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Introduction

Ubiquitin (Ub) and ubiquitin-like proteins (Ubls) such as 
SUMO are reversibly conjugated to proteins by very similar enzy-
matic pathways.1,2 First, an activating enzyme (E1) adenylates the 
Ub/Ubl molecule at the C terminus before forming a thioester 
bond to the modifier via a catalytic cysteine residue. The Ub/Ubl 
is then transferred to a conjugating enzyme (E2), again form-
ing a thioester bond to a catalytic cysteine residue. Finally, ligase 
enzymes (E3s) facilitate Ub/Ubl conjugation to specific sub-
strates, either by binding the modifier directly or by functioning 
as an adaptor protein. In the majority of cases, the Ub/Ubl forms 
an isopeptide bond to a lysine residue within the substrate pro-
tein. These post-translational modifications play important roles 
in regulating protein function, for example, by targeting for deg-
radation key regulatory proteins that influence normal cell cycle 
progression. However, in addition to degradation, Ubl conjuga-
tion can influence protein activity, location and protein/protein 
interactions.2 Interestingly, two different Ubls are conjugated to 
specific substrates to regulate autophagy in eukaryotes.

In eukaryotes, macroautophagy (hereafter referred to as 
“autophagy”) is a key process that allows the “self-digestion” of 
cellular components to maintain homeostasis. Although autoph-
agy appears to function at a basal level in cells, the process can 

Many proteins involved in autophagy have been identified in the yeast Saccharomyces cerevisiae. For example, Atg3 and 
Atg10 are two E2 enzymes that facilitate the conjugation of the ubiquitin-like proteins (Ubls) Atg8 and Atg12, respectively. 
Here, we describe the identification and characterization of the predicted Atg10 homolog (SpAtg10) of the evolutionarily 
distant Schizosaccharomyces pombe. Unexpectedly, SpAtg10 is not essential for autophagy. Instead, we find that SpAtg10 
is essential for normal cell cycle progression, and for responses to various stress conditions that perturb the cell cycle, 
independently of Atg12 conjugation. Taken together, our data indicate that autophagic Ubl conjugation pathways differ 
between eukaryotes and, furthermore, that enzymes such as Atg10 may have additional functions in controlling key 
cellular processes such as cell cycle progression. Atg10-related proteins are found from yeast to humans, and, thus, this 
study has implications for understanding the functions of this protein family in Ubl conjugation in eukaryotes.
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be upregulated in response to various stimuli, including nutri-
ent starvation.3 During autophagy, proteins and organelles are 
sequestered in a double-membrane vesicle, the autophagosome, 
and transported to the vacuole/lysosome. The autophagosome 
fuses with the vacuole/lysosome, and releases its inner vesicle 
(or “autophagic body”) into the lumen. The autophagic body is 
dismantled, and its contents degraded by proteolytic enzymes. 
The molecular control of autophagosome formation has largely 
been characterized in the budding yeast Saccharomyces cerevisiae 
and has revealed numerous genes that are required for autophagy 
in eukaryotes.4-8 Many proteins function in autophagosome for-
mation, including the Ubls Atg12 and Atg8.9 Atg7 acts as the 
E1 enzyme for Atg12 by activating the Ubl and transferring it 
to a downstream E2 enzyme, Atg10, which conjugates Atg12 
to Atg5.10-12 Atg7 also functions as the E1 enzyme for Atg8 by 
transferring the Ubl to a different E2 enzyme, Atg3, which then 
conjugates Atg8 to phosphatidylethanolamine (PE) lipids on the 
autophagosomal membrane.13-15 Interestingly, the Atg12-Atg5 
conjugate functions as a novel E3 ligase to direct Atg8 conjuga-
tion to PE.16 A cysteine protease, Atg4, can reverse Atg8 conjuga-
tion by removing Atg8 from PE.15 Based on these studies in yeast, 
and the identification of many homologs of the yeast proteins in 
other organisms,17 it is widely predicted that autophagic Ubl con-
jugation pathways are conserved from yeast to human. However, 
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demonstrate that SpAtg10 is not required for autophagic activity 
in S. pombe. However, instead, excitingly, we find that SpAtg10, 
but not Atg12, is required for normal cell cycle progression and 
for responses to several stress agents that perturb the cell cycle. 
Although we cannot rule out a role for SpAtg10 in autophagy 
under all circumstances, our data reveal a hitherto unknown link 
between Atg10-like proteins and the regulation of the cell cycle 
in eukaryotes. Thus, taken together, these results have implica-
tions for the functions of autophagic E2 enzymes and Ubl conju-
gation pathways in other organisms.

Results and Discussion

S. pombe contains a single potential Atg10-like protein. The 
E2 enzyme equivalent to Atg10 in S. cerevisiae and other organ-
isms has not previously been identified in S. pombe.19,20 However, 
studies in S. cerevisiae demonstrated that Atg10 and Atg3 have 
similar amino acid sequences at their catalytic sites which are 
unique to autophagic E2 enzymes,13 and these sequences are 
also found in Atg10 and Atg3 homologs in other organisms.9 
In these autophagic E2 enzymes, the catalytic cysteine residue 
forms part of an HPC motif, often with a hydrophobic residue 
located upstream of the histidine residue (hereafter referred to as 
the ΨHPC motif; Fig. 1). Hence, to identify the Atg10 homo-
log in S. pombe, we searched the entire fission yeast-predicted 
proteome for proteins that contain this ΨHPC motif. Twenty-
six of the ~5,000 predicted proteins in S. pombe were found to 
contain this motif (Table 1). As expected, one of these proteins 
was previously identified as Atg3.19 Of the remaining 25 proteins, 
15 were encoded by previously named genes involved in pro-
cesses unlinked to Ubl modification, and a further seven shared 
homology with proteins predicted to have roles in other pro-
cesses (Table 1). Of the remaining three proteins (Spbc651.12c, 
Spbc1271.08c, Spac227.04), the ΨHPC motif was located at the 
C terminus of Spbc651.12c, and Spbc1271.08c is predicted to 
contain a transmembrane domain and localizes to the ER.21 The 
remaining ORF, SPAC227.04, encodes a protein with a predicted 
molecular weight (M

r
) of ~20 kDa, which is the approximate M

r
 

of most E2 enzymes, suggesting that this ORF encodes Atg10. 
Significantly, and consistent with this hypothesis, analysis of the 
predicted sequences of Spac227.04 and Atg3 at NCBI revealed 
that both proteins have significant homology to the previously 
annotated pfam03987 domain (autophagocytosis-associated pro-
tein, active-site domain), as expected for autophagic E2 enzymes. 
Furthermore, Atg3, but not Spac227.04, also contains significant 
homology to the previously annotated pfam03986 [autopha-
gocytosis-associated protein (Atg3), N-terminal domain] and 
pfam10381 (autophagocytosis-associated protein C-terminal), 
two domains that are predicted to be present in Atg3-like but not 
Atg10-like E2 enzymes. Finally, ClustalW analysis of the pre-
dicted amino acid sequence of Spac227.04 revealed the presence 
of amino acids that are also found in different, previously iden-
tified Atg10 proteins, in addition to the ΨHPC motif (Fig. 1). 
Thus, taken together, our bioinformatic analyses indicate that 
SPAC227.04 most likely encodes the Atg10 protein in S. pombe 
(hereafter referred to as SpAtg10).

in many cases, it is difficult to identify homologs of autopha-
gic E2 enzymes, particularly Atg10, due to the lack of homol-
ogy of amino acid sequence across the whole protein. Indeed, a 
two-hybrid screen was required to identify the Atg10 homolog 
in mice, which was found to share only 19% homology with its 
counterpart in budding yeast.18 Importantly, analysis of Atg10 
and Atg3 proteins has revealed some limited homology, which 
is located around the catalytic cysteine residue of these enzymes 
that is not shared with E2 enzymes in other Ub/Ubl pathways11 
(Fig. 1). Significantly, although Atg10 is essential for autophagy 
in S. cerevisiae, the role(s) played by Atg10-like enzymes in other 
organisms is much less well-defined. Thus, there is still much to 
learn regarding the function and regulation of the enzymes that 
participate in Atg12/Atg8 Ubl conjugation pathways.

Here, we identify the only Atg10-like protein (SpAtg10) in 
the fission yeast Schizosaccharomyces pombe. Unexpectedly, we 

Table 1. Open reading frames (ORFs) in S. pombe that contain the ΨHPC 
motif

ORF name Function/Description

SPBC3B9.06c Autophagy-associated protein Atg3

SPAC227.04
Uncharacterized open reading frame/autophagy 

C-terminal domain family protein

SPBC29A3.14c Telomerase reverse transcriptase 1 protein Trt1

SPBC11B10.01 Mannosyltransferase complex subunit Alg2

SPBP35G2.10 SHREC complex subunit Mit1

SPAC16C9.06c ATP-dependent RNA helicase Upf1

SPAC607.06c Metallopeptidase

SPBC215.11c Aldo/keto reductase, unknown biological role

SPAC24C9.15c Septin Spn5

SPCC16A11.08 Sorting nexin Atg20

SPBC1683.13c Transcription factor Cha4

SPBC14F5.12c CENP-B homolog Cbh2

SPBC14F5.07 ER-localized ubiquitin ligase Doa10

SPAC139.03 Transcription factor, zf-fungal binuclear cluster type

SPCC1753.02c G-protein coupled receptor Git3

SPBC16C6.06 Sorting receptor for vacuolar proteins, Vps10

SPAC824.08 Guanosine-diphosphatase Gda1

SPBC577.09 ERCC-8 DNA repair homolog

SPBC577.12 Endoribonuclease

SPBC1105.10 RAVE complex subunit Rav1

SPBC651.12c Uncharacterized open reading frame

SPAC26A3.12c 5'-3' exoribonuclease Dhp1

SPBC713.04c U3 snoRNP-associated protein Utp1

SPBP35G2.11c Transcription related zf-ZZ type zinc finger protein

SPBC1271.08c Uncharacterized open reading frame

SPBC17A3.08 TatD homolog

Bioinformatic analyses of the S. pombe proteome using a motif search-
ing program (www.old.genedb.org/genedb2/motifSearch?org=pombe) 
revealed 26 proteins that contain homology to the predicted catalytic 
site ΨHPC (where Ψ represents a hydrophobic amino acid residue) 
contained in Atg3 and Atg10 E2 enzymes.
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fusion protein during starvation. However, unexpectedly, GFP 
was released when Δatg10 cells were grown in nitrogen-free 
medium for 20 h (Fig. 3A). Collectively, in contrast to Atg10 in 
S. cerevisiae,11 these data suggest that SpAtg10 is not essential for 
autophagy in S. pombe.

Autophagy is required for the long-term survival of fission 
yeast cells during nitrogen starvation, likely by providing an alter-
native nitrogen source via the degradation of proteins and organ-
elles.23 Although GFP release from Atg8-GFP is a good measure 
of autophagic activity, this assay does not provide an insight into 
how dysfunctional autophagy affects the long-term survival of S. 
pombe. Hence, we next assessed the potential role of SpAtg10 in 
the long-term survival of nitrogen-starved cells. After nitrogen 
starvation for up to 2 wk, Δatg12 and Δatg10 cells showed similar 
viability to wild-type cells (data not shown). However, follow-
ing incubation for 3 wk, the viability of Δatg12 cells was sig-
nificantly reduced compared with wild-type cells, demonstrating 
the importance of Atg12 for long-term survival during nitrogen 
starvation (Fig. 3B). These results are in agreement with previous 
data showing that other atg mutants lose viability during long-
term starvation.23 However, in contrast to Δatg12 cells, the viabil-
ity of Δatg10 cells was not reduced during starvation (Fig. 3B). 
This is consistent with the results of the GFP release assay, 
which also suggested that SpAtg10 is not essential for autoph-
agy. Although we cannot currently rule out a role for SpAtg10 
in autophagy under certain conditions, our data strongly sug-
gests that another E2 enzyme facilitates Atg12 conjugation dur-
ing autophagy in S. pombe. One likely possible candidate for this 
missing E2 enzyme is Atg3. However, unfortunately, attempts to 
test this hypothesis were unsuccessful. Interestingly, although no 

SpAtg10 is not involved in autophagy. In contrast to the 
distantly related S. cerevisiae, the proteins involved in autoph-
agy are relatively uncharacterized in S. pombe. However, recent 
work revealed that the hydrolysis of an Atg8-GFP fusion pro-
tein reflects autophagic activity in S. pombe.19 During autophagy, 
Atg8-GFP is conjugated to the autophagosomal membrane and 
is broken down by proteolytic enzymes following fusion of the 
autophagosome and the vacuole, releasing free GFP. This GFP 
release can be detected by western blotting and, thus, used as a 
measure of autophagic activity.22 Previous studies showed that 
nitrogen starvation induces autophagy in S. pombe, albeit much 
more slowly than in S. cerevisiae.23 Hence, to test the induction 
of autophagy in S. pombe, Atg8-GFP-expressing cells lacking 
any auxotrophic markers were grown in either nitrogen-replete 
medium or nitrogen-free medium for 20 h. Importantly, western 
blot analysis revealed that GFP was released from the Atg8-GFP 
fusion protein when cells were starved of nitrogen but not during 
growth in nitrogen-replete medium, indicating that autophagy is 
induced by nitrogen starvation (Fig. 2A, compare lanes 3 and 4). 
Furthermore, when cells were nitrogen-starved in media con-
taining the vacuolar protease inhibitor PMSF, GFP release was 
greatly reduced (Fig.  2B, compare lanes 4 and 6), confirming 
that Atg8-GFP is broken down following delivery to the vacuole. 
These data indicate that autophagy is responsible for the majority 
of Atg8-GFP breakdown during starvation and provide an assay 
for autophagy in fission yeast. Significantly, in agreement with 
previous work, Atg8-GFP hydrolysis was prevented in Δatg12 
cells starved of nitrogen (Fig. 3A).19 Hence, if SpAtg10 functions 
as the E2 enzyme that facilitates Atg12 conjugation, SpAtg10 
would also be essential for GFP release from the Atg8-GFP 

Figure 1. Bioinformatic analysis of the potential Atg10 homolog in S. pombe. CLUSTAL sequence alignment of Atg10 family members from human 
(HsAtg10), Caenorhabditis elegans (CeAtg10) and S. cerevisiae (ScAtg10), together with the predicted protein sequence of Spac227.04 (SpAtg10) is 
shown. Asterisks indicate identical amino acids shared by all the proteins; a colon, a highly similar substitution; full stop, a similar substitution. Bold 
indicates an amino acid that is found in at least three of the Atg10 proteins and ΨHPC motifs are shown in red.
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the growth of wild-type, Δatg10 and Δatg12 cells indicated that 
Δatg10 cells grow at a significantly slower rate than wild-type and 
Δatg12 cells (Fig. 4B). Thus, collectively, these results indicate 
that SpAtg10, but not Atg12, is essential for normal cell cycle 
progression in S. pombe.

SpAtg10 is essential for responses to stress agents that per-
turb the cell cycle. We next examined whether SpAtg10 and/or 
Atg12 is involved in cell responses to stress conditions that per-
turb the cell cycle. Similar to wild-type and Δatg12 cells, Δatg10 
cells did not show temperature-sensitive growth at 37°C (Fig. 5). 
However, interestingly, Δatg10 cells displayed the greatest resis-
tance to the oxidizing agents H

2
O

2
 and diamide but compara-

tively less resistance to the ribonucleotide reductase inhibitor 
HU, which blocks DNA replication (Fig. 5). In contrast to wild-
type cells, Δatg10 cells also displayed increased sensitivity to the 
microtubule-depolymerizing agent TBZ, which prevents the 
formation of the mitotic spindle (Fig. 5). Interestingly, analysis 
of microtubule organization in mitotic cells revealed no major 
differences between wild-type and Δatg10 cells, revealing that 

thioester has been detected between the catalytic cysteine residue 
of Atg3 and Atg12, mammalian studies have demonstrated that 
Atg3 can facilitate Atg12 conjugation to Atg324 and is required 
for optimal Atg12-Atg5 conjugate formation.25,26 Furthermore, 
in contrast to S. cerevisiae, mammalian Atg10 is not essential for 
the conjugation of either Atg12 or Atg8.27 Thus, these data raise 
the possibility that both Atg10 and Atg3 can act as E2 enzymes 
for Atg12 conjugation in certain eukaryotes. If this is the case, 
then it will be interesting to investigate whether Atg8 and Atg12 
can compete for binding Atg3. However, taken together, these 
results support the conclusion that SpAtg10 is not essential for 
autophagy in S. pombe and, moreover, that SpAtg10 does not 
function as the E2 enzyme for Atg12.

SpAtg10 is essential for normal cell cycle progression. We 
next searched for alternative functions for SpAtg10. Interestingly, 
analysis of exponentially growing Δatg10 cells indicated that they 
appeared to be slightly longer than wild-type cells and, more-
over, displayed other morphological defects (Fig. 4A and C). In 
contrast, analysis of exponentially growing Δatg12 cells revealed 
similar morphologies to wild-type cells (Fig. 4A). Indeed, con-
sistent with these observations, analysis of wild-type, Δatg10 and 
Δatg12 cells using a coulter counter revealed mean cell volumes of 
126.1 +/- 2.1 fl, 217.5 +/- 5.2 fl and 128.4 +/- 7.9 fl, respectively. 
In addition, similar analysis of wild-type, Δatg10 and Δatg12 cells 
demonstrated mean cell diameters of 5.96 +/- 0.04 μm, 7.17 +/- 
0.05 μm and 5.98 +/- 0.09 μm, respectively. Finally, analysis of 

Figure 2. A GFP release assay can be used to assess autophagy. 
(A and B) Cells lacking auxotrophic markers and expressing either 
untagged Atg8 (wt; SW576) or Atg8 tagged with GFP at the N terminus 
(Atg8-GFP; JT268) were incubated in minimal medium containing a 
nitrogen source (EMM) or minimal medium lacking a nitrogen source 
(EMM-N) in the presence or absence of 1 mM PMSF as indicated for 20 h 
at 30°C. Cell extracts were prepared and analyzed by western blotting 
using anti-GFP antibodies. The Atg8-GFP fusion protein and free GFP 
released during autophagy are indicated.

Figure 3. SpAtg10 is not essential for autophagy in S. pombe. (A) To 
investigate the potential role of SpAtg10 in autophagy, Atg8-GFP 
Δatg12 (MF43) and Atg8-GFP Δatg10 (MF31) cells lacking auxotrophic 
markers were incubated in EMM or EMM-N for 20 h at 30°C. Cell extracts 
were prepared and GFP release from the Atg8-GFP fusion protein was 
analyzed by western blotting using anti-GFP antibodies. The Atg8-GFP 
fusion protein and free GFP released during autophagy are indicated. 
(B) To determine whether SpAtg10 and/or Atg12 are required for the 
long-term survival of S. pombe cells during nitrogen starvation, wild-
type (SW576), Δatg12 (MF13) and Δatg10 (MF15) cells were incubated in 
EMM-N medium at 30°C. Growth medium was removed and replaced 
with fresh medium every 3 d. Cells were removed from the EMM-N me-
dia and spotted onto YE5S plates after the indicated times. YE5S plates 
were incubated at 30°C for 3 d.
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mitosis in other organisms and may, in fact, have evolved to link 
these two fundamental processes.

Materials and Methods

Yeast strains and growth conditions. Table 2 lists the S. pombe 
strains used in this study. Unless indicated otherwise, strains 
were grown at 30°C in either YE5S (rich) or EMM (minimal) 
media.30 To induce autophagy, strains were grown in EMM lack-
ing a nitrogen source (EMM-N) for the indicated times.23 Mean 
cell volumes and mean cell diameters were calculated using a 
coulter counter (Schärfe System) and are presented +/- 3 stan-
dard deviations.

Strain constructions. To generate Δatg10 strains, a deletion 
cassette, where the atg10+ gene was replaced by KanMX, was first 
obtained by PCR using the oligonucleotide primers Atg10delf 
(5'-GTT GGA TAA CTT TGT AAA CTC C-3') and Atg10delr 
(5'-GTG GAA CAG TTG AAT GAT ATG-3') and genomic 
DNA from BG_0880 as a template. The deletion cassette was 
then introduced into SW576, JT268 and CHP429, to gener-
ate MF15, MF31 and MF78, respectively. To generate Δatg12 
strains, a deletion cassette, where the atg12+ gene was replaced 
by KanMX, was first obtained by PCR using the oligonucleotide 

the absence of SpAtg10 does not prevent the formation of micro-
tubule fibers (Fig. 4C). Recent studies have linked microtubules 
to the formation and trafficking of autophagosomes within 
the cell (for a review see ref. 28) and to trafficking autophago-
somes during mitosis.29 Hence, the increased TBZ sensitivity of 
Δatg10 cells raised the possibility that SpAtg10 functions as the 
E2 enzyme for Atg12 under certain conditions that are influ-
enced by microtubule function. However, in marked contrast to 
Δatg10 cells, Δatg12 cells did not display any increased sensi-
tivity to TBZ (Fig. 5), indicating that the increased sensitivity 
to TBZ demonstrated by Δatg10 cells is independent of Atg12 
conjugation.

Collectively, these data indicate that SpAtg10, the Atg10 
homolog in S. pombe, is essential for normal cell cycle progression 
but not for autophagy. In addition, we can find no evidence that 
the autophagic pathway regulates cell cycle progression in a simi-
lar manner to SpAtg10. Homologs of Atg10 are found from yeast 
to human and, thus, our findings have important implications 
for the roles and regulation of Ubl conjugation pathways in other 
organisms. For example, Atg10 family proteins may have wide-
spread roles independent of autophagy in the control of cell cycle 
progression. Furthermore, our work linking SpAtg10 to mitosis 
raises the possibility that Atg10 has dual roles in autophagy and 

Figure 4. SpAtg10 but not Atg12 is essential for normal cell cycle progression. (A and B) Cells of mid-log-phase-growing cultures of wild-type (SW576), 
Δatg10 (MF15) and Δatg12 (MF13) strains, growing in liquid YE5S media at 30°C, were analyzed by (A) DIC microscopy and (B) a coulter counter. Growth 
curves were performed three times and error bars indicate the SEM. (C) Mid-log-phase-growing wild-type (CHP429) and Δatg10 (MF78) cells were fixed 
and spindle organization visualized by indirect immunofluorescence and nuclei visualized by DAPI staining. Representative images show cells of each 
strain at different stages of mitosis. In (A and C), the abnormal morphologies (small protrusions) of Δatg10 cells are indicated (arrows).
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Sensitivity tests. ~Five μl of 10-fold 
serial dilutions of mid-log-phase-growing 
cultures were spotted onto solid YE5S 
medium containing the indicated concen-
trations of H

2
O

2
, diamide, hydroxyurea 

(HU) and thiabendazole (TBZ). Plates 
were incubated at 30°C for 3 d.

Protein extracts and western blot 
analyses. Cultures were grown and 
extracts prepared using lysis buffer (50 
mM TRIS-HCl pH 7.5, 150 mM NaCl, 
0.5% Nonidet P-40, 10 mM imidazole, 
0.1% leupeptin, 0.1% pepstatin A, 1% 
aprotinin, 1%  PMSF, 0.2% Na

3
VO

4
, 

5% NaF).31 Protein samples were then 
analyzed by SDS-PAGE and transferred 

onto a nitrocellulose transfer membrane (Protran®). To investi-
gate autophagic activity, the levels of Atg8-GFP and free GFP 
were examined using a 1:2,000 dilution of mouse anti-GFP 
antibody (Invitrogen) and a 1:2,000 dilution of anti-mouse 
HRP-conjugated secondary antibody (Sigma-Aldrich). Proteins 
were visualized using the ECLTM detection system (Amersham 
Pharmacia Biotech).

Fluorescence microscopy. To analyze microtubules in mitotic 
cells, cells were fixed and prepared for microscopy as described 
previously.31 To visualize microtubules, a 1:1,000 dilution of anti-
TAT1 antibody (Cancer Research UK) and a 1:200 dilution of 
secondary antibody [Alexa Fluor® FITC-conjugated anti-mouse 
antibody (Invitrogen)] were used for indirect immunofluores-
cence. Cells were mounted onto poly-L-lysine-coated microscope 
slides with Vectashield mounting medium (containing DAPI-
Vector Laboratories). FITC/DAPI-treated cells were excited with 
the appropriate wavelengths of light using a Zeiss Axiovision 
microscope and visualized with an Axiovision imaging system.

primers Atg12delf (5'-GTG ACA GGA AAG TTG ATG C-3') 
and Atg12delr (5'-CTG TCT AAG GCT GAC GCT GC-3') 
and genomic DNA from BG_0465 as a template. The deletion 
cassette was then introduced into SW576 and JT268 to gener-
ate MF13 and MF43, respectively. All strain constructions were 
confirmed by PCR.

Autophagy induction and analyses. To induce autophagy, 
strains were grown to mid-log phase in EMM, washed three times 
in EMM-N and finally resuspended in a volume of EMM-N 
equivalent to the original volume of the culture. To assess 
autophagy, cells were starved of nitrogen for 20 h, then extracts 
were prepared and analyzed by western blotting as described 
below. To investigate long-term survival during nitrogen starva-
tion, cells were incubated in EMM-N for the indicated times at 
30°C. During starvation, the growth medium was replaced with 
fresh EMM-N every 3 d. To determine viability at the indicated 
time points, samples of cultures were diluted, plated onto solid 
YE5S medium and incubated at 30°C for 3 d.

Figure 5. Loss of SpAtg10 affects the sensitivity of cells to drugs that perturb cell cycle progression. To investigate the potential role of SpAtg10 and 
the autophagy pathway in cell cycle processes, the sensitivity of wild-type (wt; SW576), Δatg10 (MF15) and Δatg12 (MF13) cells to different conditions 
known to affect cell cycle processes and checkpoints were examined. Ten-fold serial dilutions of mid-log-phase-growing cultures were spotted onto 
YE5S plates containing the indicated concentrations of H2O2, diamide, HU or TBZ. Plates were incubated at 30°C for 3 d. To investigate growth at 37°C 
cells were spotted onto a YE5S plate that was incubated at 37°C for 3 d.

Table 2. The S. pombe strains used in this study

Strain Genotype Source

CHP429 h- leu1–32 ura4-D18 his7–366 ade6-M216 Gift from C. Hoffman

BG_0465 h+ leu1–32 ura4-D18 ade6-X atg12::KanMX Bioneer

BG_0880 h+ leu1–32 ura4-D18 ade6-X atg10::KanMX Bioneer

SW576 h- This study

JT268 h- atg8NGFP Gift from M. Yamamoto

MF13 h- atg12::KanMX This study

MF15 h- atg10::KanMX This study

MF31 h- atg10::KanMX atg8NGFP This study

MF43 h- atg12::KanMX atg8NGFP This study

MF78 h- leu1–32 ura4-D18 his7–366 ade6-M216 atg10::KanMX This study

ade6-X indicates that the mutant allele is either ade6-M210 or ade6-M216.
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