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Introduction

Inositol polyphosphates are a unique class of highly conserved 
molecules that have multiple functions within both the yeast and 
mammalian cells. These molecules can act as signaling compo-
nents.1 Inositol polyphosphates can regulate protein localization 
by binding to proteins containing PH-domains as shown during 
the inhibition of AKT1 activation or during chemotaxis.2-4 They 
also play a role in endocytosis, apoptosis and telomere elonga-
tion.5-9 In addition, the high-energy phosphates can phosphory-
late proteins without the involvement of protein kinases.10,11 The 
inositol polyphosphate synthesis pathway begins with inositol 
1,4,5 triphosphate (Ins(1,4,5)P

3
), a product generated from phos-

phatidylinositol 4,5-bisphosphate (PtdIns(4,5)P
2
) by phospho-

lipase C.12,13 The sequential phosphorylation of Ins(1,4,5)P
3
 by 

the enzyme Arg82/Ipk2 results in inositol tetrakisphosphate (IP
4
) 

and inositol pentakisphosphate (IP
5
).14,15 The pathway continues 

with additional phosphates being placed on IP
5
 by Ipk1, resulting 

Inositol phosphates are implicated in the regulation of autophagy; however, the exact role of each inositol phosphate 
species is unclear. In this study, we systematically analyzed the highly conserved inositol polyphosphate synthesis 
pathway in S. cerevisiae for its role in regulating autophagy. Using yeast mutants that harbored a deletion in each of the 
genes within the inositol polyphosphate synthesis pathway, we found that deletion of KCS1, and to a lesser degree IPK2, 
led to a defect in autophagy. KCS1 encodes an inositol hexakisphosphate/heptakisposphate kinase that synthesizes 5-IP7 
and IP8; and IPK2 encodes an inositol polyphosphate multikinase required for synthesis of IP4 and IP5. We characterized 
the kcs1Δ mutant strain in detail. The kcs1Δ yeast exhibited reduced autophagic flux, which might be caused by both the 
reduction in autophagosome number and autophagosome size as observed under nitrogen starvation. The autophagy 
defect in kcs1Δ strain was associated with mislocalization of the phagophore assembly site (PAS) and a defect in Atg18 
release from the vacuole membrane under nitrogen deprivation conditions. Interestingly, formation of autophagosome-
like vesicles was commonly observed to originate from the plasma membrane in the kcs1Δ strain. Our results indicate that 
lack of KCS1 interferes with proper localization of the PAS, leads to reduction of autophagosome formation, and causes 
the formation of autophagosome-like structure in abnormal subcellular locations.
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Abbreviations: IP
6
, inositol hexakisphosphate; IP

7
, inositol heptakisphosphate; IP

4
, inositol tetrakisphosphate; IP

5
, inositol 

pentakisphosphate; PtdIns(4,5)P2, phosphatidylinositol 4,5-bisphosphate

in formation of IP
6
. IP

6
 is further phosphorylated by Kcs1 to 

form 5-IP
7
 (pyrophosphate on the 5 position) or by a different 

inositol hexakisphosphate kinase Vip1 to form e-IP
7
 (where “e” 

denotes a pyrophosphate on an “equivalent” ring position at the 
1/3 or 4/6 but not the 5 or 2 positions)

.
15 The pathway is sum-

marized in Figure 1A.
Intracellular degradation of cytoplasm, proteins and organ-

elles through the lysosome is governed by a process known as 
autophagy, which is hallmarked by formation of double-mem-
brane vesicles known as autophagosomes. Cellular components 
are engulfed in this vesicle and are delivered to the vacuole/lyso-
some for deconstruction. The process of autophagy can be broken 
into six unique phases. These phases include: initiation, expan-
sion of a double membrane, closure of the double membrane to 
form the autophagosome, trafficking toward the vacuole, dock-
ing and fusion with the vacuole, and breakdown.16,17 These steps 
are governed by a set of four core complexes. The four complexes 
include: (1) The initiation complex of Atg1, Atg13 and Atg17; 
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Figure 1. Deletion of genes required for generation of inositol polyphosphates reduces autophagic degradation under nitrogen starvation. (A) The 
inositol polyphosphate pathway. (B) Immunoblotting assay for GFP-Atg8 processing upon nitrogen deprivation. The inositol polyphosphate mutant 
strains (ipk2Δ, ipk1Δ, kcs1Δ, vip1Δ, ddp1Δ) as well as control wild-type and atg5Δ strains were transformed with the pcuGFP-Atg8(416) expression plas-
mid. cells were grown to mid-log phase in minimal medium (0 h) followed by nitrogen starvation with synthetic dextrose medium minus nitrogen for 
six h (6 h SD-N). Mid-log phase cells (0 h) or cells that underwent six-hour nitrogen deprivation (6 h SD-N) were analyzed for vacuolar processing of the 
GFP fusion protein using immunoblotting analysis with an antibody against GFP. The levels of Pgk1 served as loading controls. (c) Vacuolar alkaline 
phosphatase (ALP) assay to quantify autophagy activity upon nitrogen starvation. Wild-type (WT) and inositol polyphosphate mutant strains express-
ing Pho8Δ60 were grown in YPD and shifted to SD-N for 4 h. Samples were collected and protein extracts were assayed for alkaline phosphatase 
activity. The value of SD-N 4 h in the wild-type strain was set to 100% (D) Vacuolar alkaline phosphatase assay to quantify autophagy activity upon 
rapamycin treatment. Wild-type (WT), atg1Δ (negative control) and the kcs1Δ cells expressing Pho8Δ60 were grown in YPD to early log phase (0 h) and 
treated with rapamycin (0.2 μg/ml, dissolved in DMSO) for 4 h. Samples were collected and protein extracts were assayed for phosphatase activity. 
The value for the wild-type strain was set to 100%. (e) Immunoblotting assay for GFP-Atg8 processing upon rapamycin (Rap) treatment. Wild-type 
(WT), atg5Δ (negative control), and the kcs1Δ mutant transformed with pcuGFP-Atg8(416) were grown to early log phase (0 h) in minimal medium and 
treated with the TOR inhibitor rapamycin (0.2 μg/ml, dissolved in DMSO) for 4 h. Strains were analyzed for vacuolar processing of the GFP fusion pro-
tein using an antibody against GFP. (F) Immunoblotting assay for Ape1 processing. Wild-type, kcs1Δ and atg5Δ cells were grown to mid log phase and 
starved for 2 h. Samples were collected and protein extracts were analyzed by western analysis with the Ape1 antibody. These data are representative 
results from three independent experiments.
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translocation and fusion with the vacuole, GFP-Atg8 is degraded. 
Since the GFP molecule is more resistant to vacuolar proteases, 
the accumulation of GFP reflects autophagic flux. Yeast were 
grown to mid-log phase in minimal media and shifted to starva-
tion conditions (SD-N) for 6 h. As shown in Figure 1B, as com-
pared with the wild-type strain, the ipk2Δ strain had reduced 
autophagy and kcs1Δ had no measurable autophagy. The other 
inositol polyphosphate pathway mutants (ipk1Δ, vip1Δ, ddp1Δ) 
had levels of autophagy similar to that of wild-type strain.

To further quantify the autophagy levels, we analyzed vacu-
olar alkaline phosphatase (ALP) activity of the mutants in the 
Pho8Δ60 background. Under normal conditions the vacu-
olar alkaline phosphatase is inactive in the cytoplasm and only 
becomes active upon delivery to the vacuole by autophagy.35 
The activity of the alkaline phosphatase correlates with the level 
of autophagic activity. Yeast mutants harboring gene deletions 
within the inositol polyphosphate synthesis pathway were gener-
ated in the Pho8Δ60 background. The cells were grown to mid-
log phase in YPD, and shifted to SD-N medium for 4 h to induce 
autophagy (Fig. 1C). Consistent with the GFP-Atg8 processing 
assay, both the ipk2Δ and kcs1Δ mutant strains had reduced levels 
of autophagic activity, which was similar to the autophagy defec-
tive atg1Δ strain. All of the other mutants (ipk1Δ, vip1Δ, ddp1Δ) 
showed normal to slightly increased levels of autophagic activity. 
Moreover, the treatment of rapamycin also failed to induce auto-
phagy in the kcs1Δ mutant strain analyzed by ALP assays and by 
GFP-Atg8 processing assays (Fig. 1D and E). In addition, we also 
analyzed the function of the Cvt pathway using aminopeptidase 
I processing as the readout. As shown in Figure 1F, the kcs1Δ 
strain has a partial defect in processing Ape1 under nonstarva-
tion conditions, indicating a partial defect in the Cvt pathway. 
It is not as severe as the atg5Δ autophagy mutant, which has no 
processing at all even under starvation conditions. In addition, 
the processing of Ape1 appears to be restored under starvation 
conditions in the kcs1Δ strain. These results indicate that KCS1 
and to a lesser degree IPK2 are important for autophagy activa-
tion in response to nitrogen starvation. In the following studies, 
we characterized the kcs1Δ mutant in more detail.

Inositol hexakisphosphate/heptakisphosphate kinase Kcs1 
affects autophagosome biogenesis. Both the GFP-Atg8 process-
ing and the ALP assays indicate a defect in autophagy in the 
kcs1Δ mutant. To examine the possible cause for an autophagy 
defect, we first visualized the cells expressing GFP-Atg8 using 
fluorescent microscopy (Fig. 2). Yeast strains were grown to mid-
log phase in minimal media and then shifted to SD-N media for 
6 h. Under log phase growth, GFP-Atg8 in the wild-type strain 
accumulates at a perivacuolar site known as the phagophore 
assembly site (PAS), while GFP-Atg8 in the autophagy deficient 
strain atg5Δ failed to accumulate at the PAS and was dispersed 
in the cytosol.36 During mid-log phase, some of the kcs1Δ mutant 
cells did develop a single PAS. Under SD-N conditions, the wild-
type strain accumulates GFP inside the vacuole, indicating effi-
cient autophagy flux. As a negative control, the atg5Δ mutant 
failed to accumulate GFP inside the vacuole. Consistent with 
the autophagy defect observed by immunoblotting analysis in  
Figure 1, the kcs1Δ mutant had drastically reduced GFP 

(2) the PtdIns3K complex Vps34, Vps15, Atg6 and Atg14; (3) 
the ubiquitin-like protein conjugation systems of Atg12–Atg5-
Atg16 and Atg8; and finally (4) the cycling system of Atg9.18 In 
the yeast system, multiple signaling pathways converge on the 
initiation complex of the autophagy pathway. These pathways 
include TOR,19 Pho85,20,21 Ras/PKA,22 Sch9,23 Snf1,21 Sic1 and 
Gcn2.24 Each of these pathways is controlled by a different set 
of molecules that represent the energy and nutrient status of the 
cell. Phosphatidylinositol 3-phosphate (PtdIns3P) is an essential 
component of autophagy; failure to generate it in vps34Δ yeast 
completely abolishes autophagic activity.25 PtdIns3P has been 
shown to be necessary for the double-membrane expansion in 
addition to the proper localization of lipid binding domain pro-
teins Atg18 and Atg2.26-28 Improper localization of Atg18 leads 
to deficient autophagy.27-29 A few inositol polyphosphate spe-
cies have been reported to be involved, or inferred, in regulat-
ing autophagy.30,31 Ins(1,4,5)P

3
, which is the initial molecule for 

the inositol polyphosphate synthesis pathway, has been shown 
to inhibit autophagy. Using inhibitors of prolyl oligopeptidase 
or adding myo-inositol to increase Ins(1,4,5)P

3
 levels caused a 

reduction in autophagy activity.32 In addition, it was documented 
in a yeast genomic screen for mitophagy mutants that yeast con-
taining a deletion within the ARG82/IPK2 locus failed to induce 
mitophagy, a selective form of autophagy.33 More recently, it has 
been documented in mammalian cells that siRNA knockdown 
of Ins(P)6Ks decrease autophagy while overexpression increases 
autophagy.30 However, a systematical study on the function of 
each of the inositol polyphosphates on autophagy has not been 
performed.

In yeast, the entire inositol polyphosphate synthesis pathway 
has been identified (Fig. 1A). This allows us to systematically 
determine the function of each gene on autophagy. In the pres-
ent study, we characterized the complete set of deletion mutant 
strains in the inositol polyphosphate synthesis pathway. We iden-
tified two genes, KCS1 and IPK2, which are important for nor-
mal autophagy activation under nitrogen deprivation. The kcs1Δ 
strain was further characterized in detail. To our knowledge, this 
is the first time a complete genetic analysis on the inositol poly-
phosphate pathway has been conducted to determine its role in 
governing autophagy in yeast.

Results

Deletion of KCS1 or IPK2 leads to defect in autophagic deg-
radation. To determine the possible role of the various inositol 
polyphosphates in autophagy regulation, we initially screened 
through the entire yeast inositol polyphosphate synthesis path-
way by analyzing deletion mutants that are defective for inosi-
tol polyphosphate production. The yeast strains ipk2Δ, ipk1Δ, 
kcs1Δ, vip1Δ and ddp1Δ were transformed with the GFP-Atg8 
fusion construct and analyzed for general autophagic flux by 
monitoring the processing of GFP-Atg8 during nitrogen starva-
tion induced autophagy.34 During autophagy activation, Atg8 
is cleaved, conjugated to phosphatidylethanolamine, and trans-
located to the membrane of autophagosomes. GFP-Atg8 is part 
of the inner membrane of the completed autophagosome. Upon 
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contrast, most kcs1Δ mutant cells failed to accumulate autophagic 
bodies in the vacuole. Consistent with the fluorescent microscopy 
results shown in Figure 2, the kcs1Δ mutant cells contained many 
fewer cytoplasmic autophagosomes when compared with the 
VPS18 deficient cells as described before.37 Moreover, some of the 
autophagosomes were untypical and appeared to originate from 
plasma membrane in kcs1Δ mutant, which were further char-
acterized later. We analyzed the electron microscopic pictures 
quantitatively as previously described.38 As shown in Figure 3B, 
the kcs1Δ strain had far fewer autophagic bodies in the vacuole 
as compared with the wild-type cells. In addition, the size of the 
autophagic body found in the mutant yeast was also smaller than 
those in wild-type cells (Fig. 3C). Together, the results strongly 
suggest that a defect in autophagosome biogenesis has contrib-
uted to the autophagy defect observed in the kcs1Δ mutant cells.

Loss of Kcs1 disrupts proper localization of the phago-
phore assembly site. Failure to generate wild-type levels of auto-
phagosomes and autophagosomes of correct size led us to analyze 
the location of some autophagy proteins. Disruption of the proper 
localization of Atg8 has been documented to cause smaller auto-
phagosome formation and a reduction in autophagic flux.38 We 
analyzed the GFP-Atg8 localization in wild-type and kcs1Δ cells. 
In mid-log phase, it is well documented that wild-type yeast cells 
contain a single PAS that is enriched with Atg8p and is always 
associated with vacuolar membrane (Fig. 4A). In any given time, 
the GFP-Atg8 containing PAS puncta could be observed in about 
20% of mid-log wild-type cells (Fig. 4C). Similarly, the kcs1Δ 
cells in mid-log growth phase also contained a single GFP-Atg8 
punctum (Fig. 4A). However, the population of kcs1Δ cells that 

accumulation inside their vacuoles, indicating reduction of auto-
phagy flux. A defect in vacuolar accumulation (autophagy flux) 
of GFP may due to deficiency in autophagosome formation, or 
defect in autophagosome trafficking or fusion with vacuole. To 
differentiate the different causes of autophagy defect, we com-
pared the kcs1Δ mutant to the vps18Δ mutant, which has a highly 
fragmented vacuole and is known to have autophagosome traf-
ficking/vacuolar fusion defect but not autophagosome biogenesis 
defect.37 As shown in Figure 2A and quantified in Figure 2B, 
the vps18Δ mutant cells have dramatically increased GFP-Atg8 
puncta in cytosol under nitrogen starvation conditions, indi-
cating accumulation of autophagosomes. Despite the fact that 
the kcs1Δ mutant also has a slight vacuole morphology change, 
kcs1Δ mutant cells accumulated less than 10% of cytoplasmic 
GFP-Atg8 puncta as found in the vps18Δ mutant cells (Fig. 2A 
and B) under the same conditions. This result suggests that the 
defect in autophagy flux in the kcs1Δ mutant cells is not a simple 
consequence of vacuolar defect, which usually leads to increase 
of autophagosome accumulation in cytosol. Instead, the result 
suggests that KCS1 deletion may have impact on autophagosome 
formation.

We performed electron microscopy to directly examine the 
possible autophagosome formation defect in kcs1Δ mutant cells 
(Fig. 3). Yeast strains were grown to mid-log phase in YPD, and 
then shifted to SD-N media in the presence of PMSF for 4 h in 
order to prevent the breakdown of autophagic bodies in the vacu-
ole. As shown in Figure 3A, wild-type cells typically contained 
multiple autophagic bodies inside the vacuole, indicating proper 
formation and delivery of autophagosomes to the vacuole. In 

Figure 2. Deletion of KCS1 affects autophagosome biogenesis analyzed by fluorescent microscopy. (A) Fluorescent microscopic analysis of mid-log 
phase cells (Mid-log) and the six-hour nitrogen deprived cells (SD-N) from the wild-type and kcs1Δ cells transformed with pcuGFP-Atg8(416). The atg5Δ 
and vps18Δ mutants were used as negative controls. Scale bar: 1.6 μm. (B) Accumulation of cytoplasmic GFP-Atg8 puncta in wild-type (WT), atg5Δ, 
kcs1Δ and vps18Δ cells after growing in SD-N medium for 6 h. **p < 0.01. The data are representative results from three independent experiments.
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wild-type and kcs1Δ mutant yeast strains in which Atg18-GFP is 
expressed under Atg18 endogenous promoter. We analyzed each 
of the strains under the fluorescent microscope during mid-log 

exhibited a single GFP-Atg8 punctum 
reduced dramatically as compared with 
wild-type cells (Fig. 4C, 18.74% vs 
6.05%, p < 0.05). In the rest of kcs1Δ 
cells, GFP-Atg8 showed a diffused dis-
tribution pattern in cytosol. This result 
suggests that deletion of KCS1 might 
lead to reduction of PAS formation.

Strikingly, while in wild-type cells 
all the GFP-Atg8 containing PAS were 
associated with the FM 4–64 laden vac-
uolar membrane, the single GFP-Atg8 
puncta in the kcs1Δ cells were usually 
not associated with vacuolar membrane 
(Fig. 4A and D). Among the kcs1Δ cells 
where a single GFP-Atg8 punctum was 
observed in mid-log phase, over 80% 
of them did not show a colocalization 
between GFP-Atg8 and vacuole. This 
observation strongly suggests that the 
function of KCS1 is required for the 
correct localization of PAS onto the 
vacuolar membrane.

In addition, we analyzed the GFP-
Atg8 localization under nitrogen starva-
tion. After shifting to SD-N medium, 
GFP distribution in wild-type cells was 
primarily localized inside vacuole in a 
diffused pattern, indicating efficient 
autophagic flux into vacuole. In a small 
percentage of cells where a single or 
multiple GFP-Atg8 containing puncta 
could be observed, they were all colocal-
ized with vacuolar membrane (Fig. 4B 
and D). In contrast, in about 80% kcs1Δ 
cells, the GFP-Atg8 containing puncta 
were not associated with vacuoles under 
starvation condition (Fig. 4B and D). 
It is worth noting that the GFP-Atg8 
containing structure was not specifi-
cally associated with plasma membrane 
(labeled with mRFP-Snc139) in the 
kcs1Δ cells either, as shown in Figure S1.

Loss of Kcs1 is associated with a 
defect in the release of Atg18 from 
vacuolar membrane upon nitrogen 
deprivation. Mislocalization of Atg8 
has been documented in a number of 
autophagy mutants, particularly in the 
atg21 and atg18 mutants.40,41 In addi-
tion, disruption of the lipid binding 
domains of Atg18 and Atg21 has been 
shown to mislocalize Atg8 and reduce 
autophagy.28,29 Since one of the roles of inositol polyphosphates 
is to bind to lipid binding domains of proteins, we extended 
our analysis to study the localization of Atg18. We generated 

Figure 3. Deletion of KCS1 affects autophagosome biogenesis analyzed by electron microscopy.  
(A) Representative electron microscopic pictures of wild-type (WT) and kcs1Δ mutant cells after a  
4 h incubation in SD-N medium in the presence of 1 mM PMSF. N, nucleus; AB, autophagic body;  
M, mitochondria; V, vacuole. Scale bars: 500 nm. Arrow pointing to an untypical autophagosome. 
(B) Quantification of the number of autophagic bodies per cell and per vacuole. Total cells analyzed: 
wild-type (n = 125) and kcs1Δ (n = 129). (c) Size distribution of autophagic body in wild-type and 
kcs1Δ cells. Size of autophagic bodies (diameter in nm) were measured using the ImageJ software.
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its recruitment onto the autophagosome membrane.26 We trans-
formed wild-type and kcs1Δ cells with the expression construct of 
mRFP-2XFYVE and analyzed its location under mid-log and star-
vation conditions. Consistent with what has been described in the 
literature, wild-type cells had mRFP staining on the vacuole mem-
brane during mid-log phase growth and diffused mRFP staining 
inside the vacuole under starvation conditions (Fig. 5B). However, 
in the kcs1Δ strain mRFP-2XFYVE did not release from the vacu-
ole membrane during starvation conditions (Fig. 5B). Together, 
these results indicate that lack of Kcs1 is associated with a defect in 
the translocation of Atg18 from vacuolar membrane to autophagic 
membrane under nitrogen deprivation conditions. This phenotype 
is associated with a similar defect of releasing of PtdIns3P from 
vacuolar membrane under those conditions. It remains to be deter-
mined whether the defect of Atg18 and PtdIns3P localization is 
the cause of autophagy defect in the kcs1Δ cells or the consequence 
of autophagy flux defect in these kcs1Δ cells.

phase and up to 4 h of starvation (Fig. 5A). Under mid-log phase 
growth, Atg18-GFP was localized to the vacuolar membrane in 
both the wild-type and kcs1Δ mutant. When the wild-type cells 
were starved for up to 4 h, Atg18-GFP was almost completely 
released from the vacuole membrane, similar to what has been 
observed by others.42 However, the rate of Atg18-GFP releasing 
from vacuolar membrane was much slower in the kcs1Δ strain. 
After 4 h of starvation, significant amount of Atg18-GFP was 
still associated with vacuolar membrane in the mutant cells (Fig. 
5A and quantification in Table 1).

The translocation of Atg18 from the vacuolar membrane to 
autophagic membrane is mediated by its ability to bind PtdIns3P.42 
To determine if loss of Kcs1 affects PtdIns3P distribution, we also 
analyzed the localization of a well-documented PtdIns3P binding 
protein marker mRFP-2XFYVE.26 This marker is known to bind 
to the vacuolar membrane under log phase conditions and trans-
locate to the vacuolar lumen during autophagy induction due to 

Figure 4. Loss of Kcs1 affects localization of phagophore assembly site. Fluorescence microscopy pictures of wild-type or kcs1Δ cells in (A) mid-log 
growth phase or (B) 4 h SD-N nitrogen starvation. Wild-type or kcs1Δ cells transformed with pcuGFP-Atg8(416) were either grown to mid-log phase (A), 
or further followed by 4 h SD-N nitrogen starvation (B). cells were then stained with FM 4–64 to label vacuolar membrane. Arrows indicate GFP-Atg8 
puncta. Scale bar: 2.5 μm. (c) Percentage of cells containing GFP-Atg8 puncta in mid-log growth phase. Approximately 400 cells were analyzed. *p < 
0.05. (D) Quantification of colocalization between GFP-Atg8 puncta and vacuolar membrane in either wild-type or kcs1Δ cells under mid-log phase or 
nitrogen starvation condition as indicated. The data are representative results from three independent experiments. ***p < 0.001.
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Loss of Kcs1 leads to occasional autophagosome forma-
tion from the plasma membrane. During the electron micros-
copy experiments, we frequently noticed a number of membrane 
intrusions located at the plasma membrane of the kcs1Δ mutants 
(Fig. 6A). Initially the intrusions resembled that of endocyto-
sis; however, careful examination revealed that these membrane 
intrusions began to curve in a particular fashion that gave the 
resemblance to nascent autophagosome (Fig. 6A, pictures 2–5). 
As the membrane wrapped into a circle, cytoplasm was engulfed 
into the double-membrane vesicle (Fig. 6A, pictures 4–8). 
The plasma membrane was then seen to reseal itself and thus 
release the open autophagosome structure into the cytoplasm. 
Eventually the two ends of the membrane would come into close 
proximity and thus fuse in order to close (Fig. 6A, pictures 9 and 
10). Detachment of the autophagosome-like structure from the 

Figure 5. Loss of Kcs1 affects Atg18-GFP and mRFP-2XFYVe translocation. (A) Intracellular translocation of Atg18 upon nitrogen starvation. Wild-type 
and kcs1Δ cells were transformed with an Atg18-GFP plasmid and grown to mid-log phase in minimal media minus URA. cells were then nitrogen 
starved up to 4 h in SD-N and analyzed by fluorescence microscopy. (B) Intracellular PtdIns3P distribution analyzed by mRFP-2XFYVe binding. Wild-
type and kcs1Δ cells were transformed with mRFP-2XFYVe plasmid and grown to mid log phase in minimal media minus URA. cells were then nitrogen 
starved up to 4 h in SD-N and analyzed by fluorescence microscopy. Fluorescent pictures are representative images from two independent results. 
Scale bars: 1.6 μm.

Table 1. Ratiometric measurement of Atg18-GFP signal present on the 
vacuolar membrane vs. that of the cytosol in mid-log and SD-N 4hr 
growth condition

Strain
Growth 

condition
GFP signal ratio (vacuolar 
membrane/cytosolic GFP)

t testb (p 
value)

Wta
mid-log 2.49 ± 0.23

< 0.005
SD-N 4 h 1.44 ± 0.06

kcs1Δa
mid-log 2.36 ± 0.25

0.312
SD-N 4 h 2.70 ± 0.21

aWT cells and kcs1Δ cells were transformed with Atg18-GFP. bTwo-tailed 
Student’s t test (n = 15)

Figure 6 (see opposite page). Formation of double-membrane, autophagosome-like structures from cytoplasmic membrane in kcs1Δ cells. electron 
microscopic analysis of kcs1Δ cells upon nitrogen deprivation. (A) Pictures show the different stages in the process of the formation of double-mem-
brane, autophagosome-like vesicles from plasma membrane. each picture (1 to 10) represents a different stage of the double-membrane, autophago-
some-like structure formation in different cells. (B) Pictures represent typical sealed autophagosome-like vesicles in proximity to plasma membrane. 
(c) Pictures represent typical autophagosome-like vesicles in proximity to plasma membrane that have not completely closed. (D) eM pictures rep-
resent typical wild-type, kcs1Δ or kcs1Δ atg5Δ mutant cells after SD-N 4 h starvation. The arrowheads show intrusions on the plasma membrane. The 
plot shows quantification of the number of intrusions at the plasma membrane in wild-type, kcs1Δ or kcs1Δ atg5Δ mutant cells after 4 h SD-N nitrogen 
starvation. A total of 50 cells from each strain were analyzed. Scale bars: (A–c) 100 nm; (D) 500 nm.
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Figure 6. For figure legend, see page 1306.
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explanation is that loss of Kcs1 leads to mislocalization of PAS 
and effectively eliminates the normal and main location (near 
vacuolar membrane) of autophagosome formation. Occasionally, 
the autophagic machinery (PAS) may by chance associate with 
cytoplasm membrane, the largest membrane reservoir in a cell, 
leading to autophagosome assembly at this location.

The exact molecular mechanism by which KCS1 deletion 
affects PAS localization is not clear. First, we do not know mis-
localization of which PAS component protein causes the mis-
localization of PAS. Although we have observed the abnormal 
translocation of Atg18-GFP under nitrogen deprivation, its 
localization under log-phase condition appears normal. Testing 
the localization of each individual PAS component protein will 
help answer the question. Second, we do not know which inosi-
tol phosphate species are involved in causing the mislocation of 
PAS. It may result from lack of production of 5-IP

7
, which may be 

required for regulating autophagy protein localization upon nitro-
gen starvation. Alternatively, it may be a result of the accumula-
tion of IP

6
 or other inositol polyphosphate intermediates, which 

may interfere with the normal cellular localization of autophagy 
proteins. A direct measurement of the various inositol polyphos-
phates in the wild-type and mutant cells and a direct evaluation of 
the effect of the individual inositol polyphosphates on PAS local-
ization would provide valuable insight into the question.

We cannot rule out the possibility that the autophagy defect 
is a secondary effect caused by the vacuolar defect observed in 
kcs1Δ cells, although this scenario is unlikely because of the 
following reasons. First, other deletion strains with a vacuolar 
defect, such as vps18Δ as shown in this study and other VPS genes 
(e.g., VAM3) shown in the literature,37,45 do not exhibit auto-
phagosome biogenesis defect. Instead, they have increased auto-
phagosome accumulation in the cytosol because of impairment 
of autophagosome trafficking. Second, the kcs1Δ cells exhibited 
a specific phenotype, namely mislocalization of PAS, which is 
again unique to kcs1Δ cells but not observed in other strains that 
have vacuole phenotypes. Future studies to identify the specific 
inositol polyphosphate that is responsible for the phenotypical 
defect and a direct evaluation of this molecule on autophagy as 
well as vacuolar function would yield a definitive conclusion.

In summary, we have systematically investigated the individual 
inositol polyphosphate synthesis pathway components for their 
possible involvement in regulating autophagy. This study reveals 
a specific interaction between the two pathways and shows that 
KCS1 is critical for correct PAS localization and autophagy acti-
vation under nitrogen deprivation. Future studies on how Kcs1 
may regulate the autophagic proteins are warranted to dissect 
the detail interactions. In addition, the unexpected observation 
that autophagosome-like, double-membrane vesicle assembles 
from cytoplasm membrane in the kcs1Δ cells may provide a novel 
platform to investigate the molecular mechanism governing the 
membrane dynamic during autophagosome biogenesis.

Materials and Methods

Yeast strains and growth conditions. The yeast strains used 
in this study were from the diploid knockout library (BY4743: 

plasma membrane resulted in two autophagosome-like species, 
sealed autophagosome-like structures (Fig. 6B) and unsealed/
opened structures (Fig. 6C). The double-membrane vesicles 
formed from plasma membrane were structurally indistinguish-
able from those autophagosomes formed in cytosol of wild-type 
cells. This result suggests that inactivation of KCS1 may cause 
occasional formation of autophagosome-like double-membrane 
structure from plasma membrane.

To determine if the formation of the double-membrane ves-
icles originated from the plasma membrane are related to auto-
phagosomes, we generated a KCS1 and ATG5 double deletion 
strain (kcs1Δ atg5Δ). The wild-type, kcs1Δ and kcs1Δ atg5Δ cells 
were subject to nitrogen starvation and they were subsequently 
analyzed by electron microscopy. As shown in Figure 6D, the 
kcs1Δ cells exhibited significantly more “crackles” or intrusions 
on plasma membrane. The intrusions on plasma membrane were 
quantified in these strains. The number of intrusions formed in 
the kcs1Δ atg5Δ mutant strain dramatically reduced as compared 
with the kcs1Δ strain. In addition, barely any autophagosome-like 
structures derived from plasma membrane was observed in kcs1Δ 
atg5Δ cells. These results support that the double-membrane ves-
icles derived from plasma membrane in the kcs1Δ mutant cells are 
most likely related to autophagosomes.

Discussion

Recent data in the mammalian system indicated the possibility 
that inositol polyphosphates may regulate the process of auto-
phagy.30 In the present study, we used yeast as the model sys-
tem to systemically determine the possible role of each enzyme 
involved in the synthesis of inositol polyphosphates in autophagy 
induced by nitrogen deprivation. The study showed that deletion 
of only two genes, KCS1 and IPK2, has impact on autophagy. 
KCS1 deletion led to a reduction in autophagosome formation 
and autophagy flux, which was associated with a reduction of the 
number of cells containing PAS and mislocalization of PAS. In 
addition, the kcs1Δ cells exhibited impaired Atg18 release dur-
ing nitrogen starvation. Together, these observations strongly 
support that normal Kcs1 function is required for the correct 
localization of PAS for normal autophagosome formation under 
nitrogen starvation.

One unexpected and intriguing observation in the kcs1Δ 
mutant cells by electron microscopy study is that autophagosome-
like, double-membrane vesicles were assembled from the plasma 
membrane. A dramatic increase in plasma membrane intrusion 
was observed in the kcs1Δ mutant strain. These plasma mem-
brane intrusions and the autophagosome-like, double-membrane 
vesicles originated from plasma membrane diminish in the KCS1 
and ATG5 double knockout strain. These results strongly support 
that the plasma membrane-derived double-membrane vesicles are 
most likely an autophagosome-related structure. Indeed, it has 
been previously described that autophagosomes can originate 
from the plasma membrane.43,44 However, this phenomenon is 
rarely observed in wild-type cells under the same conditions, 
indicating KCS1 deletion was a trigger for the formation of the 
double-membrane vesicles from plasma membrane. One simple 
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the slab and the cells were visualized using a Zeiss Axioplan 2 
microscope with a 100× oil immersion lens. Pictures were taken 
using the AxioCam (Zeiss) and the OpenLab Software. GFP was 
visualized using the Chroma Technology Filter Em535/Ex480 
(41001). mRFP-2XFYVE was visualized using the Chroma 
Technology Filter Em640/Ex575 (41043). Pictures were edited 
using Adobe Photoshop CS3 software.

Quantification of vacuolar fluorescence intensity. Fluorescence 
intensity of the green fluorescent protein (GFP; FITC) of unpro-
cessed TIFF images was quantified by using ImageJ 1.43 (NIH, 
Bethesda, MD). Lines were drawn from the cytosol to the vacu-
ole lumen; lines started around the midpoint of the cytosol and 
were typically 30–40 pixels long with a 5-pixel width line. Line 
positioning across the vacuole was random, but puncta were 
avoided. Fluorescence intensity values were exported to Excel 2007 
(Microsoft, Redmond, WA) where the background was subtracted. 
Note that the contrast and the brightness of the images shown in 
Figure 5 have been adjusted after acquiring line plot profiles.

Electron microscopy. Yeast cultures were grown and starved 
as described above and analyzed after 4 h of starvation. PMSF 
was added at a final concentration of 1 mM. Approximately  
~2 × 108 cells were harvested on a 0.45-μm filter apparatus, 
washed with 0.1 M cacodylate (pH 6.8), fixed in 2.5% gluteral-
dehyde/4% paraformaldehyde in 0.1 M cacodylate buffer. After 
Zymolyase digestion, the cells were then post-fixed in buffered 
2% osmium tetroxide, dehydrated in a graded series of ethanol 
and embedded in SPURR resin. 90-nm thin sections were cut 
on a Reichert ultracut E microtome and picked up on copper 
grids. The grids were stained with ethanoic uranyl acetate and 
lead citrate.

Alkaline phosphatase assay. Yeast strains were generated by 
standard PCR knockout techniques50 using the wild-type back-
ground (WLY176, SEY6210 MATα his3-Δ200 leu2–3,112 lys2–
801 trp1-Δ901 ura3–52 suc2-Δ9 GAL pho13Δ pho8Δ60).51 The 
assay was conducted as previously described.35
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MATa/α his3Δ1/his3Δ1 leu2Δ0 /leu2Δ0 lys2Δ0/LYS2 MET15/
met15Δ0 ura3Δ0 /ura3Δ0) created by the Saccharomyces Genome 
Deletion Project and purchased from Open Biosystems. Yeast 
cultures were grown to an OD

600
 of 0.5–0.7 (mid-log) in min-

imal media (MM, 0.175% yeast nitrogen base without amino 
acids and ammonium sulfate, casamino acids minus appropriate 
amino acids + 40 mg/ml adenine, 2% ammonium sulfate, pH 
5.5) supplemented with 2% glucose. Upon reaching the desired 
growth phase, cells were submitted to amino acid and nitrogen 
starvation (SD-N, 0.175% yeast nitrogen base without amino 
acids and ammonium sulfate). Cells were washed twice with 
ddH

2
O and resuspended in SD-N media supplemented with 2% 

glucose. Cells were then incubated for 0 to 6 h depending on 
experiments. For electron microscopy, yeast strains were grown 
in YPD (1% yeast extract, 2% peptone, 2% dextrose) to mid-
log phase. All incubations took place at 30°C and cultures were 
shaken at 250 rpm. Haploid kcs1Δ atg5Δ strains were made in 
BY4741 and BY4742 de novo. By mating haploid kcs1Δ atg5Δ 
strains of BY4741 and BY4742, kcs1Δ atg5Δ diploid strain was 
generated and selected in SC-lysine medium with α factor. The 
kcs1Δ atg5Δ diploid strain was confirmed by PCR and GFP-Atg8 
vacuolar processing immunoblotting assay.

Plasmids. Yeast strains were transformed with pCuGFP-
Atg8(415) or pCuGFP-Atg8(416);46 pAtg18-GFP(416), which 
has a pRS416 backbone and expresses using an endogenous 
Atg18 promoter;28 mRFP-2XFYVE (pB88-A2), which has a 
pRS416 backbone and is expressed by the ADH1 promoter;47 
mRFP-SNC1 (pKT1563), which has a pRS416 backbone and is 
under TPI1 promoter. Transformation was conducted using the 
Lithium Acetate/ssDNA/PEG 3500 protocol.48

Immunoblotting. Yeast cultures were grown and starved 
as described above. At each time point, protein was isolated as 
described previously.49 Briefly, 2.5 OD

600
 of cells were spun down 

and resuspended in 0.1M NaOH for 5 min. Cells were again pel-
leted, resuspended in SDS lysis buffer (0.06 M TRIS-HCl pH 
6.8, 5% glycerol, 2% SDS, 4% β-mercaptoethanol, 0.0025% 
bromophenol blue), and boiled for 5 min at 95°C. Supernatant 
were collected as protein extract samples. Immunoblotting was 
performed by using an Invitrogen XCell SureLock Mini-Cell 
apparatus and the appropriate percentage Tris-Glycine Gel 
(Invitrogen). Standard SDS-PAGE protocol was conducted, pro-
teins were transferred onto a PVDF membrane and immunob-
lotting was performed using a standard protocol with a mouse 
monoclonal antibody against GFP (clone B-2 from Santa Cruz 
Biotechnology Inc., sc-9996) and a mouse monoclonal against 
toward Pgk1 (Clone 22C5 from Molecular Probes/Invitrogen) 
for the loading controls.

Fluorescence microscopy. Yeast cells were visualized by plac-
ing ~3 × 105 cells on a microscope slide containing an agar slab 
(2% low melt agarose). A coverslip was then placed on top of 
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