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Abstract: The mechanistic Target of Rapamycin Complex 1 (mTORC1) regulates ribosome
biogenesis and the transcription of ribosomal genes. Its inactivation impacts protein synthesis
necessary for transport of cell adhesion molecule. In Dictyostelium discoideum, the activity of
mechanistic Target of Rapamycin Complex 2 (mTORC2) is crucial for cAMP synthesis and relay,
processes that depend on heterotrimeric G-proteins and Ras GTPases. Mutants lacking rip3 or Ist-8
genes exhibit impaired adenyl cyclase activation and cAMP signaling, resulting in deficient
expression of the cell adhesion protein CsaA. Despite this, rip3- cells, which have impaired
mTORC2, upregulate Cad-1 expression, a cell adhesion protein regulated by Ras-GTPases, to
compensate for the loss of CsaA. Ist-8- cells, which have both mTORC1 and mTORC?2 inactivated,
show reduced nutrient sensing, premature CsaA expression and solitary cell behavior. These cells
also show defective transport of adhesion proteins to the cell surface, impeding aggregation. Similar
defects are observed with caffeine treatment, suggesting both mTORC1 and mTORC?2 inhibition.
This study highlights the interplay between mTORC1 and mTORC2 in regulating cell adhesion and
aggregation through cAMP signaling and protein synthesis pathways in Dictyostelium.
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Introduction

After a brief period of starvation, single cells aggregate to form a multicell structure, which
subsequently undergoes morphogenesis to develop into a motile slug. This aggregation process is
mediated by two key glycoproteins: Cad-1 (gp24; calcium-dependent cell adhesion molecule-1) and
CsaA (gp80; contact site-A protein). Cad-1 expression begins at the early aggregation stage and is
essential for mediating initial cell-cell contacts during this phase [1-4]. Its role is critical in the early
stages of cell aggregation, facilitating the initial interactions between cells. CsaA expression is
observed after six hours of development and is induced by cAMP as development progresses [4-6].
It establishes a second type of contact in the developing cell stream, which is crucial for the further
stabilization and organization of the multicellular structure [6,7]. Additionally, other known factors,
such as counting factors, density-promoting factor 1 (DPF1), and pre-starvation factor (PSF), can
govern the timing and development of multicellular aggregates [8-10].

mTORC1 (mechanical Target of Rapamycin Complex 1) plays a significant role in regulating
genes involved in ribosome biogenesis. Impairment of mTORCI activity affects the transcription of
several genes essential for development ([11-14]. mTORC2 (mechanical Target of Rapamycin
Complex 2) is involved in the synthesis and relay of cAMP, and cells deficient in mTORC?2 activity
exhibit impaired chemotaxis, which is vital for aggregation and subsequent development [13,15,16].
Lst-8 is a component of both mTORC1 and mTORC2 complexes, while RIP-3 is a component of
mTORC2 only [16,17]. Cells lacking Lst-8 (Ist-8- cells) are defective in aggregation, whereas cells
lacking RIP-3 (rip-3- cells) form clumps but their development arrests at this stage. Both types of
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mutant cells exhibit reduced cell polarity and a lower chemotaxis index, indicating their
compromised ability to respond to chemotactic signals and organize into streams [16-18]. These
defects underline the critical roles of Lst-8 and RIP-3 in cell migration and aggregation.

It has been observed that Ist-8 and rip-3- cells do not migrate effectively in a chemotactic
gradient, unlike wild-type cells. They fail to organize into streams, highlighting their impaired
chemotactic response [16,18]. To investigate the underlying mechanisms, we monitored the
expression and localization of the cell adhesion proteins Cad-1 and CsaA in wild-type, Ist-8-, and rip-
3 cells. Our findings indicate that both Ist-8- and rip-3- cells exhibit defects in the synthesis and
localization of Cad-1 and CsaA proteins. These defects likely contribute to their impaired ability to
form aggregates and undergo normal development, emphasizing the essential roles of these proteins
and the mTOR complexes in D. discoideum multi-cell development.

Methods

Cell Culture

AX3 Dictyostelium cells were grown in Cosson HL5 media (14.3 g bactopeptone, 7.15 g yeast
extract, 18 g maltose monohydrate, 3.6 mM Na:HPO: and KH2POs) with penicillin (100 units/ml) and
streptomycin (100 pg/ml) at 22°C either in petridishes or in shaking suspension (150 rpm; [as
described in [4,19]. Ist8 and rip3  cells were grown in Cosson HL5 media containing 5 pg/ml of
blasticidin in the presence of penicillin and streptomycin to prevent bacterial contamination.

Assay for the Aggregation Pattern with Caffeine

Axenically grown cells were harvested and plated at a density of 1 X 10¢ cells/cm? on non-nutrient
agar plates (KKzbuffer containing 15 g agar per litre, pH 6.4) containing the specified concentration
of caffeine. The changes in the aggregation patterns were monitored under a microscope (Nikon ™
SMZ1000 and Nikon ™ eclipse 80i).

Immunofluorescence Detection of Cellular Proteins

Dictyostelium cells (WT or mutants) grown in petridishes were harvested by flooding the plates
with ice cold KKz buffer, centrifuged, washed twice with KK2 buffer and resuspended at density of
1 X 106 cells/ml. 400 pl of the cell suspension was pipetted on to an 18 mm glass coverslip adhered to
a petridish containing 5 ml starvation buffer and was incubated for 4 hours and 8 hours. After
incubation, the supernatant was aspirated and the coverslip with the cells were fixed either with 4 %
PFA (Paraformaldehyde) for 30 minutes at room temperature or dipped into pre-chilled (-35°C)
methanol for 30 minutes [20]. The coverslip fixed with PFA was neutralized with a quenching
solution (100 mM glycine in phosphate buffer saline buffer) for 10 minutes. The fixed cells were
blocked with gelatin (0.2 % gelatin in PBS buffer) by incubating them at room temperature for 2 hours.
After the blocking reaction, the cover slips were incubated with primary antibodies (anti-csaA and
anti-Cad1) for 1-2 hours in a humid box at room temperature. The excess antibody was washed off 5
times with phosphate buffer saline (PBS) for 5 minutes. Then the cover slip was incubated for 1 hour
with appropriate secondary antibody followed by three washings with PBS for 5 minutes. The
coverslip was mounted onto a glass slide and observed under a confocal Leica™SP2 laser scanning
microscope.

Western Blotting

Western blotting was performed as described at [19,21]. SDS-polyacrylamide gel (10-15 %
resolving gel, 5 % stacking gel) was prepared using glass-plates of 10 cm X 7.5 cm dimensions and
spacers of 1 mm thickness. Cell pellets (4 X 10¢ cells) were resuspended in a suitable 200 ul of cell lysis
buffer. Denaturation of the samples were carried out by heating them at 95°C for 5 minutes and 20 pl
(4 X 10° cells) of the denatured sample was loaded into the wells in a stacking gel. Appropriate
molecular weight markers were used as standards to estimate the molecular weight of the proteins
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resolved on SDS-polyacrylamide gels. After loading the samples into the gel, electrophoresis was
carried out in a 1X gel running buffer with a constant voltage of 100 V until the bromophenol blue
dye front reached almost lower end of the gel. After SDS-page, gel was transferred on nitrocellulose
membrane, blocked with 5% non-fat dry milk, subsequently probed with primary antibodies anti-
CsaA and anti-Cad-1. anti-CsaA antibody was used at dilution of 1:1000 and anti-CAD-1 at a dilution
of 1:10000.

Result

Defective Multi-Cell Aggregates Formation in Ist-8- and rip-3- Cells

In Dictyostelium, synthesis and relay of cAMP is regulated by mTOR complex 2 (mTORC2) [16].
Mutant cells in subunit of mMTORC2 have weak responses to cAMP and are defective in aggregation
[16]. We assayed the aggregate formation in Dictyostelium AX2 cells and cells lesion in Ist-8 and rip-3
genes. Ist-8- did not participate in aggregate, however rip-3- cells formed clumps of cells at 24 hours
of time course (Figure 1). In contrast, fruiting bodies were observed in Dictyostelium AX2 cells at 24
hours of time course of development (Figure 1). Development can be impaired if cell adhesion
proteins expression and its surface localization is not normal. Inability of these mutant cells to stream
can be due to loss or defective cell adhesion process.

Multicellular development of mTOR complexes mutant cells during starvation

AX2 (WT type) cells

AX2 (WT type) cells

Figure 1. Altered development of Dictyostelium cells lesion in 1st-8 and rip-3 genes. To score the
development defect cells were placed on non-nutrient agar plate and aggregate formation was
observed at mentioned time points. Scale bar =200 um.

Reduced Aggregate Size of Mutants in mTOR Complexes I and II Components Resembles Aggregates
Formed in the Presence of Caffeine

In Dictyostelium, mTORC2 is known to regulate cAMP signal relay, chemotaxis and
development. rip-3- cells (mutant cells in a component of mTORC?2) form a mound, which does not
proceed to form slugs and fruiting bodies [16]. To validate our hypothesis that caffeine action on
development is mediated by mTORC2 complexes, also. We assayed the development of Dictyostelium
WT cells in the presence of caffeine. We treated vegetative Dictyostelium AX2 cells with varying
concentrations of caffeine, and periodically monitored developmental timing and developmental
defects. In controls, the first sign of aggregation could be seen after 3h of development and at 6h, a
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fully developed aggregate was observed. With increasing caffeine concentrations, there was a
gradual delay in development (Figure 2). The aggregate size decreased with increasing caffeine
concentrations (Figure 2) and at 7 mM caffeine, cells did not participate in aggregation (data not
shown). At 5 mM caffeine, development arrested at the aggregation stage (Figure 2). AX2 aggregates,
formed in the presence of caffeine (5 mM), resembled rip-3- mounds (Figure 1).

Multicellular development with caffeine concentrations in starvation buffer

Control 3 mM caffeine 5 mM caffeine

AX2 (WT
type) cells

Figure 2. Development in the presence of caffeine: Developmental time course of AX2 cells. Control
or treated with caffeine (3 and 5 mM) Scale bar = 1000 puM.

Expression of the Cell Adhesion Proteins Cad-1 and CsaA Is Impaired in Ist-8-and rip-3- Cells

Since the effect of caffeine at concentration of 5-7 mM on aggregation resembles the development
of rip-3- and Ist-8 cells therefore we studied the cell adhesion protein expression and localization in
rip-3- and Ist-8 cells to know the reason for affected aggregation in the presence of caffeine. As shown
in Figure 1, Ist-8- and rip-3- cells do not stream and remain solitary or form small cell clumps. Western
blot was performed to monitor the expression of cell adhesion proteins Cad-1 and CsaA in these cells
starved for 2 to 24h in starvation buffer. AX2 cells expressed higher levels of Cad-1 and CsaA proteins
than WT cells. Ist-8- cells that are aggregation-defective expressed even higher levels of these two
glycoproteins than the WT cells (AX2) at early stages (Figure 3). Expression of Cad-1 at 2 hours of
development in Ist§8- cells was higher compared to WT cells. However, at 4h of development, Cad-1
expression in Ist8- cells was equal to the expression observed from WT cells. In Ist8- cells, the
expression of CsaA was observed at 2h and 4h of development which was not seen in WT cells at the
same time course of development (Figure 3). CsaA is a marker protein for early differentiation and
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its early expression suggest that cells with defective Ist-8 genes undergo starvation at the earliest
stage.

Cell adhesion proteins expression during starvation

2 hrs of starvation 4 hrs of starvation

WT  Ist-§ WT  Ist-§

-

Figure 3. Cell adhesion proteins Cad-1 and CsaA expression levels in WT and Ist-8- cells. Expression
levels of Cad-1 and CsaA in WT and Ist-8- cells at 2h and 4h of development. Cad-1 expression is
comparatively higher in Ist-8- cells compared to wild type cells. CsaA expression seen in Ist-8- cells at
2h and 4h development and this protein is which is not significantly expressed at the same time points
in wild type cells.

Cad-1

Further, we monitored the expression levels of Cad-1 and CsaA in rip-3- cells developed for 2 to
24h in starvation buffer. In rip-3- cells, the expression of Cad-1 was extremely high compared to the
controls (Figure 4). However, there was no CsaA expression in rip-3- cells even at 6h and 8h of
development and only a low level of expression was seen at 12h, 18h and 24h of development (Figure

4).
Cell adhesion proteins expression during starvation
A
WT rip3
2 4 6 10 24 2 4 6 10 24  hrs of starvation
-] o e G e SRR —
B WwT rip3”
6 8 12 18 24 6 8 12 18 24  hrs of starvation
— -
CsaA — D | . "

Figure 4. Cell adhesion proteins Cad-1 and CsaA expression levels in WT and rip3- cells. A)
Expression levels of Cad-1 and CsaA in AX2 and rip3- cells at the mentioned time intervals of
development. Expression levels of Cad-1 are higher in rip3- null cells compared to wild type cells. B)
Expression levels of CsaA in AX2 and rip-3- cells at 6h, 8h, 12h, 18h and 24h of development. The
CsaA expression in rip-3- cells was not seen during different time of development.

High levels of Cad-1 protein expression in rip-3- cells might allow them to form small cell clumps,
but the lack or expression of CsaA prevents evolution towards a tighter stream and aggregate. We
thus conclude that rip-3- cells do not express CsaA. Taken together this study suggest that, although
Ist8- cells express both cell adhesion proteins Cad-1 and CsaA, they do not stream and aggregate. One
plausible reason might be that the cells are defective in transporting these proteins to the plasma
membrane.
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Localization of Cell Adhesion Proteins Cad-1 and CsaA Is Defective in Ist-8 Cells

During differentiation, cell-adhesion proteins are transported to the cell surface to initiate
development [2]. Ist§- cells are aggregation defective but express higher levels of cell adhesion
proteins than WT cells. Isf-8- mutants may also have impaired transport mechanism that prevents
adhesion proteins to be targeted to the cell surface. We performed immunofluorescence localization
of Cad-1 and CsaA proteins in these mutants. These adhesion proteins are known to be expressed
when development is triggered and hence, we starved Dictyostleium AX2 cells and Ist-8- cells for 4h

and 8h.
CsaA and Cad-1 localization in starved cells
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Figure 5. Localization of Cad-1 and CsaA in AX2 and Ist-8 deficient mutants. The cells were fixed in
ultra freeze methanol and were stained with anti-CsaA monoclonal and anti-Cad-1 polyclonal
antibodies followed by cy3 conjugated rabbit anti-mouse and alexa 488 goat anti rabbit secondary
antibodies. Localization of Cad-1 and CsaA is altered in Ist-8 cells which could possibly be attributed
to impaired transport of these proteins to the cell surface. The images were obtained from confocal
Leica™ SP2 laser scanning microscope. Scale bar= 10pm.

Both Cad-1 and CsaA proteins localized beneath the plasma membrane in Ist-8- cells but its
expression in AX2 cells could be seen at the cell surface (Figure 5). At 4h of starvation, the distribution
of Cad-1 and CsaA in AX2 cells is throughout the cytoplasm and at 8h these proteins get transported
to the cell surface. From early stages (4h) in Ist-8- cells, both these proteins are beneath the cell surface
and at 8h though the expression was high, there was no correct localization of the adhesion proteins
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to the cell surface. To confirm if there is a defective transport of cell adhesion proteins to the plasma
membrane, we performed differential localization of Cad-1 proteins in cells by blocking permeability
in a batch of cells fixed with paraformaldehyde solution and comparing the results with cells
permeabilized with Triton X-100 (Figure 6). In AX2 and rip3- cells, not permeabilized with Triton X-
100, patches of Cad-1 presence were observed at the cell surface (Figure 6), while in Ist-8- cells, no
Cad-1 localization was visible (Figure 6). The absence of Cad-1 signals in non-permeabilized Ist-8-
cells may be due to defective Cad-1 transport from a cytoplasmic pool to the cell surface.

Cad-1 localization with /without cell membrane permeabilization

4 hrs 8 hrs Starvation
+ TritonX-100 - TritonX-100 + TritonX-100 - TritonX-100

Figure 6: Differential localization of Cad-1 expression in AX2, Ist-8- and rip3- cells. The cells were
fixed in paraformaldehyde solution (4%). The cells were permeabilized using Triton X-100 and were
stained with anti-Cad-1 polyclonal antibody followed alexa 488 goat anti-rabbit secondary antibodies.
The localization of these cell adhesion proteins to the cell surface is impaired in Ist-8- cells. Ist-8- cells
not treated with Triton X-100 show no expression of Cad-1. The images were obtained using confocal
Leica™ SP2 laser scanning microscope. Scale bar=10pum.

Discussion

mTORC2 (Target of Rapamycin Complex -2) mediates the synthesis and relay of cAMP
[11,15,16,22]. Activation of mMTORC2 depends on heterotrimeric G- protein function and intermediate
G-proteins, including Ras GTPases [23-25]. rip3- and Ist-8- cells are unable to activate aggregation
stage specific adenyl cyclase in response to chemoattractant stimulation [16,18]. Our Western blot
studies show the absence of CsaA expression in rip-3- cells, which can be due to inhibition of adenyl
cyclase and weak cAMP signal relay. The inductions of Cad-1 protein expression are independent of
cAMP response and hence rip-3- cells (impaired mTORC2 activity) compensate the loss of CsaA by
expressing higher levels of Cad-1 proteins. Phosphorylation of Cad-1 is regulated by Ras GTPases
and influences Dictyostelium cell-cell adhesion [26]. Ras-GTP/RIP-3 interaction is essential for normal
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RIP- 3/mTORC2 function [16] and loss of rip-3 or mTOR kinase activity could result in hyper-
phosphorylation of Cad-1 proteins by Ras-GTPase. The mTOR signaling cascade regulates gene
expression in response to nutrient stress [27]. Caffeine affects growth and development of
Dictyostelium by inactivating mTORCI [4,28]. When Dictyostelium cells are grown for 12h in the
presence of caffeine and developed in its absence, it induces early CsaA expression [4]. This indicates
deficiency of nutrient sensing capability mediated by mTORCI. The expression of CsaA in early
stages suggests precocious differentiation. Lst-8 is part of both mTORC1 and mTORC?2 [29] and so
Ist8- cells may have both the complexes mTORC1 and mTORC?2 inactivated. The early expression of
CsaA in Ist-8- cells may be because mTORCT is inactivated, and hence nutrient sensing capability is
limited, and the cells may go through developmental program earlier than wild type cells. Although
Ist-8- cells produce both the cell adhesion proteins Cad-1 and CsaA they remain solitary and do not
participate in streaming and aggregate formation. Our earlier study showed [4] that the expression
of CsaA is not detectable at 6h and 8h of development of Dictystelium AX2 cells in the presence of
caffeine that result in delayed aggregation by 3-4 hours. These results corroborate with absence of
CsaA in rip3- cells. Immuno-fluorescence staining reveals that Ist-8- cells are defective in transport of
these proteins to the cell surface to mediate cell adhesion. The defective of protein transport
mechanism is independent of mTORC2 as rip3- mutants (inactive mTORC2) mimic wild type cells
distribution of the proteins at the cell surface. Ist-8- cells have a weak cAMP signal relay that is
regulated by mTORC2.

Lst- 8 is also an essential unit for the activity of mMTORC1 and regulating transcription of several
genes involved in proteins trafficking. Caffeine may also be accompanying these effects via affecting
the mTOR complexes. Caffeine is known to weaken the cAMP signal relay that could also be due to
inhibition of mMTORC?2 activation as it regulates activity of adenyl cyclases [4,28,30]. Similar to Ist-8-
cells, caffeine (5-7 mM) may also be impairing cell adhesion proteins expression at cell surface that
result in no aggregation. Weaken cAMP singal relay and impaired expression and localization of cell
adhesion proteins (Cad-1 and CsaA) may result in inhibition of aggregates formation in the presence
of caffeine. Process regulated by mTORCI such as ribosome biogenesis is carried out by ribosomal
proteins [11,31-34]. mTORC1 mediates transcription of ribosomal genes through all three RNA
polymerases (I, II, and III; [32,35-37]. Inactivation of mMTORC1 may affect the synthesis of proteins
essential for transporting these cell adhesion molecules to the cell surface. In the future, caffeine’s
effect on innate immunity can be pursued as it causes DNA damage. Innate immune responses are
mediated through the cGAS and RIG-I pathways [38,39]. It can also be investigated whether mTOR
kinases regulate cGAS and RIG-I pathways for immune responses against pathogens like Salmonella
[40,41].

Conclusions

Our study highlights the essential roles of mMTORC1 and mTORC?2 in Dictyostelium discoideum
multi-cell development. The absence of key components Lst-8 and RIP-3 impairs the synthesis and
localization of cell adhesion proteins Cad-1 and CsaA, cAMP signal relay, cell-adhesion and proper
aggregation. These findings underscore the critical interplay between mTORC1 and mTORC2
signaling pathways and cell adhesion mechanisms, providing valuable insights into the molecular
regulation of multicellular development in D. discoideum.
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