient-regulated acceleration of Ins(1,4,5)F, form-
ation in S. cerevisiae can fuel a similar increase in its InsP,
complement. Moreover, the work of Lakin-Thomas on Neuro-
spora [26] suggests that InsP, synthesis may be of some special
importance to fungal cells. She showed that the cellular InsP,
complement is maintained, or even rises, when the inositol
supply to these cells is limited, even under conditions in which
the PtdIns concentration falls substantially.

Yeast InsF, therefore seems to be made from Ins(1,4,5)P, by
the most direct possible route, its concentration is protected in
the face of inositol limitation and its synthesis can be driven by
osmotic stress. All of these observations suggest that InsF, serves
some important function(s) in yeasts, which may be similar to
its function in other eukaryotic cells. Attempts to define InsP,
function(s) have for a decade been hampered by the fact that the
cellular InsP; concentration is usually influenced little by extra-
cellular regulatory influences, and that InsP; turns over slowly.
Our identification of a situation in which InsP, synthesis is
acutely regulated should speed the definition of its function(s).

We are grateful to the Medical Research Council, the Lister Institute and the Royal
Society for financial support, to Professor S.-K. Chung for isomeric inositol
trisphosphates, to Dr. A. Pemberton for help with molecular graphics and to Dr.
S. K. Dove for valuable discussions.

REFERENCES

1 Creba, J. A, Downes, C. P., Hawkins, P. T., Brewster, G., Michell, R. H. and Kirk, C.

J. (1983) Biochem. J. 212, 733747

Berridge, M. J. (1987) Annu. Rev. Biochem. 56, 159—193

Berridge, M. J. (1993) Nature (London) 361, 315-325

Nishizuka, Y. (1984) Nature (London) 308, 693—697

Nishizuka, Y. (1990) Nature (London) 334, 661—665

Michell, R. H. (1997) in Essays in Biochemistry, vol. 32 (Bowles, D. J., ed.), pp.

31—47, Portland Press, London

7 Stephens, L., Jackson, T. R. and Hawkins, P. T. (1993) Biochim. Biophys. Acta 1179,
2715

8 Toker, A. and Cantley, L. C. (1997) Nature (London) 387, 673—676

9 Whiteford, C. A., Brearley, C. A. and Ulug, E. T. (1997) Biochem. J. 323, 597—601

10 Dove, S. K., Cooke, F. T., Douglas, M. R., Sayers, L. G., Parker, P. J. and Michell, R.
H. (1997) Nature (London) 390, 187—192

11 Hughes, P. J. and Michell, R. H. (1993) Curr. Opin. Neurobiol. 3, 383—400

12 Menniti, F. S,, Oliver, K. G., Putney, Jr., J. W. and Shears, S. B. (1993) Trends
Biochem. Sci. 18, 53-56

13 Divecha, N. and Irving, R. F. (1995) Cell 80, 269278

14 De Gamilli, P., Emr, S. D., McPherson, P. S. and Novick, P. (1996) Science 271,
1533-1539

[23KS B NGCIN )

Received 8 June 1998/29 July 1998; accepted 26 August 1998

15
16
17
18
19
20
21

22
23

24
25

26
27
28
29
30
31

32
33

34

35

36

37

38

39

Fukuda, M. and Mikoshiba, K. (1997) BioEssays 19, 593—603

Flick, J. S. and Thorner, J. (1993) Mol. Cell. Biol. 13, 5861-5876

Andoh, T., Yoko-0, T., Matsui, Y. and Tohe, A. (1995) Yeast 11, 179—185

Yoko-0, T., Kato, H., Matsui, Y., Takenawa, T. and Tohe, A. (1995) Mol. Gen. Genet.
247, 148-156

de Tiani, M., Torgler, C. N. and Meldrum, E. (1997) Cell Devel. Biol. 8, 333—338
Calvert, C. M. and Sanders, D. (1995) J. Biol. Chem. 270, 7272—7280

Belde, P. J. M., Vossen, J. H., Borstpauwels, G. W. F. H. and Theuvenet, A. P. R.
(1993) FEBS Lett. 323, 113118

Schomerus, C. and Kuntzel, H. (1992) FEBS Lett. 307, 249252

Hawkins, P. T., Stephens, L. R. and Piggott, J. R. (1993) J. Biol. Chem. 268,
3374-3383

Gadd, M. and Foster, S. A. (1997) Microbiology 143, 437—448

Stuart, J. A, Hughes, P. J., Kirk, C. J., Davey, J. and Michell, R. H. (1995) Biochem.
Soc. Trans. 23, 223S

Lakin-Thomas, P. L. (1993) Biochem. J. 292, 805-811

Cunningham, K. W. and Fink, G. R. (1994) J. Expt. Biol. 196, 157—166
Paidhungat, M. and Garrett, S. (1997) Mol. Cell. Biol. 17, 6336—6347

Srinivasan, S., Seaman, M., Nemoto, Y., Daniell, L., Suchy, S. F., Emr, S., de Camilli,
P. and Nussbaum, R. (1997) Eur. J. Cell Biol. 74, 350—360

Stolz, L. E.,, Huynh, C. V., Thorner, J. and York, J. D. (1998) Genetics 148,
1715-1729

Stolz, L. E., Kuo, W. J., Longchamps, J., Sekhon, M. and York, J. D. (1998) J. Biol.
Chem. 273, 11852—11861

Shears, S. B. (1989) J. Biol. Chem. 33, 1987919886

Estevez, F., Pulford, D., Stark, M. J. R., Carter, A. N. and Downes, C. P. (1994)
Biochem. J. 302, 709—716

Robinson, K. S., Wheals, A. E., Rose, A. H. and Dickinson, J. R. (1996) Microbiology
142, 1333-1334

Ongusaha, P. P., Hughes, P. J., Hirata, M., Davey, J. and Michell, R. H. (1996)
Biochem. Soc. Trans. 25, 106S

Drobak, B. K., Watkins, P. A. C., Chattaway, J. A., Roberts, K. and Dawson, A. P.
(1991) Plant Physiol. 95, 412—419

Yamazoe, M., Shirahige, K., Rashid, M. B., Kaneko, Y., Nakayama, T., Ogasawara, N.
and Yoshikawa, H. (1994) J. Biol. Chem. 269, 15244—15252

Abdullah, M., Hughes, P. J., Craxton, A., Gigg, R., Desai, T., Marecek, J. F.,
Prestwich, G. D. and Shears, S. B. (1992) J. Biol. Chem. 267, 2234022345
Hughes, P. J., Kirk, C. J. and Michell, R. H. (1994) Biochim. Biophys. Acta 1223,
57-70

Wilson, M. P. and Majerus, P. W. (1996) J. Biol. Chem. 271, 11904—11910
Wilson, M. and Majerus, P. W. (1997) Biochem. Biophys. Res. Commun. 232,
678681

Maleska, R. (1997) Microbiology 143, 17811782

Communi, D., Vanweyenbrug, V. and Emeux, C. (1995) Cell. Signalling 7, 643—650
Sasakawa, N., Sharif, M. and Hanley, M. R. (1995) Biochem. Pharmacol. 50,
137146

Irving, R. F. and Cullen, P. (1996) Curr. Biol. 6, 537—540

van Haastert, P. J. M. and van Dijken, P. (1997) FEBS Lett. 410, 3943

Ali, N., Duden, R., Bembenek, M. E. and Shears, S. B. (1995) Biochem. J. 310,
279-284

Larsson, 0., Barker, C. J., Carlqvist, H., Sjoholm, /3., Michell, R. H., Bertorello, A.,
Nilsson, T., Honkanen, R., Mayr, G. W., Zwiller, J. and Berggren, P.-0. (1997)
Science 278, 471—474



