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Loss of a prolyl oligopeptidase confers resistance to
lithium by elevation of inositol (1,4,5) trisphosphate
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The therapeutic properties of lithium ions (Li*) are
well known; however, the mechanism of their action
remains unclear. To investigate this problem, we have
isolated Li*-resistant mutants from Dictyostelium

Here, we describe the analysis of one of these mutants.

This mutant lacks the Dictyosteliumprolyl oligopeptid-
ase gene dpoA). We have examined the relationship
betweendpoA and the two major biological targets of
lithium: glycogen synthase kinase 3 (GSK-3) and signal
transduction via inositol (1,4,5) trisphosphate (IR). We
find no evidence for an interaction with GSK-3, but
instead find that loss of dpoA causes an increased
concentration of IP;. The same increase in IR is
induced in wild-type cells by a prolyl oligopeptidase
(POase) inhibitor. IP; concentrations increase via an
unconventional mechanism that involves enhanced
dephosphorylation of inositol (1,3,4,5,6) pentakis-
phosphate. Loss of DpoA activity therefore counteracts
the reduction in IP5 concentration caused by Lit
treatment. Abnormal POase activity is associated with
both unipolar and bipolar depression; however, the
function of POase in these conditions is unclear. Our
results offer a novel mechanism that links POase
activity to IP 3 signalling and provides further clues for
the action of Li* in the treatment of depression.
Keywords clinical depressioictyostelium discoideum
inositol triphosphate signalling/lithium sensitivity/prolyl
oligopeptidase

Introduction

to inositol. This causes a reduction of the free pool of
inositol and ultimately lowers the cellular concentration
of phosphatidyl (4,5) bisphosphate (BIRn addition, Li*
inhibits the enzyme inositol polyphosphatase (IPP) which
is required for the dephosphorylation of inositol (1,4)
bisphosphate to IMP (Ge= al,, 1988; Inhorn and Majerus,
1988). In response to receptor stimulation, H&cleaved
by phospholipase C (PLC) to form the second messengers
inositol (1,4,5) trisphosphate (P and diacylglycerol
(DAG). These molecules cause the release ¢f*Geom
intracellular stores and activation of protein kinase C
(PKC), respectively (Nishizuka, 1992). tidepletion of
PIP, therefore has the potential to cause a significant
effect on signal transduction.

Although there is little doubt that Liinhibits IMPase
in brain slices (Kennedgt al., 1990; Hokin, 1993), it has
not been possible to link changes of phosphoinositide
signalling directly to depression. Recently,"Lhas been
shown to inhibit glycogen synthase kinase 3 (GSK-3) and
this can account for many of its teratogenic properties
(Klein and Melton, 1996). Members of the GSK-3 family
have been found in all eukaryotic groups where they
mediate a wide range of cellular processes, including
intermediate metabolism, gene expression and cytoskeletal
integrity (Plyteet al., 1992). In metazoa, they act within
the Wnt-1 signal transduction pathway which is required
for pattern formation during development. GSK-3 is
abundant in brain tissue (Woodgett, 1990) and causes
hyperphosphorylation of tau protein in patients with
Alzheimer’s disease (Mandelkowt al., 1995). GSK-
3B is also required for cytoskeletal organization during
development of cerebella granule neurons (Luetsl.,
1998). Inhibition of GSK-3 therefore presents an alternat-
ive mechanism for the treatment of depression and could
certainly explain a number of Liside effects.

Dictyosteliundevelopment is sensitive to Lireatment.
Dictyosteliuncells grow as unicellular amoebae, but when
starved enter a developmental programme. This consists
of two phases: aggregation, in which amoebae form a
cellular mass called the mound, and multicellular develop-

Lithium is a major treatment for clinical depression and ment, where the processes of differentiation and morpho-
is taken by 1% of the population. It is the standard genesis transform the mound to a fruiting body. This
treatment for bipolar depression and is also effective Structure comprises three elements: the spore head, the
against recurrent unipolar depression. It can be used instalk which supports the spore head and the basal disc
conjunction with antidepressants (Heit and Nemeroff, into which the stalk is embedded. In addition to these
1998) or as a temporary mood stabilizer between treat- three cell types, cells of the lower and upper cup form a

ments (Lenoxet al, 1998). Li*, however, has a small

cradle to suspend the spore head (Williams and Jermyn,

therapeutic index and a number of hazardous side effects.1991). Maeda (1970) showed that treatment with 7 mM
Overdose can lead to unconsciousness and death (Bowderl,iCl causes the formation of a mis-proportioned fruiting
1998). The molecular basis of these disorders and theirbody, in which the spore head is almost completely lost
treatment by LT remains unknown. A strongly supported and the base is expanded into a mound of stalk cells. This

theory was proposed by Berridgg al. (1989). In their
inositol depletion theory, Li inhibits inositol mono-

morphology is likely to arise by inhibition of GSK-3, as it
is also seen in a mutant which laakskA theDictyostelium

phosphatase (IMPase) and blocks the conversion of IMP GSK-3 homologue (Harwooet al., 1995), and arises due
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to mis-specification of the pre-spore and pre-stalk B cell to form a plaque where the cells in the centre starve and
types (Williamset al.,, 1989). Treatment of wild-type cells  develop. When plated in these conditions in the presence
with higher concentrations of LiCl blocks aggregation. of 10 mM LiCl, wild-type cells grow but aggregate poorly
This phenotype is not associated with lossgskA and and form plaques with few developed structures. The
suggests that other targets of "Liare important for ability to develop in these conditions was used in a genetic
development (Maeda, 1970). screen to isolate mutants resistant to the effects of Li

To investigate the molecular basis offLaction, we From a screen of 30 000 mutagenized cells, 13 mutants
have generated Liresistant mutants iDictyostelium were isolated that could aggregate well in 10 mM LiCl.
Analysis of these mutants offers a unique opportunity to Eleven of these mutants showed morphological defects
dissect the effects of i on GSK-3 and IR signalling. during later developmental stages in the presence of LiCl,
Here we describe one of these mutants, in which the but in its absence all but two could develop fruiting bodies
Dictyosteliumprolyl oligopeptidase dpoA is disrupted. with a wild-type morphology. Here we describe our
This mutant has elevated JRconcentrations and con- analysis of one of the genes identified from this screen,
sequently escapes Liinhibition of IMPase. The inter-  denoted aslpoA.The dpoAmutant aggregates in 10 mM
action revealed in these studies relates directly to LiCl but forms abnormal fruiting bodies (Figure 1D-G).
observations made on patients with depression, and sug-Treatment with 10 mM NaCl has no effect on the
gests a mechanism that could explain both cause anddevelopment of either wild-type or thdpoAmutant cells
treatment of depression. (Figure 1A, D and F). Aggregation of th#gpoA mutant,
however, is retarded at higher ‘Liconcentrations, sug-
gesting that it has reduced sensitivity rather than complete
resistance to Lfi (Figure 1H and I). Mixing wild-type and
Generation of Li* -resistant mutants dpoAmutant cells in a ratio of 1:10 does not restoré Li
Exposure to 10 mM LiCl severely retards aggregation of sensitivity to dpoA mutant cells nor does it confer Li
Dictyosteliumcells (Figure 1A and B). In most cases, resistance to wild-type cells (Figure 1J, K and L).
however, aggregation is not totally blocked and will occur ~ To confirm the effects of Li on early development,
after a prolonged period of time. The effect offLis the expression of the gene for contact site A (csA) was
reversible and cells will form a wild-type fruiting body examined (Figure 2A). This gene is expressed during
when Li* is removed (Figure 1C). Cells are sensitive to aggregation in response to pulses of extracellular cAMP
Li* throughout development, suggesting that nhibits (Siu et al, 1988). CsA protein was expressed in wild-
processes which are required at all developmental stagestype cells afte 6 h of development in shaking culture.
Li* is also effective on cells grown in association with Addition of 10 mM LiCl completely inhibits csA expres-
bacteria. Clonally plated cells multiply on a bacterial lawn sion. Expression is not rescued by addition of cAMP

Results

Fig. 1. Comparison of lithium sensitivity of wild-type andpoAmutants. Cells (X107) were plated in KK buffer onto nitrocellulose membranes

and developed for 40 h. Aggregation in wild-typéctyosteliumis not affected by 10 mM NaCl4), but is impeded by 10 mM LICIE). Cells

treated with 10 mM LiCl for an initie6 h of development aggregate normally when lithium is remov@d ¢ipoAmutant cells aggregate and form
fruiting bodies in either 10 mM NaCI andF) or 10 mM LiCl (E and G). Lithium-treateddpoA mutant cells, however, have an enlarged basal disc
and reduced spore head as also seen wigkkAmutant (G). Aggregation afipoAmutant cells is not affected by 20 mM NaGH), but is sensitive

to 20 mM LiCI (I). Mixing wild-type anddpoAcells (1:10 respectively) does not induce loss of lithium resistance idgb& mutant cells J).

Mixtures of wild-type cells expressing@-galactosidase (stained) addoAcells (1:10 respectively) aggregate normally in 10 mM N&acC), (and
wild-type cells are not included in fruiting bodies in the presence of 10 mM Li¢lat 16 h. Bar= 0.5 mm.
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pulses (Figure 2B), indicating that Liblocks the cellular specific substrate of POases and is cleaved in wild-type
response to CAMP. ThépoAmutant expresses csA in the extracts (Figure 4A). Thé&,, of this reaction compares
presence of 10 mM LiCl. ThdpoAmutant also expresses well with that measured for other POase enzymes (Table
csA during growth, suggesting that the mutant may initiate 1). POase activity is completely absent in tigoAmutant
development prematurelydpoA mutant cells grow on  (Figure 4A), suggesting that DpoA is the only POase in
bacteria or when plated in medium on tissue culture plates; Dictyostelium during growth and development. POase
however, the same cells are unable to sustain prolongedenzymes are serine hydrolases and consequently are inhib-
growth in suspension culture (data not shown). The basisited by chymostatin through a non-competitive mechanism.
of the effect on cell growth is not known. The same non-competitive inhibition is observed when
DpoA is incubated with chymostatiiK{ = 12.0*+ 2.3 ug/
dpoA encodes a prolyl oligopeptidase ml). BOC-GIlu(NHO-Bz)-Pyr is a competitive inhibitor of
The original dpoA mutant was generated by insertional the proline-specific endopeptidase enzyme group including
mutagenesis using REMI (Kuspa and Loomis, 1992), and POase. DpoA is competitively inhibited by BOC-
a genomic fragment of thelpoA gene was cloned by GIu(NHO-Bz)-Pyr with aK; comparable with that of
plasmid rescue. The rescued plasmid was used to disruptmammalian POase (Table 1). Finally, we tested DpoA
the dpoAgene of wild-type cells to confirm that its loss against the inhibitors Z-Pro-prolinal dimethyacetal and
results in Li" resistance. The recreatedpoA mutant the peptide H-H-L-P-P-P-V-OH, which specifically target
strains had exactly the same phenotype as the originalPOase. Both of these inhibit DpoA activity (Table 1).
strain and were used in all subsequent experiments. BothThese results indicate that the biochemical properties of
the genomic fragment and its corresponding cDNA were DpoA are typical of the POase enzyme family.
sequenced and found to encode a prolyl oligopeptidase

enzyme (POase; Figure 3A and B). The namh@A  [ocalization of DpoA activity
derives from Dictyostelium prolyl oligopeptidase. The  To examine whether DpoA is secreted, we developed cells
dpoAcDNA contains an open reading frame of 760 amino in culture and assayed both cells and medium for DpoA
acids which shows 41% identity to its human homologue activity. To assess the degree of enzyme leakage from
(Shirasawat al., 1994; Vanhoott al, 1994). The highest  within the cell, the experiment was carried out using
homology occurs within the C-terminal third of the gene, cells transformed with th&scherichia coli LacZgene,
and this region contains the amino acid triad (Ser-Asp— expressed from the actin 15 promoter. This allowed a
His) that is essential for enzymatic activity (Figure 3C; comparison of the cytoplasmically expresgedalactosid-
Goossengt al, 1995). The gene contains a single intron ase activity with that of DpoA. The activity of both
of 82 bp. ThedpoAmutant results from a plasmid insertion - enzymes in the medium was ~1% of the total (Figure 4B).
into the 3 region of the coding sequence and is likely to  This strongly suggests that DpoA activity is intracellular
cause a complete loss of DpoA protein (Figure 3B). The and that the small amount of extracellular activity is due
human POase enzyme cleaves neuropeptides, some ofg leakage from within cells plated under these conditions.
which may be involved in the pathophysiology of depres- The intracellular localization of DpoA activity is consistent
sion (Cunningham and O'Connor, 1997). This function with the cell-autonomous nature of th#poA mutant
and the recent report that abnormal POase activity is appserved in mixing experiments.
state marker for both unipolar and bipolar depression  To investigate the subcellular localization of DpoA,
(Maeset al, 1995) prompted a detailed analysis of the cell extracts were made by filter lysis and differential
dpoAgene. ) o centrifugation. DpoA activity was present in the supernat-
DpoA activity was examined in wild-type andpoA  ant following centrifugation at 100 00§ (Figure 4C),
mutant cell extracts. Z-Gly-Pro-pNA (ZGPpNA) is a with only a trace activity €0.1%) present in the low
speed particulate fraction (P10 fraction). Very little cross-

A B contamination was seen between membrane and cytosolic
: cAMP fractions. A similar cytoplasmic localization has been
Wildtype  dpoA mutant pulsed reported for POase enzymes of other species, including
the human homologue (Katt al., 1980). Consistent with
- - .. - ! a cytosolic localization, no signal peptide sequence is
present in DpoA or any other POase enzyme.
- Na Li - Na Li Na Li

Fig. 2. Lithium inhibits csA expression in wild-type but not tlipoA
mutant. Western blot with anti-csA monoclonal antibody against
Dictyosteliumcell extracts. A) Wild-type anddpoAwhole cell
extracts from growing cells () and cells starved &h with 10 mM
NaCl or 10 mM LiCl. B) Wild-type whole-cell extracts from cells
developed fo 6 h in thepresence of cAMP (300 nM pulses, every
6 min) with 10 mM NaCl or 10 mM LiCI.

DpoA is not a Li* target

To establish a mechanism forLiresistance in thelpoA
mutant, we examined the effect ofLon DpoA. Activity
was tested in the presence of up to 30 mM LiCl and NaCl,
but no effect on enzyme activity was observed in either
salt (Figure 5A). This suggests that*Lheither directly

Fig. 3. dpoAencodes a prolyl oligopeptidase gene (EC 3.4.21.26).Sequence oflpoAgene cDNA and the predicted protein product. The
corresponding genomic sequence is interrupted by a single, 82 bp intron (site underlinedpoRrautant arises through a plasmid insertion into a
site (boxed) at the N-terminus of the predicted produB}. $chematic diagram of thépoAgene showing the two exons (boxed) and the REMI
insertion site (arrow). The restriction enzyme siigsnll (@) and Clal are shown. C) Alignment of the conserved peptidase domain of the

Dictyostelium(top, amino acids 454—760) and human POase (bottom, amino acids 400-710), showing identical residues (boxed), and the conserved

amino acids of the catalytic triad (shaded).
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A

ACAAAACAGTTTTTTAATATTACCACTACAAAACAATTTTTTAATATTATAACAATTTCGAAACCTTTAAACAATTATCATCAAT 85
ATTTTTCAACAACAACAATAATAGATAAAAATAAAATGAAATTTAATTACCCAGAAACAAGAAGAGATGATTCTGTTTTTGATAT 170
M K F NY P ETRRUDTUDS SV F DI
ATTTAAATCAACAGAAAAAGGAAGTGTTAAAGTTTA CATATCGTCATTTAGAAGATCAACAATCACCAGAAACAAAQAA 255
F K $§ T EK GG S V KV Y DPYRUHLET DT QOQQSZPET K K
TGGGTTGATGAAGAAAATAAAATTACAAGATCATTTTTAGATCAAGATAATACAAGTGAAAAGATTTCAAATGAAATTATGAAAA 340
WV D EENIKTTRSFLDU QDNTSETZ KT S NZETIMEK
TGTTAAATTTTGAAAGATTTGATTGGTTTAGAAGAAGAGGTTCAAAATTATTCTTTTCAAGAAATCCAAATACATTAAATCAAAA 425
M L NF ERFDWTFRRRTGSKLFF SRNPNTILNAI N
TATAATTTATTTGATTGATATTGATCAAATTTCAATTAGTAAAGATGGTAAATCAAGTGCAAAAGGATTTGAAAATGCAATTGAA 510

rrytov 1 bl DbatT ST S KDUGIKS S AKGTFENATIE
TTCTTAAATCCAAACACTTATTCAAAAGATGGTACATGGAGTTTAAAATCATTTGTAATCTCAAAGAGTGGTGATCATGTTTGTT 595
FLNPNTY S KDGTWSL KSF VIS K SGDHUVC
TTAGTTATTCAAAGGCAGGTTCTGATTGGGAAGAGATTGCAGTAAAGAAAATTATAACAACTAATGAGTTAAAGACAAATAAGGA 680
F §Y S K A G S DWETETLIAV KK I I T TNETILZKTNKID

TGATGAAGAGGAGAAAGAAGATTTAAAAAAGAAGAATTGTTTACATTATGCAGTTGTGGATCTACCAGATTCAATAAATTGGTGT 765
DEEEKEHDTULIKIKI KNTCLHY AV V DLPDSTITNWTC
AAATTTACTTCGATTAAATGGGATGAGAATGAGACTGGTTTCATCTATAATCGATATCCAAAACCGGAAAAAGTATCCGATGATG 850
K F T s 1 K WDENETSGTF I Y NRYPKUPETZKV S DD
ATAAAGGCACTGAAACCGACACCAACTTGAATAATAAAGTTTATTATCATAAATTAGGTGATGCCAATGAGTCGTTTGATAGAGT 935
bK G TETDTNLNNIKV Y Y HZKTULGDANTESTFDR RV
GGTTTTCGAATGTCCAGAGAACCCACAATGGATATTTGGTACTGAGTTCTCTCATGACCATAGCTCTTTGTTTATCAGCGCTTTC 1020

V F ECPENPO QWITFGTETFSHUDUHSSLF I SATF
AGGGACTGCAATGTTGAGCATAATCTATATGTAATTAGAAATTTCCAAGAGGCAATTGCAAATAAATCAGCCTTTAAAGTCGAGG 1105
R DCNVEHNLYV I RNTFIQQEATIANSIKSATFIKVE
CCCTCATAGATAATTTCGATGCTTGTTATTATTATATTACAAATACTAAACAAGGTGAATATTTCTTTTTAACCAATTTATCTGC 1190
AL I DNFDACY Y Y T TNTZ KU QQGEYFF LTNILSA
ACCATTCAATAGATTAATCTCAATTCAATTGAATGATGATCAACCAATCGTACCAAATTCAAAGAGTAAATTAGAGTTTAAAGAG 1275
P F NRIL I S 1 QL NDUDOU Q@PTITI VPNSIKSKLETFKE

ATCATTCCAGAGAAAGACTATGTATTGGAATCGGTTAGTCGTTCCTCTCAAGAGAAATTCTACGTTTCCTATCAAAAACATGTTC 1360
I 1 P E KDY VLESV SRS S Q0QEKTFY VS Y Q@ KHV
AAGATATCATTGAAGTATATGATTTCAATGGTAAATATTTAAAGGATATTAAATTACCAGGCCCTGGAAGTGCTTCATTATCAGC 1445
¢ bl 1 EVYDFNGIKY LKODTIZ KTLZPGPU GSASTL S A
CACTGAGTATCATGATCATATCTTTATAAACTTTTCAAATTTAGTTTCACCATCGGTAACTTATTATATGGATTCAAAGAATGAT 1530

T EYHDH T F I NF S NL VS P SV T Y Y MDS KNTD
GAATTGTTACTCTTTAAAGAACCACACATTGAAGGCTTCAAATCATCAGATTATGAATGTAAACAAGTCTTTTATGAATCTCCAA 1615

E L L L F KEWPHTIETGTFIKS S DY ETCZKTUQQVF YESTP
AGGATAAAACAAAGATTCCAATGTTTATAGCCTATAAGAAGACCACAGATATCACCAGTGGTAATGCTCCAACCTATATGACTGG 1700
K b K TK I PMF I AYKKTTDTITSGEGNAPTYMTG
TTATGGTGGTTTCAATATCTCTTACACTCAATCATTCTCAATTAGAAATATTTACTTTTTAAATAAATTCAATGGTATCTTTGTA 1785

Y 6 6 F N1 SYTaQsF SsS 1T RNTIYFLNZKTFNGTIF V
ATTGCAAACATTAGAGGTGGTGGTGAGTATGGTAAAGCTTGGCATGAGGCTGGTTCAAAAAAGAATAAGCAAAATTGCTTTGATG 1870

I AN 1T R GG GE Y G KA WWHEAGSKKNZKOQQ@NTCTFD
ATTTTATTGGTGCCGCTGAATATTTGATAAAGGAAAACTATACAAACCCAAACCAATTGGCCGTAAGAGGTGGTAGTAATGGTGE 1955
bF I GAAEY LT KENYTNPNI QLA AVRGSGSNGG

TTTGTTAATGGGTGCAATTTCAAATCAACGTCCTGATCTATTTAAATGTGTTGTAGCAGACGTTGGTGTTATGGATATGCTAAGA 2040
L LMGATIT SNU OGQR®PUDTLTFIKTCVVADVGEGV MDMLR R
TTCCATCTTCATACTATCGGTAGTAATTGGGTCTCTGATTATGGTAGAAGTGATAATCCTGATGATTTTGAAGTACTCATTAAAT 2125
FHLHT I G S NWV SDY 6 R SDNZPUDUDTFE VL I K
ATTCTCCTCTAAATAATGTCCCCAAGGATTCAAATCCATATCCATCAATTATGCTTTGTACTGGTGACCATGATGATCGTGTCAT 2210
Y S P L NNWVPKDSNPYP S I MLCTGDUHTDTDR RV I
TCCTGCTCACTCTTATAAATTCATCTCTGAATTACAATATCAACTTGGTAAAAAAGTTGATACTCCACTTTTAATTAGAGTTGAT 2295
P AH S YK F I §$ EL QY QLGIKJKVDT®PLLTITRVD
AAAGATTCTGGTCATGGTGCTGGTAAAGGTTTATCCAAACCAAATAATGAAATAGCTGATATCTTTAATTTCTTTTCAAAAGTTT 2380
K DS GH G AG K G L S KPNNZETITADTIFNTFTF S KV
TAAATGTTAAATTAAATTTTTAAAATTTTTTAAATTAAAAATTTGTATAATTTTAAATAAATAAATAAATAAATAAATAAATAAA 2465

L NV K L N F
TAAATGAATAAAAAAAAAAAAAAAAAA 2492

LVSV YM KNDL——L PHIE KSECK FYESK 501
sl-FLisPlc I 1[¥H DL TKE[ELIE PRVIFRIE[V TVKIG[I DA|SDY|Q TVIQILIF Y P S|-[K Djc 447
TKIPMFIAYTTDI’I‘SGN ’I‘YMTY SFIRNIYLNKFN 551
KIPMFIVHKKSIKLDGSH-[PJAFLY[GYGGFNIS|I[T/PNY|S[VSRLI[F[VREMG 496
FVI AWHEAG|SKKNKQNCFDDF T AAEYLIKEN IN 601
ILAVANIRGGGEYGETWHKG|GI LANKQNCFDDFQICAAEYL IKEGY TIS|PK 546
B OT]AVR GGLLMG[A|I SNORPDL FIK[C V]VAIDF G VMDML|R[F H|L HT I G]S N 651
R|L|T I N| GGLL|VAAICANQRPDLF|G|C VIT|A|Q[V G VMDMLIK[F HIK Y|T I GHA| 596
|-~ PDD LIKYSPLNP———KSNP CG 698
TDY Gc|s DIS K QH[F EW|LV|K Y S P LIHNV|K L P EA[D|D I Q[Y P S[ML|L[L|T{A 646
LESHKF IATLQ Y|T VIGR SRIKIQ SN|PL L If1 E\’ AGK[PTAKVIEENSDM 696
f FIFSKVLNVKLNF 760
FlIARCLNIDWIP 710
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Fig. 4. POase activity is absent mfpoAmutant, and present in the
cytosol of wild-type cells. &) Extracts from growing cells of wild-

type (©O) or dpoAmutant @) cells assayed for POase activity with
increasing cell equivalentsB) Actinl15:LacZtransformed wild-type

cells were incubated in KiKmedium. Medium and cells were
separated and assayed for DpoA activity #adalactosidase activity.
(C) Wild-type cells were lysed and fractionated to enrich for vacuole
(P10), cell structural components (P100) and cytoplasmic proteins
(S100). The total cell extract (CE) and each fraction was assayed for
DpoA activity. To estimate the degree of separation, each sample was
examined by Western blotting for cross-contamination with the
endoplasmic reticulum-specific protein, protein disulfide isomerase
(PDI; Monnatet al., 1997).

activates nor inhibits DpoA. The effect of Litreatment

on intact cells was also examined. Cells in shaking culture
were treated with Li for 6 h and then extracts were
tested for DpoA activity. No difference was seen in the
level of activity in treated or non-treated samples (Figure
5B). As expected, no DpoA activity was seen in tppA
mutant. We also observe no change of DpoA activity in
wild-type cells after 6 h of development. These conditions
are sufficient to induce csA expression, and we conclude,
therefore, that DpoA activity is not regulated during early

dpoA does not interact with gskA

GskA is inhibited by Li" (Ryveset al,, 1998); however,
the biological effects of Li treatment on development
are more severe than can be explained by a simple loss
of GskA activity (Figure 6A). In particulargskAmutant
cells can aggregate in the absence of (tilarwoodet al.,
1995) but, as seen with wild-type cells, are severely
retarded in its presence (Figure 6B). As GskA protein is
totally absent from thgskAmutant in this case, it cannot
be the Li* target. Introduction of thelpoAmutation into

the gskAbackground confers Liresistance on the double
mutant (Figure 6C and D). The fruiting body of the
dpoAgskAdouble mutant, however, retains the character-
istic morphology of a small spore head and enlarged basal
disc seen in @skAmutant. This suggests that tidpoA
mutation does not suppress thekA mutant phenotype.
Similarly, when thedpoA mutant is developed in the
presence of 10 mM LiCl, it also has a smaller spore head
and enlarged basal disc, suggesting tigiAis still a Li*
target in these cells (Figure 1G).

To verify these conclusions, we examined stalk cell
differentiation in low density monolayer culture. Stalk cell
differentiation is repressed by the presence of extracellular
cAMP through a signal transduction pathway which
requiresgskA(Harwoodet al., 1995). The number of stalk
cells formed in the presence of cAMP is therefore a
sensitive indication of the activity of GskA and its associ-
ated signal transduction pathway. We find that cAMP
strongly represses stalk cell differentiation of both wild-
type and dpoA mutant cells (Figure 6E). No cAMP
repression is seen with eithgekAor doubledpoAgskA
mutant cells. Addition of low concentrations (2.5 mM) of
LiCl reverses the effects of CAMP on both wild-type and
dpoAmutant cells. As we see no effect of 2.5 mM LIiCl
on thegskAmutant, we conclude that this effect is due to
inhibition of GskA activity. The effect of LiCl on wild-
type anddpoAmutant cells further demonstrates that Li
ions enter the cell and target GskA. We can therefore find
no evidence for an epistatic interaction betweendpeA
and gskAgenes, and all of our observations suggest that
they are on different signal transduction pathways.

Loss of dpoA elevates IP; concentrations by
dephosphorylation of IP5

We investigated the possibility of an interaction between
DpoA and phosphoinositide signalling. Treatment of
Dictyosteliumcells with 10 mM LiCl reduces the P
concentration by 20% (Petees al., 1989). We compared
the IR concentration of wild-type andpoAmutant cells
during growth and development in shaking culture. The
basal IR concentration indpoA mutant is 3-fold higher
than in wild-type cells during the growth phase and
continues to be higher during development (Figure 7A).
The IR; concentration ofipoAmutant cells is sensitive to
Li*, but is still higher than in the wild-type after Li
treatment. To confirm that the reduction ofI€ncentra-
tion was due to inhibition of IMPase activity, wild-type
cells were treated with Li in the presence of 10 mM
myo-inositol. This restored cellular §Roncentrations to

development. Our observations demonstrate that DpoA isuntreated levels (Figure 7B). These results suggest that

not a direct target of Lfi and exclude the possibility that
Li* causes an increase of DpoA activity which then blocks
development.
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loss of DpoA activity leads to an elevated concentration
of IP;. To test this conclusion, wild-type cells were
developed in the presence of the POase-specific inhibitor
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Table |. The profile of DpoA activity and inhibition is characteristic of a prolyl oligopeptidase

Substrate Organism Km Reference
Z-Gly-Pro-pNA Dictyostelium(DpoA) 115+ 13 uM
porcine (brain) 53M Rennexet al. (1991)
human (lung) 36QuM Zolfaghariet al. (1986)
Treponema denticola 83 uM Makinenet al. (1994)
ovine (kidney) 100uM Yoshimotoet al. (1978)
Inhibitor K;
Z-Pro+-prolinal dimethylacetal Dictyostelium(DpoA) 1.15* 0.19uM
human 130 nM (1Gg) Goossengt al (1997)
H-H-L-P-P-P-V-OH Dictyostelium(DpoA) 338+ 91 uM
F.meningiosepticum 80 uM Maruyamaet al. (1992)
BOC-Glu(NHO-Bz)-Pyr Dictyostelium(DpoA) 99+ 9.8 nM
human 30 nM Demutlet al. (1993)
porcine 100 nM Demutlet al. (1993)
bacterial 11. M Demuthet al. (1993)
Chymostatin Dictyostelium(DpoA) 12.0+ 2.3 pg/ml
A shown). This is expected as lossdgoAhas no obvious
08~ effect on morphogenesis in the absence of LiCl, and
s indicates that the effects of the POase inhibitor are likely
£ 6 to be specific to DpoA.
i ' To determine the cause of the increasegldéncentra-
2 o4 tion in the dpoA mutant, we examined synthesis and
-% degradation of IR The breakdown of PPto IP; was
o 02 examined in membrane fractions prepared from wild-type
. and dpoA mutant cells by the method described by
0.0+ T . . T T T Bominaar and Van Haastert (1994). This method assays

Salt (mM)

Wild type

dpoA

PO activity (UM/min)

- Na Li - Na L

Fig. 5. DpoA is not a direct target of lithiumA) Wild-type cell
extract (equivalent to 2:810° cells per point) was assayed with
increasing concentrations of LiCI]) or NaCl (). (B) POase activity
for wild-type (solid) ordpoAmutant (shaded) cell extracts from
growing cells and afte6 h development in the presence of 10 mM
LiCl or NaCl (equivalent to %1 cells per point).

Z-Pro+-prolinal dimethylacetal. This overcame the effect
of Li™ and elevated IPto a concentration higher than

the breakdown of endogenous RIBy PLC and hence
would be sensitive to changes in both PLC activity
and PIB concentration. We could detect no substantial
differences in IR synthesis between wild-type amihoA
mutant cells (Figure 8A). As Pihydrolysis is unaffected
by the dpoA mutation, we examined whether a reduced
rate of IR degradation could account for the elevation
in cellular IP; concentration. Extracts containing 3IP
phosphatase activity were prepared from both wild-type
and dpoA mutant cells and the rate of breakdown of
exogenous IP was measured (Bominaat al, 1991).
Rather than having reduced breakdown qf dRegradation
was increased in tlrdpoAmutant, giving a rate of 1.9 pmol/
min/mg of total protein for thepoAmutant compared with
0.7 pmol/min/mg (Figure 8B). Whatever the cause of this
increased activity, it cannot account for the elevateg IP
levels present in thepoA mutant. An alternative source
of IP; has been reported in both mammalian cells and
Dictyostelium In this case, IP can be formed by
dephosphorylation of inositol (1,3,4,5,6) pentakisphosph-
ate (IR) via inositol (1,4,5,6) and (1,3,4,5) tetrakisphosph-
ate intermediates (Van Dijkest al., 1995a,b). This enzyme
activity was prepared from wild-type andpoA mutant
cells using the method described by Van Dijken and co-

ever seen in untreated wild-type cells and matches thatWorkers (1997), and the dephosphorylation of exogenous

seen in thedpoA mutant (Figure 7B). We therefore
conclude that the cellular fPconcentration is linked to
DpoA activity and that thelpoAmutant is less sensitive

IPs was examined. In a 5 min time period, thipoA
mutant was found to synthesize 63% morg ffom IP;
than wild-type cells, with a rate of ~17 pmol/min/mg

to Li* treatment as a consequence of its elevategl IP compared with 10 pmol/min/mg (Figure 8C). We therefore
concentration. Treatment of wild-type cells with POase conclude that the elevated concentrations of $Ben in

inhibitor had no effect on fruiting body formation even at
concentrations 1000-fold higher than th& (data not

dpoAmutant cells are due to increased dephosphorylation
of IPs.
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Fig. 6. DpoA does not interact with the GSK-3 signalling pathway. Aggregation géldAmutant is not affected by 10 mM NaCAj, but is
impeded by 10 mM LiCl B). The dpoAgskAdouble mutant aggregates normally in the presence of 10 mM N2)Carfd 10 mM LiCI D).
Bar = 0.5 mm. E) Monolayer analysis of wild-typedpoA gskAand dpoAgskAcells (Harwoodet al., 1995). Cells were treated with cAMP or

2.5 mM LiCl as indicated.
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Fig. 7. Loss of DpoA activity elevates the JRoncentration during
growth and developmentAj IP3 concentration of wild-type (solid)
and dpoA (shaded) cells during growth and af& h development in
the presence of 10 mM NaCl or 10 mM LiCBY IP3 concentration of
wild-type cells during growth and afté& h development in the
presence of 10 mM NaCl or 10 mM LiCl, or with LiCl and 10 mM
inositol (ino), 650uM Z-Pro--prolinal dimethyacetal in methanol
(inh) or methanol (con).
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Discussion

Li* has multiple effects on Dictyostelium

development

Many of the effects of Li on Dictyosteliumare consistent
with its inhibition of GSK-3 activity. Li" produces a
patterning defect in which a disproportionate number of
stalk cells are formed at the expense of spore cells (Maeda,
1970). Li* treatment can elevate expression of a pre-stalk
enriched genegysteine proteinase;and reduce that of a
pre-spore geneRsA (Peterset al, 1989). In this report,
we show that LT treatment inhibits the repressive effects
of cAMP on stalk cell differentiation in low density
monolayer culture. These are all features consistent with
a loss of GskA activity and this similarity is one of the
factors which led Klein and Melton (1996) to consider
Li* as a GSK-3 inhibitor. It has been shown further that
Li* treatment can affect the Wnt-1 signalling pathway in
a manner consistent with a reduction of GSK-&ctivity
(Stambolic et al., 1996; Hedgepettet al., 1997). In
Dictyostelium Li* reverses the effects of loss of the
cAMP receptor cAR4, an effect consistent with it acting
through GskA (Ginsburg and Kimmel, 1997).

Although inhibition of GSK-3 can explain the terato-
genic activity of Li*, it does not explain all of the biological
effects of Lit treatment onDictyosteliumdevelopment.
Maeda (1970) describes a differential effect, where high
Li* concentrations block aggregation. Furthermore, the
effects on gene expression observed by Peters and co-
workers (1989) only occur at low Eiconcentrations, and
at high concentrations all developmental gene expression
was lost. We also observe an early developmental effect
of Li*, which in our conditions shows a severe retardation
of aggregation and loss of expression of the aggregation-
specific marker csA. Aggregation of thlgskA mutant is
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also inhibited, indicating that in this case GskA is not the
Li* target. To identify the biologically relevant targets of
Li*, we isolated Li-resistant mutants. These fall into two
groups: ones which affect stalk cell differentiation and
hence could act throughskA (data not shown), and a
second group in which cells overcome the effect of Li
on aggregation. ThelpoA mutant falls into this second
group. We can find no genetic evidence for an epistatic
interaction betweerdpoA and gskA and conclude that

A Dictyostelium prolyl oligopeptidase

The unique conformation of the prolyl bond protects
peptides that contain proline residues from enzyme
degradation, and many hormone and neuropeptides are
enriched in proline residues. Prolyl oligopeptidases [EC
3.4.21.26] are endopeptidases that cleave Pro—X amino
acid bonds, but are only active on polypeptide3 kDa.
They are required to degrade bioactive peptides
(Cunningham and O’Connor, 1997) and in some cases to

they lie on separate pathways. These results suggest tha@€nerate new signals, such as seen with the conversion of

there are at least two separate targets of during
Dictyosteliumdevelopment, and the effect of Ldescribed

in earlier reports arises from the simultaneous inhibition
of both.

As in previous reports, we find that Litreatment
decreases the cellulardRoncentration, but this decrease
is relatively small. This may be due to two distinct and
Li*-resistant IMPase activities that are also present in
Dictyosteliumcells (Van Dijkenet al., 1996). Accordingly,
it has been suggested that Bignalling is not a significant
Li* target inDictyostelium The failure to find a develop-
mental phenotype associated with loss offthetyostelium
PLC gene further strengthened this view (Drageral.,
1994) although, in this case,dR generated by dephospho-
rylation of IP; (Van Dijken et al., 1997). The discovery
that elevated IPconfers Li" resistance demonstrates that
IP; signalling is a biologically significant target of Li
and is required during earlRictyosteliumdevelopment.

angiotensin | to angiotensin (1-7) and during host invasion
by Trypanosoma cruziBurleigh et al, 1997). POase
enzymes are found in metazoa, protozoa and bacteria, but
none have been found among the fungi and actinomycetes.
The mammalian POase is found in all tissues, but is highly
active within the brain, particularly in the frontal cortex,
nucleus caudatus and amygdala (Katv al, 1980;
Goossengt al, 1997). POase enzymes have been associ-
ated with neural processing, and POase inhibitors affect
learning and memory (Toidet al., 1997). It is interesting

to note that these processes are attenuated'oréatment
(Barber et al., 1998; Cook and Persinger, 1998). We
have identified the first and probably orBjctyostelium
member of this family and we have shown that DpoA has
biochemical properties similar to those of other members
of the group. The targets of DpoA are not known, although
one candidate could be CMF, a protein factor which is
processed into peptides and acts via PLC (Braetilal.,
1998). CMF sensitizes cAMP receptors on the surface of

Interestingly, cells appear largely unaffected by possessiondevelopingDictyosteliumcells (Van Haastert al., 1996)

of a high cellular concentration of §Palthough they do
show premature expression of thesA gene and are
incapable of sustained growth in shaking culture.

and is required for aggregation.
The known substrates of mammalian POase enzymes
are extracellular signal peptides; it is therefore unexpected
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that POases are almost exclusively intracellular and are
predominantly cytosolic (Katet al., 1980). Some activity

erthryocytes and liver cells (Estrada-Gareiaal., 1991,
Nogimori et al, 1991; Oliveret al, 1992). Curiously,

has been found associated with synaptosomal membranesgenzyme purified from this last source appears to be

although it is not clear whether this is the same POase
present in the cytosol (O’Leary and O’Connor, 1995).
Significantly, only 0.1-1% of activity is found in serum
(Kato et al, 1980). We find DpoA is almost totally
cytosolic, with<<0.1% of activity present in the 10 0@p
particulate fraction. We find only 1% of DpoA activity in
the extracellular medium. This level of extracellular activ-
ity, however, is also seen f@@-galactosidase, an enzyme
that is definitively cytosolic, and is likely to arise from
leakage of damaged cells. This creates a sensitivity limit
for measurement of extracellular POase activity; however,
our mixing experiments enable us to exclude the action
of even undetectable levels of extracellular POase activity
as mixing with small quantities of wild-type cells does
not restore LT sensitivity to thedpoA mutant. As wild-

compartmentalized to the lumen of the endoplasmic reticu-
lum (ER) which would isolate it from its substrate (Ali
et al, 1993). MIPP has been cloned from these cells and
contains a putative ER retention site, SDEL (Craxton
et al, 1997; Caffreyet al, 1999). InDicytostelium this
enzyme activity is regulated by extracellular cAMP and
can account for IR production in the absence of PLC
(Drayeret al., 1994). We find that in thdpoAmutant the
conversion of IR to IP; is increased. We conclude that
loss of DpoA activity causes enhanced turnover of phos-
phoinositides which has the effect of increasing the cellular
concentration of IR (Figure 8D). This would occur if the
breakdown of IB exceeds that of I as reported in
mammalian systems (Hugheg al, 1989). Our results
therefore demonstrate a novel mechanism to control the

type cells are not induced to aggregate in the presence ofcellular IP; concentration.

10 mM LiCl when mixed with thedpoA mutant, we can
also eliminate the possibility that the mutant overproduces
an extracellular signal and escapes the inhibition by high
levels of autocrine stimulation. There are two possibile
mechanisms for the action of POases in the cytosol: they
may either act on a peptide signal generated within the
cell or they degrade extracellular peptides which function
after import into the cell. Such a mechanism has been
observed in the bacteriuBacillus subtiliswhere peptide
signals are imported into the cell during regulation of
sporulation (Lazazzerat al., 1997).

An association between prolyl oligopeptidase
activity and IP; concentration

POase activity and depression

Our observations link Lt sensitivity, POase activity and
the cellular IR concentration to a single signal transduction
pathway and have interesting implications for the' Li
treatment of depression. Recently, POase activity has been
associated with the mental disorders of unipolar and
bipolar depression. POase activity is lowered during
depression, but raised during mania (Matsal,, 1994,
1995), and antidepressant and antimanic drugs restore
POase activity to normal levels (Maest al, 1995).
Furthermore, POase is known to degrade Substance P,
arginine, vasopressifi-endorphin, thyroliberin and lulib-
erin, all implicated in the pathophysiology of depression

We have demonstrated an inverse relationship between(Cunningham and O’Connor, 1997). If the pathway we

POase activity and HPconcentration. This is seen either
in a mutant which lacks all POase activity or in wild-type
cells that are treated with a POase inhibitor. In both cases,
basal concentrations of Jihcrease to 3—4 times that seen
in untreated wild-type cells. This relationship is unexpected
and, to our knowledge, novel. To investigate further, we
have examined the enzyme activities that generate or
dephosphorylate 2 The conventional mechanism of3lP
production is via activation of PLC through activation of
cell surface receptors by extracellular signals. We can
exclude chronic stimulation of PLC in thépoA mutant
cells on two counts. First, the cytosolic localization of
DpoA prevents it from acting on signal peptides outside
the cell. Secondly, the rate of hydrolysis of RliA the
dpoA mutant is the same as that seen in wild-type cells.
We can also exclude the possibility that the higher cellular
IP5; concentration is due to decreased dephosphorylation
and in fact we find higher rates of JRlephosphorylation

in the dpoA mutant. This suggests a higher rate of
phosphoinositide turnover in the absence of DpoA activity.
IP; can also be generated by breakdown from the higher
order phosphoinositides. This has been observed both in
mammalian andictyosteliumcells and involves enzyme
activities which can dephosphorylatesJRns(1,3,4,5)

and Ins(1,4,5,6)Pto form IP; (Van Dijkenet al., 1995b).
This could involve a single enzyme, multiple inositol
polyphosphatase (MIPP), which removes phosphate from
both the 6- and 3-positions (Shears, 1998). This enzyme
activity has been reported in AR4-2J pancreatoma cells,
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observe irDictyosteliumis conserved in the brain, it could
explain the therapeutic effect of Li Depression could
result from a reduction in POase activity that leads to an
elevated IR concentration, which in turn is reversed by
Li* inhibition of IMPase and IPP. If this is the case, it
provides support for the inositol depletion theory and
suggests that ¥, rather than GSK-3-mediated signal
transduction is the appropriate target for the treatment of
depression. Further insight into the nature of this signal
transduction pathway will be obtained by examination of
other Lit-resistant mutants in this pathway.

Materials and methods

Materials

BOC-GIu(NHO-Bz)-Pyr was supplied by Calbiochem, Z-Rrprolinal
dimethylacetal and Z-Gly-Pro-pNA by Bachem (UK) Ltd, and myo-
inositol was supplied by Sigma-Aldrich Co. Ltd.

Cell culture and gene isolation

Cells were grown at 22°C in shaking culture (HL5 medium) upxa8®
cells/ml or in association witKlebsiella aerogenesREMI mutagenesis
was carried out using wild-type cells (Ax2) as previously described
(Kuspa and Loomis, 1992), and mutants were screened for the ability
to aggregate and develop when grown Kmerogenesn the presence

of 10 mM LIiCl. Li*-resistant mutants were designated HAD170-
HAD183. ThedpoA mutant (HAD172) was recapitulated using B9

of rescued plasmid, cleaved wi@lal and reinserted into wild-type cells
(Ax2) to give strains HAD200-HAD204, or intgskA mutant cells
(HM1435) to give strain HAD205. The encoding cDNA was isolated
from a slug stage cDNA library inZAP (kindly provided by R.Firtel).
Sequence analysis was performed by standard protocols using dRhodam-



ine terminator cycle sequencing Ready Reactions (Applied Biosystems).
The DDBJ/EMBL/GenBank accession Nos of tbatyostelium dpoA

Prolyl oligopeptidase and lithium resistance

PLC and IR dephosphorylation were measured by the production of IP
from pellet fractions at 22°C in the presence of 10 mM Ga&hd

gene and rescued fragment are AJ238018 and AJ238019, respectivelyinhibitors of IP; breakdown, 25 mM LiCl and 250M diphosphoglycerate

Developmental phenotypes were analysed by plating cells (density
1x10/filter) on 47 mm nitroclellulose filters (Millipore) soaked in KK
(16.5 mM KH,PQy, 3.8 mM KoHPO, pH 6.2) containing either 10 mM
LiCl, 10 mM NaCl or 1.3 mM Z-Pra--prolinal dimethyacetal. Develop-

(Bominaar and Van Haastert, 1994; Van Dijket al, 1997). IR
(100 uM) (Sigma Chemical Co.) was added for the measurement of the
conversion of IR to IPs. IP; dephosphorylation was measured by the
loss of IR in supernatant fractions in the presence of 5 mM MgCI

ment was observed after 20 h unless otherwise stated. Staining for (Bominaaret al,, 1991). In this assay, exogenous RPas used to adjust

-galactosidase was carried out as described in Dingermeiain(1989).

Immunological techniques

Extracts from 5 10° cells were separated by SDS—PAGE and transferred
to nitrocellulose (Hybond-C Extra, Amersham Pharmacia Biotech.)
following standard procedures (Harlow and Lane, 1988). csA and protein
disulfide isomerase (PDI) proteins were detected by monoclonal antibody,
mAb 33459 and mAb 221-135-1, respectively (kindly provided by J.Faix
and M.Maniak) and visualized by chemiluminescence (Supersignal™,
Pierce & Warriner Ltd).

DpoA assays

Wild-type (Ax2) anddpoA cells were harvested and washed in XK
and resuspended to givex2(® cells/ml in homogenization buffer
[50 mM Tris pH 7.4, 1 mM EDTA, 1 mM dithiothreitol (DTT),

5 pg/ul aprotinin, 1 mM benzamidine, 1@g/ul leupeptin, 0.1 mM
TLCK]. Cells were lysed by sonication, and soluble fractions were
prepared by centrifugation (100 00f) 35 min, 4°C). Assays were
measured in triplicate by combining8 of enzyme extract with 30Ql

of assay buffer [50 mM HEPES pH 7.8, 1 mM EDTA, 1 mM
DTT, 0.25% dimethylsulfoxide (DMSO), 144M Z-Gly-Pro-pNA] and
incubating at 37°C for 2 h. Units of enzyme activity were calculated
from the increase in absorbance at 405 nm in 235(= 8800/M/cm;
Makinen et al, 1994), measured in triplicate using a microtitre plate

the a final concentration to 200M. Figures represent average results
from at least two independent extracts assayed twice in triplicate.

Acknowledgements

We thank Jeff Williams and Martin Raff for their encouragement and

Markus Maniak for his helpful comments. This work was supported by

a Wellcome Senior Basic Biomedical Research Fellowship awarded to
A.J.H. and a Wellcome project grant to W.J.R.

References

Ali,N., Craxton,A. and Shears,S.B. (1993) Hepatic Ins(1,3,4,5P
phosphatase is compartmentalized inside endoplasmic reticulum.
J. Biol. Chem.268 6161-6167.

Barber,T.A., Klunk,A.M., Howorth,P.D., Pearlman,M.F. and Patrick,K.E.
(1998) A new look at an old task: advantages and uses of sickness-
conditioned learning in day-old chickBharmacol. Biochem. Behav
60, 423-430.

Berks,M. and Kay,R.R. (1988) Cyclic AMP is an inhibitor of stalk cell
differentiation inDictyostelium discoideunbev. Biol, 126, 108—114.

Berridge,M.J., Downes,C.P. and HanleyM.R. (1989) Neural and
developmental actions of lithium: a unifying hypothes@ell, 59,

reader. Standard Michaelis—Menten analysis of kinetic data was used to 411-419.

define enzymatic constants.

Cell secretion assay

Actin15:LacZtransformed wild-type (10cells) were incubated in 10 ml

of KK in tissue culture plates. Cells were separated from medium by
centrifugation. Filtered medium and the S100 cell fraction were assayed
for POase activity anf-galactosidase activity according to Dingermann
et al. (1989).

DpoA localization

Wild-type cells (1.%&10%) were resuspended in 1.7 ml of KKdiluted
with 2 vols of homogenization buffer [30 mM Tris—HCI pH 7.4, 2 mM
DTT, 4 mM EGTA, 2 mM EDTA, 5 mM benzamidine, 30% (w/v)
sucrose] and lysed through ap nucleopore filter (Corning). Intact
cells were removed by centrifugation at 7§@nd the crude supernatant
was centrifuged at 10 00§to concentrate the particulate fraction (P10),
and at 100 000y to concentrate cell membrane and small vacuoles
(P100). All pellets were washed in homogenization buffer and assayed
for POase activity or for Western analysis with anti-DPI mAb (Monnat
et al, 1997).

Stalk cell induction assay

Cells were plated at a density of36ells/ml into stalk medium (10 mM
MES, 2 mM NacCl, 10 mM KCI, 1 mM CagGJ 200 pg/ml streptomycin,
20 pg/ml tetracycline; pH 6.2) supplemented with 5 mM cAMP. After

Bominaar,A.A. and van Haastert,P.J.M. (1994) Phospholipase C activity
in Dictyostelium discoideumusing endogenous nonradioactive
phosphatidylinositol 4,5-bisphosphate as substh&thods Enzymal.

238 207-218.

Bominaar,A.A., Van Dijken,P., Draijer,R. and Van Haastert,P.J. (1991)
Developmental regulation of the inositol 1,4,5-trisphosphate
phosphatases iDictyostelium discoideunDifferentiation 46, 1-5.

Bowden,C.L. (1998) Key treatment studies of lithium in manic-depressive
iliness: efficacy and side effectd. Clin. Psychiatry59, 13-19.

Brazill,D.T., Lindsey,D.F., Bishop,J.D. and Gomer,R.H. (1998) Cell
density sensing mediated by a G protein-coupled receptor activating
phospholipase CJ. Biol. Chem.273 8161-8168.

Burleigh,B.A., Caler,E.V., Webster,P. and Andrews,N.W. (1997) A
cytosolic serine endopeptidase frofnypanosoma cruzis required
for the generation of Ca signaling in mammalian cell$. Cell Biol,

136, 609-620.

Caffrey,J.J., Hidaka,K., Matsuda,M., Hirata,M. and Shears,S.B. (1999)
The human and rat forms of multiple inositol polyphosphate
phosphatase: functional homology with a histidine acid phosphatase
up-regulated during endochondral ossificatidfFEBS Lett, 442
99-104.

Cook,L.L. and Persinger,M.A. (1998) ‘Subclinical’ dosages of lithium
and pilocarpine that do not evoke overt seizures affect long-term
spatial memory but not learning in ratBercept. Mot. Skills 86,
1288-1290.

20 h, the medium was removed, the cells washed three times and Craxton,A., Caffrey,J.J., Burkhart,W., Safrany,S.T. and Shears,S.B.

replaced with fresh medium supplemented with 100 nM DIF (Berks and
Kay, 1988); 5 mM cAMP and 2.5 mM LiCl were added as indicated.
Stalk cells formed after a further 24 h.

IP3 assays

Mutant and wild-type cells were grown in shaking culture overnight
before assay. Cells were developed as shaking cultures1(® cells)

in 1 ml of KK, at 22°C, 150 r.p.m. for 6 h. Aliquots of 200l were
assayed for IPconcentration by an isotope dilution method (Amersham
Pharmacia Biotech.), using final reaction volumes of {100

PLC hydrolysis, and IP3; and IP; dephosphorylation assays

Cell pellet and supernatant fractions were prepared from@ cells/
ml in buffer A [20 mM HEPES/NaOH pH 7, 0.5 mM EDTA, 200 mM
sucrose (Van Dijkeret al, 1996)], lysed by passing through apfn
nucleopore membrane and separated by centrifugation at 10§ @0

(1997) Molecular cloning and expression of a rat hepatic multiple
inositol polyphosphate phosphataB&ochem. J.328 75-81.

Cunningham,D.F. and O’Connor,B. (1997) Proline specific peptidases.
Biochim. Biophys. Actal343 160-186.

Demuth,H.U., Schlenzig,D., Schierhorn,A., Grosche,G., Chapot-
Chartier,M.P. and Gripon,J.C. (1993) Design of NA(O-acyl)hydroxy
amid)aminodicarboxylic acid pyrrolidides as potent inhibitors of
proline-specific peptidaseBEBS Lett. 320, 23-27.

Dingermann,T., Reindl,N., Werner,H., Hildebrandt,M., Nellen,W.,
Harwood,A., Williams,J. and Nerke,K. (1989) Optimization aind
situ detection ofEscherichia colif-galactosidase gene expression in
Dictyostelium discoideunGene 85, 353—-362.

Drayer,A.L., Van der Kaay,J., Mayr,G.W. and Van Haastert,P.J. (1994)
Role of phospholipase C iDictyosteliumformation of inositol 1,4,5-
trisphosphate and normal development in cells lacking phospholipase
C activity. EMBO J, 13, 1601-1609.

30 min. Pellets were washed and resuspended in equal volumes ofEstrada-Garcia,T., Craxton,A., Kirk,C.J. and Michell,R.H. (1991) A salt-

buffer A. Bradford assays confirmed equal protein levels in extracts.

activated inositol 1,3,4,5-tetrakisphosphate 3-phosphatase at the inner

2743



R.S.B.Williams et al.

surface of the human erythrocyte membraRec. R. Soc. Lond. B, Mandelkow,E. (1995) tau domains, phosphorylation and interactions
Biol. Sci, 244, 63-68. with microtubules Neurobiol. Aging 16, 355-362.

Gee,N.S., Reid,G.G., Jackson,R.G., Barnaby,R.J. and Ragan,C.l. (1988Maruyama,S., Miyoshi,S., Osa,T. and Tanaka,H. (1993) Prolyl
Purification and properties of inositol-1,4-bisphosphatase from bovine  endopeptidase inhibitory activity of peptides in the repeated sequence
brain. Biochem. J.253 777-782. of various proline-rich proteinsl. Ferment. Bioeng 74, 145-148.

Ginsburg,G.T. and Kimmel,A.R. (1997) Autonomous and Monnat,J., Hacker,U., Geissler,H., Rauchenberger,R., Neuhaus,E.M.,
nonautonomous regulation of axis formation by antagonistic signaling  Maniak,M. and Soldati,T. (1997pictyostelium discoideunprotein
via 7-span cAMP receptors and GSK3ictyostelium Genes Dey. disulfide isomerase, an endoplasmic reticulum resident enzyme lacking
11, 2112-2123. a KDEL-type retrieval signalFEBS Lett. 418 357-362.

Goossens,F., De Meester,l., Vanhoof,G., Hendriks,D., Vriend,G. and Nishizuka,Y. (1992) Intracellular signaling by hydrolysis of of
Scharpe,S. (1995) The purification, characterization and analysis of  phospholipids and activation of protein kinase Science 258
primary and secondary-structure of prolyl oligopeptidase from human  607—-614.
lymphocytes. Evidence that the enzyme belongs tatifiehydrolase Nogimori,K., Hughes,P.J., Glennon,M.C., Hodgson,M.E., Putney,J.W.,Jr
fold family. Eur. J. Biochem.233 432-441. and Shears,S.B. (1991) Purification of an inositol (1,3,4,5)-

Goossens,F.,, Vanhoof,G., De Meester,l., Augustyns,K., Borloo,M.,  tetrakisphosphate 3-phosphatase activity from rat liver and the
Tourwe,D., Haemers,A. and Scharpe,S. (1997) Development and evaluation of its substrate specificity. Biol. Chem. 266, 16499—

evaluation of peptide-based prolyl oligopeptidase inhibitors— 16506.

introduction of N-benzyloxycarbonyl-prolyl-3-fluoropyrrolidine as a  O’Leary,R.M. and O’Connor,B. (1995) Identification and localisation of

lead in inhibitor designEur. J. Biochem.250, 177-183. a synaptosomal membrane prolyl endopeptidase from bovine brain.
Harlow,E. and Lane,D. (1988ntibodies: A Laboratory ManualCold Eur. J. Biochem.227, 277-283.

Spring Harbor Laboratory Press, Cold Spring Harbor, NY. Oliver,K.G., Putney,J.W.Jr, Obie,J.F. and Shears,S.B. (1992) The
Harwood,A.J., Plyte,S.E., Woodgett,J., Strutt,H. and Kay,R.R. (1995) interconversion of inositol 1,3,4,5,6-pentakisphosphate and inositol

Glycogen synthase kinase 3 regulates cell fatBictyostelium. Cell tetrakisphosphates in AR4-2J cellsBiol. Chem.267, 21528-21534.

80, 139-148. Peters,D.J., Van Lookeren Campagne,M.M., Van Haastert,P.J., Spek,W.

Hedgepeth,C.M., Conrad,L.J., Zhang,J., Huang,H.C., Lee, VM. and  ang Schaap,P. (1989) Lithium ions induce prestalk-associated gene
Klein,P.S. (1997) Activation of the Wnt signaling pathway: a molecular expression and inhibit prespore gene expressiorDictyostelium

mechanism for lithium actiorDev. Biol, 185 82-91. discoideumJ. Cell Sci, 93, 205-210.

He|t,$_ and Nemeroff.C.B. (1998) thhlum_ augmentation of Plyte,S.E., Hughes,K., Nikolakaki,E., Pulverer,B.J. and Woodgett,J.R.
antidepressants in treatment-refractory depressio@lin. Psychiatry (1992) Glycogen synthase kinase-3: functions in oncogenesis and
59, 28-33. developmentBiochim. Biophys. Actall14 147-162.

Hokin,L.E. (1993) Lithium increases accumulation of second messenger Rannex.D. Hemmings,B.A., Hofsteenge,J. and Stone,S.R. (1991) cDNA
inositol 1,4,5- trisphosphate in brain cortex slices in species ranging  ¢|oning of porcine brain prolyl endopeptidase and identification of the
from mouse to monkeyAdv. Enzyme ReguBB3, 299-312. active-site seryl residudiochemistry30, 2195-2203.

Hughes,P.J., Hughes,A.R., Putnt_ay,J.W.,'Jr qnd Shears_,S.B. (1989) ,Thehyves,W.J., Fryer,L., Dale,T. and Harwood,A.J. (1998) An assay for
regulation of the_phosphor_ylatlon of inositol 1,3,4—tr|s_phospr_1ate_|n glycogen synthase kinase 3 (GSK-3) for use in crude cell extracts.
cell-free preparations and its relevance to the formation of inositol Anal. Biochem 264, 124-127
1,3,4_1,6-tetrak|sphosphate in agonist-stimulated rat parotid acinar cells. Shears,S.B. (1998) il'he versatility of inositol phosphates as cellular
J. Bial. Chem.26_4, 19871-19878. . L signals.Biochim. Biophys. Actal436 49-67.

Inhorn,R.C. and Majerus,P.W. (1988) Properties of inositol polyphosphate Shirasawa,Y., Osawa,T. and Hirashima,A. (1994) Molecular cloning
1-phosphatasel. Biol. Chem. 263 14559_14.56.5' . . and characterization of prolyl endopeptidase from human T cells.

Kato,T., Okada,M. and Nagatsu,T. (1980) Distribution of post-proline J. Biochem. 115, 724-729
cleavm_g enzyme in the human brain and the peripheral tissfes. Siu,C.H., Lam,T.Y. and Wong,L.M. (1988) Expression of the contact

Kecr:wsltdBl(IJECBem’CShzéllziLs:,Lg_Rllel. Ragan,C.l. and Nahorski,S.R. (1990) site A glycoprotein inDictyostelium discoideumquantitation and

y.e.D., © P gan, . 1. ) S developmental regulatiofBiochim. Biophys. Acteé968 283-290.
_Reduced |nc')S|'to| polyp_hosphate accumulation and '|n03|tol supply Stambolic,V., Ruel,L. and Woodgett,J.R. (1996) Lithium inhibits
216(1;107e8dl£>¥8l(|5th|um in stimulated cerebral cortex slicéichem. J. glycogen synthase kinase-3 activity and mimics wingless signalling
0 : . in intact cells.Curr. Biol., 6, 1664—1668.
Klein,P.S. and Melton,D.A. (1996) A molecular mechanism for the effect Toide,K., Shinoda,M., Fujiwara.T. and lwamoto,Y. (1997) Effect of a

of lithium on developmen®roc. Natl Acad. Sci. USA3, 8455-8459. : S -
Kuspa,A. and Loomis,W.F. (1992) Tagging developmental genes in novel prolyl endppeppdase |nh|b|_tor, JTP-4819, on spatl_al memory
Dictyosteliumby restriction enzyme-mediated integration of plasmid g’;ﬂaf/eggalll;?ﬂgirg'c neurons in aged ratharmacol. Biochem.

DNA. Proc. Natl Acad. Sci. USA9, 8803—-8807. -
Lazazzera,B.A., Solomon,J.M. and Grossman,A.D. (1997) An exported Van_ Duken!P., La_mmt_ers,A.A_. and van Haastert_,P.J. (1995a)_ In
Dictyostelium discoideuminositol 1,3,4,5-tetrakisphosphate is

tide functi int lularly t tribute t Il density signali
ipneg Isfbtlijligc gjég rgie;_%g&rsy 0 contribute fo cell denstly signaling dephosphorylated by a 3-phosphatase and a 1-phosphBtaskem.
' ) i | J., 308 127-130.

Lenox,R.H., McNamara,R.K., Papke,R.L. and Maniji,H.K. (1998) >
Neurobiology of lithium: an updatel. Clin. Psychiatry59, 37-47. Van Dijken,P., de Haas,J.R., Craxton,A., Erneux,C., Shears,S.B. and Van

Lucas,F.R., Goold,R.G., Gordon-Weeks,P.R. and Salinas,P.C. (1998) Haastert,P.J. (1995b) A novel, phospholipase C-independent pathway
Inhibition of GSK-3 leading to the loss of phosphorylated MAP-1B of inositol 1,4,5-trisphosphate formationiictyosteliumand rat liver.
is an early event in axonal remodelling induced by WNT-7a or lithium. ~ J- Biol. Chem.270, 29724-29731.

J. Cell Sci, 111, 1351-1361. Van Dijken,P., Bergsma,J.C., Hiemstra,H.S., De Vries,B., Van Der Kaay,J.
Maeda,Y. (1970) Influence of ionic conditions on cell differentiation and ~ @nd Van Haastert,P.J. (199Bjctyostelium discoideurnontains three

morphogenesis of the cellular slime moldev. Growth Differ, 12, inositol monophosphatase activities with different substrate

217-227. specificities and sensitivities to lithiunBiochem. J.314, 491-495.

Maes,M., Goossens,F., Scharpe,S., Meltzer,H.Y., D'Hondt,P. and Van Dijken,P., Bergsma,J.C. and Van Haastert,P.J. (1997) Phospholipase-
Cosyns,P. (1994) Lower serum prolyl endopeptidase enzyme activity =~ C-independent inositol 1,4,5-trisphosphate formatioDictyostelium
in major depression: further evidence that peptidases play a role in ~ cells. Activation of a plasma-membrane-bound phosphatase by
the pathophysiology of depressiddiol. Psychiatry 35, 545-552. receptor-stimulated €4 influx. Eur. J. Biochem.244, 113-119.
Maes,M., Goossens,F., Scharpe,S., Calabrese,J., Desnyder,R. and¥an Haastert,P.J., Bishop,J.D. and Gomer,R.H. (1996) The cell density
Meltzer,H.Y. (1995) Alterations in plasma prolyl endopeptidase activity ~ factor CMF regulates the chemoattractant receptor cAR1 in
in depression, mania and schizophrenia: effects of antidepressants, Dictyostelium J. Cell Biol, 134, 1543-1549.

mood stabilizers and antipsychotic drugsychiatry Res58, 217-225. Vanhoof,G., Goossens,F., Hendriks,L., De Meester,l., Hendriks,D.,
Makinen,P.L., Makinen,K.K. and Syed,S.A. (1994) An endo-acting Vriend,G., Van Broeckhoven,C. and Scharpe,S. (1994) Cloning and

proline-specific oligopeptidase fronTreponema denticolaATCC sequence analysis of the gene encoding human lymphocyte prolyl

35405: evidence of hydrolysis of human bioactive peptidefect. endopeptidasezeng 149 363-366.

Immun, 62, 4938-4947. Williams,J.G. and Jermyn,K.A. (1991) Cell sorting and positional

Mandelkow,E.M., Biernat,J., Drewes,G., Gustke,N., Trinczek,B. and differentiation durindictyosteliummorphogenesis. In Gerhart,J. (ed.),

2744



Prolyl oligopeptidase and lithium resistance

Cell-Cell Interactions in Early Developmenwiley-Liss, New York,
pp. 261-272.

Williams,J.G., Duffy,K.T., Lane,D.P.,, McRobbie,S.J., Harwood,A.J.,
Traynor,D., Kay,R.R. and Jermyn,K.A. (1989) Origins of the prestalk—
prespore pattern iDictyosteliumdevelopmentCell, 59, 1157-1163.

Woodgett,J.R. (1990) Molecular cloning and expression of glycogen
synthase kinase-3/factor £MBO J, 9, 2431-2438.

Yoshimoto,T., Fischl,M., Orlowski,R.C. and Walter,R. (1978) Post-
proline cleaving enzyme and post-proline dipeptidyl aminopeptidase.
Comparison of two peptidases with high specificity for proline
residuesJ. Biol. Chem.253 3708-3716.

Zolfaghari,R., Baker,C.R., Canizaro,P.C., Feola,M., Amirgholami,A. and
Behal,F.J. (1986) Human lung post-proline endopeptidase: purification
and action on vasoactive peptid&1zyme 36, 165-178.

Received December 22, 1998; revised and accepted March 30, 1999

2745



