AUTOCRINE PROLIFERATION INHIBITION PATHWAYS IN DICTYOSTELIUM

DISCOIDEUM

A Dissertation
by

YU TANG

Submitted to the Office of Graduate and Professional Studies of
Texas A&M University
in partial fulfillment of the requirements for the degree of

DOCTOR OF PHILOSOPHY
Chair of Committee, Richard H. Gomer
Committee Members,  Bruce B. Riley

Steve W. Lockless
Kevin Burgess
Head of Department, Thomas D. McKnight

August 2020
Major Subject: Biology

Copyright 2020 Yu Tang



ABSTRACT

Very little is known about how tissues can regulate their size. In one possible
mechanism, cells in a tissue secrete a factor that inhibits their proliferation, and as the
tissue gets bigger, the concentration of the factor increases. If the factor reached the
concentration that inhibits proliferation, the resulting negative feedback loop will limit
tissue size. Despite evidence for such factors, very few have been identified and their
signal transduction pathways are poorly understood. Our lab previously found that
Dictyostelium discoideum accumulates such factors, autocrine proliferation repressor
protein A (AprA) and inorganic polyphosphate, to slow or inhibit its proliferation.
Previous work showed that AprA slows the proliferation via an unknown G protein
coupled receptor (GPCR), and polyphosphate inhibits the proliferation using the G
protein coupled receptor GrlD and the Ras GTPase RasC. In this dissertation, I showed
that the GPCR GrlH is required for AprA to slow cell proliferation; I found several
signaling components in the polyphosphate pathway through genetic screens, and
showed that polyphosphate inhibits the proliferation of D. discoideum through an

IP3/Ca*" pathway.
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1. INTRODUCTION AND LITERATURE REVIEW

1.1. Tissue size regulation and chalones

A longstanding question in developmental biology is how a tissue or a group of
cells, can regulate its own size or the spatial density of a specific cell type. In one
possible mechanism, the tissue size or the spatial density of a specific cell type could be
limited by an autocrine proliferation inhibitor, named ‘chalone’, where the concentration
of the chalone increases as the size of the tissue, or density of cells, increases [1-3]. The

resulting negative feedback loop will limit the tissue size, or density of cells.

Although a considerable amount is known about signals and pathways that
promote cell proliferation, relatively little is known about the identities of chalones and
their signal transduction pathways. Understand the mechanism of these chalones may
help to treat abnormal-proliferation related diseases like cancer. For instance,
melanocyte proliferation can be inhibited by an unknown secreted chalone, and when the
crude chalone is injected under a melanoma, the melanoma cell proliferation ceases (3,
4). Despite their intrinsic interest and potential utility in controlling tumor growth, in
most cases where chalone activity has been observed, the identity of the chalone and the
identity of the associated signal transduction pathway are unknown. For example, there
is evidence for the existence of chalones in mammalian tissues, such as liver, muscle and
spleen [4-7], however, only the muscle chalone myostatin was identified [6]. Whether

the chalones are proteins, peptides or inorganic molecules is unclear.



Our lab has found that the social amoeba, Dictyostelium discoideum, secretes an
autocrine proliferation repressor protein A (AprA) to slow proliferation [8], and
inorganic polyphosphate to stop proliferation [9]. In this dissertation, I report my
contribution to understanding the mechanism of these chalones in Dictyostelium
discoideum. An intriguing possibility is that similar mechanisms may be used in other

eukaryotes for autocrine proliferation inhibition and group and tissue size regulation.

1.2. Dictyostelium Discoideum

Dictyostelium discoideum is a eukaryotic social amoeba. It lives in a unicellular
form when there is enough food. When cells overgrow their food supply and starve, they
will aggregate to form multicellular fruiting bodies, two types of cells: spore cells and

stalk cells [10].

Dictyostelium discoideum serves as an excellent model organism for studying
molecular and cellular processes. It has a sequenced, assembled and annotated 34 Mb
genome [11], containing many genes that are homologous to those in mammals and are
missing in fungi [12, 13]. There are numerous molecular genetic tools available. For
example, random mutants can be easily generated by restriction enzyme mediated
insertion [14] or shotgun antisense [15]. Lab strains of Dictyostelium discoideum can be
cultured in liquid medium or on a bacterial (E. coli) lawn on an agar plate at room

temperature.



Because of these advantages, Dictyostelium discoideum has been used for a wide
variety of biological studies, including cell division, phagocytosis, chemotaxis, signal

transduction, cell-cell communication and cell differentiation [16].

1.3. Autocrine proliferation repressor protein A

Autocrine proliferation repressor protein A (AprA) is a secreted Dictyostelium
discoideum protein that inhibits the proliferation of D. discoideum cells [8, 17]. AprA
functions in conjunction with another secreted protein called CfaD (counting factor-
associated D), which also inhibits the proliferation of D. discoideum cells [18]. The
addition of recombinant AprA (rAprA) or CfaD (rCfaD) to wild type cells causes a
significant reduction in proliferation [18, 19]. Cells lacking either AprA or CfaD show
abnormally fast proliferation, and this phenotype can be rescued either by expressing
AprA in aprd cells or CfaD in cfaD cells or by adding recombinant AprA or CfaD to
the respective mutant strains [8, 18, 19]. Both AprA and CfaD are necessary for
proliferation inhibition, as rAprA cannot rescue the cfaD phenotype and rCfaD cannot
rescue the aprd phenotype [18, 19]. Additionally, AprA but not CfaD, functions to
chemorepel D. discoideum cells, causing cells to move in a biased direction away from a
source of AprA [17]. Cells at the edge of wild type colonies move away from the dense
colony center while cells at the edge of an aprd colony form a tight edge with little
movement outward [20]. Both wild type and apr4 cells move away from a source of

rAprA [17].



Several components of the AprA-induced proliferation inhibition signaling
pathway have been identified, including the ROCO kinase QkgA, the p21-activated
kinase (PAK) family member PakD, the PTEN-like phosphatase CnrN, and the tumor
suppressor RblA [20-24]. Additionally, QkgA, PakD, CnrN, and RbIA are also involved
in the AprA- induced chemorepulsion signaling pathway [17, 20-24]. Both AprA
inhibition of proliferation and AprA induction of chemorepulsion require the G proteins
GP and Ga subunit Ga8, and the binding of AprA to cell membrane is inhibited by
GTPyS, suggesting that AprA functions through binding to a G protein-coupled receptor

(GPCR) [17, 25].

1.4. Polyphosphate

Polyphosphate is a linear polymer of phosphate residues and is present in all
kingdoms of life [26-29]. In bacteria, polyphosphate functions as energy and phosphate
storage [26, 29], potentiates survival in some high stress conditions [29, 30], and
potentiates biofilm formation [31, 32]. In mammals, polyphosphate inhibits bone
calcification [33], potentiates pro-inflammatory responses [34], potentiates mTOR
activation of plasma cells [35], inhibits the proliferation of leukemia cells [36], induces

apoptosis [37], and accelerates blood coagulation [38].

Dictyostelium accumulates extracellular polyphosphate as cells grow and
proliferate [9]. At very high cell densities, when the cells are about to starve, the

accumulated extracellular polyphosphate reaches ~150 uM (monomer concentration),



and this concentration of polyphosphate inhibits cytokinesis (and thus cell proliferation),
possibly to prevent the formation of small cells, and thus just before starvation increases

the percentage of large cells with relatively large reserves of stored nutrients [9].

Polyphosphate inhibits Dictyostelium proliferation, and in low nutrient
conditions, this requires the GPCR GrlD, a metabotropic Glutamate Receptor-Like
receptor, and the small GTPase RasC in a low nutrient condition [39]. The downstream

signaling of polyphosphate pathway is unclear.



2. AN AUTOCRINE PROLIFERATION REPRESSOR REGULATES
DICTYOSTELIUM DISCOIDEUM PROLIFERATION AND CHEMOREPULSION

USING THE G PROTEIN-COUPLED RECEPTOR GRLH*

2.1. Summary

In eukaryotic microbes, little is known about signals that inhibit the proliferation
of the cells that secrete the signal, and little is known about signals (chemorepellents)
that cause cells to move away from the source of the signal. Autocrine proliferation
repressor protein A (AprA) is a protein secreted by the eukaryotic microbe Dictyostelium
discoideum. AprA is a chemorepellent for and inhibits the proliferation of D.
discoideum. We previously found that cells sense AprA using G proteins, suggesting the
existence of a G protein-coupled AprA receptor. To identify the AprA receptor, we
screened mutants lacking putative G protein-coupled receptors. We found that,
compared to the wild-type strain, cells lacking putative receptor GrlH (gr/H cells) show
rapid proliferation, do not have large numbers of cells moving away from the edges of
colonies, are insensitive to AprA-induced proliferation inhibition and chemorepulsion,
and have decreased AprA binding. Expression of GrlH in griH cells (grlH /griH°F)
rescues the phenotypes described above. These data indicate that AprA signaling may be

mediated by GrlH in D. discoideum.

* Reprinted with permission. Tang, Y., Wu, Y., Herlihy, S. E., Brito-Aleman, F. J., Ting, J. H.,
Janetopoulos, C., & Gomer, R. H. (2018). An Autocrine Proliferation Repressor Regulates Dictyostelium
discoideum Proliferation and Chemorepulsion Using the G Protein-Coupled Receptor GrlH. mBio, 9(1),
€02443-17. Copyright © 2018, Tang et al.



2.2. Introduction

Chalones are secreted factors that inhibit the proliferation of the cells that secrete
them [40, 41]. For instance, melanocyte proliferation can be inhibited by an unknown
secreted chalone, and when the crude chalone is injected under a melanoma, the
melanoma cell proliferation ceases [42, 43]. Despite their intrinsic interest and potential
utility in controlling tumor growth, in most cases where chalone activity has been
observed, the identity of the chalone and the identity of the associated signal

transduction pathway are unknown.

We previously identified two Dictyostelium discoideum chalones, AprA and
CfaD. Both are secreted proteins that inhibit D. discoideum cell proliferation [8, 18].
Cells lacking either AprA or CfaD show abnormally fast proliferation, and this
phenotype can be rescued either by expressing AprA in aprd cells or CfaD in cfaD
cells or by adding recombinant AprA or CfaD to the respective mutant strains [8, 18,
19]. Both AprA and CfaD are necessary for proliferation inhibition, as recombinant
AprA (rAprA) cannot rescue the cfaD phenotype and recombinant CfaD (rCfaD)
cannot rescue the aprd phenotype [19, 25]. Several components of the AprA-induced
and/or CfaD-induced proliferation inhibition signaling pathway have been identified,
including the ROCO kinase QkgA, the p21-activated kinase (PAK) family member
PakD, the PTEN-like phosphatase CnrN, and the tumor suppressor RblA [20-24].
Additionally, AprA functions to chemorepel D. discoideum cells, causing cells to move

in a biased direction away from a source of AprA [17]. QkgA, PakD, CnrN, and RblA



are also involved in the AprA- induced-chemorepulsion signaling pathway [17, 20-24].
Both AprA inhibition of proliferation and AprA induction of chemorepulsion require the
G proteins G} and Ga subunit Ga8, and the binding of AprA to cell membrane is
inhibited by GTPyS, suggesting that AprA functions through binding to a G protein-

coupled receptor (GPCR) [17, 25].

D. discoideum has 61 genes encoding predicted proteins with sequence similarity
to GPCRs [11, 44]. At least 35 of the 61 genes are expressed in growing and
proliferating (vegetative) cells [45]. One GPCR mutant, the crl4 strain, proliferates
faster than the wild type and is insensitive to rAprA-induced proliferation inhibition
[46]. However, crl4 cells bind AprA with kinetics similar to those of wild-type cells,

suggesting that CrlA is not the AprA receptor [19].

GPCR mutant screening done by previous lab members suggests several AprA
receptor candidates. An available set of mutants with insertions of a blasticidin
resistance cassette in the coding region for a putative G protein-coupled receptor were
tested for phenotypes similar to those of cells lacking AprA. Cells lacking AprA, Gas,
GB, or the AprA signal transduction components PakD, RblA, and QkgA exhibit faster
proliferation and proliferate to a higher maximal density than wild-type cells [8, 20, 21,

23, 25]. Examining the proliferation in a shaking culture of cells lacking putative G



protein-coupled receptors, they observed that gr/H cells showed significantly faster
proliferation than wild-type cells, while gr/D  and fscE cells were slower to proliferate
(Figure 1) (Table 1). grlH cells also died faster after the stationary phase than wild-type
cells (Figure 1). None of the mutants proliferated to a higher density than the wild type,
and some mutants proliferated to a lower maximal density (Figure 1) (Table 1).
Together, these results indicate that grlH cells, like aprd  cells [8], have fast
proliferation and die quickly after the stationary phase but do not have the aprd

phenotype of proliferation to an abnormally high cell density.

>
o)

30+

30- - WT
= grlE

|

204 = griB

10+

Cell density, 10° cells/ml
|
Cell density, 10° cells/ml

Figure 1. The effect of GPCR disruptions on proliferation.

Log-phase cells were grown in liquid shaking culture starting at 1 x 10> cells/ml and
counted daily. WT, Ax2 wild type. For clarity, data from (A) fast-proliferation mutants
and (B) normal-proliferation or slow-proliferation mutants were plotted separately.
Values are means + standard errors of the means (SEM); n > 3 independent experiments.



Table 1. The effect of GPCRs on doubling time and stationary density.

Doubling times and maximum cell densities were calculated using the data in Figure 1A
and B. Values are mean = SEM, n = 4. Statistical significance compared to wild type
is shown as * (p <0.05) and ** (p <0.01) (t test).

Maximum observed cell

Cell Type Doubling time, hours density, 105 cells/ml
WT 143+0.2 219+1.7
grlB 14.0+0.4 23.4+1.5
grlD 16.9 + 0.8* 9.0 +0.6**
grlE 15.2+0.5 18.8+1.7
grlH 13.0 £ 0.1%* 20.8+ 1.3
fsi4- 148+ 1.2 22.1+4.2
SSIB 16.7+ 1.1 13.6 £ 1.3%*
SSIK 16.1+1.3 13.7 £ 1.2%%*
JSScE 15.8 £0.5* 12.0 + 0.8**

One possible reason that a mutant Dictyostelium strain would exhibit abnormal
proliferation is an abnormal accumulation of AprA or CfaD. To test this possibility,
conditioned media from the putative G protein-coupled receptor mutants were assayed
for AprA and CfaD. None of the mutants accumulated significantly less AprA or CfaD
than wild-type cells (Figure 2). Four mutants, including the gr/H mutant, accumulated
abnormally high levels of extracellular AprA. gr/H cells accumulated normal levels of
extracellular CfaD, and 3 other mutants accumulated abnormally high levels of
extracellular CfaD. Together, these data indicate that the fast proliferation of gr/H cells

is not due to abnormally low extracellular levels of AprA or CfaD.
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Figure 2. Accumulation of AprA and CfaD in GPCR mutants.

Conditioned media from log-phase cells were analyzed for accumulated (A) AprA and
(B) CfaD using anti-AprA and anti-CfaD antibodies. Quantifications (» = 3 independent
experiments, means + SEM) of Western blot bands, normalized to the band intensity for
the Ax2 wild type (WT), are shown. *, P <0.05; **, P<0.01; *** P <0.001 (compared
to the wild type [7 test]).

Possibly due to a decreased ability to cause cells at the edge of a colony to be
repelled from the colony, aprAd , pakD , rbl4 , and gkgA cells form abnormally small
colonies starting from single cells on bacterial lawns [8, 20, 21, 23](5, 10, 11, 18). The
grlB , grlH , fsiA , fsIB , and fsIK cells also formed abnormally small colonies on
bacterial lawns (Figure 3). Whereas wild-type cells form colonies in submerged liquid
culture with cells dispersed from the colony edges, aprd , rblA , and gkgA cells form
colonies with well-defined edges and few dispersed cells [8, 20, 21]. They found that
grlB , grlH , and fsIK cells also formed colonies with well-defined edges (Figure 4).

Together, these results indicate that grlB , grlH , and fsIK cells all have the small
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colony on bacterial lawns and that the abnormally few cells dispersing from a colony in
submerged liquid culture show phenotypes characteristic of cells lacking AprA or some

of the AprA signal transduction pathway components.
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Figure 3. GPCR mutant colony expansion.

Approximately 10 cells were plated onto agar plates spread with K. aerogenes bacteria.
At least 3 colonies were measured daily per plate. After 6 days, individual wild-type
colonies were indistinguishable from each other. Values are means + SEM; n >3
independent experiments. The absence of error bars indicates that the SEM was less than
the size of the marker. *, P <0.05; **, P <0.01 (for the change in colony size from day
4 to day 6 compared to the wild type [ test]).
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Figure 4. Colony edges of GPCR mutants.

Colonies of cells were allowed to adhere to glass well slides. Fresh media was added to
the wells and cells were left overnight to spread. The edges of colonies were imaged
with a 10x phase contrast objective. The right colony edge is shown for all strains except
fslA , where the top colony edge is shown. Images are representative of at least three
independent experiments. Bars are 50 pm.

Another characteristic of apr4  cells is that they tend to be multinucleate; a
population of aprd cells has fewer mononucleate cells and more cells with 2 nuclei or 3
or more nuclei than a population of wild-type cells [8]. Cells lacking the AprA signal
transduction pathway component Ga8, G, or QkgA have similar multinucleate
phenotypes [20, 25]. They found that griD , fsIA , fsIB , fsIK , and fscE cells had
fewer cells with a single nucleus, and more cells with two nuclei, than wild-type cells
(Table 2). fs/B and fsIK cells also had more cells with three or more nuclei. These data

indicate that, like cells lacking AprA, Ga8, Gf, or QkgA, cells of several mutants
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lacking putative G protein-coupled receptors, but not gr/H cells, tend to have more

nuclei per cell than wild-type cells.

Table 2. The effect of GPCR on nuclei per cell.

Cells were stained with DAPI (4°, 6-diamidino-2-phenylindole), the number of nuclei in
cells was counted, and then the number of nuclei per 100 cells was calculated. Values
are means + SEM; n > 3 independent experiments. *, P <0.05; **, P <0.01; *** P <
0.001 (compared to the wild type [t test]).

Percent of cells with n nuclei

Cell type 1 ) 3+ Nuclei/100
cells
WT 86 +2 14 +3 0.5+0.2 116 £ 2
griB~ 76 + 3 22 +2 1.8 £ 0.6 126 + 3*
griD~ 62 + 3*** 34 + 2%* 3.7+ 19 143 + 5%
grlE ™~ 79 + 4 20+ 4 0.8 £0.6 122 +5
griH ™~ 90 + 2 9+1 0.8 £0.2 109 + 1
fsl4 ™ 69 + 4%* 27 + 3% 4.1+22 136 + 6*
fsIB~ 71 & 2%* 27 + 2% 2.4 £ 0.6% 132 + 3%
fSIK ™ 49 + 4x** 4] £ JH** 9.4 + 1.6%* 167 + 9**
fScE ™~ T1 & [*** 29 + 1** 09+0.3 131 + 2%*

Both AprA and CfaD inhibit the proliferation of D. discoideum cells [8, 18]. To
test the possibility that the fast proliferation of gr/H cells may be due to reduced
sensitivity either to AprA or to CfaD, the ability of recombinant AprA (rAprA) and

recombinant CfaD (rCfaD) to inhibit proliferation were examined. Both proteins
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inhibited the proliferation of wild-type cells as previously observed [8, 18] (Figure 5).
As seen with the wild-type cells, AprA inhibited the proliferation of fs/4 , fsIB , and
JfscE cells, and CfaD inhibited the proliferation of gr/H cells. Cells lacking GrlB,
GrID, GrlE, or GrlH were insensitive to rAprA, and cells lacking GrlB, GrlD, GrlE,
FsIB, or FscE were insensitive to rCfaD (Figure 5). Together, these results suggest that,

surprisingly, multiple receptors are required for the ability of rAprA or rCfaD to inhibit

proliferation.
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Figure 5. Sensitivities of GPCR mutants to inhibition of proliferation by rAprA or
rCfaD.

A 300-ng/ml volume of rAprA or rCfaD, or an equivalent volume of buffer, was added
to cells in liquid shaking culture. After 16 h, cell densities were counted. (A and B) The
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percentage of inhibition of proliferation caused by rAprA (A) or by rCfaD (B) compared
to the buffer control was calculated. (C) The significance of the difference between the
effect represented by a value of 0 (no effect of AprA or CfaD) and the observed effect
was calculated. Values are means + SEM; n > 3 independent experiments. *, P < 0.05;
** P <0.01; *** P <0.001 (compared to the wild type [¢ test]).

AprA, but not CfaD, is a chemorepellent for D. discoideum cells [17]. An Insall
chamber assay [17, 47] was used to determine if any of the putative G protein-coupled
receptor mutants are insensitive to rAprA-induced chemorepulsion. As previously
observed, wild-type cells moved in a biased direction away from rAprA [17] (Figure 6).
grlE , fslA4 , and fsIK cells also moved away from rAprA (Figure 6). For unknown
reasons, grlD , grlH , and fscE  cells moved toward the source of rAprA. griB  and
fsIB  cells were insensitive to AprA-induced chemorepulsion (Figure 6). These data
suggest that, with respect to chemorepulsion from a source of rAprA, several GPCR

mutants are insensitive to AprA.
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Figure 6. The effect of rAprA on chemorepulsion in GPCR mutants.

rAprA or an equivalent volume of buffer was added to one side of an Insall chamber.
Videomicroscopy was used to visualize the movement of cells, which were then
manually tracked. The migration distance along the gradient over the course of 60 min

was measured. Values are means = SEM; n = 3 independent experiments. Bars to the

left of the vertical line at the center of the figure represent cells moving away from the
source. *, P <0.05; ** P <0.01; *** P <0.001 (¢ test).

None of the GPCR mutants showed phenotypes matching all of the phenotypes
of AprA cells or the phenotypes of mutants that are insensitive to AprA. Only griB ,
grlD , and grlH cells had defects in both AprA-induced proliferation inhibition and
AprA- induced chemorepulsion. These results suggest that there may be more than one
AprA receptor in D. discoideum. Among those three mutant strains, only the gr/H cells
were insensitive to AprA-induced proliferation inhibition but not to CfaD-induced

proliferation inhibition. Similar to aprd cells, grlH cells showed a higher death rate
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after the stationary phase, a lower colony expansion rate on bacterial lawns, tighter
colony edges in submerged culture, and a shorter doubling time than wild-type cells.

These data suggest that GrlH may be at least one of the AprA receptors.

In this study, I tested the hypothesis that GrlH is an AprA receptor, and

confirmed that AprA signaling is mediated by the GPCR GrlH in Dictyostelium.

2.3. Materials and Methods
2.3.1. Cell culture and strains

grlB~ (DBS0350074), griD (DBS0350227), grlE (DBS0350075), grliH
(DBS0350226), fsiA (DBS0350228), fsIB° (DBS0350230), fs/K (DBS0350229), and
fscE (DBS0350232) cells were generated by homologous recombination in the wild-
type Ax2 background using the vector pPLPBLP [48]. The 5’ homologous region and the
3’ homologous region for each gene were amplified from the genomic DNA and
directionally cloned into pLPBLP. The resulting construct was linearized with Notl, and
2 g of linearized DNA was electroporated into 5 x 10° cells [48]. The transformed cells
were grown with 10 g/ml blasticidin S for 10 days, diluted, and then plated on a
Klebsiella aerogenes lawn. Clones were isolated 5 days later, and successful gene
disruption in clones was confirmed by PCR of genomic DNA using one primer inside
the blasticidin resistance cassette and one primer in the genomic DNA outside the

homologous region used for the knockout construct [49]. At least 2 different clones were
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isolated, and phenotypes were confirmed. Parental Ax2 cells and mutants were grown as
previously described [50] in SM medium with E. coli or in HL5 medium (Formedium

Ltd., Norwich, England).

2.3.2. Assays

Proliferation in shaking culture, proliferation inhibition, chemotaxis, nucleus
staining, colony expansion, spore count, and spore viability assays were done following
the methods described in reference [20] except that Escherichia coli was also used for
colony expansion. Colony edge imaging was done following the method described in
reference 10 except that for GPCR mutant screening, 200 pl of HLS medium without
bacteria was added to each well. AprA and CfaD accumulation assays were done as
previously described [18, 19]. Preparation of recombinant His-tagged AprA and CfaD
was done following the methods described in references [18, 19]. rAprA binding to cells
was measured as previously described [19], with the exception that 0, 200, 400, 800,
1,600, 2,000, or 2,400 ng/ml rAprA was added to cells and incubated with the cells for
15 min at 4°C, and biotinylated mitochondrial 3-methylcrotonyl-CoA carboxylase

(MCCC1) was used as a gel loading control [51].

2.3.3. grlH expression

To construct a grlH expression vector, total RNA from vegetative Ax2 cells was
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isolated using an R1054 RNA prep kit (Zymo Research, Irvine, CA) and then a cDNA
library was generated using this RNA as a template with a K1651 cDNA synthesis kit
(Thermo Fisher, Carlsbad, CA). PCR was done using this cDNA with primers 5’-
CGCGGATCCATGAAAAATATTTTAAAAATT-3’ and 5°-
CCGCTCGAGTTAATTATTATTTTCTGAATCATTG-3’ to generate a DNA fragment
containing the gr/H coding region. After digestion with BamHI and Xhol (NEB,

Ipswich, MA), the PCR product was ligated into the corresponding sites of pDXA-3D

[52] to produce expression plasmid pDXA-3D-grlH. To construct the grlH /griHOE
strain, grlH cells were transformed with pDXA-3D-grlH by electroporation following
the method described in reference [53]. The expression of gr/H was verified by reverse
transcription-PCR (RT-PCR) with primers 5’-GCTTCCGAAAGAGCCACC-3’ and 5°-
CAATAAAGCCGCAGTGGT-3’, with RNA extraction and cDNA synthesis done as
described above. For a loading control, RT-PCR was done with primers for AprA (5°-
CCCAAGCTTACTCCATTGGATGATTATGTC-3’ and 5°-

CCGCTCGAGTAAAGTTGCAGTTGAACTAGCACTATCACC-3’).

2.3.4. Statistics
Statistical analyses performed with 7 tests and one-way analysis of variance
(ANOVA) performed with the appropriate posttest and curve fits were done using Prism

(GraphPad, San Diego, CA). Significance was defined as a P value of 0.05.
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2.4. Results

To test the hypothesis that GrlH is an AprA receptor, I expressed gr/H under the
control of the actinl5 promoter in grlH cells to make the rescue strain grlH /grlHE.
grlH expression was observed in wild-type and grlH /griHE cells but not in grlH cells
(Figure 7A). Expression of gr/H in the grlH cells increased the doubling time to a level
similar to that of wild-type cells (Figure 7B) (Table 3), suggesting that the fast
proliferation of grlH cells is due to lack of GrlH. The grlH /grlH®E cells had a lower

maximal cell density than wild-type cells (Table 3), suggesting that GrlH may regulate

cell density.
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Figure 7. The effect of GrlH on proliferation.

(A) grlH expression (top panel) was confirmed by RT-PCR, using RT-PCR with primers
for AprA as a loading control (bottom panel). (B) Cell proliferation was measured as
described for Fig. 1. Values are means + SEM; n > 3 independent experiments.
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Table 3. The effect of GrlH on doubling time and stationary density.

Doubling times and maximum cell densities were calculated using the data in Fig. 7B.
Values are means + SEM; n > 4 independent experiments. *, P <0.05; *** P < 0.001
(compared to the wild type [one-way ANOVA, Tukey’s test]). The difference between
the doubling time of the gr/H mutant and that of the gr/H /grlH° mutant was
significant with P < 0.01; all other differences were not statistically significant (one-way
ANOVA, Tukey’s test).

Maximum observed cell density

Cell type Doubling time, hours (10° cells/ml)
WT 143+0.2 219+ 1.7
griH ™~ 13.0 £ 0.1 *** 20.8+ 1.3
grlH 7griHF 14.1+0.3 17.5+ 1.2%

Expression of grlH in griH cells also rescued the aprAd -like phenotypes of
grlH cells such as a low colony expansion rate on bacterial lawns (Figure 8) and tight
colony edges (Figure 9). Expression of grlH in griH cells also restored the ability of
grlH cells to decrease proliferation in the presence of AprA (Figure 10) and to be
repelled by a source of rAprA (Figure 11). These data indicate that the slower colony
expansion, the tighter colony edges, and the abnormal sensitivity to rAprA of grlH cells

are due to the lack of GrlH.
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Figure 8. grlH and grlH grlHF colony expansion.

Approximately 10 cells were plated onto plates containing E. coli bacteria. At least 3
colonies were measured per plate daily. Values are means = SEM; n = 3 independent
experiments. The absence of error bars indicates that the SEM was less than the size of
the marker. *** P <0.001 (for the change in colony size from day 3 to day 5 compared
to the wild type [one-way ANOVA, Tukey’ s test]). The difference between the griH
“mutant and the grlH /grlH°F mutant was significant with a P value of <0.01, and there
was no significant difference between WT and the grlH /grlHF mutant (one-way
ANOVA, Tukey’ s test).
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Figure 9. Colony edge formation of the grlH and grlH /grlHF mutants.
Colonies of cells were allowed to adhere to glass well slides. Fresh SM media

with E. coli was added to the wells, and the cells were left overnight to spread. The
edges of colonies were imaged with a 10x phase-contrast objective. The right colony
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edge is shown for all strains. Images are representative of results of at least three
independent experiments. Bars are 50 pm.
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Figure 10. The effect of GrlH on AprA-induced proliferation inhibition.

The effect of AprA on proliferation was measured as described for Fig. 5. Values are
means + SEM; n > 3 independent experiments. ***, P <(0.001 (one-way ANOVA,
Tukey’s test). There is no significant difference between WT and

the griH /grlH°F mutant (one-way ANOVA, Tukey’s test).
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Figure 11. The effect of GrlH on AprA-induced chemorepulsion.

rAprA or an equivalent volume of buffer was added to one side of an Insall chamber.
Videomicroscopy and tracking were then done as described for Fig. 5. Values are means
+ SEM; n > 3 independent experiments. **, P <0.01 (one-way ANOVA, Tukey’s test).
There is no significant difference between WT and the grlH /grlHF mutant (one-way
ANOVA, Tukey’s test).
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We previously observed that wild-type cells bind rAprA with a By, of 3.1 +
0.4 ng/ 5 x 10° cells and a dissociation constant (K;) of 160 + 50 ng/ml [19]. To directly
test the hypothesis that GrlH is required for cells to bind rAprA, I did rAprA binding
assays on cells. grlH cells showed a decreased level of rAprA binding compared to

wild-type cells, and grlH /griH® cells showed a partially rescued level of rAprA

binding (Figure 12). I measured By, 5% and K values for rAprA binding to wild-type

cells of 3.3 2.0 ng/5 x 10° cells and 1,600 1,200 ng/ml, respectively. For unknown

reasons, the K7 value that we measured was much higher than what we had previously
observed. The By ax and K values for rAprA binding to grlH /grlHOF cells were 1.4 +

0.2 ng/5 x 10° cells and 360 + 100 ng/ml, respectively. The grlH cells did not show

saturable binding of rAprA.
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Figure 12. The effect of GrlH on AprA binding to cells.

Cells of the indicated strains were incubated with the indicated concentrations of myc-
tagged rAprA at 4°C. After 15 min, cells were collected by centrifugation, resuspended
in ice-cold HLS5, and collected, and the bound rAprA was measured by Western blotting
(with known amounts of myc-rAprA on each blot for quantitation of bands), staining for
the myc tag. Values represent means + SEM; n > 3 independent experiments. The lines
represent curves fitting to a one-site binding model.

These data suggest that loss of GrlH decreases rAprA binding to cells and that

binding of rAprA can be restored by expression of grlH in the grlH cells.

2.5. Discussion

We previously found that AprA requires G proteins to inhibit proliferation and to
induce chemorepulsion, suggesting that AprA is a ligand for a GPCR [25]. In this report,
we show that, compared to wild-type cells and similarly to mutants which are insensitive
to AprA, cells lacking the GPCR GrlH have a lower doubling time, a lower colony

expansion rate, and tighter colony edges [17, 20, 21, 23]. An important caveat is that, in
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addition to AprA, many other factors could contribute to the doubling time of cells, the
colony expansion rate, and the morphology of the colony edge. In addition, cells lacking
GrlH are insensitive to rAprA-induced proliferation inhibition and chemorepulsion and
show reduced binding to rAprA compared to wild-type cells. Expressing GrlH in the
grlH cells rescued the phenotypes described above. Together, these data suggest that
GrlH is a receptor for AprA. Although AprA is glycosylated, the effects of recombinant
AprA produced in bacteria, and thus not significantly glycosylated, mimic the effects of
endogenous AprA [8, 18, 19], and we observed an apparent binding of recombinant

AprA to GrlH, suggesting that GrlH binds to a nonglycosylated feature of AprA.

Based on function and amino acid sequence, GPCRs can be classified into the
following families: family 1, containing an -adrenergic, odorant receptor and light
receptors; family 2, containing secretins; family 3, containing metabotropic glutamate/

GABAR receptors; family 4, containing pheromone receptors; and family 5, containing

frizzled/smoothened receptors [54, 55]. In humans, more than 1,000 genes encode
GPCRs. In Dictyostelium, 61 genes encode putative GPCRs [11]. One gene, [rlA,
belongs to family 2; 17 genes (gr/A to grlH and grlJ to griR) belong to family 3; 25
genes (fslA to fslH, fslJ to fslQ, fscA to fscH, and fscJ) belong to family 5; 12 genes
(cARI1 to cAR4 and CrlA to CrlH) belong to a unique cAR/Crl (cAMP receptor/cAMP
receptor like) family; 1 gene encodes a protein similar to orphan vertebrate protein

GPR89; and 5 genes encode proteins with similarity to human transmembrane protein
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145 [11, 46, 56, 57]. CAR1 to CAR4 are cAMP receptors, GrIB and GrlE are
aminobutyric acid receptors, and GrlL (fAR1) is a folate receptor [25, 58-62]. Like GrlB,

GrlE, and GrlL, GrlH is a family 3 receptor.

Several GPCR mutants other than the gr/H mutant were insensitive to rAprA-
induced proliferation inhibition or chemorepulsion or both. griB , grlD , and grlE  cells
were insensitive to rAprA-induced proliferation inhibition, and grlB , griD , fSIB , and
JfscE cells were insensitive to rAprA-induced chemorepulsion. One possible explanation
for those findings is that two or more receptors exist for AprA, as cells lacking GrlH did
not show completely abolished rAprA binding. In support of the idea that multiple
receptors might sense AprA, cells lacking GrlH were attracted to a source of
recombinant AprA, indicating the presence of a non-GrlH receptor that mediates
chemoattraction to AprA. If this unknown receptor is closely related to GrlH, it may be
among the 17 family 3 receptors that are not GrlB, GrlE, GrlH, or GrlL. Since the
recombinant AprA is not glycosylated, this unknown receptor appears to sense a
nonglycosylated feature of AprA. Another possible explanation is that these receptors
are activated by a different signal and that this signaling is necessary for AprA signaling.
For instance, cells lacking CfaD are insensitive to rAprA-induced proliferation inhibition
and chemorepulsion [17, 19]. Unlike griH cells, griB , grlD , and fsIB  cells were
insensitive to rCfaD-induced proliferation inhibition. It is possible that the disruption of

GrlIB, GrlD, or FsIB interrupts the CfaD signaling pathway such that griB , grlD , and
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JsIB  cells cannot respond properly to AprA. In addition to CfaD, there may be other
factors that are necessary for AprA and CfaD signaling. Together, these results indicate
that GrlH is a receptor for AprA, that there may be more than one AprA receptor, and
that multiple receptors and, presumably, their associated signaling pathways regulate

AprA signaling.
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3. AN IMPROVED SHOTGUN ANTISENSE METHOD FOR MUTAGENESIS AND

GENE IDENTIFICATION®

3.1. Summary

Shotgun expression of antisense cDNAs, where each transformed cell expresses a
different antisense cDNA, has been used for mutagenesis and gene identification in
Dictyostelium discoideum. However, the method has two limitations. First, there were too
few clones in the shotgun antisense cDNA library to have an antisense cDNA for every
gene in the genome. Second, the unequal transcription level of genes caused there to be
many antisense cDNAs in the library for some genes, but relatively few antisense cDNAs
for other genes. Here we report an improved method for generating a larger antisense
cDNA library with a reduced percentage of cDNA clones from highly prevalent mRNAs,
and demonstrate its utility by screening for signal transduction pathway components in

Dictyostelium discoideum.

3.2. Methods Summary
We present an improved shotgun antisense method for generating gene expression
knock-down mutants. This method incorporates a cDNA normalization step to equalize

the transcript number of each gene in the antisense cDNA library.

* Reprinted with permission. Tang, Y., & Gomer, R. H. (2020). An improved shotgun antisense
method for mutagenesis and gene identification. BioTechniques, 68(3), 163-165. Copyright © 2020, Yu
Tang and Richard Gomer.



3.3. Materials and Methods

Cell culture. Dictyostelium discoideum Ax2 cells (wild type) and REMI mutant
GWDI 488 A 5 cells were from the Dictyostelium Stock Center (Chicago, IL) [63]. Cells
were cultured in HLG0102 HLS (Formedium, Hunstanton, UK) at 21 °C on a rotary shaker

at 175 rpm.

cDNA synthesis and normalization. Total RNA was extracted from 5 x 10° cells
at mid-log phase (~1 x 10° cells/ml) using a R1054 RNA prep kit (Zymo Research, Irvine,
CA). 3 ng RNA was used for directional double-strand cDNA (ds-cDNA) library synthesis

with the primers 5° - AAGCAGTGGTATCAACGCAGAGTACTAGTGGGG - 3° (Spel

site bolded) and 5 -

AAGCAGTGGTATCAACGCAGAGTAGATCTTTTTGTTTTTTCTTTTTTTTTTTTT

VN -3’ (BgllI site bolded) using a Mint-2 cDNA synthesis kit (Evrogen, Moscow, Russia).
The resultant cDNA has a Spel site on the end corresponding to the 5 end of the mRNA
and a BglII site on the other. 1.2 pg of this ds-cDNA library was then normalized using
the Trimmer-2 kit (Evrogen). For the normalization, the double-stranded cDNA library
was denatured to single-stranded DNA at 98 °C for 2 minutes and then allowed to
hybridize to double-stranded DNA again at 68 °C for 5 hours. This hybridization process
generated two populations of cDNA, successfully re-paired double-stranded DNA and
unpaired single-stranded DNA. Abundant transcripts hybridize to double-stranded DNA
more efficiently than rare transcripts [64]. The double-stranded ¢cDNA, composed

primarily of abundant transcripts, was then degraded by the duplex-specific nuclease
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(provided from the kit). All procedures followed the manufacturers’ instructions.

Construction of a normalized antisense ¢cDNA library. The remaining single
stranded cDNA, corresponding to a cDNA library with many of the abundant transcripts
removed, was amplified by PCR  with the primer 5’ -
AAGCAGTGGTATCAACGCAGAGT - 3’ following the Trimmer-2 kit instructions. The
enriched PCR product and the vector plasmid pDM326 containing the blasticidin
resistance cassette [65] were digested for 4 hours at 37 °C with the restriction enzymes
BgllI and Spel. Digested PCR products larger than 200 bp were purified and enriched
using a Select-a-Size DNA Clean & Concentrator kit (Zymo). Digested pDM326 was gel
purified using a D2500-01 Gel Extraction kit (Omega, Norcross, GA). 100 ng digested
cDNA and 50 ng digested pDM326 were then ligated at 16 °C overnight using T4 ligase
(NEB, Ipswich, MA). The ligation was concentrated with a DNA Clean & Concentrator-
5 kit (Zymo) to a volume of 10 pl. The ligation was then used to transform 5-alpha
electrocompetent E. coli cells (NEB) following the manufacturer’s protocol with 1 pl
purified ligation product and 25 pl competent cells per transformation. 1/10 of the total
transformed cells from one transformation were plated to one LB/AMP agar plate (100
pg/ml ampicillin) to determine the library size. The total transformed cells from 10 pl
ligation product were plated on 35 LB/AMP agar plates and incubated at 37 °C overnight.
Colonies were collected using a plate scraper with 3 ml LB per plate. The collected cells
were grown in 500 ml of LB to an OD 600 of ~3, and 25 ml of this culture was mixed with

25 ml of 50% glycerol in H>0, and aliquots were stored at -80 °C. The remaining culture
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was used for a plasmid DNA maxi-prep using a D4203 Maxi-prep kit (Zymo) and the

plasmid DNA was used to transform D. discoideum cells.

Transformation of Dictyostelium discoideum. Wild-type Ax2 cells were
transformed by electroporation following [66]. For each electroporation, 4 x 107 cells in
180 pl H50 buffer (20 mM HEPES, 50 mM KCl, 10 mM NaCl, 1 mM MgSOs, 5 mM
NaHCOs3, 1 mM NaH>POy4, pH 7.0) were mixed with 20 ul DNA (500 ng) and incubated
on ice for 5 minutes. This mixture was then loaded into an EC2L 2-mm electroporation
cuvette (Midsci, Valley Park, MO) and electroporated with a GenePulser Xcell

electroporator (Bio-Rad, Hercules, CA) at 850 V and 25 pF, with 2 pulses with a 5 second

gap. Electroporated cells were then cultured in 10 ml HL5/ 100 pg/ml ampicillin in a 100-
mm tissue culture petri dish. 10 pg/ml blasticidin (GoldBio, St. Louis, MO) was added
16-20 hours later for selection of transformed cells. Colonies normally appeared after 5-7
days and were transferred to shaking culture for screen assays. Each plate typically

contained 800 colonies.

Screen for transformants resistant to polyphosphate proliferation inhibition.
Wild-type Ax2 cells and the pool of transformants were cultured in HL5 (containing 10
pg/ml blasticidin for transformants) with a cycle of 2 days of 150 uM SO169
polyphosphate (Spectrum, New Brunswick, NJ) and two days of no polyphosphate. Each
cycle started with cells at 5 x 10° cells/ml, and after two days, cells were washed with

HL5, counted, and diluted to 5 x 10° cells/ml again. Cell densities were counted daily to
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calculate proliferation rates. After 4 to 5 cycles, compared to Ax2 cells, transformants
pools which had a significantly faster proliferation rate in the presence of polyphosphate
were plated on lawns of E. coli on SM/5 (2 g/L glucose, 2 g/L bacto peptone, 0.2 g/L yeast

extract, 0.2 g/L MgSOs4 * 7H>20, 1.9 g/L KH2POq4, 1 g/L KoHPOs4, 15 g/L agar) plates for

single clone selection. Cells in plaques on the lawns were then picked and cultured in HL5
plus polyphosphate to verify the phenotype of abnormally fast proliferation in the presence

of polyphosphate. Clones passing this verification were selected for further analysis.

Isolation and cloning of antisense ¢cDNAs. The antisense cDNA plasmid was
extracted from 3 x 10° mid-log phase transformed Dictyostelium cells using a ZR plasmid
miniprep kit (Zymo) and then used to transform chemical competent E. coli (Lucigen,
Middleton, WI) on the same day. After selection and growth, the antisense cDNA plasmid
was then extracted from the transformed E. coli using the same kit as above. The antisense
cDNA was digested with BglII and Spel, gel purified, and ligated into a modified pGEM-
T vector (BgllI site incorporated, a gift from Dr. Beiyan Nan, Texas A&M University).
The ligation was then used to transform DHS5-alpha E. coli. The pGEM-antisense cDNA

plasmid was isolated from these transformed cells and used for sequencing.

Construction of sodC knock-down strain by antisense repression. PCR was
done using the cDNA library to generate the full-length fragment of sodC with the primers
forward 5’- CGCACTAGTATGAGACTTTTATCTGTATTAG -3’ and reverse 5’-

GCGAGATCTTTAAAGCAAAGCAAAGATAAT -3°, and a truncated version of sodC
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with the primers forward 5’- GCGACTAGTGATGGATACTGGTTACTA -3’ and reverse
5’- GCGAGATCTTTAAAGCAAAGCAAAGATAAT -3°. PCR products were digested
with BglII and Spel and ligated into the pDM304 vector [65] in the antisense direction.
pDM304-antisense-sodC was used to transform Ax2 cells by electroporation and

transformants were selected with 10 pg/ml G418.

Proliferation inhibition assay. Cells at 1.5 x 10%/ml were cultured with 0, 125
and 150 uM polyphosphate in HL5 for 24 hours and cells were then counted. The data
were plotted as 100 x (density with polyphosphate — 1.5 x 10%/ ml) / (density with no
added polyphosphate — 1.5 x 10% ml). Data were analyzed by t-test using Prism 7

(Graphpad, La Jolla, CA). Significance was defined as p < 0.05.

3.4. Results

Genetic screens are broadly used to generate and identify mutants with a desired
phenotype. Techniques for genetic screens include chemical and radiation mutagenesis
[67, 68], insertional mutagenesis [69, 70], CRISPR libraries [71, 72], siRNA libraries [73,
74], and shotgun antisense [75]. The basis of shotgun antisense is antisense repression.
For antisense repression of a single gene, the corresponding cDNA is cloned into an
expression vector plasmid in a backwards orientation and then transformed into cells. The
expression vector will generate an antisense RNA that hybridizes to, and effectively
neutralizes, the selected RNA sequence (typically a mRNA). This hybridization and

neutralization decreases, but does not eliminate, levels of the selected RNA. Using a
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transformation vector or plasmid where cells typically take up only one copy of the vector,
and an antisense construct with an entire cDNA library rather than a selected cDNA then

allows a mutagenesis called shotgun antisense [75].

Among the mutagenesis techniques, shotgun antisense has several benefits. First,
the library is relatively easy to construct, and the mutant pool is easy to generate. It only
requires RNA isolation and cDNA synthesis, followed by cloning the cDNA into an
expression vector in a backwards orientation. CRISPR and siRNA libraries need careful
design, and CRISPR mutagenesis requires the expression of CAS9 protein in the target
cells [71, 72]. Second, shotgun antisense can be directed to target genes expressed in a
specific tissue or developmental stage by using RNA isolated from a specific tissue or
developmental stage. Third, as a gene knockdown technique, shotgun antisense is able to
identify genes where complete disruption is lethal. Fourth, identification of the gene
associated with an interesting phenotype from shotgun antisense only requires a PCR
reaction on whole cells to amplify and sequence the antisense cDNA in the shotgun
antisense plasmid. Fifth, antisense can repress the expression of multiple genes whose
transcripts share closely related sequences, such as the three-member Discoidin I gene

family in the model eukaryote Dictyostelium discoideum (D. discoideum) [76].

Shotgun antisense screens have been used for mutagenesis and gene identification

in D. discoideum [75], but the original protocol had two disadvantages. First, there are

12,257 protein-coding genes in D. discoideum [77] but the size of the shotgun antisense

36



library from each ligation was only ~15,000 individual clones [75], so that by Poisson
statistics, many genes will not have a corresponding cDNA in the library [78]. Second, the
unequal transcription level of genes causes the levels of some RNAs, and corresponding
cDNAs in the library, to be much less than that of other genes. In a eukaryotic cell, 20 -
40% of genes only have one to several dozen transcripts, while as few as 5 to 10 genes
have several thousand transcripts [79]. Thus, if a conventional cDNA library is used for
shotgun antisense, genes with rare transcripts have a low chance of generating a

corresponding mutant and being identified.

To overcome these disadvantages, we developed an improved shotgun antisense
technique with a cDNA normalization step to overcome the biased repression of highly
prevalent mRNAs, and high-efficiency electrocompetent bacteria were used to increase
the size of the library from each ligation. We checked the utility of this improved technique

in a genetic screen in D. discoideum.

Total RNA of proliferating D. discoideum cells was isolated using an RNA prep
kit (Zymo Research, Irvine, CA) and 3 pg of this RNA was used for directional double-
strand cDNA (ds-cDNA) library synthesis using a Mint-2 cDNA synthesis kit (Evrogen,
Moscow, Russia), as detailed in the supplementary file. This generates cDNAs with
adapters added at the ends, with a Spel site on the end corresponding to the 5’ end of the
mRNA and a BgllI site on the other. 1.2 ug of this ds-cDNA library was then normalized

using a Trimmer-2 kit (Evrogen) by melting the doublestranded cDNA, allowing the
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abundant ¢cDNAs to partially re-hybridize, digesting the hybridized DNA, and then
amplifying the remaining DNA by PCR. Whereas the un-normalized cDNA pool showed
bands after electrophoresis on agarose gels, indicating the presence of high levels of some

cDNA species, there were no obvious bands after normalization, indicating that the

normalization step reduced levels of these prominent cDNAs (Figure 13).
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Figure 13. Normalization of cDNA removes bands corresponding to highly
prevalent mRNAs.

Original cDNAs (left) and the normalized cDNAs (right) were electrophoresed on a
1.5% agarose gel in TAE buffer (Tris 40mM, Acetic Acid 20 mM and EDTA 50
mM) with a DNA ladder in the middle. Molecular masses (in bp) are at right.

The normalized ds-cDNA was then amplified by PCR with primers matching the
adapters as detailed in the supplementary file. The enriched PCR product and the vector

plasmid pDM326 containing the blasticidin resistance cassette [65] were digested with the
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restriction enzymes BglII and Spel, ligated with T4 ligase (NEB, Ipswich, MA) and then
concentrated with a DNA Clean & Concentrator-5 kit (Zymo) to a volume of 10 pl, as
detailed in the supplementary file. The ligation was then used to transform 5-alpha
electrocompetent E. coli cells (NEB) with 1 pl purified ligation product and 25 pl
competent cells per transformation. 1/10 of the total transformed cells from one
transformation were plated on a LB/AMP agar plate (100 pg/ml ampicillin) to determine
the library size. There were ~800 colonies after overnight incubation at 37 °C. Thus, the
library from each ligation contained ~80,000 independent clones (800 x 10 x 10) [78]. The
total transformed cells from 10 pl ligation product were plated on 35 LB/AMP agar plates
and incubated at 37 °C overnight. The next day, we picked 16 colonies for plasmid
minipreps and then did a BglII and Spel double digestion of the plasmids. Electrophoresis
showed that all of the plasmids had ~250 bp to ~ 1000 bp insertions. The remaining
colonies were collected by a plate scraper with 3 ml LB per plate. The collected cells were
grown in a 500-ml culture to an OD 600 of ~3, and 25 ml of this culture was mixed with
25 ml of 50% glycerol in H>0, and aliquots were stored at -80 °C. The remaining culture
was used for a plasmid DNA maxi-prep using a Maxi-prep kit (Zymo) and the plasmid

DNA was used to transform D. discoideum cells by electroporation [66].

Electroporated cells were then transferred into 10 ml HL5/ 100 pg/ml ampicillin
in a 100-mm tissue culture petri dish. 10 pg/ml blasticidin (GoldBio, St. Louis, MO) was
added 16-20 hours later for selection of transformed cells. Colonies normally appeared

after 5-7 days and were transferred to shaking culture for screen assays. Each plate
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typically contained 800 colonies.

Polyphosphate inhibits the proliferation of Dictyostelium cells through a signal
transduction pathway involving the receptor GrlD (metabotropic Glutamate Receptor-
Like protein D) [39]. As a check of the utility of the new shotgun antisense library, we
screened for mutants resistant to polyphosphate. Each transformation generated 3 pools
with ~ 800 individual clones per pool, and these pools were cultured in 150 pM
polyphosphate for 2 days, allowed to recover for 2 days in the absence of polyphosphate,
and the cycle was then repeated. After 4 cycles, we observed that cells in 3 of 20 pools
screened, representing ~16,000 clones screened, proliferated faster than control
untransformed cells in the presence of polyphosphate. In this screening, most transformed
cells showed normal sensitivity to polyphosphate compared to untransformed cells. These
transformed cells (they have a vector with other inserts) served as controls to rule out the

effect of vector transformation on cells.

Cells from these 3 pools were cloned and tested for abnormally fast proliferation
in the presence of polyphosphate. Antisense cDNA plasmids were extracted from the
clones which passed the verification, and the antisense cDNA inserts were sequenced. The
lengths of the antisense cDNAs were 244 bp to 406 bp. We found 4 antisense cDNAs (two
from one pool, and one from each of the other 2 pools). One cDNA sequence matched the
Dictyostelium gene ai2a (homing endonuclease, DDB_(G0294421), one matched ddcB

(diaminopimelate decarboxylase, DDB_G0276067), one matched sodC (superoxide
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dismutase, DDB (G0282993) and one matched DDB_G0273573 (AAA+ATPase, core

domain-containing protein).

To check the utility of the new shotgun antisense technique, we checked the
identification of SodC and the AAA+ATPase as proteins affecting polyphosphate
inhibition of proliferation. For SodC, we generated two sodC knock-down strains by
antisense repression, one with full length antisense mRNA (sodC AS1) and the other one
with a truncated antisense mRNA (sodC AS2). The detailed construction procedure is in
the supplementary file. For the AAA+ATPase, we obtained a mutant (GWDI 488 A 5;
henceforth AAA+ATPaseREM!) with an insertion of a plasmid at bp 13710 in the 16893 bp
long coding sequence. Compared to wild type cells, these three mutants, and the
corresponding original clones from the shotgun antisense screen, had reduced sensitivity
to proliferation inhibition by polyphosphate (Figure 14). This indicates that the modified
shotgun antisense mutagenesis described here can successfully generate and identify

mutants.
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Figure 14. Identification of polyphosphate-resistant mutants from a shotgun
antisense screen.

(A) Wild-type cells and two clones from the shotgun antisense screen were tested for
proliferation in the presence or absence of 150-uM polyphosphate. (B) Wild-type cells,
two SodC antisense transformants generated by constructing specific antisense
transformants and a mutant with an insertion in the AAA-ATPase gene were tested for
proliferation in the presence of 0-, 125- or 150-uM polyphosphate. For (A & B), percent
proliferation is the cell density at 24 h as a percent of the cell density with no added
polyphosphate. All values are mean + standard deviation, n > 3. *p < 0.05, **p < 0.01
and ***p < 0.001 compared with wild-type cells at the same polyphosphate
concentration (unpaired #-test, correcting for multiple comparisons using the Holm -
Sidak method).

A limitation of this study is that there is no straightforward way to perform a

comparative study between this modified method and the 1996 shotgun antisense method.
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A comparison would require multiple genetic screens to saturation using the two
protocols, and then identification of the resulting mutants. Despite this limitation, the
shogun antisense protocol presented here has two theoretical improvements. First, the
modified shotgun antisense cDNA library has a larger size (~80,000 individual clones)
than that made before (~15,000 individual clones), so that by Poisson statistics, many more
genes will have a corresponding cDNA in the library [78]. Second, the addition of cDNA
normalization for the shotgun antisense cDNA library reduces bias of gene repression and
thus helps increase the chance of generating mutants corresponding to genes with low
transcription levels. Together, these modifications should increase the utility of shotgun

antisense for mutagenesis and gene identification.
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4. AN AUTOCRINE NEGATIVE FEEDBACK LOOP INHIBITS D. DISCOIDEUM

PROLIFERATION THROUGH AN IP3/ CA** PATHWAY

4.1. Summary

Very little is known about how tissues can regulate their size. In one possible
mechanism, cells in a tissue secrete a factor that inhibits their proliferation, and as the
tissue gets bigger, the concentration of the factor increases. If the factor inhibits
proliferation at some concentration, the resulting negative feedback loop will limit tissue
size. Despite evidence for such factors, very few have been identified and their signal
transduction pathways are poorly understood. We previously found that Dictyostelium
discoideum accumulates extracellular polyphosphate to inhibit its proliferation, and that
this requires the G protein coupled receptor GrlD and the small GTPase RasC. Here we
show that cells lacking the G protein components Ga3 and Gf, the Ras guanine nucleotide
exchange factor GefA, Phosphatase and tensin homolog (PTEN), Phospholipase C (PLC,
which produces IP3 from PIP2), Inositol 1,4,5-trisphosphate receptor-like protein A (IplA,
which acts as a calcium channel activated by IP3), Polyphosphate kinase 1(Ppkl), PiaA
(cytosolic regulator of adenylate cyclase), Protein kinase A, or Growth-differentiation
transition family members 1 and 2 have significantly reduced sensitivities to
polyphosphate-induced proliferation inhibition. Polyphosphate upregulates IP3, and this
requires GrlD, GefA, PTEN, PLC, PiaA, PKA-C, and Gdt 1 and 2. Polyphosphate also

upregulates cytosolic Ca®*, and this requires GrlD, Go3, GB, GefA, RasC, PLC, IplA,
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Ppkl, PiaA, PKA-C, and Gdt 1 and 2. These data suggest that polyphosphate inhibits the

proliferation of D. discoideum through an IP3/Ca" pathway.

4.2. Introduction

A longstanding idea in developmental biology is that the size of a tissue or group
of cells, or the spatial density of a specific cell type, could be limited by an autocrine
proliferation inhibitor, where the concentration of the inhibitor increases as the size of the
tissue or cell group, or density of cells, increases [1-3]. Although a considerable amount
is known about signals and pathways that promote cell proliferation, relatively little is
known about autocrine proliferation inhibiting signals and their signal transduction

pathways.

Polyphosphate is a linear polymer of phosphate residues and is present in all
kingdoms of life [26-28]. In bacteria, polyphosphate functions as energy and phosphate
storage [26], potentiates survival in some high stress conditions [30], and potentiates
biofilm formation [31, 32]. In mammals, polyphosphate inhibits bone calcification [33],
potentiates pro-inflammatory responses [34], potentiates mTOR activation of plasma cells
[35], accelerates blood coagulation [38], inhibits the proliferation of leukemia cells [36],

and induces apoptosis [37].

The eukaryotic social amoeba Dictyostelium discoideum grows on soil surfaces

and eventually overgrows its food supply and starves. Dictyostelium accumulates
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extracellular polyphosphate as cells grow and proliferate [9]. At very high cell densities,
when the cells are about to starve, the accumulated extracellular polyphosphate reaches
~150 uM, and this concentration of polyphosphate inhibits cytokinesis (and thus cell
proliferation), possibly to prevent the formation of small cells, and therefore just before
starvation increases the percentage of large cells with relatively large reserves of stored

nutrients [9].

Polyphosphate regulates the proliferation of D. discoideum by different signaling
pathways depending on nutrient levels [39]. In 100% HLS5 (the common rich medium for
culturing Dictyostelium), loss of the G protein coupled receptor GrlD, a metabotropic
Glutamate Receptor-Like receptor, partially reduced the sensitivity of cells to
polyphosphate, and loss of the small GTPase RasC did not reduce the sensitivity of cells
to polyphosphate [39]. However, in 25% HLS, a low nutrient condition for D. discoideum

cells, loss of GrlD or RasC blocked the sensitivity of cells to polyphosphate [39].

The above results suggest that polyphosphate uses a signal transduction pathway
in 25% HLS5 to inhibit proliferation. In this report, we screened 49 available signal
transduction pathway mutants for insensitivity to polyphosphate-induced proliferation
inhibition in 25% HLS. In combination with biochemical assays, we found evidence for a
pathway involving inositol 1,4,5-trisphosphate and cytosolic calcium that mediates

autocrine proliferation inhibition in Dictyostelium.
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4.3. Materials and methods
4.3.1. Cell culture and strains

Dictyostelium discoideum strains were obtained from the Dictyostelium stock
center [80] and were wild-type Ax2, griD (DBS0350227) [39], rasC (DBS0236853)
[81], gef4A (DBS0236896) [82], g8 (DBS0236531) [83], gal (DBS0236088) [84],
go2 (DBS0236575) [85], ga3 (DBS0235986) [86], ga4 (DBS0235984) [87], gas
(DBS0236451) [88], ga7 (DBS0236106) [89], ga8 (DBS0236107) [89], ga9
(DBS0236109) [90], aprA (DBS0235509) [8], cfaD (DBS0302444) [91], pakD
(DBS0350281) [92], rbl4 (DBS0236877) [93], cnrN (DBS0302655) [94], gkgAd
(DBS0236839) [95], bzpN (DBS0349965) [96], scrA (DBS0236926) [97], elmoE
(DBS0350065) [98], gcA /sgcA (DBS0302679) [99], racC (DBS0350272) [100],
plA2 (DBS0238068) [101], pikA /pikB  (DBS0236766) [102], dagA (DBS0235559)
[103], pten (DBS0236830) [104], pten /pten-GFP (DBS0236831) [104], pIC
(DBS0236793) [105], pI/C /pIC (DBS0236795) [106], iplA (DBS0236260) [107],
Dd5p4 (DBS0266692) [108], erkl (DBS0350622) [109], erkl /erk2 (DBS0351256)
[110], mekA (DBS0236541) [111], smkA (DBS0236938) [111], i6kA (DBS0236426),
ppkl  (DBS0350686) [28], csad (DBS0236957) [112], smiA (DBS0236939) [75],
piad  (DBS0349879) [113], Ist8§ (DBS0236517) [114], pkaC (DBS0236783) [115],
pkeA (DBS0350916) [116], amtA (DBS0235497) [117], sibA (DBS0236935) [118],
tpC2 (A gift from Pierrec Cosson, University of Geneva, Geneva, Switzerland) [119], trpp
(A gift from Pierrec Cosson, University of Geneva, Geneva, Switzerland) [119], mcin

(DBS0350059) [120], was4 (A gift from Robert Insall, Beatson Institute for Cancer
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Research, Glasgow, UK) [121], gdt]l /gdt2 (A gift from Adam Kuspa, Baylor College of
Medicine), gdt2 (A gift from Adam Kuspa, Baylor College of Medicine), gdt4 (A gift
from Adam Kuspa, Baylor College of Medicine). As described previously, all mutants
were confirmed by PCR [122]. Cells were cultured at 21 °C in shaking culture at 175 rpm
in HL5 (Formedium Ltd, Norwich, England). Cell densities were counted by

hemocytometer.

4.3.2. Proliferation inhibition and nuclei counts

0.474 grams of ~46-mer (average length) S0169 sodium polyphosphate (Spectrum,
New Brunswick, NJ) was dissolved in 10 ml of PBM (20 mM KH,PO,, 0.01 mM CacCl,,
1 mM MgCl,, pH 6.1) to make a 10 mM stock; the final pH was 6.1 and the pH was thus
not adjusted. Mid-log phase cells cultured in HLS were collected by centrifugation at 1000
x g for 3 minutes and washed once by resuspending in PBM and centrifugation at 1000 x
g for 3 minutes, and then resuspended in fresh HL5 to 6 x 10° cells/ml. 100 pl of these
cells were mixed with 300 pl of PBM or HLS5 containing the indicated concentrations of
polyphosphate in a well of a type 353047 24-well plate (Corning, Corning, NY) and
incubated in a humid box for 24 hours. Cell density was counted at 24 hours and the cell
density normalized to the density with no added polyphosphate was calculated. The
doubling time and maximal density of each strain was calculated following [39] and the
number of nuclei per cell was counted following [8]. Curve fits and IC50 calculations were
done using Prism (Graphpad, San Diego, CA), with nonlinear regression (sigmoidal dose-

response, variable slope, top constrained to 100).
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4.3.3. Extraction and measurement of inositol (1,4,5)-trisphosphate

Cells were grown to mid-log phase (1-4 x 10° cells/ ml), counted, and ~2 x 10’
cells were collected by centrifugation and washed with PBM as described above, and then
resuspended and incubated in 10 ml 25% HLS diluted with PBM with 0 or 150 uM
polyphosphate in shaking culture at 175 rpm. After 4 hours, cells were collected by
centrifugation at 1000 x g for 3 minutes and resuspended in 110 pl of the supernatant from
the centrifugation in 1.7 ml Eppendorf tubes. 10 pl of resuspended cells were taken out
for cell counts and the remaining cells were mixed with 100 pl 3.5% perchloric acid and
incubated on ice for 15 minutes. 50 ul of 50% saturated KHCO; were then added to the
200 pl mix to neutralize the lysates, and CO, was allowed to escape. The material was
then clarified by centrifugation at 14,000 x g for 5 minutes at 4 °C. 200 pl of the
supernatant of each tube was transferred to new pre-chilled 1.7 ml tubes and stored at 0
°C. The IP3 levels in the clarified lysates were measured with a type 2515875 IP3 ELISA

kit (MyBioSource, San Diego, CA) less than 1 week after extraction.

4.3.4. Measurement of cytosolic free Ca?*

3 x 10° mid-log phase cells were collected by centrifugation at 1000 x g for 3
minutes and washed with ice-cold Sorensen’s buffer (14.7 mM KH2POs, 2 mM NaHPOs,
pH 6.1) twice (each time collecting cells by centrifugation and resuspension), and then
resuspended in 95 pl ice-cold Sorensen’s buffer. 90 pul of washed cells were then mixed

with 10 ul 25 mg/ml BAPTA-1 dextran 10,000 MW (Invitrogen, Eugene, OR), loaded

49



into an EC2L 2-mm electroporation cuvette (Midsci, Valley Park, MO) and pulsed once
with 850 V at 10 uF and 200 Q in a GenePulser Xcell electroporator (Bio-Rad, Hercules,
CA). The cells were then collected by centrifugation and resuspended in 1 ml HLS5, and
incubated for 30 minutes at 21 °C in shaking culture at 175 rpm. The cells were then diluted
and incubated at 1 x 10° cells/ml with 150 pM polyphosphate or an equal volume of PBM
in 25% HLS5 for 3.5 hours. The cells were then diluted to 0.3 x 10° cells/ml with 150 uM
polyphosphate or an equal volume of PBM in 25% HLS5 and 300 pl of diluted cells were
allowed to adhere in the well of a 94.6190.802 8-well tissue culture chamber (Sarstedt,
Niimbrecht, Germany) for 30 minutes. Cells were imaged with a 40x objective on a Ti2
Eclipse inverted epifluorescence microscope (Nikon, Melville, NY). Fluorescence

intensity was analyzed by Imagel.

4.3.5. Statistics
Statistical analyses were done using Prism (GraphPad). Significance was defined

as p <0.05.

4.4. Results
4.4.1. In addition to a G protein-coupled receptor and a Ras protein, a Ras GEF
potentiates polyphosphate inhibition of cell proliferation

We previously observed that polyphosphate inhibits the proliferation of wild-type
cells, and that the loss of GrlD, RasC, or Ppkl reduces the ability of polyphosphate to

inhibit proliferation [9, 39], suggesting the existence of a polyphosphate signal
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transduction pathway. To identify additional components of the polyphosphate
proliferation inhibition pathway, 49 available mutants were screened for sensitivity to
polyphosphate-induced proliferation inhibition. The data were graphed in 9 groups:
previously reported polyphosphate signal transduction pathway components (Figure 15A),
G protein subunits (Figure 15B), AprA pathway components (Figure 15C), selected cAMP
chemoattraction pathway components (Figure 15D), PLC/IP3 pathway components
(Figure 15E), MAPK pathway/polyphosphate synthesis pathway components (Figure
15F), growth-development transition components (Figure 15G), TOR complex
components/protein kinases (Figure 15H), and mechanotransduction components (Figure
151). The initial cell density was 1.5 x 10° cells/ ml, and cells were counted 24 hours later.
The data were plotted as 100 x (density with polyphosphate — 1.5 x 109/ ml) / (density with
no added polyphosphate — 1.5 x 10 ml). This would then be 100 if the polyphosphate had
no effect on cell proliferation, and 0 if the polyphosphate caused no increase in cell density
beyond the initial 1.5 x 10% cells/ ml. Compared to no added polyphosphate, 125 uM and
150 uM polyphosphate reduced the increase in cell density of Ax2 (wild-type) cells to ~
30% and ~ 18%, respectively, Figure 15). At 24 hours, the density of the Ax2 cells with
no polyphosphate was 3.9 + 0.1 x 10° cells/ ml (mean + SEM, n = 7; Table 4. Some mutants
have abnormal proliferation rate in 25% HLS5.), so the 18% cell density increase at 24
hours represents a change in doubling time from the control value of 17.7 & 0.7 hours to

81.3 + 16.7 hours.
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Table 4. Some mutants have abnormal proliferation rate in 25% HLS.

The indicated cell lines were tested for proliferation for 24 hours. Cells were cultured in
25% HLS, starting with 1.5 x 10° cells/ml. All values are mean == SEM, n = 3
independent experiments. *, p <0.05, ** p <0.01, *** p <0.001 (t-test).

Strain Cell Density at 24 hr, 10° cells/ml | Doubling Time, hours
Ax2 3.9+0.1 17.7 £0.7
grlD 33+£0.8 * 20.8+0.9 *
rasC 57+0.5 * 132+1.5 *
gefd” 56403 ** 128409 **
o 414023 17.1+0.9
gal 6.4+£04 *x* 11.6 £ 0.4 ***
gal 3.5+0.3 22+2.6
ga3 52+£05 ** 13.6 £ 0.8 **
gad 4.7+0.6 153+£1.6
gad 46+04 16 £2.2
ga’ 3£02 * 269+49 *
208~ 3.4+0.5 211417
ga9 55+£04 ** 13.1 +£0.8 **
aprd 5£04 * 141+£09 *
cfaD” 584002 *x* 125407 **
pakD 3.8+£0.5 18+£0.9
rbld 571 ** 12.6 £0.7 ***
cnrN - 53+0.5 16 +3.3
ghgd™ 6.7+0.6 *** 113405 **
BzpN~ 48+04 151+ 1.7
scrd 43+0.5 16.6 + 1.4
ElmoE 4.7+0.1 149+1.3
gcA /sgcA 39+03 17.4£0.5
wasA 7.3+£0.2 Hx* 10.5+ 0.2 ***
racC 3.5+0.3 20.1 1.3
plad 49+£02 ** 143+0.7 **
DpikA JpikB~ 3401 ** 24418 **
dagA 45+0.1 * 153+£03 *
pten 39+03 17.5+0.5
pten /pten-GFP 3.1+£0.1 ** 22.6+1.0 **
plC 52+0.3 ** 13.8+£0.7 **
plC /plC 6.1 £0.3 *** 11.9+0.5 ***
iplA 44+0.5 15.8+£0.9
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Dd5P4
erkl
erkl /ekr2
mekA
smkA
i6kA
pokl
gdtl /gdt2
gdt?2
gdtd
csad
smiAd
amtd
piaAd
Ist8
pkaC
pkcA
sibA
ipC2
trpp
mcIN

34+£03
53+£0.6
39+£0.3
3.7£0.2
49+0.3
59+£04
4.6=+0.5
3.8+£0.3

4+0.3
42+0.3

42+0

4+0.3
42+0.2

2+0.4
3.1£0.2
3.6£0.2
32+£04
41+03
41+0.5
4.8+04
45+04

%ok

%k

%ok

%ok

22.8+44
13.3+£0.5
19.5+3.2
19.1 £1.8
143 +0.8
123 +0.5
155+1.2
20.1 +£2.5
17.5+1.2
16.9+£0.4
16.5+1.4
16.9+0.2
16.8 £ 1.4
79.4 £22.2
25.1+49
194 +1.3

22+ 1.8
16.9+£0.9
16.9+1.2
148+ 1.4
155+1.1

%ok

%ok

53



>
w
(@)

[ ge g9
3 3 3
°g1sn 0 OE °§
£5 i# £5 ] $
Ic 0 I = I
& E125 0 JE JE
oy s $ H Py Py
22 L B 2> $2>
X T T °g 29
e
25 # $ 29 29 #
@ 0 75 + 1] "o %
cT cT cT
3% 33 3w
Fo® 32 32
O 0w S 2
T o 5o 56
Qe B D @ =
25 2% 25
ee ee e o
£z gz B2 { $ 3 F & § &
cQ -
£ = ",Q‘é”*@&&é‘)q;ﬁ
] go ge
i 3¢ H
0 0
£ 25l P i *
J £ Nf # s H s : s
Sa v H b
£ T 21
°8 L5 a 7 N M 8 75 | M
25 # # 29 * 29 #
"n o " o 3
5 §3 T
87T s M 3 s o8 ¥ + T
582 H 32 32
OSw S5 2 S 2
B 0 2 © 0o © 0o
Q = D - D -
0w c ® c ®c
oo o© o o @
gL gL ep
2% g2y & ¢ )
£ R P S £
e g3 g3
38 ] 38
282 g 00 g
< 2 ] $S -2
~E aE # =
oy =
3 2> 3 gx
o9 o9 o9
o Q7 $ a7
25 29 * F
" o " o "n o
3 £% 83
33 3% sE°
38 B2 82
56 5 G 2 56 2
D QD - D -
25 % 8%
o
- Ser eyl | SEv I S ] I S S
£ 5 W W W \al N N = . 8 = 4 24 N\
2 @' @ @ O ¥ P
P S ST & v & B Q &

Figure 15. Some signal transduction pathway components are needed for
polyphosphate inhibition of proliferation in 25% HLS.

The indicated cell lines were tested for proliferation with 0, 125 or 150 pM
polyphosphate for 24 hours. The increase in cell density over 24 hours was normalized
to no added polyphosphate for the indicated strain. For each strain, the left bar is with
125 pM and the right bar is with 150 uM polyphosphate. All values are mean + SEM, n
> 3 independent experiments. * indicates p < 0.05, #, p < 0.01, +, p < 0.001, compared to
Ax2 cells with the same concentration of polyphosphate (t-test). $ indicates p < 0.05
(one-way ANOVA, multiple comparisons with Dunnett’s test within the panel). 0
indicates not significantly different from 100 (one-sample t-test).

As previously reported, compared to Ax2 cells, cells lacking the putative

polyphosphate receptor GrlD [39] or the Ras protein RasC [81] showed abolished
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sensitivity (no significant difference compared to no added polyphosphate by t-test) to
125 and 150 uM polyphosphate (Figure 15A). Cells lacking GefA, a Ras guanine
nucleotide exchange factor for RasC but not RasB, RasD, RasG or Rapl1 [82], also

showed reduced sensitivity to polyphosphate (Figure 15A).

4.4.2. GP and three Ga subunits potentiate polyphosphate inhibition of cell
proliferation

Cells lacking the heterotrimeric G protein subunits GB [83], Gal [84], Ga2 [85],
or Ga3 [86] showed reduced sensitivity to polyphosphate inhibition of cell proliferation
(Figure 15B). Cells lacking Ga’s 4, 5, 7, 8, or 9 did not have significantly abnormal
sensitivity to polyphosphate. Whereas cells lacking the putative receptor GrlD appeared
to be completely insensitive to polyphosphate, none of these mutants showed complete
insensitivity, suggesting that there is an additional pathway downstream of GrID that does
not involve Gf, that GrlD may activate multiple Ga subunits, or that GrlD regulates the

expression of other receptors that also mediate polyphosphate sensing.

4.4.3. The AprA pathway components PakD and RblA potentiate polyphosphate
inhibition of cell proliferation

AprA is a secreted autocrine proliferation repressor and chemorepellent [8]. Cells
lacking the AprA pathway components retinoblastoma orthologue RblA [93] and the p21-
activated kinase family member PakD [92] showed reduced sensitivity to polyphosphate

(Figure 15C). Compared to wild-type cells, cells lacking AprA, CfaD (a secreted factor
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that binds to AprA and then slows cell proliferation [91]), CnrN (a PTEN-like phosphatase
involved in AprA sensing [22, 94, 122]), QkgA (a LRRK family protein kinase that is
required for AprA induced proliferation inhibition and chemorepulsion [95]), or BzpN (a
transcription factor that is required for AprA induced proliferation repression [96]) did not
show significantly abnormal sensitivities to polyphosphate, indicating that many AprA

pathway components are not used by polyphosphate to inhibit proliferation.

4.4.4. The cAMP chemoattraction pathway components RacC, PlaA, PikA and B,
and DagA potentiate polyphosphate inhibition of cell proliferation

Cells lacking the cAMP chemoattraction pathway components Rho GTPase RacC
[100], phospholipase A2 PlaA [101], the phosphatidylinositol kinases PikA and B [102],
or the cytosolic regulator of adenylate cyclase DagA [103] showed modestly reduced
sensitivity to 150 uM polyphosphate (Figure 15D). Compared to wild-type cells, cells
lacking ScrA (an adaptor protein that regulates actin polymerization [97]), ElmoE
(engulfment and cell motility protein, which transduces signals from chemoattractant
receptors to the cytoskeleton [98]), GcA and SgcA (membrane bound and soluble guanylyl
cyclases, respectively [99]), or WasA (an adaptor protein that regulates actin
polymerization [121]) did not show significantly abnormal sensitivity to polyphosphate,
indicating that many of the components of the cAMP pathway are not used by

polyphosphate to inhibit proliferation.

56



4.4.5. The PLC/IP3 pathway components PTEN, PLC, IplA, and Dd5P4 potentiate
polyphosphate inhibition of cell proliferation

Cells lacking the phosphatase and tensin homolog PTEN [104], the phospholipase
C PLC [105], the inositol 1,4,5-trisphosphate receptor-like protein IplA [107], or the
inositol 5-phosphatase 4 Dd5P4 [108] showed abolished sensitivity to 125 uM and
reduced sensitivity to 150 uM polyphosphate (Figure 15E). PTEN -catalyzes the
conversion of phosphatidylinositol (3,4,5)-trisphosphate (PIP3) to phosphatidylinositol
(4,5)-bisphosphate (PIP2) [123] , and PLC catalyzes the hydrolysis of PIP2 to
diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3) [123]. IplA is a potential IP3
receptor in D. discoideum [107]. Dd5P4 dephosphorylates PIP3, PIP2 and IP3 [124].
These results suggest that the PLC/IP3 pathway affects or is involved in polyphosphate
inhibition of cell proliferation, and that IP3 might be a second messenger in the

polyphosphate signal transduction pathway.

4.4.6. The MAPK/Erk pathway component Erkl and MekA potentiates
polyphosphate inhibition of cell proliferation

Cells lacking the extracellular signal-regulated kinase Erkl [109] or the Erkl
kinase MekA [111] showed reduced sensitivity to polyphosphate inhibition of cell
proliferation (Figure 15F). Deleting the suppressor of MekA, SmkA [111], did not alter
the sensitivity to polyphosphate (Figure 15F). These results suggest that the MekA-Erk1

pathway is involved in polyphosphate proliferation inhibition.
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4.4.7. The polyphosphate synthesis pathway components I6kA and Ppkl potentiate
polyphosphate inhibition of cell proliferation

The inositol phosphate kinase 16kA does not appear to affect intracellular
polyphosphate levels at cell densities below ~1 x107/ml) but plays a role in upregulating
intracellular polyphosphate at cell densities > 2 x 107/ml [9]. The polyphosphate kinase
Ppkl is essential for intracellular polyphosphate production at all cell stages [28]. Cells
lacking 16kA showed reduced sensitivity to 125 uM and 150 pM polyphosphate. Cells
lacking Ppk1 showed abolished sensitivity to 125 puM polyphosphate and strongly reduced
sensitivity to 150 uM polyphosphate (Figure 15F). The correlation between intracellular
polyphosphate synthesis and sensitivity to extracellular polyphosphate suggests that

intracellular polyphosphate plays a role in polyphosphate inhibition of cell proliferation.

4.4.8. The growth-differentiation transition components Gdts and CsaA potentiate
polyphosphate inhibition of cell proliferation

The growth-differentiation transition family of proteins (Gdts) are Dictyostelium-
specific tyrosine kinase-like proteins, classified by their sequence similarity and their
participation in development [125]. Gdtl and Gdt2 are negative regulators for the
Dictyostelium growth-differentiation transition process [125, 126], but there is no report
about the function of Gdt4 yet. Cells lacking the growth-differentiation transition family
member 2, both 1 and 2, or 4, or cells lacking the contact site A protein CsaA showed
reduced sensitivity to both 125 pM and 150 pM polyphosphate (Figure 15G).

Polyphosphate primes cells for development by, for instance, increasing expression of
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CsaA [112]. Cells lacking the ammonium transporter AmtA [117] did not show altered
sensitivity to polyphosphate. These results suggest that the polyphosphate-regulated

development-related components may also play a role in cell proliferation.

4.4.9. The cell aggregates size regulator SmlA attenuates polyphosphate inhibition
of cell proliferation

The small aggregate formation protein SmlA regulates the size of cell aggregates
and fruiting bodies during development by inhibiting the extracellular accumulation of the
group size-regulating factor Counting Factor [75, 127]. Cells lacking SmlA showed a
normal sensitivity to 125 pM polyphosphate, but for unknown reasons appeared to be
hypersensitive to 150 pM polyphosphate (after 24 hours, this polyphosphate concentration
caused the cell density to decrease from 1.5 x 10 cells/ ml to 1.2 + 0.2 x 10° cells/ ml,

mean = SEM, n = 4) (Figure 15G).

4.4.10. The TORC2 component PiaA and protein kinase PKA-C potentiate
polyphosphate inhibition of cell proliferation

Dictyostelium Tor complex 2 (TORC2) composed of Tor, PiaA, Lst8 and Rip3
regulates the adenylate cyclase ACA [114, 128] and protein kinase B/ Akt activation [114,
129] and is essential for cell aggregation [114, 130]. Cells lacking the TORC2 component
PiaA (Rictor) but not Lst8 showed abolished sensitivity to both 125 uM and 150 uM
polyphosphate, suggesting that PiaA is an essential component of the polyphosphate

proliferation inhibition pathway (Figure 15H). Cells lacking the cAMP-dependent protein
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kinase catalytic subunit PKA-C showed reduced sensitivity to polyphosphate inhibition of
cell proliferation, suggesting that cAMP might be a messenger in the polyphosphate
proliferation inhibition pathway (Figure 15H). Compared to wild-type cells, cells lacking
Lst8 and protein kinase C (PKCA) did not show significantly abnormal sensitivities to
polyphosphate, indicating that some components of the PKCA pathway are not used by

polyphosphate (Figure 15H).

4.4.11. The mechanotransduction component Mcln potentiates polyphosphate
inhibition of proliferation

Cells lacking the mechanotransduction component Mcln (an ortholog of
mucolipin) [119] showed reduced sensitivity to 125 uM and 150 uM polyphosphate
(Figure 151). Compared to wild-type cells, cells lacking the mechanotransduction
components SibA (an integrin beta-like protein) [119], TPC2 (a two-pore calcium
channel protein 2) [119] or TrpP (the transient receptor potential cation channel protein)
[119], did not show significantly abnormal sensitivities to polyphosphate (Figure 151).
These results suggest that many components of the mechanotransduction pathway are

not used by polyphosphate to inhibit proliferation.

4.4.12. Ga3, GB, GefA, PTEN, PLC, IplA, Ppkl, PiaA, PKA-C, and Gdt 1 and 2
potentiate polyphosphate inhibition of cell proliferation in both 25% and 100%
HLS5

With the stricter one-way ANOVA test (multiple comparisons with Dunnett’s
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test), cells lacking GrlD, Ga3, G, GefA, RasC, PTEN, PLC, IplA, Ppkl, PiaA, PKA-C,
or Gdt 1 and 2 showed significantly reduced sensitivity to both 125 and 150 pM
polyphosphate (Figure 15 A, B, E, F, G, and H). Cells lacking PakD, Dd5P4, or Erkl
showed significantly reduced sensitivity to 125 pM polyphosphate but not 150 pM
polyphosphate (Figure 15 C, E, and F), and cells lacking Gal, PIA2, Pik A and B, or Gdt2
showed significantly reduced sensitivity to 150 pM polyphosphate but not 125 pM

polyphosphate (Figure 15 B, D, and G).

To confirm that disruption of the genes encoding Ga3, GB, GefA, PTEN, PLC,
IplA, Ppkl1, PiaA, PKA-C, or Gdt 1 and 2 reduces the sensitivity to polyphosphate, mutant
and available rescue strains were tested for sensitivity to polyphosphate with a more
extensive dose-response curve in the nutrient-low condition 25% HLS (Figure 16).
Compared to Ax2 cells, cells lacking Ga3, G, GefA, PTEN, PLC, IplA, Ppkl, PiaA,
PKA-C, or Gdt 1 and 2 showed a reduced sensitivity to physiological levels of
polyphosphate (150 uM or less) (Figure 16). The IC50s of polyphosphate proliferation
inhibition on these knock-out mutant strains were significantly higher than that of Ax2
cells in 25% HLS5 (Table 5). Expressing PTEN in pten  cells and PLC in p/C cells rescued

or partially rescued the sensitivity to polyphosphate (Figure 16 C and D, Table 5).
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Figure 16. Some mutants have abnormal sensitivities to polyphosphate in 25%
HLS.

The indicated cell lines were tested for proliferation in 25% HLS5 with the indicated
concentrations of polyphosphate for 24 hours. The increase in cell density over 24 hours
was normalized to the increase with no added polyphosphate. Curve fits were done using
Prism with nonlinear regression (sigmoidal dose-response, variable slope, top
constrained to 100). Values are mean + SEM, n > 3.
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Table S. Deletion of some potential polyphosphate pathway components increases
the IC50 for polyphosphate inhibition of proliferation.

IC50s were calculated from Figure S1 and S2, using Prism with nonlinear regression
(sigmoidal dose-response, variable slope, top constrained to 100). All values are mean +
SEM, n > 3 independent experiments. * indicates p < 0.05, **, p < 0.01, *** p <0.001
compared to Ax2 (t-test). , p < 0.05, ™, p<0.01, ", p <0.001 compared to Ax2 (one-
way ANOVA, Tukey’s test among Ax2, pI/C and p/C /pIC, or Ax2, pten and

pten /pten-GFP). @, p <0.001 compared to pIC (one-way ANOVA, Tukey’s test
among Ax2, pIC  and pIC /pIC). #, p <0.001 compared to pten (one-way ANOVA,
Tukey’s test among Ax2, pten and pten /pten-GFP).

Strain IC50 in 25% HLS, uM | IC50 in 100% HLS, uM
Ax2 106 +3 117+ 10
ga3 164 £ 6 *** >200
B 160 + 20 * >200
gefd 158 £ 15 ** 177 +35
pten 178 £ 15 ™ >200
pten /pten-GFP | 127 + 8 # 91 +7
plC 168 +£ 6 M4 >200
plC /plC 124+3" @ 130+ 3
ipld~ 192 £ 8 *** 188 +41
ppkl 168 £ 5 *** 189 +48
piad 167 £ 10 *** >200
pkaC™ 175 & 10 *** >200
gdtl /2 139+ 11* 159 +£22

To determine if these proteins are also involved in the polyphosphate signal
transduction pathway in a nutrient-rich condition, the corresponding knockout strains were
tested for sensitivity to polyphosphate with dose-response curves in 100% HLS5 (Figure
17). In 100% HLS5, compared to Ax2 cells, cells lacking Ga3, GB, GefA, PTEN, PLC,
IplA, Ppkl, PiaA, PKA-C, or Gdt 1 and 2 also showed a reduced sensitivity to
polyphosphate (Figure 17). In 100% HLS35, the proliferation-inhibition curves of g8 and

pkaC  did not converge, and the fitting for curves of ga3 , gefd , pten , plC , iplA ",
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ppkl , and piad  were ambiguous. The IC50s of polyphosphate proliferation inhibition
on these knock-out mutant strains were higher than that of Ax2 cells (Table 5). Expressing
PTEN in pten cells and PLC in pIC  cells appeared to partially rescue or rescue the
sensitivity to polyphosphate (Figure 17 C and D, Table 5). Together, these results support
the idea that Ga3, GB, GefA, PTEN, PLC, IplA, Ppkl, PiaA, PKA-C, and Gdt 1 and 2
affect the polyphosphate proliferation inhibition signal transduction pathway in both low

and high nutrient conditions.
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Figure 17. Some mutants have abnormal sensitivities to polyphosphate in 100% HLS.
The indicated cell lines were tested for proliferation in 100% HLS5 as in Figure 16.

Values are mean = SEM, n > 3.

4.4.13. Ga3, GB, GefA, PTEN, PLC, IplA, Ppkl, PiaA, PKA-C, and Gdt 1 and 2

affect cell proliferation

To assess the effect of the disruption of these genes on general cell proliferation,

we assayed proliferation curves of the above strains in 100% HLS5 in shaking culture
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(Figure 18), except for gB cells, which were assayed previously [25]. The doubling times
at low cell density (0.5 ~ 6 x 10%ml) and high cell density (6 x 10%ml to maximal cell
density or plateau) were calculated. At low cell densities, where the extracellular
polyphosphate concentration is expected to be low, cells lacking GefA, PTEN, PLC, Ppkl,
or PKA-C had a longer doubling time compared to Ax2 cells (Table 6), and cells lacking
GPB have a shorter doubling time [25]. Expressing PTEN in pren cells rescued the
phenotype, and expressing PLC in p/C  cells shortened the doubling time (Table 6). At
high cell densities, where the extracellular polyphosphate concentration is expected to be
high, cells lacking GB, GefA, IplA, Ppkl, or PiaA had shorter doubling times compared
to Ax2 cells ([25], Table 6). Expressing PLC in pIC  cells caused a shorter doubling time
compared to Ax2 cells (Table 6). These data suggest that GefA, PTEN, PLC, Ppkl, and
PKA-C promote cell proliferation at low cell densities, and G ([25]), GefA, IplA, Ppkl,
and PiaA slow cell proliferation at high cell densities. The maximal cell density of cells
lacking Gf, GefA, IplA, Ppkl, or PiaA is abnormally high ([25], Figure 18 A, D and F,
Table 6), and cells lacking Ga3, PTEN, PLC, PKA-C, or Gdt 1 and 2 is abnormally low
(Figure 18 B, C, E and F, Table 6). Expressing PTEN in pten cells and PLC in p/C cells
rescued or reversed the phenotype (Figure 18 B and C, Table 6). These data suggest that

these proteins affect the proliferation of D. discoideum cells.
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Table 6. Deletion of some potential polyphosphate pathway components alters

doubling time and maximal cell density.

For the data in Figure 18, doubling times were calculated for low cell densities (0.5 to 6
million/ml) and high cell densities (6 million/ml to maximal density reached). Values are
mean = SEM, n > 3 independent experiments. *, p < 0.05, **, p <0.01, *** p <0.001
compared to Ax2 (t-test). *, p <0.05, ™, p<0.01 compared to Ax2 (one-way ANOVA,
Tukey’s test among Ax2, pten and pten /pten-GFP or Ax2, p/C" and pI/C /pIC). #, p <
0.05 compared to pten (one-way ANOVA, Tukey’s test among Ax2, pten and

pten /pten-GFP). @, p <0.01 compared to p/C  (one-way ANOVA, Tukey’s test among
Ax2, pIC" and pIC /plC).

. Doubling Time, Doubling Time, . .
Strain hours (Lovg Density) | hours (Higlgl Density) Maximal Density
Ax2 16.3£1.1 324+1.7 21.8+0.7
ga3 19.1£0.6 33.0+£0.9 19.1+£04 *
gefd 26.3 £ 1.2 ** 272+1.2%* 31.8 £0.5 ***
pten 29.4+£ 441 33.8+4.0 13.8+ 1.1
pten /pten-GFP | 17.6 £ 1.3 # 329+3.5 225+0.7#
plC 21.2+09% 41.8+5.0 11.0£0.6 ™M
plC /plC 9.0+0.6""" @ 209+1.2"@ 33.0+£3.1 " @
ipld 149+0.5 252+ 1.7% 52.0 £ 1.3 #**
ppkl 199+0.9 * 253+ 1.1% 27.3+£0.7 **
piad 194+ 1.6 23.7+22 % 38.4+9.1
pkaC™ 22.7+0.7 ** 36.1£9.5 17.3+£0.8 *
gdtl /2 21.7+3.8 35.0+£4.0 154+12%*

4.4.14. Polyphosphate upregulates inositol 1,4,5-trisphosphate

PLC catalyzes the hydrolysis of PIP2 to diacylglycerol (DAG) and inositol 1,4,5-
trisphosphate (IP3) [123, 131]. PLC and the putative IP3 receptor IplA potentiate
polyphosphate proliferation inhibition, suggesting that IP3 might mediate polyphosphate
proliferation inhibition. To examine this, we measured the effect of polyphosphate on IP3
levels with an IP3 ELISA kit. The baseline IP3 levels we measured are far less than levels

previously reported using an isotope dilution kit that has been discontinued by the
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manufacturer (pg vs pg level per 107 cells) [132, 133]. Both kits detect IP3 levels based
on competition binding strategy, but the isotope kit used an IP3 binding protein prepared
from bovine adrenal cortex, and the ELISA kit uses an anti-IP3 antibody. We hypothesize
that the difference between the measured IP3 levels could be caused by the specificity of

the anti-IP3 antibody being much higher than that of the bovine IP3 binding protein.

Polyphosphate increased IP3 in Ax2, ga3 , gB , rasC , iplA , and ppkl cells,
and decreased IP3 in pkaC cells (Figure 19). The upregulation of IP3 for g cells is
slight but statistically significant. Polyphosphate did not significantly affect IP3 levels in
grlD , gefd , pten , pIC", piad and gdtl /gdt2 cells, and expressing PTEN in pten
cells and PLC in pIC cells partially rescued the response (Figure 19). Compared to Ax2
cells, the baseline IP3 levels of grlD , pIC /pIC, and ppkl cells were significantly higher,
and the baseline IP3 levels of piad and gdtl /gdt2 were significantly lower (Figure 19).
These results indicate that polyphosphate upregulates IP3 in D. discoideum and that this
upregulation requires GrlD, GefA, PTEN, PLC, PiaA, PKA-C, and Gdt 1 and 2, and that

polyphosphate does not require Ga3, Gf, RasC, IplA, or Ppk1 to upregulate IP3.
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Figure 19. Polyphosphate upregulates inositol 1,4,5-trisphosphate (IP3) levels.
Cells were cultured with 0 or 150 uM polyphosphate in 25% HLS5 for 4 hours, collected
by centrifugation, and IP3 in the cells was measured. All values are mean + SEM, n >3
independent experiments. * indicates p < 0.05 (paired t-test). X indicates p<0.05
compared to Ax2 with no added polyphosphate (t-test).

4.4.15. Polyphosphate upregulates cytosolic free Ca**

IP3 activates IP3 receptors on the endoplasmic reticulum, leading to Ca?* release
from the endoplasmic reticulum lumen to the cytosol in many organisms [123]. In D.
discoideum, the putative IP3 receptor IplA is localized mostly in cytoplasmic organelles
and at very low levels at the plasma membrane, and is involved in Ca?* entry into the
cytosol in response to chemoattractants [107, 134]. As a partial test of the hypothesis that
the GrID-PLC-IP3-IplA-Ca?" pathway is used by polyphosphate to regulate proliferation,
we examined the effect of polyphosphate on cytosolic Ca?>*. BAPTA-1 dextran, which
shows an increased fluorescence in the presence of Ca?" [135], was loaded into
Dictyostelium cells by electroporation. This technique loads the BAPTA-dextran into the

cytosol [135, 136]. The BAPTA-1 dextran loaded cells were then incubated with or
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without polyphosphate and Ca?* levels were analyzed based on the total fluorescence per
cell (representing the total Ca?" amount) (Figure 20A) and the mean fluorescence per um?
of cells (Figure 20B) to exclude the impact of cell size/surface area. By both
measurements, polyphosphate increased cytosolic free Ca** in Ax2 cells (Figure 20 and

Figure 21).
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Figure 20. Polyphosphate upregulates cytosolic Ca?".

Cells were cultured with 0 or 150 uM polyphosphate in 25% HLS5 for 4 hours. Cells
were cultured with 0 or 150 uM polyphosphate in 25% HLS for 4 hours. After dye
uptake, calcium levels were measured by microscopy, examining > 30 cells per sample.
The ratio of fluorescence intensity with 150 uM polyphosphate to the intensity with no
polyphosphate was calculated. The integrated fluorescence ratio is shown in A, and the
fluorescence ratio per um? in cell images is shown in B. All values are mean + SEM, n >
3 independent experiments. * indicates p < 0.05, **, p < 0.01, *** p <0.001 compared
to no polyphosphate (t-test).
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Figure 21. Polyphosphate upregulates cytosolic CaZ".

Wild-type cells were loaded with BAPTA-1 dextran by electroporation. BAPTA-1
loaded cells were then cultured with 0 or 150 uM polyphosphate for 4 hours in 25% HL5
and were imaged with a 40x objective on a Ti2 Eclipse inverted epifluorescence
microscope (Nikon). Images are representative of 3 independent experiments. Bars are
10 pm.

Polyphosphate did not significantly affect cytosolic free Ca?* in cells lacking GrlD,
GefA, RasC, IplA, Ppkl, PiaA, or PKA-C (Figure 20), increased Ca®>" in cells lacking
PTEN, and reduced Ca*" in cells lacking Ga3, GB, or PLC (Figure 20). Expressing PLC
in pIC  cells rescued the response to polyphosphate (Figure 20). Polyphosphate increased
the total cytosolic Ca*" amount per cell but not the concentration per um?, in cells lacking

Gdtl and Gdt2 (Figure 20). Overall, these data suggest that polyphosphate upregulates
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cytosolic free Ca>" of D. discoideum, and this requires GrlD, Ga3, GB, GefA, RasC, PLC,

IplA, Ppkl, PiaA, PKA-C and Gdt 1 and 2.

4.4.16. Polyphosphate inhibits cytokinesis

Polyphosphate inhibits the proliferation of cells by inhibiting cytokinesis, causing
an increased number of multinucleated cells [9]. To determine if the signal transduction
components identified above are needed for the effect of polyphosphate on cytokinesis,
we measured the number of nuclei per cell in the presence or absence of polyphosphate.
For wild-type cells, polyphosphate increased nuclei per cell (Table 7). This effect was not
observed in cells lacking GrID, Ga3, G, GefA, RasC, PTEN, PLC, IplA, Ppkl, PiaA,
PKA-C, or Gdtl and Gdt2 (Table 7). Expressing PTEN in pten cells and PLC in pIC"
cells rescued or partially rescued the sensitivity to polyphosphate (Table 7). These data
suggest that the potential signaling components identified above are needed for

polyphosphate inhibition of cytokinesis.
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Table 7. The potential polyphosphate pathway components are needed for
polyphosphate induced cell multinucleation.

Nuclei number and percent of cells with 1, 2 and 3 or more nuclei was measured by
counts of DAPI (4°, 6-diamidino-2-phenylindole)-stained cells. Cells were examined by
epifluorescence microscope with a 40x lens, and for each condition, at least 100 cells
were counted. Values are mean = SEM, n > 3 independent experiments. *, p < 0.05, **,
p <0.01 and *** p<0.001, compared to no polyphosphate (t-test).

Cell type [polyP] Nuclei/100 Percent of cells with n nuclei
uM  cells 1 2 3+
Ax2 0 108 +£2 93.2+1.5 6.5+1.3 0.3+0.2
150 123+£3™  794+21" 187+15" 19+0.8
grlD 0 104 £ 1 96.2+1.2 38+1.2 0+0
150 105+2 953+ 14 4.7+1.2 0+0
ga3 0 110+ 4 90.5+2.9 8.8+25 0.7+ 0.4
150 111+3 89.7+2.4 9.6+2.3 0.6+0.2
B 0 101 £1 98.9+0.3 1.1+£0.3 0+0
150 102+1 98.3+0.7 1.4+ 0.6 0+0
gefd 0 110+3 90.5+2.3 9.0+2.1 0.5+0.4
150 118+6 83.1+4.2 16.0 + 3.8 1.0+ 0.5
rasC 0 116 £ 4 86.8 +2.2 11.3+1.5 1.9+0.7
150 117+£5 85.9+3.0 125+2.5 1.6+ 0.5
pten 0 120+ 2 82.4+1.9 16.0+ 1.9 1.6+0.1

150 116+4 86.4+2.6 12.1£2.0 1.5+0.7
pten /pten-GFP 0 114+6 87.2+4.2 12.1+3.9 0.7+03
150 123 +£5 799 +£32™  17.7+29 2.34+0.3"

pIC” 0 106 + 3 941+25  59+25 0+0
150 110+4 89.7+30  103+30 0+0
pIC /pIC 0 106 + 1 946+10  53+0.9 02+02
150 121+4* 81.4+26" 16.6+2.0" 2.0+0.7"
ipld~ 0 103 + 1 973+05  2.7+05 0+0
150 104+ 1 96.5+1.0  3.5+1.0 0+0
ppkl ™ 0 106 + 2 949+0.9  4.7+0.8 0.4+02
150 111+2 90.6+18  8.5+2 0.9 + 0.4
piad 0 102 + 1 984+05  1.6+05 0+0
150 104+ 1 96.0+1.0 4.0+ 1.0 0+0
pkaC™ 0 105 + 1 962+0.9  3.1+1.0 0.6 £ 0.6
150 105+ 1 95.5+0.5  4.0+0.7 0.5+0.3
gdtl /2~ 0 139+ 11  740+42  187+18  73+25

150 143 +8 64.4+ 6.0 29.7+£5.2 58+1.2
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4.5. Discussion

We screened 49 signal transduction pathway mutants for sensitivity to
polyphosphate-induced proliferation inhibition. We found that Gal, Go2, Ga3, G, GefA,
PakD, RblA, RacC, PlaA, Pik A and B, DagA, PTEN, PLC, IplA, Dd5p4, Erkl, MekA,
I6kA, Ppkl, Gdt 1, 2 and 4, CsaA, PiaA, PKA-C and Mcln potentiate polyphosphate
inhibition of cell proliferation, suggesting that a complex signal transduction pathway
mediates this example of an autocrine proliferation inhibition mechanism. Compared to
AX2 cells, ga3 , gf , gefd , rasC , pten , plC , ipld , ppkl , pkaC and gdtl /2 cells
showed strongly reduced sensitivity to polyphosphate proliferation inhibition, but not as
abolished as griD cells. These results suggest that there are branched signaling pathways

downstream of GrlD responding to extracellular polyphosphate.

The polyphosphate signal transduction pathway appears to use components that
regulate proliferation in other systems. Ras, PLC and IP3-induced Ca?' release promote
proliferation, and PTEN and PKA inhibit proliferation in mammalian systems [137-143].
Inhibition of Ras, PLC or IP3-induced Ca?* release inhibit cell proliferation in various cell
types [139, 144-146]. Overexpression of PTEN inhibits cell proliferation in many cancer
cell lines [ 140, 141, 147], and activation of PKA inhibits vascular smooth cell proliferation

induced by injury [142, 143]

Polyphosphate is a prestarvation factor that primes Dictyostelium cells for

development [36], and many signal transduction pathway components affecting the
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Dictyostelium growth-development transition also affect polyphosphate inhibition of
proliferation. This is not unexpected, as Dictyostelium cells stop proliferation and initiate

development at approximately the same time.

Many components of the AprA and cAMP signal transduction pathways did not
affect polyphosphate inhibition of cell proliferation. For those components in these two
pathways that potentiated polyphosphate induced proliferation inhibition, the effect on
polyphosphate inhibition was relatively mild. PiaA and Lst8 are both Tor complex 2
components [114] but piad cells showed some impairment of polyphosphate signaling,
while Ist8  cells showed no significant inhibition, suggesting that PiaA and Lst8 have

independent functions.

We tested the effect of the mutants that attenuate polyphosphate proliferation
inhibition on proliferation in shaking culture. gefd , pten , pIC , ppkl , and pkaC cells
proliferated abnormally slowly and gf8 cells ([25]) proliferated abnormally quickly at low
cell densities, and g ([25]), gef4 , iplA , ppkl , and piad cells proliferated abnormally
quickly at high cell densities. The maximal cell density of gf8 , gefd , iplA , ppkl , and
piaA  cells was abnormally high, and that of ga3 , pten , pIC , pkaC , or gdtl /2 cells
was abnormally low. Compared to Ax2 cells, we expected that mutant cells with reduced
sensitivity to polyphosphate would proliferate faster and reach higher maximal cell
densities. However, pten , pIC , pkaC , and gdtl /2 proliferated slower and had a lower

maximal cell density. The accumulated extracellular polyphosphate of these four mutants
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might be abnormally high, or the proteins knocked out could be required for regulating

proliferation through other pathways.

Polyphosphate inhibits cytokinesis and thus causes an increased percentage of
multinucleated cells [9]. The effect of GrlD, Ga3, G, GefA, RasC, PTEN, PLC, IplA,
Ppkl, PiaA, PKA-C, and Gdt 1 and 2 on polyphosphate inhibition of cytokinesis was
tested. The data indicate that all of these proteins are required for polyphosphate inhibition
of cytokinesis (Table 7). As cytokinesis is a key component of proliferation, this result is

not unexpected.

Polyphosphate proliferation inhibition is potentiated by proteins in the PLC/IP3
pathway. We found that polyphosphate upregulates cellular IP3 levels and this requires
GrlD, GefA, PTEN, PLC, PiaA, PKA-C and Gdt 1 and 2, and that Ga3, G, RasC, IplA
and Ppkl are not required for polyphosphate upregulating IP3. Together, these results
suggest that polyphosphate activates a signal transduction pathway that upregulates 1P3

levels.

IP3 activates IP3 receptors on the endoplasmic reticulum, leading to Ca®* release
from the endoplasmic reticulum lumen to the cytosol in many organisms [123]. We found
that polyphosphate upregulates cytosolic Ca?" levels and this requires GrlD, Ga3, Gp,
GefA, RasC, PLC, IplA, Ppkl, PiaA and PKA-C. Polyphosphate upregulated the total

Ca?" level per cell but not the concentration (Ca?" level per pm? of cells) in gdtl /gdt2™
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cells. This indicates that polyphosphate increased the size of gdt1 /gdt2 cells (1.2 £ 0.05

fold increase) in 4 hours.

Polyphosphate upregulated both IP3 levels and cytosolic Ca®" levels of Ax2 cells
but did not significantly alter either IP3 levels or cytosolic Ca?* levels of griD , gefd
piaA and gdtl /2 cells. These results suggest that GrlD, GefA, PiaA, and Gdt 1 and 2
function upstream of elevating IP3 in the polyphosphate pathway. As expected,
polyphosphate upregulated IP3 levels and did not alter cytosolic Ca** levels in cells
lacking the inositol 1,4,5-trisphosphate receptor-like protein IplA. In cells lacking RasC
or Ppk1, polyphosphate upregulated IP3 but did not affect cytosolic Ca**. In cells lacking
Ga3 or GB, polyphosphate upregulated IP3 but downregulated cytosolic Ca**. In cells
lacking PKA-C, polyphosphate downregulated IP3 but did not affect cytosolic Ca**. A
possible explanation is that Ga3, GB, RasC, Ppkl and PKA-C are required for IP3 to
activate the IplA receptor to release Ca’' to the cytosol, and that GrlD might use
components in addition to G proteins to transduce extracellular signals. Unexpectedly, the
IP3 levels of cells lacking PTEN or PLC were not altered by polyphosphate, but the
cytosolic Ca?" of cells lacking PTEN or PLC was upregulated or downregulated,
respectively. These results suggest that polyphosphate can regulate cytosolic Ca?* levels

through a pathway not involving IP3.

Ppkl mediates intracellular polyphosphate production, and the intracellular

polyphosphate of ppkl cells is undetectable [28]. How intracellular polyphosphate or
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Ppk1 affect the extracellular polyphosphate-induced proliferation inhibition is unclear. As
polyphosphate can bind to free divalent cations such as Ca’" and Mg>" [26], we
hypothesized that intracellular polyphosphate might bind to elevated cytosolic free Ca?*
and then the polyphosphate/Ca?" complex could function as a second messenger. If this is
the case, compared to Ax2 cells, cells lacking Ppkl will show a higher increase of the
fluorescence signal with the BAPTA-1 dextran method after stimulating with
polyphosphate, as polyphosphate bound Ca?" could not be detected by BAPTA-1.
However, cells lacking Ppk1 lost the polyphosphate induced cytosolic free Ca®" increase
(Figure 20), while still showing a polyphosphate-induced IP3 increase (Figure 19). This
result disproved our hypothesis of a polyphosphate - Ca** elevation and a Ca?" bound
polyphosphate pathway. This indicates that Ppkl/intracellular polyphosphate functions

downstream of IP3 and upstream of Ca** elevation.

Besides proliferation inhibition, polyphosphate inhibits proteasome activity,
promotes aggregation, and regulates actin polymerization in Dictyostelium cells [39]. In
both 25% and 100% HLS, polyphosphate reduces proteasome activity, and this requires
GrID and RasC [39]. However, in 25% HLS5 but not 100% HLS5, MG132-induced
inhibition of proteasome activity inhibits proliferation [39]. In HCT116 cells, the
proteasome inhibitor MG132 increases intracellular Ca®* levels [148], and in mouse
embryonic fibroblasts, chelating calcium by BAPTA-AM decreases proteasome activity,
while increasing intracellular Ca?* with 2 mM extracellular Ca** and ionomycin treatment

increases proteasome activity [149]. In Dictyostelium, whether there is a crosstalk in the

80



polyphosphate signal transduction pathway between proteasome activity and IP3/Ca**

levels is unclear.

In this work, we identified 10 signaling components in the polyphosphate
pathway, and showed that polyphosphate appears to use the IP3/Ca?* pathway to inhibit
Dictyostelium proliferation. An intriguing possibility is that similar mechanisms may be
used in other eukaryotes for autocrine proliferation inhibition and group and tissue size

regulation.
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5. CONCLUSIONS AND FUTURE DIRECTIONS

5.1. Conclusions

A longstanding idea in developmental biology is that the size of a tissue or group
of cells, or the spatial density of a specific cell type, could be limited by an autocrine
proliferation inhibitor, named as chalone, where the concentration of the inhibitor
increases as the size of the tissue or cell group, or density of cells, increases [1-3].
Although a considerable amount is known about signals and pathways that promote cell
proliferation, relatively little is known about such autocrine proliferation inhibiting signals
and their signal transduction pathways. In the social amoeba Dictyostelium discoideum,
two molecules, the autocrine proliferation repressor protein A (AprA) and the extracellular

inorganic polyphosphate, were identified as chalones [8, 9].

Our lab previously found that in Dictyostelium discoideum AprA inhibits
proliferation and induces chemorepulsion and this requires G proteins. This suggests that
AprA is a ligand for a GPCR [25]. In the work presented in this dissertation, I show that,
compared to wild-type cells and similarly to mutants which are insensitive to AprA, cells
lacking the GPCR GrlH have a lower doubling time, a lower colony expansion rate, and
tighter colony edges [17, 20, 21, 23]. In addition, cells lacking GrlH are insensitive to
rAprA-induced proliferation inhibition and chemorepulsion and show reduced binding to
rAprA compared to wild-type cells. Expressing GrlH in the grlH cells rescued the

phenotypes described above. Together, these data suggest that GrlH is a receptor for
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AprA.

We previously found that polyphosphate regulates the proliferation of D.
discoideum by different signaling pathways depending on nutrient levels [39]. In 100%
HLS, loss of the G protein coupled receptor GrlD, a metabotropic Glutamate Receptor-
Like receptor, partially reduced the sensitivity of cells to polyphosphate, and loss of the
small GTPase RasC did not reduce the sensitivity of cells to polyphosphate [39].
However, in 25% HLS5, a low nutrient condition for D. discoideum cells, loss of GrlD or
RasC blocked the sensitivity of cells to polyphosphate [39]. These results suggest that

polyphosphate uses a signal transduction pathway in 25% HLS5 to inhibit proliferation.

In the work presented in this dissertation, I identify that several signal
transduction pathway components required for polyphosphate inhibition of proliferation,
and I show evidence for a pathway involving inositol 1,4,5-trisphosphate and cytosolic

calcium that mediates polyphosphate-induced proliferation inhibition in Dictyostelium.

In 100% HLS5, SodC and the AAA+ATPase were identified as signaling
components affecting polyphosphate inhibition of proliferation using the modified
shotgun antisense screen. Compared to Ax2 cells, cells with reduced expression of SodC
or AAA+ATPase, or with an AAA+ATPase gene disruption, showed reduced sensitivity

to proliferation inhibition by polyphosphate (Figure 14).
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In 25% HLS, 49 available signal transduction pathway mutants were screened for
insensitivity to polyphosphate-induced proliferation inhibition. I show that cells lacking
the G protein components Ga3 or Gf3, the Ras guanine nucleotide exchange factor GefA,
Phosphatase and tensin homolog (PTEN), Phospholipase C (PLC, which produces IP3
from PIP2), Inositol 1,4,5-trisphosphate receptor-like protein A (IplA, which acts as a
calcium channel activated by IP3), Polyphosphate kinase 1(Ppk1), PiaA (cytosolic
regulator of adenylate cyclase), Protein kinase A, or Growth-differentiation transition
family members 1 and 2 have a significantly reduced sensitivity to polyphosphate
induced proliferation inhibition. Polyphosphate inhibits cytokinesis and thus causes an
increased percentage of multinucleated cells [9] and this requires GrlD, Ga3, GB, GefA,
RasC, PTEN, PLC, IplA, Ppkl, PiaA, PKA-C, and Gdt 1 and 2. Polyphosphate
upregulates IP3, and this requires GrlD, GefA, PTEN, PLC, PiaA, PKA-C, and Gdt 1
and 2. Polyphosphate also upregulates cytosolic Ca?’, and this requires GrlD, Ga3, G,
GefA, RasC, PLC, IplA, Ppkl, PiaA, PKA-C, and Gdt 1 and 2. These data suggest that

polyphosphate inhibits the proliferation of D. discoideum through an IP3/Ca?* pathway.

5.2. Future directions
5.2.1. Identification of additional receptors required for AprA signaling

A future direction for this project is to identify the additional receptors required
for AprA signaling. Several GPCR mutants other than the gr/H mutant were insensitive

to rAprA- induced proliferation inhibition or chemorepulsion or both. griB , grlD , and
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grlE  cells were insensitive to rAprA-induced proliferation inhibition, and griB , griD ,

fsIB , and fscE cells were insensitive to rAprA-induced chemorepulsion.

One possible explanation for those findings is that two or more receptors exist for
AprA, as cells lacking GrlH did not show completely abolished rAprA binding. In
support of the idea that multiple receptors might sense AprA, cells lacking GrlH were
attracted to a source of recombinant AprA, indicating the presence of a non-GrlH
receptor that mediates chemoattraction to AprA. Since the recombinant AprA is not

glycosylated, this unknown receptor appears to sense a nonglycosylated feature of AprA.

Another possible explanation is that these receptors are activated by a different
signal and that this signaling is necessary for AprA signaling. For instance, cells lacking
CfaD are insensitive to rAprA-induced proliferation inhibition and chemorepulsion [17,
19]. Unlike griH cells, grIB , grlD , and f5IB  cells were insensitive to rCfaD-induced
proliferation inhibition. It is possible that the disruption of GrlB, GrID, or FsIB interrupts
the CfaD signaling pathway such that grlB , griD , and fsIB  cells cannot respond
properly to AprA. In addition to CfaD, there may be other factors that are necessary for

AprA and CfaD signaling.

Together, these data indicate that there may be more than one AprA receptor, and

that multiple receptors and, presumably, their associated signaling pathways regulate

AprA signaling.
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5.2.2. Further study on the mechanism of polyphosphate proliferation inhibition
pathway

In the work I presented in this dissertation, 10 new signaling components in the
polyphosphate pathway were identified, and polyphosphate using IP3/Ca?* pathway
inhibiting Dictyostelium cell proliferation was suggested. The detailed mechanism of
these components regulating IP3 and Ca?* release, and the mechanism of increased
cytosolic Ca®* inhibiting proliferation need to be clarified in future studies. To identify
other possibly existing pathways of polyphosphate inhibition of cell proliferation, more

mutants need be tested for sensitivity to polyphosphate.

Besides proliferation inhibition, polyphosphate inhibits proteasome activity,
promotes aggregation, and regulates actin polymerization in Dictyostelium cells [39]. In
both 25% and 100% HLS, polyphosphate reduces proteasome activity, and this requires
GrID and RasC [39]. However, in 25% HLS5 but not 100% HL5, MG132-induced
inhibition of proteasome activity inhibits proliferation [39]. How cells sense the nutrient
levels and then alter their polyphosphate-response mechanism is an intriguing project to

study.
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APPENDIX A
FUNCTIONAL SIMILARITIES BETWEEN THE DICTYOSTELIUM PROTEIN

APRA AND THE HUMAN PROTEIN DIPEPTIDYL-PEPTIDASE IV*

Autocrine proliferation repressor protein A (AprA) is a protein secreted by
Dictyostelium discoideum cells. Although there is very little sequence similarity between
AprA and any human protein, AprA has a predicted structural similarity to the human
protein Dipeptidyl Peptidase IV (DPPIV). AprA is a chemorepellent for Dictyostelium
cells, and DPPIV is a chemorepellent for neutrophils. This led us to investigate if AprA
and DPPIV have additional functional similarities. We find that like AprA, DPPIV is a
chemorepellent for, and inhibits the proliferation of, D. discoideum cells, and that AprA
binds some DPPIV binding partners such as fibronectin. Conversely, rAprA has DPPIV-
like protease activity. These results indicate a functional similarity between two
eukaryotic chemorepellent proteins with very little sequence similarity, and emphasize
the usefulness of using a predicted protein structure to search a protein structure

database, in addition to searching for proteins with similar sequences.

Introduction
AprA is a secreted Dictyostelium discoideum protein that inhibits the

proliferation of D. discoideum cells [8, 17]. AprA functions in conjunction with another

* Reprinted with permission. Herlihy, S. E., Tang, Y., Phillips, J. E., & Gomer, R. H. (2017).
Functional similarities between the dictyostelium protein AprA and the human protein dipeptidyl-
peptidase IV. Protein Science, 26(3), 578-585. Copyright © 2016, The Protein Society.
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secreted protein called CfaD, which also inhibits the proliferation of D. discoideum cells
[18]. Loss of the AprA or CfaD proteins results in cells that proliferate faster and reach a
higher density than wild type cells [8, 18]. The addition of recombinant AprA (rAprA)
or CfaD (rCfaD) to wild type cells causes a significant reduction in proliferation [18,
19]. In addition to its ability to inhibit D. discoideum cell proliferation, AprA causes
chemorepulsion of D. discoideum cells [17]. Cells at the edge of wild type colonies
move away from the dense colony center while cells at the edge of an aprd  colony
form a tight edge with little movement outward [20]. Both wild type and aprd cells

move away from a source of rAprA [17].

DPPIV is a human glycoprotein that can be found in both a transmembrane as
well as an extracellular soluble form [150]. The membrane form is on some lymphocytes
and epithelial cells and has a number of binding partners including adenosine deaminase,
fibronectin, and collagen [151-153]. The soluble form is found in most bodily fluids
[151, 153]. Both the membrane and soluble forms have serine protease activity, and
cleave proteins or peptides with a proline or alanine at the second position of the N-
terminus [150]. One of the major functions of DPPIV is the cleavage of glucagon-like
peptide-1 (GLP-1), which normally increases the secretion of insulin to promote glucose
uptake [154]. DPPIV cleavage of GLP-1 inhibits this process, and inhibitors of DPPIV

are used as treatment for type 2 diabetes [154].
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Protein structure prediction can reveal protein function that was not obvious from
sequence analysis. Structure prediction can be extremely accurate [155-160]. Structure
based classification can help identify related proteins that have low sequence similarities
[161, 162]. For instance, lectins, which bind carbohydrates, contain a characteristic
structural fold [162]. Although the fold is present in many different protein families with
proteins that bind carbohydrates, there is little sequence similarity within the fold [162].
These studies are evidence that structural and functional properties may be comparable

even when sequence similarities are lacking.

The AprA protein has no significant amino acid sequence similarity to human
proteins. We previously found that the predicted structure of AprA has similarity to the
crystal structure of DPPIV [163]. AprA causes chemorepulsion of D. discoideum cells,
and we observed that DPPIV causes chemorepulsion of human and mouse neutrophils

[17, 163].

DPPIV is a serine peptidase, with a characteristic serine protease catalytic triad in
the crystal structure [164, 165], and DPPIV cleaves peptides or proteins with a proline or
alanine in the second position at the N-terminus [166, 167]. The predicted structure of
AprA has a similar serine peptidase catalytic triad (Figure 22) [163]. Previous lab
members found that conditioned media collected from log-phase wild type or aprd cells
were assayed for DPPIV activity. Wild type conditioned media had significantly more

DPPIV-like protease activity, with a Ky, of 720 + 150 uM and a Vmax of 20 + 1 uM/hour
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(mean + SEM, n=3), than conditioned media from apr4 cells (Figure 2A). The subtracted
curve (the aprd  values subtracted from the WT values) had a Km of 590 + 480 uM and a
Vmax of 10 + 2 pM/hour (n=3). This suggests that AprA may have DPPIV-like activity, or

that AprA may regulate something that has DPPIV-like peptidase activity.

In this report, we examine whether other functional similarities exist between
AprA and DPPIV, and show that AprA has a DPPIV-like peptidase activity, and that
DPPIV can both inhibit the proliferation and induce chemorepulsion of D. discoideum
cells. Together, this indicates conserved properties of two eukaryotic chemorepulsion

signals with very different amino acid sequences albeit with possibly similar structures.

Materials and Methods
Cell culture

Cells were cultured following Brock et al. [168] in HL5 medium (Formedium Ltd,
Norwich, England) using wild-type Ax2 cells, aprd  strain DB60T3-8 [8] and cfaD
strain DB27C-1 [18]. Proliferation inhibition and chemorepulsion assays were done as

previously described [22].

Recombinant DPPIV and AprA
Recombinant DPPIV was purchased from Enzo Life Sciences (Farmingdale, NY).
Recombinant AprA was expressed in, and purified from, E.coli as previously described

[18]. To express recombinant AprA in HEK 293 cells, the DNA encoding the secretion
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signal sequence of human Serum Amyloid P (SAP) was amplified by PCR using hSAP-
pcDNA3.1 [169] as a template and the primers 5
ATAGGCGCGCCATGAACAAGCCGCTGC-3° and 5’
ATTAAGCTTAGCAAAGGCTTCCAGG-3’. This was digested with Asc I and Hind 111
and ligated into the corresponding sites of pPCMV-AC-His (Origene, Rockville, MD) to
generate pPCMV6-SAPSec-His. PCR was then done using a vegetative Ax2 cDNA library
and the primers 5’-CCCAAGCTTACTCCATTGGATGATTATGTC-3* and 5’-
CCGCTCGAGTAAAGTTGCAGTTGAACTAGCACTATCACC-3’ to generate DNA
containing the AprA coding region without the AprA secretion signal. After digestion with
Hind IIT and Xho I, the PCR product was ligated into the corresponding sites of pCMV6-
SAPSec-His to generate pPCMV6-SAP-AprA-His. After sequencing to verify the integrity
of the insert, the recombinant plasmid was transfected into HEK 293 cells, and

recombinant AprA was purified as previously described [170, 171].

Western blots and AprA binding

Proteins were electrophoresed on 4 — 20% Tris-Glycine gels (Lonza, Rockland,
ME) following the manufacturer’s instructions. For Western blots, biotinylated Lens
culinaris agglutinin (Vector Laboratories, Burlingame, CA) was used following the
manufacturer’s directions. For rAprA binding, 10% fetal calf serum (VWR, Houston, TX)
or 100 pg/ml of bovine collagen I (Santa Cruz Biotechnology, Dallas, TX), human
collagen IV (Sigma-Aldrich, St. Louis, MO) or human plasma fibronectin (Corning,

Corning, NY) in PBS buffer were added to wells of a 96-well tissue culture plate (Corning)
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and incubated overnight at 4°C. Wells were washed with PBST (3.2 mM NaHPOs, 0.5
mM KH>POy4, 1.3 mM KCI, 135 mM NaCl, 0.05% Tween 20, pH 7.4) three times and
blocked with 4% BSA in PBM (20 mM KH>PO4, 10 uM CaClz, 1 mM MgCl,, pH 6.1
with KOH) for 1 hour. Wells were incubated with 10 pg/ml rAprA (+ wells) or 4% BSA
(- wells) in PBST for 1 hour. Wells were washed with PBST six times and then incubated
with 1.14 pg/ml affinity-purified rabbit anti-AprA antibodies [8] for 1 hour, then washed
six times with PBST and incubated with 1:5000 HRP-conjugated donkey anti-rabbit
antibody (Biolegend, San Diego, CA) in PBST for 30 minutes. Bound antibody was then
reacted with 100 pl TMB (Biolegend, San Diego, CA). The reaction was stopped by
adding 100 pl of 1 N HCI, and reaction products were detected with a SynergyMx plate

reader (Biotek, Winooski, VT) at 450 nm. Subtracted values (‘+’ — ‘-”) were calculated.

DPPIV activity assay

For enzymatic activity assays, conditioned media from log phase D. discoideum
cells were clarified by centrifugation at 3000 x g for 4 minutes. DPPIV-like enzymatic
activity of conditioned media, buffer (20 mM sodium phosphate, pH 7.4) or rAprA in
buffer were measured using pNA substrate (H-Gly-Pro-pNA-p-tosylate) (Enzo Life
Sciences, Farmingdale, NY) for 1 hour at room temperature and the reaction product was
detected at 410 nm with an Ultrospec 2100 pro spectrophotometer (for conditioned media)
(Amersham Biosciences, Piscataway, NJ) or a SynergyMx plate reader (for recombinant

AprA).
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Statistics

Statistical analysis was performed using GraphPad Prism 4 software (GraphPad,
San Diego, CA). Statistical significance between two groups was determined by t tests or
Mann-Whitney tests, or between multiple groups using 1-way ANOVA with Dunnett’s

test. Significance was defined as p < 0.05.

Results
Like DPPIV, rAprA has protease activit

To directly test whether AprA has DPPIV-like activity, I examined the DPPIV-
like protease activity of recombinant AprA. As glycosylation of DPPIV is required for
its peptidase activity [172], I expressed AprA in, and purified recombinant AprA from,
HEK 293 cells (293-rAprA) and E. coli (bac-rAprA; this is the form of rAprA that we
previously observed to both inhibit proliferation and induce chemorepulsion of
Dictyostelium cells [8, 17]). After electrophoresis on SDS-PAGE gels, 293-rAprA
showed a larger apparent molecular mass than bac-rAprA (Figure 23B, top). Western
blots stained with Lens culinaris agglutinin, which detects sequences containing o-linked
mannose or a-linked D-glucose residues [173], indicated that 293-rAprA and DPPIV are
glycosylated, while bac-rAprA showed much less glycosylation (Figure 23B middle and
bottom). The smeared bac-rAprA band in the middle panel is two bands, which was
revealed by a high contrast view (Figure 23B bottom). Since there are some glycosylated
proteins in E. coli [174-176], this may be due either to some glycosylation of the bac-

rAprA, or non-specific staining by the lectin. The apparently lower level of lectin
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staining of rDPPIV compared to 293-rAprA may be due to differences in glycosylation

content or composition.

Both 293-rAprA and bac-rAprA had DPPIV-like peptidase activity (Figure 23C).
The 293-AprA showed a Ki of 100 = 65 uM and a Viax of 9 = 1 uM/(hour*pg) (n=3),
while bac-rAprA, showed a Ky 0f 220 £ 120 uM and a Vmax of 4 £ 1 uM/(hour*pg)
(n=7). Although the K,’s were not significantly different (and were not significantly
different from the “WT-aprAd ’ activity described above), the bac-TAprA Vmax was
significantly lower than that of 293-rAprA (p <0.05, t-test). Together, these data suggest

that AprA has DPPIV-like enzymatic activity, and that glycosylation of AprA

potentiates this activity.

Like DPPIV, rAprA can bind fibronectin

DPPIV binds to fibronectin and collagen [151, 153]. To determine if AprA also
has a similar binding activity, fibronectin, collagen, or 10% serum were coated on plates
and the ability of rAprA to bind them was assessed. Previous lab member found that
bac-rAprA was able to bind plasma fibronectin (Figure 24A). The bac-rAprA also
appeared to weakly bind collagen. Although the anti-AprA antibodies used in this assay
recognize both bac-rAprA and 293-rAprA on Western blots (data not shown), in parallel
assays, | found that 293-rAprA showed no significant binding to fibronectin or collagen
(Figure 24B). These data suggest that rAprA has some DPPIV-like binding activity, and

that AprA glycosylation is not required for this binding.
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rApraA is unable to chemorepulse human neutrophils

DPPIV causes chemorepulsion of human neutrophils [163]. To determine if
AprA also causes chemorepulsion of human neutrophils, bac-rAprA or 293-rAprA were
assayed for their ability to cause chemorepulsion. Neither bac-rAprA nor 293-rAprA
could cause biased movement of human neutrophils (Figure 25A). Neutrophils are the
only cell type that we observed DPPIV to have a chemorepellent effect on [163], and
since neutrophils do not proliferate in culture, we were unable to determine if AprA
affects neutrophil proliferation. 293-rAprA could not induce chemorepulsion of D.
discoideum cells (Figure 25B), suggesting that glycosylation is not involved in the

chemorepulsion activity of AprA.

Like AprA, DPPIV can inhibit the proliferation of D. discoideum cells

Bac-rAprA inhibits the proliferation of D. discoideum cells [19]. To determine if
recombinant DPPIV (rDPPIV) affects the proliferation of D. discoideum cells, my
colleague did the proliferation assay for D. discoideum cells with rDPPIV. Like bac-
rAprA and rCfaD, 300 ng/ml rDPPIV inhibited the proliferation of D. discoideum cells
(Figure 26A), and this inhibition was observed at rtDPPIV concentrations ranging from 1
to 1000 ng/ml ((Figure 26B). My colleague found that rDPPIV was also able to inhibit the
proliferation of cells lacking AprA or CfaD ((Figure 26C). However, I was unable to detect
any significant ability of 293-rAprA to inhibit (or increase) D. discoideum proliferation.

Together, these data indicate that for unknown reasons, 293-rAprA is unable to affect D.
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discoideum proliferation, that tDPPIV can inhibit D. discoideum proliferation, and that

this inhibition by rDPPIV does not require AprA or CfaD.

Like AprA, rDPPIV can induce chemorepulsion of D. discoideum cells

In addition to its ability to inhibit proliferation, AprA causes chemorepulsion of
Dictyostelium cells [17]. Like bac-rAprA, my colleague found that rDPPIV also induced
chemorepulsion of D. discoideum cells (Figure 27). These data indicate further

functional similarities between AprA and DPPIV.

Discussion

The Dictyostelium discoideum protein AprA and the human protein DPPIV are
predicted to share structural similarity, but lack any significant sequence similarity. Here
we show that AprA and DPPIV also have functional similarity. AprA appears to be
responsible for some but not all of the DPPIV-like enzymatic activity in D. discoideum
conditioned media. The residual activity in apr4A CM may be due to nonspecific
proteases, since a variety of proteases are secreted by D. discoideum cells [177, 178]. Both
bac-rAprA and 293-rAprA have DPPIV-like enzymatic activity, although the 293-rAprA
Vmax Was higher than that of bac-rAprA, indicating that glycosylation potentiates the
enzymatic activity of rAprA. This is partially consistent with observations that
glycosylation of DPPIV is required for its enzymatic activity [172]. Recombinant DPPIV
has a K of 170 uM and a Vimax of 8 uM/(hr*png), using the same substrate we used [179],

indicating that the K and Vimax 0f 293-rAprA and DPPIV are quite similar. In addition to
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having a DPPIV-like protease activity, like DPPIV bac-rAprA binds fibronectin and
weakly to collagen. Conversely, like AprA, DPPIV both inhibits D. discoideum cell
proliferation and induces chemorepulsion of D. discoideum cells. Together, these
observations indicate that AprA has some functional properties similar to those of DPPIV,

and vice versa.

Despite having DPPIV-like protease activity, neither bac-rAprA nor 293-rAprA
could cause chemorepulsion of human neutrophils. We previously observed that DPPIV
protease inhibitors can block the chemorepellent activity of DPPIV on neutrophils [163].
Together, these observations suggest that either the neutrophil chemorepellent domain site
of DPPIV is near its protease active site, but is not part of it, that the chemorepellent active
site is not near the protease active site, and is disturbed by the protease inhibitor as an
allosteric alteration, or that there is a difference in the recognition sites of the AprA and
DPPIV proteases that is not revealed by the H-Gly-Pro-pNA p-tosylate substrate.
Alternatively, DPPIV protease activity could be necessary, but not sufficient, for
neutrophil chemorepulsion, with additional protein functions required that are not

conserved with AprA.

Bac-rAprA inhibits the proliferation of, and induces chemorepulsion of, D.
discoideum. Despite having a higher Vmax than bac-rAprA, the 293-rAprA was unable to
do either of these things to D. discoideum. These observations indicate that the effects of

AprA on D. discoideum cells does not involve its DPPIV-like enzymatic activity, or that
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as with AprA and DPPIV, there is a difference in the recognition sites of the bac-rAprA
and 293-rAprA proteases that is caused by the difference in glycosylation, and that this
difference is not revealed by the H-Gly-Pro-pNA p-tosylate substrate. Alternatively, the
glycosylation of 293-rAprA may prevent binding of 293-rAprA to other proteins, 293-
rAprA-induced chemorepulsion, and inhibition of proliferation. D. discoideum produces
both N- and O-linked glycosylations [180]. As such, we expected that a glycosylated
rAprA (293-rAprA) may function more like DPPIV since DPPIV activity is thought to be

dependent on its glycosylation [172].

Throughout its developmental life cycle, D. discoideum is dependent on cell-cell
adhesion proteins for fruiting body formation and cell fate determination [77]. Indeed, D.
discoideum contains proteins with EGF/Laminin repeat domains and domains for cell
adhesion/recognition, such as fibronectin and growth factor receptor domains [77]. An
additional difference between the two forms of rAprA is their ability to bind fibronectin.
The 293-rAprA, which has higher enzymatic activity, shows no detectable binding. This
indicates that the binding of AprA to fibronectin is not dependent on its enzymatic
activity. Taken together, our results indicate that AprA and DPPIV have remarkable
similarities in their functional properties despite having little sequence similarity, and
suggest that the similarities in functional activities do not depend on their similar
protease activities. This then suggests the possibility that there is some domain of

DPPIV that resembles the receptor-binding site of AprA, and that there may be
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additional protein regions present on DPPIV but not on AprA that are required to

activate the DPPIV receptor.

Figures

Figure 22. AprA and DPPIV have similar structures.

A and B) The predicted structure of AprA, shown in cyan, is superimposed with the o/f
hydrolase domain of DPPIV (Protein Data Bank ID 1J2E), shown in green. The catalytic
triad of DPPIV (Asp708, His740, and Ser630) is orange while the predicted catalytic
triad of AprA (Asp288, His319, and Ser195) is blue. The predicted structure of AprA did
not overlap with the B-propeller domain of DPPIV. Therefore, the B-propeller domain
was removed for simplicity of the image.
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Figure 23. AprA has DPPIV-like enzymatic activity.

A) Wild-type or aprA  conditioned media were incubated with various concentrations of
H-Gly-Pro-pNA p-tosylate and the formation of the pNA digestion product was
measured. B) 293-rAprA, Bac-rAprA, and rDPPIV were electrophoresed on SDS-
polyacrylamide gels. The upper panel shows Coomassie blue staining of a gel; the
middle and lower panel shows a corresponding Western blot stained with biotinylated
Lens culinaris agglutinin. C) 293-rAprA and Bac-RAprA were incubated with various
concentrations of H-Gly-Pro-pNA p-tosylate as in panel A. Values in A and C are mean
+ SEM, n=3 (n=7 for Bac-rAprA in B). * indicates p < 0.05, ** p < 0.01 (t test).
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Figure 24. rAprA binds some of the binding partners of DPPIV.

Plates were coated with nothing (-), bovine serum albumin (BSA), serum, plasma
fibronectin (FnP), collagen I, or collagen IV. After incubation with A) Bac-rAprA or B)
293-rAprA, and then washing, affinity-purified anti-AprA antibodies were used to detect
bound rAprA. Values are mean + SEM, n=3. * indicates p < 0.05 compared to the (-)

control (one-way ANOVA, Dunnett’s test).
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Figure 25. AprA does not induce chemorepulsion of neutrophils.

A) 1.6 pg/ml of rAprA was added to one side of an Insall chamber, and the movement of
neutrophils towards or away from the AprA was measured. B) 0.3 pg/ml of bac-rAprA
or the indicated concentration of 293-rAprA was added to one side of an Insall chamber,
and the movement of D. discoideum cells was measured. Positive values indicate that
cells move away from rAprA. Values are mean + SEM, n=3. * indicates p < 0.05, ** p <
0.01 (t test).
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Figure 26. rDPPIV inhibits the proliferation of D. discoideum cells.

Buffer, rDPPIV, rAprA, or rCfaD were added to wild-type D. discoideum cells and the
cell density was measured 18 hours later. The inhibition of proliferation was then
measured in comparison to the proliferation of the buffer control cells. All 3 proteins
significantly inhibited proliferation (p < 0.05, t tests). B) The indicated concentrations of
rDPPIV were added to D. discoideum cells and the proliferation inhibition was assayed
as in A. rDPPIV concentrations from 1 to 1000 ng/ ml significantly inhibited
proliferation (p < 0.05, t tests). C) 300 ng/ml rDPPIV was added to wild-type, aprd ,
and cfaD cells and proliferation inhibition was measures as in A. rDPPIV significantly
inhibited the proliferation of all 3 cell lines (p < 0.05, t tests). Values are mean = SEM,
n=3.
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Figure 27. rDPPIV induces chemorepulsion of D. discoideum cells.

2000 ng/ml of rDPPIV or bac-rAprA was added to one side of an Insall chamber. The
movement of D. discoideum cells was observed by video-microscopy and displacement
on the x-axis was plotted in microns. Positive values indicate that cells moved away
from rDPPIV or rAprA. Values are mean = SEM, n=3. ** indicates p <0.01, *** p <
0.001 (t test).
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APPENDIX B
EXTRACELLULAR GLUCOSE LEVEL MEDIATES DICTYOSTELIUM

DISCOIDEUM GRLD SENSING POLYPHOSPHATE

Our lab found that Dictyostelium cells lacking GrID are insensitive to
polyphosphate inhibition of proliferation in 25% HLS, but not in 100% HLS5 [39]. The
glucose concentration in 25% HLS5 (~3.4 g/L) is ¥ of that in 100% HLS5 (~13.5 g/L). To
test if the glucose concentration mediates cells sensing polyphosphate, grlD  cells were
tested for proliferation with 0 or 150 uM polyphosphate in HL5 with 3.4 g/L glucose and
13.5 g/L glucose, and 25% HLS5 with 3.4 g/L glucose and 13.5 g/L glucose. This

proliferation inhibition assay was done following the method in Chapter 4.

I found that grlD cells were insensitive to 150 uM polyphosphate in both 25%
and 100% HL5 with 3.4 g/L glucose, and griD cells showed similar sensitivity to
polyphosphate in 25% and 100% HLS5 with 13.5 g/L glucose (Figure 28). These data
indicate that the glucose concentration of the medium regulates the sensitivity of griD

cells to polyphosphate inhibition of proliferation.
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Figure 28. Glucose affect grID  cells’ sensitivity to polyphosphate.

grlD cells were tested for proliferation with 0 or 150 uM polyphosphate for 24 hours.
The increase in cell density over 24 hours was normalized to no added polyphosphate for
the indicated medium. All values are mean + SEM, n > 3 independent experiments. *
indicates p < 0.05, **, p<0.01, *** p <0.001, compared to no polyphosphate added (t-
test).

122



APPENDIX C
EXTRACELLULAR MG?" ATTENUATES POLYPHOSPHATE EFFECT ON

DICTYOSTELIUM DISCOIDEUM CELLS

Dictyostelium rtoA  (RtoA, required for proper fusion of endocytic vesicles
[181]) cells were tested for proliferation with 0, 125 or 150 uM polyphosphate in 25%
HLS5 (in PBM) and 100% HLS, following the method of proliferation inhibition assay in
Chapter 4. I found that polyphosphate inhibited the proliferation of 7704  cells in 25%
HLS, and the inhibition potency was not significantly different from polyphosphate
inhibiting Ax2 cells. However, polyphosphate caused a significant cell death of rto4
cells in 100% HLS5, not in 25% HLS5 (Figure 29). As polyphosphate was reported to be
able to bind Mg?" and 25% HLS5 diluted in PBM has additional 750 pM Mg?*, I tested if
the different effect of polyphosphate on 704 cells between 25% and 100% HL5 was
caused by the different amount of Mg?" in the medium. Ax2 and rfo4 ™ cells were
incubated with 0, 150 or 300 uM polyphosphate in HL5 or HL5 plus 750 uM MgCl, for
24 hours. In HL5, 150 or 300 uM polyphosphate strongly inhibited the proliferation of
Ax2 cells and caused a significant cell death of 7704 cells. Adding 750 uM MgCls to

HLS5 attenuated the polyphosphate effect on both Ax2 and rt0o4 cells (Figure 30).
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Figure 29. Polyphosphate caused cell death of rtoA  cells in HL5 but not in 25%
HLS.

rtoA  cells were cultured with 0, 125 or 150 uM polyphosphate in HL5 or 25% HL5 for
24 hours. Images were taken at 24 hours with a 20x objective.
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Figure 30. MgCl, attenuates polyphosphate effect on Dictyostelium cells.
Ax2 and rtoA  cells were cultured with 0, 150 or 300 uM polyphosphate in HL5 with 0
or 750 uM MgCl; for 24 hours. Images were taken at 24 hours with a 20x objective.
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APPENDIX D
POLYPHOSPHATE INHIBITS THE PROLIFERATION OF DICTYOSTELIUM

DISCOIDEUM FEEDING ON HEAT-KILLED E. COLI

Polyphosphate inhibits the proliferation of Dictyostelium discoideum feeding on
heat-killed E. coli in PBM

As the nutrient level affect polyphosphate inhibition of proliferation, I tested if
polyphosphate could inhibit the proliferation of Dictyostelium cells with heat-killed E.
coli in PBM as a food source. The proliferation inhibition assay was done following the
method in Chapter 4. I found that polyphosphate could inhibit the proliferation of Ax2
cells with heat-killed E. coli in PBM with a concentration of 225 pM or higher (Figure
31). Compared to cells in HL5 or 25% HLS, cells with heat-killed E. coli in PBM were

less sensitive to polyphosphate (Figure 31).
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Figure 31. Polyphosphate is able to inhibit the proliferation of Ax2 cells with heat-
killed E. coli in PBM.

Ax2 cells feeding with heat-killed bacteria were cultured with 0, 125, 150, 175, 200,
225, 250 or 300 uM polyphosphate for 24 hours. The increase in cell density over 24
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hours was normalized to no added polyphosphate. All values are mean = SEM, n >3
independent experiments.

Polyphosphate inhibits the proliferation of Dictyostelium discoideum feeding on
heat-Kkilled e. coli in KK2 buffer

As PBM contains 10 mM Mg?* and I have found that Mg?* in the medium or
buffer would affect the polyphosphate effect on Dictyostelium cells, 1 tested the
polyphosphate proliferation inhibition activity on Dictyostelium cells in KK2 buffer (17
mM KH,PO4 and 3 mM K>HPOys in ultrapure water, pH 6.1). Ax2 cells at 1 x 10*
cells/ml were cultured with polyphosphate in KK2 buffer for 24 hours, feeding on heat-
killed E. coli. In this condition, as low as 0.6 pM polyphosphate could inhibit the
proliferation of Ax2 cells and 2 uM polyphosphate caused a decreased cell density after
24 hours (Figure 32). Supplementing 10 uM CaCl, or MgCl, to KK2 buffer strongly
attenuated polyphosphate inhibition of proliferation (Figure 32). I then tested the effect
of various salts (10 uM) on polyphosphate effect on Dictyostelium cells. Compared to
cells in KK2 made with ultrapure water (KK2), cells in KK2 made with tap water or
KK2 supplemented with 5 pM Al>(SO4)3 or 10 uM CuSO4 showed reduced sensitivity to
polyphosphate (Figure 33). This suggest that the complex salts mix in tap water, AI*", or
Cu?" could attenuate the polyphosphate effect. The effect of Na,SO4 on polyphosphate
needs to be tested to determine if SO4?* affect polyphosphate activity. Without
polyphosphate, cells in KK2 supplemented with 10 uM BaCl,, CrClz, or MnCl»

proliferated faster than cells in KK2 (Figure 33), indicating that these ions potentiate
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Dictyostelium cell proliferation. Cells in KK2 supplemented with 10uM CoClz, NiCl; or
SrCl died after 24 hours (Figure 33), indicating that 10 uM of these ions are toxic to

Dictyostelium cells.
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Figure 32. Low concentration of polyphosphate inhibits proliferation of Ax2 cells
with heat-killed E. coli in KK2 buffer.

Ax2 cells feeding with heat-killed bacteria were cultured with 0, 0.6, 1, 2 or 3 uM
polyphosphate for 24 hours in KK2 buffer or KK2 buffer with 10 uM CaCl, or MgCl,.
All values are mean + SEM, n > 3 independent experiments. * indicates p < 0.05, **, p <
0.01, *** p <0.001, compared to no polyphosphate added for each condition (t-test). $,
p < 0.05, compared to no additional salt added for each polyphosphate concentration
(one-way ANOVA, multiple comparisons with Dunnett’s test within the panel).
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Figure 33. Ions effect on polyphosphate activity.
Ax2 cells feeding with heat-killed bacteria were cultured with 0 2 or 3 uM
polyphosphate for 24 hours in KK2 buffer made with ultrapure water (KK2), KK2 buffer

made with tap water (tap water) or KK2 supplemented with 10 uM of indicated salt (5
UM of Alx(SO4)3). N=1.
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APPENDIX E
AN IP3 RECEPTOR ANTAGONIST DOES NOT AFFECT THE POLYPHOSPHATE
INHIBITION OF PROLIFERATION, BUT AFFECTS POLYPHOSPHATE INDUCED

AGGREGATION

2-Aminoethyl diphenylborinate (2-APB) is an IP3 receptor antagonist and blocks
IP3 activated calcium release [182]. As I found that polyphosphate might inhibit
Dictyostelium proliferation through IP3 - cytosolic Ca** pathway, I tested if the IP3
receptor antagonist 2-APB could affect the polyphosphate inhibition of proliferation in

Dictyostelium.

I did not observe any effect of 2-APB (0 -25 uM) on the proliferation of D.
discoideum with or without polyphosphate in 25% HLS5 (Figure 34). Cells were killed
with 30 uM and above concentrations of 2-APB while 75 uM or above concentrations of
2-APB were used to completely block IP3 receptor mediated activity in other organisms
[182, 183]. Though the proliferation was not affected with 2-APB, the aggregation of D.
discoideum cells was modulated with 2-APB (Figure 35). Polyphosphate promotes cell
aggregation at low nutrient condition (25% HLS) [36]. Without 2-APB, cells with 125
uM polyphosphate showed aggregation after 24 hours in 25% HL5 (aggregated colonies
observed), while cells without polyphosphate remained in a unicellular form (Figure 35).
Without additional polyphosphate, cells with 5 pM 2-APB showed slightly increased

aggregation, and cells with 10 uM 2-APB showed significantly promoted aggregation,
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and cells with higher concentrations of 2-APB (25 pM as a representative) remained
unicellular (Figure 35). With 125 uM polyphosphate, cells with 5 uM 2-APB showed
less aggregation than no 2-APB added, and with 10 pM or higher concentrations of 2-

APB the polyphosphate potentiation of aggregation was blocked (Figure 35).
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Figure 34. The IP3 receptor antagonist 2-Aminoethyl diphenylborinate does not
affect polyphosphate inhibition of proliferation.

Ax2 cells were culture with 0 or 125 uM polyphosphate in 25% HLS5 for 24 hours.
Indicated amount of 2 — APB was added. The increase in cell density over 24 hours was

normalized to no added polyphosphate for the indicated medium. All values are mean *
SEM, n = 3 independent experiments.
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Figure 35. The IP3 receptor antagonist 2-Aminoethyl diphenylborinate affect
Dictyostelium cell aggregation.

Ax2 cells starting at 1.5 x 10° cells/ml were cultured with 0 or 125 pM polyphosphate in
25% HLS5 for 24 hours. Indicated amount of 2 — APB was added. Images were taken at
24 hour with a 4x objective.
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APPENDIX F
POLYPHOSPHATE INHIBITS 2-NBDG UPTAKE OF DICTYOSTELIUM

DISCOIDEUM

Lab colleagues have found that polyphosphate affects Dictyostelium discoideum
phagocytosis and pinocytosis (data not published). Here I show that polyphosphate
inhibits uptake of the fluorescent glucose derivative, 2-NBDG by Dictyostelium cells
and this requires the IP3 receptor IplA. 2-NBDG is widely used for monitoring glucose
uptake into living cells [184, 185]. Ax2 cells incubated with 150 uM polyphosphate for
30, 60, 90 or 120 minutes showed less uptake of 2-NBDG compared to cells with no
polyphosphate (Figure 36). ipl4 cells incubated with 150 uM polyphosphate for 60
minutes showed a similar 2-NBDG uptake level compared to cells with no
polyphosphate (Figure 36). ipl4 cells incubated with 150 uM polyphosphate for 120
minutes showed a reduced uptake of 2-NBDG compared to cells with no polyphosphate,

but the reduction was less than that of Ax2 cells (Figure 36).
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Figure 36. Polyphosphate inhibits 2-NBDG uptake of Dictyostelium discoideum.
Indicated strains were cultured with 150 uM polyphosphate for indicated time periods
and were then washed and resuspended in HL5 without glucose. Cells were then
incubated with 20 uM 2-NBDG in HL5 without glucose for 30 minutes. The uptake of
2-NBDG were analyzed by flow-cytometry. The ratio of the Median RFU of 150 uM
polyphosphate to no polyphosphate added was calculated. Value are mean = SEM, n =2
(n=1 for ipil4 at 120 min).
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APPENDIX G

POLYPHOSPHATE BINDS TO LEUKEMIA K562 CELLS

Our lab has reported that polyphosphate inhibits the proliferation of K562 cells

[36]. Here I show that polyphosphate binds to K562 cells.

K562 cells were tested for binding to biotinylated polyphosphate. The results
showed that biotinylated polyphosphate binds to K562 cells and the concentration of
polyphosphate for maximal binding is ~112.5 uM (Figure 37A). The binding activity
appeared to decrease when the polyphosphate concentration went higher than 112.5 uM

(Figure 37A). The binding of 100 uM polyphosphate appeared to equilibrate within 10

minutes (Figure 37B).
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Figure 37. Polyphosphate binds to K562 cells.

A 0.1 -0.25x10°/200 ul K562 cells were incubated with 0, 50, 75, 100, 112.5, 125, 150
and 200 uM of biotinylated polyphosphate and a streptavidin-conjugated fluorophore.
The cells were washed, and the fluorescence was measured using a flow cytometer.
Values are mean = SEM, n = 3 independent experiments. B K562 cells were incubated
with 100 uM biotinylated polyphosphate for 0, 2.5, 7.5, 20 and 30 minutes, and binding
was measured as A, n = 1.
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