
�-���������.�����������/���+��� ��������� �������0���!�$�$���������!� �������������$�!� ���(�����0����� �����!��
���������	�
�
�����������!� ���0��� ���� �����$�����
�!�$������ �
�*������� �!���1� �0�������!������ �2�*������� �!���+�������3�,�!��������

���������	�
�����

����������������������������������������������������������������������� ���!�����"�����#�����������!���
���$�"�	�����"�����
�����	���%�%�&�&�&�'�������(�)�����!�����"�'�*���$�%�!�����%�+�����	���,

�����)�!�������"�-�*�"�������������!���-�"�����)��������"���-�������������	�������"�����-

�.�������/���0���#���������1�
�"�������������0���2�"�����3���������
�����0�����
���������������/���0���4�"�����/�����0���3�������/���0���#���������1�
���0
�5���"���4�������0���#�������	���������/�������6���1�
���	���������7���"

�8�����*�����"�����
���-�����������*�!�"��



A fluorescent tool set for yeast Atg proteins

Dan Li,1 Jing-Zhen Song,2 Mei-Hua Shan,2 Shi-Ping Li,2 Wei Liu,2 Hui Li,1 Jing Zhu,3 Yue Wang,2 Jianping Lin,2

and Zhiping Xie1,*
1School of Life Sciences and Biotechnology; Shanghai Jiao Tong University; Shanghai, China; 2Nankai University; Tianjin, China;
3School of Life Sciences; Tsinghua University; Beijing, China

Fluorescence microscopy of live cells is
instrumental in deciphering the

molecular details of autophagy. To facili-
tate the routine examination of yeast Atg
proteins under diverse conditions, here
we provide a comprehensive tool set,
including (1) plasmids for the expression
of GFP chimeras at endogenous levels for
most Atg proteins, (2) RFP-Atg8 con-
structs with improved properties as a
PAS marker, and (3) plasmids for the
complementation of common yeast auxo-
trophic markers. We hope that the avail-
ability of this tool set will further
accelerate yeast autophagy research.

Introduction

Autophagy is a well-conserved intracel-
lular degradation pathway in eukar
yotes.1-4 By removing obsolete or dam-
aged cytoplasmic components, autophagy
serves to maintain cellular health, espe-
cially under stress conditions. A key step
in the autophagy pathway is the formation
of autophagosomes, which are double-
membrane vesicles responsible for the
sequestration and transport of degradation
targets. Yeast genetic studies conducted 2
decades ago led to the identification of
autophagy-related proteins.5 To date,
more than 30 Atg proteins have been dis-
covered, many of which have homologs or
functional analogs in multicellular organ-
isms. Considering the young age of the
field, it is not surprising that our under-
standing of the function of most Atg pro-
teins remains primitive. It is safe to
predict that in the foreseeable future,
research on these existing and other still
unidentified Atg proteins will continue to
attract new scientists.

One simple yet powerful technique in
cell biology research, including autophagy,
is live cell fluorescent microscopy. By
expressing fluorescent protein chimeras,
the subcellular localization and trafficking
of a protein can be monitored in vivo.
Researchers using yeast Saccharomyces cere-
visiae



color. The excitation and emission spectra
of the fluorescent protein pair must differ
enough to allow the clear separation of
their respective signal. Both the CFP and
YFP pair, and the GFP and RFP pair sat-
isfy this requirement. The use of the CFP
and YPF pair is handicapped by the low
brightness and photostability of CFP.10

Modern RFPs generally possess better
properties.11 Nevertheless, the use of
RFP-tagged Atg proteins in yeast has been
limited, possibly due to the poor signal or
function of the chimeras.

To facilitate the routine examination
of the subcellular localization of existing
Atg proteins and the characterization of
new players in autophagy, we set out to
create a fluorescent tool set containing
plasmids for the efficient tagging of most
Atg protein with one or 2 copies of GFP
and a bright and functional RFP-Atg8
construct for using as a PAS marker. We
also constructed plasmids for the comple-
mentation of auxotrophic defects in com-
monly used yeast strains, which should
help avoid potential complications in
data interpretation.

Results

AtgX-GFP and 2xGFP set
Currently, there are more than 30 Atg

proteins in Saccharomyces cerevisiae (note
that Atg25, Atg28, Atg30, and Atg35 are
only present in other yeast species). To
reduce the workload, we omitted the fol-
lowing when constructing our toolset: (1)
proteins specifically involved in mitoph-
agy and pexophagy, (2) receptors for the
Cvt complex, (3) cytosolic enzymes
involved in the modification of Atg8 and
Atg12, (3) Atg12, which requires N-ter-
minal tagging,12 (4) Atg15, a vacuolar
lipase, and (5) Atg22, a vacuolar amino
acid permease. We set out to construct
plasmids for tagging of most of the
remaining Atg proteins with GFP by a
2-step process. We first generated tagged
strains using the traditional PCR-based
approach. Using the genomic DNA of the
strains as templates, we then cloned corre-
sponding DNA fragments containing
large homologous regions at both ends
and inserted each into a Bluescript plas-
mid. In the case of GFP-Atg8, we

designed a new plasmid with the goal of
ensuring single copy integration into the
ura3 locus (Fig. S1). Hence we obtained a
total of 19 plasmids for tagging of Atgs 1,
2, 5, 6, 8, 9, 11, 13, 14, 16, 17, 18, 20,
21, 23, 24, 27, 29, and 31 (Table S1).
Based on our limited experience, the use
of these plasmids resulted in greatly
improved transformation efficiency over
the PCR-based approach. More impor-
tantly, the targeting precision is much bet-
ter. For most of the plasmids, generally
more than 80% of the tranformants were
correct.

All 19 chimeras produced detectable
fluorescence signals (Fig. S2, S3 and S4).
The chimeras of Atg1, Atg2, Atg5, Atg8,
Atg11, Atg13, Atg14, Atg16, Atg17,
Atg29, and Atg31 displayed the typical
“PAS pattern,” generally a perivacuolar
punctum. The chimeras of Vps30/Atg6,
Atg18, and Atg21 localized to multiple
perivacuolar puncta plus the vacuolar rim.
The chimeras of Atg9, Atg20, Atg23,
Atg24, and Atg27 displayed multiple
puncta, many of which were away from
the vacuole. Some Atg27-GFP was present
on the vacuolar membrane. This
phenomenon appeared to be strain back-
ground-dependent, as it was absent in a
BY4741-derived strain (data not shown).
The signal intensity of the chimeras varied
greatly among different Atg proteins.
GFP-Atg8 was the brightest. The chimeras
of Atg1, Atg2, Atg18, Atg20, Atg21, and
Atg24 were in the next tier. The rest were
further down the rank. To ease the detec-
tion of these less abundant Atg proteins,
we then constructed a second plasmid set
for tagging with 2 copies of GFP
(Table S1). A template plasmid with 2
copies of GFP was engineered first. The
chimeras were then obtained using the
same 2-step approach as described above.
Most 2xGFP chimeras retained the locali-
zation patterns of their 1xGFP counter-
parts (Fig. S2, S3), except for Atg16-
2xGFP. Atg16-2xGFP displayed diffuse
signal in the cytosol with no perivacuolar
puncta (data not shown). We therefore
omitted the Atg16-2xGFP construct in
subsequent analysis.

We then tested the functionality of
these constructs by the Pho8D60 assay
and Ape1 maturation assay (Fig. 1).13,14

The Pho8D60 assay measures the

nonselective delivery of cytosolic material
to the vacuole by autophagy. Most tagged
proteins retained their functionality in
this assay (Fig. 1A). Atg9 suffered the
most from GFP-tagging, leading to
approximately 50% drop in autophagic
flux. The Ape1 maturation assay measures
the selective transport of Cvt complex to
the vacuole. Among existing Atg proteins,
Atg11, Atg20, Atg21, Atg23, Atg24, and
Atg27 are known to have a greater impact
on the Cvt pathway than on nonselective
autophagy.1,2 All 12 tagged strains con-
tained some levels of mature Ape1, indi-
cating the chimeras are at least partially
functional in the Cvt pathway (Fig. 1B).

Improved RFP-Atg8
When characterizing a new protein

potentially involved in autophagosome
formation, it is often informative to exam-
ine whether this protein is ever present at
the PAS. Among all the known Atg pro-
teins, the amount of Atg8 at the PAS is
the highest, making it an ideal marker.15

However, our experience with RFP-Atg8
variants used in the existing literature indi-
cated that the signal of these chimeras is
substantially weaker than that of GFP-
Atg8, which is further compounded by
their reduced photostability. Over the past
few years, we have also constructed RFP-
Atg8 variants based on mCherry and
mKO.10 Despite their good theoretical
brightness, neither fared any better (Fig.
S5A and data not shown). Furthermore,
constructs based on mCherry have a ten-
dency to accumulate in the vacuole (Fig.
S5A), which interferes with the observa-
tion of perivacuolar structures.

In the search for a better RFP-Atg8
construct, we found that Atg8 fused to
DsRed Express 2 (hereafter referred to
as DRE) did not display the strong vac-
uolar signal typical of mCherry chime-
ras (Fig. S5A), although the brightness
was slightly lower.16 DRE processes
good properties in photostability and
maturation kinetics. We therefore chose
to incorporate tandem copies of DRE
to improve the signal. As DRE exists in
oligomers, we designed linker peptides
that would allow the intramolecular
oligomerization of tandem DRE
domains (Fig. S6). We estimated the
length of the linkers from the crystal
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structure of DRE. We then searched a
linker database (http://www.ibi.vu.nl/
programs/linkerdbwww/) and selected
short and long peptides necessary for
the construction of tandem dimer and
tetramers (Tables S2, S3).17 After
modeling of the resulting structures by
Modeler 9.10 and Amber 12,18,19 we
settled on one option for the short
linker and 2 options for the long linker.

We named the tandem dimer DuDre
and the tetramers QuDre and QuDre
2, respectively.

We subsequently constructed the cor-
responding Atg8 chimeras and tested their
functionality (Fig. 1C). DuDre-Atg8 led
to good recovery of autophagy activity in
atg8D cells only when moderately overex-
pressed by the CUP1 promoter. A similar
level of recovery was obtained with

QuDre-Atg8 expressed by the ATG8 pro-
moter. But when overexpressed, QuDre-
Atg8 produced no autophagy activity.
QuDre 2-Atg8 did not perform well
under the same conditions. In atg8D cells,
both CUP1p-DuDre-Atg8 and ATG8p-
QuDre-Atg8 displayed the perivacuolar
punctate signal typical of GFP-Atg8 (Fig.
S6A and B). A similar fluorescent signal
pattern was observed for CUP1p-DuDre-
Atg8 expressed in wild-type cells (Fig.
S7A). However, ATG8p-QuDre-Atg8
produced fewer and dimmer puncta in
wild-type cells (Fig. S7B), suggesting that
endogenous Atg8 competes with QuDre-
Atg8. Encouraged by the performance of
DuDre-Atg8, we constructed another
plasmid using tdTomato, which is also a
tandem dimer variant of RFP. The func-
tionality of tdTomato-Atg8 was close to
that of DuDre-Atg8 (Fig. 1C), although
the photostability was not as good (Fig.
S5C).

As a demonstration of the efficacy of
our new RFP-Atg8 constructs in labeling
the PAS in dual-color imaging, we
cotransformed yeast cells with CUP1p-
DuDre-Atg8 and select GFP-tagging plas-

Figure 1. Functionality of GFP and RFP con-
structs. (A) Functionality of GFP and 2xGFP
chimeras in nonselective autophagy. The
autophagic activities of the indicated strains
were measured by the Pho8D60 assay. As
only ATG genes are concerned, “ATG” was
omitted in the labels for simplicity. D*, ATG
gene knockouts (*: except for the WT group).
-GFP and -2xGFP: GFP and 2xGFP tagged
strains for the indicated ATG gene. Rich: cells
cultured in YPD medium. Starved, cells starved
in SD-N medium for 4 h. Error bar, standard
deviation, n D 3. (B) Functionality of GFP and
2xGFP chimeras in the Cvt pathway. Yeast
cells with the indicated genotype were grown
to mid-log phase in YPD medium. Protein
samples were collected and analyzed by west-
ern blotting. prApe1, precursor Ape1. mApe1,
mature Ape1. Numbers below the images:
percentage of mature Ape1 (mean § stan-
dard deviation, n D 4). N/A, not available. (C)
Functionality of GFP and RFP-Atg8 chimeras.
The autophagic activities of wild-type cells
and atg8D cells expressing the indicated con-
structs were measured by the Pho8D60 assay.
Rich: cells cultured in YPD medium. Starved,
cells starved in SD-N medium for 4 h. Error
bar, standard deviation, n D 4. T test was per-
formed against atg8D samples (**, P < 0.01; *,
P < 0.05).
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mids representative of different functional
groups of Atg proteins. Under starvation
conditions, DuDre-Atg8 displayed clear
colocalization with all the Atg proteins
tested (Fig. 2). Among them, Vps30/Atg6
displayed the minimal rate of colocaliza-
tion, possibly because the autophagy-spe-
cific phosphatidylinositol-3 kinase
complex I only contains a minor fraction
of total Vps30/Atg6.20 In contrast, the
rate of colocalization with Atg14, the sub-
unit exclusive to complex I, was compara-
ble with the rest. The localization patterns
of most tested GFP chimeras were unaf-
fected by coexpression of DuDre-Atg8,
except for Atg1, Atg9, and Atg18 (Fig.
S8). Puncta formation of both Atg1 and
Atg18 was slightly reduced in the presence
of DuDre-Atg8, which possibly explains
the higher incidence of bright Atg9 puncta
occurrence. Over all, these data indicate
that CUP1p-DuDre-Atg8 can be used as a
reliable PAS marker.

Auxotrophic marker set
Autophagy is closely connected with

metabolism. In fact, the most widely used
approach for inducing autophagy in yeast
is nitrogen starvation. For historical rea-
sons, common laboratory yeast strains
generally contain auxotrophic mutations
to facilitate further genetic manipula-
tion.21 The corresponding genes are
mostly involved in the metabolism of
amino acids and nucleotides. In our rou-
tine work, we have found that some of
these genes have clear strain-dependent
impacts on the regulation of autophagy, as
measured by the Pho8D60 assay (Fig. 3).
To avoid potential complications in data
interpretation, we constructed a set of
integration plasmids for the purpose of
complementing any remaining auxotro-
phic defects once all desired manipula-
tions are finished. Here we focused on 5
strains frequently used in autophagy
research: BY4741, BY4742, SEY6210,
TN121, and TN124.14,21,22 Accordingly,
we constructed 6 plasmids, covering
LEU2, LYS2, MET15, HIS3, TRP1, and
URA3 (Table S1). As all are integration
plasmids, once the transformants are
obtained, all strains can be cultured with
complete media, which helps standardize
the testing conditions.

Discussion

In this study, we constructed a tool set
containing the following groups of

plasmids for yeast autophagy research: (1)
plasmids for the tagging of 19 Atg pro-
teins with one or 2 copies GFP, (2) plas-
mids for the expression of functional

Figure 2. Colocalization of GFP-tagged Atg proteins with DuDre-Atg8. Wild-type yeast cells were
cotransformed with CUP1p-DuDre-Atg8 and GFP or 2xGFP tagging plasmids for the indicated pro-
tein. Atg1 and Atg24 were tagged with GFP; the remaining were tagged with 2xGFP. Cells were
starved in SD-N medium for 1 h before observation. The experiment was repeated 3 times. Repre-
sentative projection images containing colocalized puncta are shown. Scale bar: 5 mm.
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RFP-Atg8 variants as PAS markers, and
(3) plasmids for the complementation of
common auxotrophic defects. All plas-
mids were designed to be integrated into
the genome.

The long homologous region in the
GFP-tagging plasmids leads to high tar-
geting precision. All GFP-tagging plas-
mids were designed to allow the
integration of only one copy in haploid
yeast. Provided that multiple biological
repeats are examined, prior verification
of transformants by PCR or western
blotting can be skipped to speed up
research progress when using these plas-
mids. In this aspect, the practical bene-
fits of using our plasmid set are similar
to those offered by an existing centro-
meric toolset constructed by Ma et al.23

Their set is based on the Gateway clon-
ing system, which allows easy swapping
with other tags. It covered 14 YFP-
tagged Atg proteins plus additional pro-
teins in nonautophagy pathways. In

contrast, our integration set is focused
specifically on Atg proteins tagged with
one or 2 copies of GFP. We chose inte-
gration-plasmid-based strategy for 2 rea-
sons. The first is that genome
integration avoids cell-to-cell variations
in the copy numbers of carried con-
structs, which would otherwise translate
into cell-to-cell variations in fluorescent
signal intensity. The second is that once
verified, the transformants can be cul-
tured in complete media, such as YPD,
which help simplify and standardize the
experimental set up.

The continued development in fluores-
cent proteins offers great potential in
simultaneous imaging of multiple proteins
in live cells. However, the realization of
this potential in yeast autophagy research
has been hindered by the availability of
functional and bright RFP chimeras. Our
efforts produced 3 viable options for RFP-
Atg8. CUP1p-DuDre-Atg8, CUP1p-
tdTomato-Atg8 and ATG8p-QuDre-Atg8

all produce better signals than existing
constructs. The choice between CUP1p-
DuDre-Atg8 and CUP1p-tdTomato-Atg8
is straightforward, as the latter is limited
by its photostablity. The situation
between CUP1p-DuDre-Atg8 and
ATG8p-QuDre-Atg8 is a bit more com-
plicated. ATG8p-QuDre-Atg8 enjoys the
advantage of being expressed by the
endogenous ATG8 promoter. The prob-
lem with ATG8p-QuDre-Atg8 is that if
additional Atg8 protein is present, the
competition renders QuDre-Atg8 less effi-
cient at labeling the PAS. Thus for the
purpose of labeling the PAS, we recom-
mend the use of CUP1p-DuDre-Atg8
unless one takes the effort to knock out
endogenous ATG8.

The intimate relationship between
autophagy and metabolism is an impor-
tant topic in autophagy research.24 For
researchers not specifically focused on this
area, we recommend converting all the
strains to be tested back to a prototrophic
form once all the planned genetic manipu-
lations are done. The new set of comple-
menting plasmids should meet the needs
of most researchers using strains derived
from BY4741, BY4742, SEY6210,
TN121, and TN124 backgrounds. In par-
ticular, SEY6210 and BY4741 or BY4742
contain large deletions in some of the
alleles that prohibit homologous recombi-
nation with the corresponding wild-type
alleles in most existing yeast plasmids.21,22

This property severely limits the use of
integration plasmids. Although it is still
feasible to use centromeric plasmids, the
transformants will always need to be
maintained in selective media.

Approximately 2 decades ago, yeast
genetic screenings conducted indepen-
dently by several pioneering laboratories
led to the discovery of the first batch of
Atg proteins.5 Their work ignited the
explosion in modern autophagy
research. Today, research in autophagy
has expanded far beyond yeast. Never-
theless, yeast remains a major model
system, in part owing to the wealth of
tools and tricks available. The authors
hope that the availability of this new
tool set will ease the burden of routine
microscopy work for our yeast col-
leagues and further accelerate yeast
autophagy research.

Figure 3. Impact of common auxotrophic markers on autophagy. pho8D60 pho13D strains derived
from BY4741, TN121, or TN124 were converted to prototrophs (PT) or auxotrophs lacking one of
the commonly used markers. The autophagic activities of the indicated strains were measured by
the Pho8D60 assay. Rich: cells cultured in YPD medium. Starved, cells starved in SD-N medium for
4 h. Error bar, standard deviation, n D 4.
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Materials and Methods

Construction of plasmids and strains
For each C-terminal GFP tagging plas-

mid, yeast strain TN124 was first tagged
with GFP to the corresponding Atg pro-
tein using the traditional PCR-based
method.6,7 The primers used for tagging
are listed in Table S4. The genomic DNA
of the resulting strain was used as a tem-
plate to amply a fragment containing the
C-terminal part of the ORF, the cassette
inserted by the PCR method, and the
region downstream (Fig. S1). The frag-
ment was then inserted into Bluescript II
SKC.25 The primers and restriction
enzyme used are listed in Table S5. For
the 2xGFP set, we first introduced a sec-
ond copy of GFP into KT209 (Table S5).
Using this plasmid as a template, the
whole set was constructed in the same way
as the single GFP set.

For DRE-tagged Atg8, the ORF of DRE
was cloned from PT4074–5 (Clontech,
632535).16 The codons of the linker pepti-
des were added by the cloning primers
(Table S5). Four copies were inserted into
Bluescript II SKC to generate QuDre. It was
subcloned into RS404,26 and combined
with promoter sequences and ATG8ORF to
generate plasmids for the expression of chi-
meras in yeast (Table S5). Plasmid tdTo-
mato-URA3-C1 was a gift from Dr. Anuj
Kumar (University of Michigan, Ann
Arbor). The promoter of CUP1 and the
ORF of ATG8 were inserted into tdTo-
mato-URA3-C1 to generate CUP1p-tdTo-
mato-Atg8-URA3. Plasmids expressing
CUP1p-mCherry-Atg8 and ATG8p-
2xmCherry-Atg8 were gifts from Dr. Fulvio
Reggiori (University of Groningen) and Dr.
Kuninori Suzuki (University of Tokyo),
respectively.27,28 Both constructs were subcl-
oned into RS404 before use.

Plasmids for the complementation of
common auxotrophic markers (BS-His3,
BS-Leu2, BS-Lys2, BS-Met15, BS-Trp1,
BS-Ura3Kl) were designed so that they
contain sufficient homologous regions for
insertion into the genome even if large
chunks of the corresponding marker genes
were deleted. The primers and restriction
enzyme used are listed in Table S5. In the
case of LYS2, we used downstream
sequence of LEU2 as the insertion locus,
because the LYS2 gene was quite large and

we were unable to get any longer
fragments.

The plasmid for the single copy inte-
gration of ATG8p-GFP-Atg8 was con-
structed from BS-Ura3Kl. The ATG8p-
GFP-Atg8 fragment was amplified from
1K-GFP-Atg8–406.29 The resulting plas-
mid, BS-Ura3-GFP-Atg8, should be
amplified by the following primers for sin-
gle-copy integration: BU3 F (5- CAG
ACG ATG ATA ACA AAC CG -3), BU3
R (5- GTT CGC TAT GCT TCA AGA
AC -3).

Except for Figure 3, all strains used in
the work were derived from TN124.14

Selection of linker sequences
for tandem DRE constructs

The crystal structure of DRE protein
was downloaded from the Protein Data
Bank (PDB code 2V4E). Distances
between chain 1 C terminus and chain
2 N terminus, chain 2 C terminus and
chain 4 N terminus were found to be
approximately 31 A

�
and 68 A

�
, respec-

tively. We designated the linkers enlisted
to connect these termini linker S and L,
respectively (Fig. S6). A linker database
(http://www.ibi.vu.nl/programs/linkerdb
www/) was searched for suitable candi-
dates (Tables S2, S3).17 The candidates
were then joined to the termini using
Modeler 9.10.18 The conformations that
penetrate through the b-barrel structure
of DRE were discarded without further
analysis. For the remaining ones, the most
stable conformations were selected after
energy minimization with Amber12.19

Finally, root-mean-square deviations
(RMSD) between the resulting tandem
tetramers and the original DRE were cal-
culated using BioLuminate 1.3
(Schr €Odinger, LLC, New York).

Fluorescence microscopy
Glass bottom 35 mm petridishes were

coated with one mg/ml concanavalin A
(Sigma-Aldrich, L7647). Prior to observa-
tion, yeast cells in liquid culture were
allowed to sediment on the coated glass
surface for about 5 to 10 mins. The dishes
were gently washed, and fresh liquid
media were added. The samples were then
examined in an Olympus IX81 micro-
scope (Olympus Corporation, Tokyo,
Japan) equipped with an Andor DV885

camera (Andor Technology Ltd, Belfast,
UK), or an Olympus IX83 microscope
(Olympus Corporation, Tokyo, Japan)
equipped with a Hamamatsu ORCA-
Flash4.0 LT camera (Hamamatsu Photon-
ics K.K., Hamamatsu City, Japan). For
each sample, a Z-stack of 15 images was
collected, with 0.5 mm stepping. After
visual inspection, 10 consecutive sections
that cover the entire depth of yeast cells
were chosen to create a max-intensity
projection.

Other methods
Culturing of yeast cells, Ape1 western

blotting, and the Pho8D60 assay were per-
formed as previously described.13,14,30
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