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ABSTRACT Eukaryotic cells share a basic scheme of internal organization featuring
membrane-based organelles. The use of fluorescent proteins (FPs) greatly facilitated
live-cell imaging of organelle dynamics and protein trafficking. One major limitation
of this approach is that the fusion of an FP to a target protein can and often does
compromise the function of the target protein and alter its subcellular localization.
The optimization process to obtain a desirable fusion construct can be time-consuming
or even unsuccessful. In this work, we set out to provide a validated set of FP-based
markers for major organelles in the budding yeast (Saccharomyces cerevisiae). Out of
over 160 plasmids constructed, we present a final set of 42 plasmids, the recommenda-
tions for which are backed up by meticulous evaluations. The tool set includes three col-
ors (green, red, and blue) and covers the endoplasmic reticulum (ER), nucleus, Golgi ap-
paratus, endosomes, vacuoles, mitochondria, peroxisomes, and lipid droplets. The fidelity
of the markers was established by systematic cross-comparison and quantification. Func-
tional assays were performed to examine the impact of marker expression on the secre-
tory pathway, endocytic pathway, and metabolic activities of mitochondria and peroxi-
somes. Concomitantly, our work constitutes a reassessment of organelle identities in this
model organism. Our data support the recognition that “late Golgi” and “early endo-
somes,” two seemingly distinct terms, denote the same compartment in yeast. Con-
versely, all other organelles can be visually separated from each other at the resolution
of conventional light microscopy, and quantification results justify their classification as
distinct entities.

IMPORTANCE Cells contain elaborate internal structures. For eukaryotic cells, like
those in our bodies, the internal space is compartmentalized into membrane-bound
organelles, each tasked with specialized functions. Oftentimes, one needs to visual-
ize organelles to understand a complex cellular process. Here, we provide a validated
set of fluorescent protein-based markers for major organelles in budding yeast. Yeast is
a commonly used model when investigating basic mechanisms shared among eu-
karyotes. Fluorescent proteins are produced by cells themselves, avoiding the need for
expensive chemical dyes. Through extensive cross-comparison, we make sure that each
of our markers labels and only labels the intended organelle. We also carefully examined
if the presence of our markers has any negative impact on the functionality of the cells
and found none. Our work also helps answer a related question: are the structures we
see really what we think they are?

KEYWORDS organelle, fluorescent protein, nomenclature, yeast, validation

ubcellular compartmentalization into membrane-based organelles is a hallmark of
eukaryotic cells (1, 2). The budding yeast Saccharomyces cerevisiae is a widely used
model organism in the study of organelle functions and intracellular trafficking path-
ways. Many important discoveries, including the genetic characterization of the secre-
tory pathway, peroxisome biogenesis, and autophagy, originated from yeast studies
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(3-5). Even for such a relatively simple organism, findings that challenge existing
paradigms of the endomembrane system continue to emerge. For instance, the per-
oxisomes were long thought to form autonomously by growth and division of preex-
isting units. However, growing evidence now favors a model in which vesicular traf-
ficking from the endoplasmic reticulum serves as a major pathway of peroxisomal
membrane protein biogenesis (6). Similarly, “early endosomes” and “late Golgi” were
originally considered to be distinct organelles, one being the destination of endocytic
vesicles and the other being the last stopover before secretion. The concept was partly
based on generalization from animal studies. However, Day et al. recently argued that
the two are actually the same entity in yeast (7). Such cases reflect the insufficiency in
our knowledge regarding the internal organization of cells and call for more thorough
endeavors in future investigations.

Organelle markers, especially those applicable in live cells, are among the most basic
tools in cell biology. They are often employed to track the dynamics of the correspond-
ing organelles or used to pinpoint the subcellular localization of a given macromole-
cule. The rapid development of fluorescent proteins has propelled their widespread use
as fusion partners in live-cell imaging (8). Since the 1990s, many variants of fluorescent
proteins have been developed, each with distinct advantages. Convenient as it is, a
potential risk is that fluorescent protein tagging may interfere with intracellular traf-
ficking of the target protein, in particular when using variants other than green
fluorescent protein (GFP) (9-11). There is yet to be a solid trend or a design principle
where the use of a particular variant is always better than another in terms of the
resulting protein functionality and targeting specificity. As a result, obtaining a suitable
labeling construct often becomes an odyssey of trial and error.

In the present study, we aim to provide a validated set of fluorescent-protein-based
markers for major organelles in budding yeast. We hope by performing thorough
quantification and functional evaluations, our work will save some time for colleagues
in this field. Furthermore, our work constitutes a comprehensive evaluation of organelle
identities.

RESULTS

Overview. The internal organization of a yeast cell represents a simplified version of
typical eukaryotic cells. Its major membrane-bound organelles include the nucleus,
endoplasmic reticulum (ER), Golgi apparatus, endosomes, vacuoles, mitochondria, per-
oxisomes, and lipid droplets. During the course of this work, we constructed over 160
fluorescent protein chimeras. Our primary criterion for the evaluation of their perfor-
mance is the labeling fidelity, which was deduced from systematic cross-comparison
with other chimeras. We also took into consideration the brightness and functionality
of the constructs, the latter of which was inferred from protein trafficking assays,
organelle function assessments, and morphological observations. The result is a col-
lection of reasonably well-performing organelle green and red markers and a set of
somewhat-usable blue markers (Table 1). Unless otherwise noted, the chimeras are
expressed under the control of their endogenous promoters.

For clarity purposes, we begin by describing the green and red markers and then
move on to the blue markers.

ER and nucleus. The ER is the starting point of the secretory pathway. Most secreted
proteins and resident proteins of the Golgi apparatus, endosomes, and vacuoles begin
their journey in the endomembrane system from the ER. Under a light microscope, the
ER structures in yeast cells can be categorized into the following three populations:
nuclear ER that continues from the nuclear envelope, cortical ER underneath the plasma
membrane, and intermediate structures connecting the two (12). Emc1 is a member of
the conserved ER-membrane protein complex (EMC) (13). Elo3 is a fatty acid enlongase
(14). Both Emc1-2GFP and Elo3-mCherry labeled all three populations of the ER, and
they colocalized with each other (Fig. 1A to C) (15). In addition, we made signal
sequence (SS)-GFP/mCherry-HDEL constructs driven by the strong TPI7 promoter
(Fig. 1A to Q) (16), whose brighter signal is advantageous in time-lapse imaging.
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TABLE 1 Validated markers for major yeast organelles

Marker for color:

Organelle Green Red Blue

Endoplasmic reticulum Emc1-2GFP Elo3-mCherry Sec63-2mTagBFP2
SS-GFP-HDEL“ SS-mCherry-HDEL? Elo3-mTagBFP2

Nucleus Nab2-GFP Nab2-mCherry Nab2-mTagBFP2

Early Golgi GFP-Sed5 Anp1-mCherry Mnn9-mTagBFP2
Vrg4-GFP Sec26-mTagBFP2
Anp1-GFP

Late Golgi/early endosome Chs5-GFP Sec7-DuDre Sec7-mTagBFP2
Sec7-2GFP® Chs5-mCherry mTagBFP2-Tig1
GFP-Tig1e
GFP-Tlg2¢

Late endosome Vps4-GFP Vps4-DuDre Vps4-mTagBFP2
GFP-Pep12 Snf7-mCherry

Vacuole GFP-Pho8“ Vph1-mCherry Vph1-mTagBFP2
Vph1-2GFP®

Mitochondria Cox4-GFP Cox4-DuDre Cox4-mTagBFP2

Cox9-mTagBFP2
Peroxisome Pex1-2GFP Pex3-DuDre mTagBFP2-SKL
Lipid droplet Tgl3-GFP Tgl3-mCherry

Erg6-mCherry

aExcept for those marked, all other constructs are expressed under the control of respective endogenous
promoters.

bThese two constructs are designed to insert fluorescent proteins at the C termini of endogenous ORFs. All
of the other constructs are designed to integrate as an additional copy in the genome, with the
endogenous counterparts still present.

We also constructed chimeras of Nab2 for labeling of the nucleus. Nab2 is a nuclear
polyadenylated RNA-binding protein (17). Live-cell imaging indicated that Nab2-GFP
and Nab2-mCherry colocalized with each other (Fig. 1D to F) and labeled the same
4' 6-diamidino-phenylindole (DAPI)-positive compartment (data not shown).

Early Golgi. The Golgi apparatus serves as the second stop of trafficking for most
proteins en route to the endosomes, vacuoles, and plasma membrane. In yeast cells, the
Golgi cisternae are scattered in the cytoplasm without the typical stack structure seen
in many other species. The early Golgi receives cargos from the ER, whereas the late
Golgi sorts cargos into specific outgoing vesicles. The physical separation of the
cisternae enabled researchers to visualize the maturation process from the early Golgi
to the late Golgi without the need for superresolution techniques (18, 19). Among
candidate constructs, we found that GFP-Sed5, Vrg4-GFP, and Anp1-GFP displayed
numerous punctate signals (Fig. 2A). Sed5 is a target-SNAP receptor (t-SNARE) of the
early Golgi (20-22). Vrg4 is a Golgi GDP-mannose transporter (23). Anp1 is a subunit of
the alpha-1,6 mannosyltransferase complex (24). Of the three, the signal of Vrg4-GFP
was the strongest, albeit with some additional vacuolar accumulation. The signal of
Anp1-GFP was the weakest. All three colocalized well with Anp1-mCherry (Fig. 2B and
C), indicating that these four constructs label the same compartment. In contrast, little
colocalization was observed between Anp1-mCherry and GFP fusion proteins labeling
the late Golgi, late endosomes, peroxisomes, and lipid droplets, even though all of
them were also visualized as multiple puncta in the cytoplasm (Fig. 2D). These data are
consistent with the early Golgi being a distinct entity in yeast cells.

Late Golgi/early endosomes. Among candidate constructs of the late Golgi, we
found that Sec7-2GFP, Chs5-GFP, Sec7-DuDre, and Chs5-mCherry all produced good
signals (Fig. 3A and B) (DuDre is a tandem construct of DsRed Express 2) (25, 26). Sec7
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FIG 1 Green and red markers of endoplasmic reticulum and nucleus. Mid-log-phase yeast cells expressing the indicated
fluorescent protein fusion constructs were immobilized on concanavalin A-coated cover glass. z-stacks containing 15 slices at
0.5-um step size were captured. Top, slice showing the top of the cells; middle, slice going through the center of cells; slice, a single
representative slice; projection, maximal intensity projection of z-stacks; DIC, differential interference contrast. For colocalization
experiments, images shown are slices. (A and B) Green (A) and red (B) markers of the ER. The tubular structures of the cortical ER
are visible in the top slices. (C) Colocalization between green and red ER markers. (D and E) Green (D) and red (E) markers of the
nucleus. (F) Colocalization between green and red nucleus markers.

is a guanine nucleotide exchange factor (GEF) for ADP ribosylation factors (ARF) (27).
Chs5 is a subunit of the exomer complex (28, 29). Cross-comparison demonstrated that
all four constructs labeled the same compartment (Fig. 3C). In contrast, for Sec7-DuDre
and Chs5-mCherry, little colocalization with green markers of the early Golgi, late
endosomes, peroxisomes, and lipid droplets was detected (Fig. 3E).

A notable exception in this case was that red constructs of Sec7 and Chs5 displayed
efficient colocalization with green constructs of Tlg1 and Tlg2, two t-SNARE proteins
supposedly present on early endosomes (Fig. 3C) (30, 31). We then used FM4-64 to label
compartments of endocytic origin and found that a substantial percentage of FM4-64-
positive structures contained the green Tlg chimeras (mean = standard deviation,
64% * 5% with Tlg1 and 55% = 2% with Tlg2; n = 3) (Fig. 3D), confirming that our
constructs behave similarly to those in the literature. Furthermore, we noticed that Sec7
and Chs5 puncta were also FM4-64 positive (83% = 5% for Sec7 and 58% * 6% for
Chs5, using FM4-64 dot numbers as the denominators). Based on our cross-comparison
results (Fig. 3C and E), we are reasonably confident that Sec7 and Chs5 label the late
Golgi. Therefore, we interpret the colocalization of Tlg constructs with Sec7 and Chs5
as indication that “late Golgi” and “early endosomes” described in the existing yeast
literature actually refer to the same compartment. These data support the recent
hypothesis presented by Day et al. (7).

Late endosomes. The late endosomes, also known as the multivesicular bodies
(MVB) and the prevacuolar compartments (PVC), are a key hub of protein sorting. Their
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FIG 2 Green and red markers of early Golgi. Images were captured and presented as in Fig. 1. (A and B) Green (A) and red (B) markers
of the early Golgi. (C) Colocalization between green and red early Golgi markers. (D) Lack of colocalization between green markers of other

organelles and the red marker of early Golgi.

residents include the retromer complex and the endosomal sorting complexes required
for transport (ESCRT) complexes, which mediate cargo recycling and internalization,
respectively (7, 32, 33). Cross-comparison results indicated that Vps4-GFP, GFP-Pep12,
Vps4-DuDre, and Snf7-mCherry labeled late endosomes (Fig. 4A to C). Vps4 is an
AAA-ATPase that catalyzes ESCRT-IIl disassembly (34). Pep12 is a t-SNARE on late
endosomes (35, 36). Snf7 is a subunit of the ESCRT-IIl complex (37). In addition to
punctate signals, some GFP-Pep12 was present on the vacuole (Fig. 4A). Nevertheless,
with regard to punctate signals, we observed good colocalization between the green
constructs of Vps4 and Pep12 and the red constructs of Vps4 and Snf7. Little colocal-
ization was present between green markers of the early Golgi, the late Golgi/early
endosomes, peroxisomes, and lipid droplets, and the two red constructs of Vps4 and
Snf7 (Fig. 4D).

For these late endosome markers, constructs containing a single copy of fluorescent
protein produced weak signals. The fusion of Vps4 to DuDre, a tandem construct of
DsRed Express 2 (25, 26), not only improved signal intensity but also appeared to
augment the membrane recruitment of Vps4, resulting in diminished cytosolic distri-
bution (Fig. 4A and B). In the case of Snf7, we found that its GFP chimera labeled both
late endosomes and vacuoles (see Table S1 in the supplemental material), whereas its
mCherry chimera primarily resided on late endosomes. We therefore advise caution
when using these two red constructs (see also “Function analysis,” below, regarding
Snf7-mCherry).
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FIG 3 Green and red markers of late Golgi/early endosomes. Images were captured and presented as
in Fig. 1. (A and B) Green (A) and red (B) markers of late Golgi/early endosomes. (C) Colocalization

(Continued on next page)
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Vacuoles. Vacuoles in yeast are functional analogues of lysosomes in animals. They
undergo frequent fission and fusion, the balance of which determines the steady-state
morphology of vacuoles. Under our experimental conditions, most cells contained a
single large vacuole visible under differential interference contrast (DIC) imaging. Two
routes deliver proteins to the vacuolar membrane, one through late endosomes, and
the other directly from the late Golgi (38). We picked Vph1 and Pho8 as representative
cargos of the two routes (39, 40). Vph1 is a subunit of the vacuolar proton pump (41).
Pho8 is a vacuolar alkaline phosphatase (42). Vph1-2GFP, GFP-Pho8, and Vph1-mCherry
all labeled the vacuolar limiting membrane efficiently and displayed nearly perfect
colocalization between the green and red constructs (Fig. 5A to C).

Mitochondria. Like the ER and vacuoles, mitochondria are another example of
organelles with distinct morphologies, making it easier to judge labeling fidelity. Cox4
is a subunit of cytochrome ¢ oxidase (43). Signals of Cox4-GFP and Cox4-DuDre
possessed the typical thread-like contour of mitochondria and colocalized with each
other (Fig. 5D to F). Structures containing Cox4-GFP also stained positive for Mito-
Tracker red (data not shown).

Peroxisomes and lipid droplets. Both peroxisomes and lipid droplets are organ-
elles with key roles in lipid metabolism. Their biogenesis is intricately associated with
the ER, although the precise mechanisms are still under intense investigation (6, 44).
After testing several candidates, we settled on Pex1-2GFP and Pex3-DuDre as markers
of peroxisomes and Tgl3-GFP, Tgl3-mCherry, and Erg6-mCherry as markers of lipid
droplets. Pex1 is an AAA-ATPase involved in the recycling of peroxisomal matrix protein
receptor (45). Pex3 is a peroxisomal membrane protein functioning in the proper
targeting of peroxisomal membrane proteins (45). Tgl3 is a triacylglycerol lipase (46).
Erg6 is an enzyme in the ergosterol biosynthesis pathway (46). Pex3-DuDre, Tgl3-
mCherry, and Erg6-mCherry colocalized with green constructs of the intended organ-
elles but not markers of other organelles with punctate distributions (Fig. 6A to D and
7A to D). Both Tgl3-mCherry and Erg6-mCherry also displayed good colocalization with
the BODIPY signal (data not shown).

Quantification of colocalization. Quantification of colocalization among markers
of punctate signal patterns revealed that most markers of the same organelles have
colocalization rates in the range of 76% = 15% (mean * standard deviation) (Fig. 8). In
contrast, the rates among markers of different organelles are mostly in the range of
2% = 2%. The two groups of numbers are in completely different leagues, confirming
that the major organelles as we know are distinct entities (with the exception of late
Golgi/early endosome). Another way to look at the numbers is that we can predict the
tolerance intervals with 95% certainty that 95% of the ratios for markers of the same
organelles will be above 44%, and those for different organelles will be below 5%. Any
marker constructed in the future satisfying both parameters can be considered specific
for a certain organelle.

Note that for each pair of markers, we reported two colocalization ratios, one with
the number of the green dots as the denominator and the other with the red ones. The
difference between the two results therefore reflects the difference in the two denom-
inators, with the ones for Vps4-DuDre displaying the largest jump (Fig. 8C). In this case,
the good signal of Vps4-DuDre allowed us to discern a lot more dots. Eighty-three
percent of Vps4-GFP dots are Vps4-DuDre positive, whereas only 39% of Vps4-DuDre
dots are Vps4-GFP positive. Despite the substantial increase in observable number,
Vps4-DuDre dots did not colocalize with markers of other organelles (Fig. 4D and 8C).
If we only use the ratio number with the dimmer/fewer one as the denominator, the
colocalization rates for markers of the same organelles fall within 67% to 95%, with
most in the 76% to 93% range.

FIG 3 Legend (Continued)

between green and red late Golgi/early endosome markers. (D) Colocalization between green late
Golgi/early endosomes markers and FM4-64 puncta. (E) Lack of colocalization between green markers of
other organelles and red markers of late Golgi/early endosomes.
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FIG 4 Green and red markers of late endosomes. Images were captured and presented as in Fig. 1. (A and B) Green (A)
and red (B) markers of late endosomes. (C) Colocalization between green and red late endosome markers. (D) Lack of
colocalization between green markers of other organelles and the red markers of late endosomes.
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FIG 5 Green and red markers of vacuoles and mitochondria. Images were captured and presented as in
Fig. 1. (A and B) Green (A) and red (B) markers of vacuoles. (C) Colocalization between green and red
vacuole markers. (D and E) Green (D) and red (E) markers of mitochondria. (F) Colocalization between

green and red mitochondrial markers.

Functional analysis. To assess the impact of marker expression on intracellular
protein trafficking and organelle function, we employed the following assays: (i) a
pulse-chase assay tracking the glycosylation status of a secretory cargo (Fig. S1), (ii) a
protein endocytosis assay (Fig. S2), (iii) a growth assay to evaluate mitochondrial
metabolic activity (Fig. S3A), (iv) a mitochondrial protein import assay (Fig. S3B), and (v)
a growth assay to evaluate peroxisomal metabolic activity (Fig. S3C). The first two
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Green (A) and red (B) markers of peroxisomes. (C) Colocalization between green and red peroxisome markers.
(D) Lack of colocalization between green markers of other organelles and the red marker of peroxisomes.
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FIG 7 Green and red markers of lipid droplets. Images were captured and presented as in Fig. 1. (A and B) Green (A) and
red (B) markers of lipid droplets. (C) Colocalization between green and red lipid droplets markers. (D) Lack of colocalization
between green markers of other organelles and the red markers of lipid droplets.
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FIG 8 Quantification of colocalization among red and green punctate organelle markers. (A to D)
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TABLE 2 Restriction sites or PCR primers used to generate linear fragments for yeast

transformation

Restriction site(s) or

Plasmid (selection condition) PCR primer(s)® Insert locus
Emc1-2GFP (Ura) Xhol EMCT ORF
pTPI1-GFP-HDEL (Ura) Pacl TPIT promoter
Elo3-mCherry (Trp) BstBI ELO3 promoter
pTPI1-mCherry-HDEL (Trp) Pacl TPIT promoter
Sec63-2mTagBFP2 (Trp) Mfel SEC63 ORF
Elo3-mTagBFP2 (Trp) BstBI ELO3 promoter
Nab2-GFP (Ura) Kasl NAB2 ORF
Nab2-mCherry (Trp) Avrll NAB2 promoter
Nab2-mTagBFP2 (Trp) Agel NAB2 ORF
GFP-Sed5 (Ura) Stul and SnaBI ura3

Vrg4-GFP (Ura) BstBlI VRG4 ORF
Anp1-GFP (Ura) Kpnl ANP1 ORF
Anp1-mCherry (Trp) Mfel ANP1 ORF
Mnn9-mTagBFP2 (Trp) EcoRl MNN9 ORF
Sec26-mTagBFP2 (Trp) Afel SEC26 ORF
Chs5-GFP (Ura) Aflll CHS5 promoter
Sec7-2GFP (Ura) SnaBl and Aflll® SEC7
pCUP1-GFP-TIg1 (Ura) Stul TLG1 ORF
pCUP1-GFP-TIg2 (Ura) Stul TLG2 ORF
Sec7-DuDre (Trp) Kasl SEC7 promoter
Chs5-mCherry (Trp) Aflll CHS5 promoter
Sec7-mTagBFP2 (Trp) NgoMIV SEC7 ORF
mTagBFP2-Tig1 (Trp) Aflll TLG1 promoter
Vps4-GFP (Ura) Afel VPS4 ORF
GFP-Pep12 (Ura) BS-UraF/BS-UraR ura3
Vps4-DuDre (Trp) Mfel VPS4 promoter
Snf7-mCherry (Trp) Mfel SNF7 promoter
Vps4-mTagBFP2 (Trp) Afel VPS4 ORF
pCUP1-GFP-Pho8 (Ura) Stul PHO8 ORF
Vph1-2GFP (Ura) Nhel and Stul® VPH1
Vph1-mCherry (Trp) Pmll VPH1 promoter
Vph1-mTagBFP2 (Trp) EcoRl VPH1 ORF
Cox4-GFP (Ura) BstBlI COX4 promoter
Cox4-DuDre (Trp) BsrGl COX4 promoter
Cox4-mTagBFP2 (Trp) BsaBl COX4 promoter
Cox9-mTagBFP2 (Trp) Mfel COX9 promoter
Pex1-2GFP (Ura) Aflll PEX1 ORF
Pex3-DuDre (Trp) BsrGl PEX3 ORF
pTPIT-mTagBFP2-SKL (Trp) Pacl TPIT promoter
Tgl3-GFP (Ura) SnaBl TGL3 ORF
Tgl3-mCherry (Trp) Mfel TGL3 promoter
Erg6-mCherry (Trp) Agel ERG6 ORF

aPCR primers are underlined.
bLinearizing these two plasmids as described here results in 3’ knock-in of the fluorescent protein and
selection marker cassettes.

assays cover most organelles in the secretory pathway and endocytic pathway. The last
three focus on mitochondria and peroxisomes, which are not directly positioned in
these two pathways.

Most of our marker constructs were designed to be integrated as an additional copy
in the genome (Table 2). We therefore performed two sets of tests. One set utilized
strains expressing the marker constructs as the sole copy (by either knock-in replace-
ment or deleting the endogenous copy; see Materials and Methods for details). The
other set utilized strains constructed as designed, carrying marker constructs as the
second copy.

Wsc1 is a plasma membrane glycoprotein. Its transit through the secretory pathway
is accompanied by changes in its glycosylation level (47). We examined the rates of its
glycosylation in strains expressing markers of the ER, early Golgi, and late Golgi/early
endosome (Fig. S1). By 20 min into the chase, most synthesized Wsc1 proteins were in
the fully glycosylated form in all strains tested, indicating that these markers are
functional.
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Lyp1 is a lysine permease. In lysine-free medium, it is present on the plasma
membrane. The addition of lysine triggers its endocytosis and eventual degradation in
the vacuole (48). The rate of Lyp1 turnover was analyzed in strains expressing markers
of late Golgi/early endosome, late endosome, and vacuole. The only strain in which we
noticed a significant delay in Lyp1 turnover was the one expressing Snf7-mCherry as
the sole copy (Fig. S2A). The turnover rate was normal when the endogenous copy of
Snf7 was present (Fig. S2B). These results indicate that Snf7-mCherry is not fully
functional by itself but does not impose any dominant negative effect. As mentioned
previously, both Snf7-mCherry and Vps4-DuDre were more concentrated on the endo-
somes than were their GFP counterparts (Fig. 4A to C). Nevertheless, the function of
Vps4-DuDre appeared to be normal in this particular assay.

To evaluate the metabolic functions of mitochondria and peroxisomes, we exam-
ined the growth of marker-expressing strains on agar plates containing ethanol and
glycerol or oleic acid as the carbon source (49, 50). Strains carrying Cox4-GFP, Cox4-
DuDre, Pex1-2GFP, and Pex3-DuDre all displayed growth rates similar to that of the
wild-type strain (Fig. S3A and C). Furthermore, we examined mitochondrial protein
import by evaluating Atm1 fractionation with mitochondria (51, 52) (Fig. S3B). All strains
expressing Cox4-GFP and Cox4-DuDre displayed efficient import. These results dem-
onstrate that our green and red markers for these two organelles are functional.

The blues. Compared with red fluorescent proteins, the current choices of blue
fluorescent proteins are rather limited (53, 54). Only mTagBFP2 produced satisfactory
signal intensity in our hands. When a red chimera mislocalized, we were sometimes
able to solve the problem by switching to a different red fluorescent protein (Table S1).
However, in the case of blue markers, we had to at times settle with less satisfactory
performance. In particular, one issue we encountered with mTagBFP2 constructs was
that a large number of them had a propensity to associate with the plasma membrane.
Even more puzzling was the fact that this phenomenon was not stable. A construct
might show plasma membrane signal in one experiment but behave perfectly normally
in another experiment. So far, we were unable to pinpoint the underlying cause, except
that it only occurred with mTagBFP2 constructs. As the plasma membrane is easily
distinguishable from intracellular organelles, we consider the blue constructs to be
somewhat usable and provide a brief description of them.

Similar to procedures we adopted for red markers, for large organelles with distinct
morphological features, the fidelity of the blue constructs was verified by colocalization
with green markers of the same intended organelles (or with organelle-specific dyes
when available). For this group, we found the following markers to perform well
(Fig. S4): (i) for the ER, Sec63-2magBFP2 and Elo3-mTagBFP2 (55); (ii) for the nucleus,
Nab2-mTagBFP2; (iii) for vacuoles, Vph1-mTagBFP2; and (iv) for mitochondria, Cox4-
mTagBFP2 and Cox9-mTagBFP2.

For organelles with scattered punctate distribution, additional cross-comparisons
with other organelles were carried out. The current list of usable markers includes (i) for
early Golgi, Sec26-mTagBFP2 and Mnn9-mTagBFP2 (Fig. S5) (24, 56); (ii) for late Golgi/
early endosomes, Sec7-mTagBFP2 and mTagBFP2-TIg1 (Fig. S6); (iii) for late endo-
somes, Vps4-mTagBFP2 (Fig. S7A to C); and (iv) for peroxisomes, mTagBFP2-SKL
(Fig. S7D and E). As the signal of Mnn9-mTagBFP2 was weaker than the others, a large
difference between the pairs of colocalization ratios was observed (Fig. S8). Similar to
the Vps4-DuDre case discussed above, no substantial colocalization between Mnn9-
mTagBFP2 and markers of other organelles was observed. Notably, Vps4-mTagBFP2
displayed partial colocalization with green markers of late Golgi/early endosomes
(Fig. S7C and S8C). We tested eight other candidate late endosomal proteins, and none
performed better (Table S1). In the case of lipid droplets, although Erg6-mTagBFP2
displayed good signal, it appeared to aggregate and substantially reduce the number
of lipid droplets (Table S1).

Wsc1 pulse-chase and Lyp1 endocytosis assays demonstrated that all blue markers
of the ER, early Golgi, late Golgi/early endosome, and vacuole are functional (Fig. S1 and
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S2). Mitochondrial protein import and peroxisomal metabolic activity were also normal
in strains expressing the blue markers (Fig. S3). However, when Cox9-mTagBFP was
expressed as the sole copy, growth on glycerol plates was retarded, indicating that
Cox9-mTagBFP is only partially functional in respiration (Fig. S3). Growth was normal
when endogenous Cox9 was present.

DISCUSSION

In this study, we constructed fluorescent protein chimeras of candidate proteins and
systematically evaluated their performance as organelle markers in live yeast cells. Our
markers include three colors and cover the ER, nucleus, Golgi apparatus, endosomes,
vacuoles, mitochondria, peroxisomes, and lipid droplets. As noted in Table S1, some of
the candidate proteins considered for use as organelle markers in the existing literature
localize to more than one organelle or even completely mislocalize when fused with
certain fluorescent proteins. The availability of our marker set can potentially help
clarify inappropriate interpretations of data arising from the use of leaky or faulty
markers. An important message we would like to emphasize, however, is that the data
reported here are applicable to and only to the exact constructs. The purpose of this
work is to obtain a set of markers that are “good enough.” We therefore did not make
extensive attempts to optimize individual designs or to create exact duplicates of
previously reported constructs. Subtle differences in linker sequences and other design
choices certainly can change the localization of otherwise similar chimeras, which
might explain the variation in the final results.

Historically, most organelles as we know them today were discovered and defined
using data from chemical staining, electron microscopy, subcellular fractionation, and
biochemical characterizations. In the age of digital live-cell imaging, fluorescent-
protein-based labeling is often the first tool of choice for cell biology investigators. It is
therefore critical to have fact-based criteria to define organelle identities and protein
localization from the fluorescent protein imaging perspective. Our quantification re-
vealed that most chimera markers for the same organelles have a colocalization rate
above 61%, with the average being around 76% (Fig. 8). Perhaps more important is that
the colocalization rates among markers of distinct organelles are all below 7%, with the
average being around 2% (Fig. 8). These numbers provides reference points for the
objective definition of “full/complete” or “no” colocalization, which are otherwise only
of descriptive value.

In addition, one incidental outcome of our study was the realization that late Golgi
and early endosomes, two terms with seemly distinct identities, denote the same
compartment at the resolution of light microscopy. The confusion has lingered around
for some time, and both early and current publications have expressed the difficulty in
separating the two using fluorescent protein markers (57-60). A recent in-depth study
by Day et al. delivered a compelling case supporting their consolidation in yeast (7). The
same compartment has also been designated “chitosomes” in some literature (57). In
our case, Sec7-2GFP, Chs5-GFP, GFP-TIg1, and GFP-TIg2 all displayed high ratios of
colocalization with Sec7-DuDre and Chs5-mCherry in the 66 to 96% range, in contrast
to the sub-7% ratios with all other compartments (Fig. 8). Their colocalization ratios
with FM4-64 are also comparable, ranging from 58% to 86%. The numbers from
Sec7-mTagBFP2 and mTagBFP2-Tlg1 painted a similar picture (Fig. S8). For any open-
minded observer, these numbers speak volumes.

Retrospectively, our marker validation process constituted an ideal opportunity to
assess the current organelle nomenclature. An imminent question is whether any
additional case of nomenclature consolidation awaits our contemplation. In this regard,
we report with confidence and delight that that no other major organelle is missing in
yeast, and therefore, general insights gained from yeast intracellular trafficking studies
remain highly relevant for other eukaryotes.

Last, it should be noted that intracellular trafficking is a highly dynamic process
subject to regulation by environmental factors (61, 62). In some cases, it can result in
drastic changes in the subcellular localization of a protein. For example, the presence
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of methionine not only inactivates the expression of methionine transporter Mup1 but
also triggers its translocation from the plasma membrane to the vacuolar lumen (63).
The Lyp1 reporter we utilized is another example of this type. Our microscopy obser-
vations were performed with mid-log-phase yeast cells incubated in liquid culture,
which represents a healthy low-stress state. It is conceivable that under certain exper-
imental conditions, some of the marker proteins may relocate somewhere else instead
of sites confirmed in the present study, and one may need to search for a replacement
in its place. This is another reason why we included a description of the fluorescent
protein chimeras that did not work well for us (Table S1). These constructs might suit
the needs of colleagues looking to investigate other questions.

MATERIALS AND METHODS

Plasmids and strains. Plasmid construction was performed using common procedures involving
insert fragment amplification by PCR, restriction digestion, and ligation. The restriction sites and PCR
primers utilized are listed in Table S2A. The DNA sequences of the primers are listed in Table S2B.

For most single-/dual-color single-time-point imaging experiments, plasmids containing marker
proteins were transformed into TN124 (MATa leu2 ura3 trp1 pho8A60 pho13A:LEU2) (64). For tricolor
time-lapse imaging, plasmids containing marker proteins were transformed into DJO3 (BY4741 trp1A:
MET15) (65). Functional analysis was performed in YZJ033 (BY4741 trp1A:nat)-derived strains.

Prior to transformation, linear fragments were obtained either through restriction digestion or PCR
amplification. Among the plasmids constructed, most are designed to be integrated as an additional
copy. Only Sec7-2GFP and Vph1-2GFP are designed as 3'-knock-in constructs. The restriction sites and
primers utilized to generate linear fragments as designed are listed in Table 2.

To evaluate protein function with the chimeras as the sole copy of the target gene, we also
constructed a second set of strains, mostly using PCR to generate linear knock-in fragments. The
sequences of these primers are listed in Table S2B, with “recombination” in their names. Three exceptions
are GFP-Sed5, GFP-Pep12, and mTagBFP2-TIg1. For these strains, the chimeras were integrated as an
extra copy, with the endogenous open reading frames (ORFs) knocked out in a separate step.

Yeast media. The yeast media used were SMD (2% glucose, 0.67% yeast nitrogen base without
amino acids, 30 mg/liter adenine, 30 mg/liter lysine, 30 mg/liter methionine, 20 mg/liter histidine, 20 mg/
liter uracil, 50 mg/liter tryptophan, 50 mg/liter leucine), SMD + CA (SMD with the addition of 0.5%
Casamino Acids), SD + Trp (2% glucose, 0.67% yeast nitrogen base without amino acids, 50 mg/liter
tryptophan), YPR (1% yeast extract, 2% peptone, 2% raffinose), YPD (1% yeast extract, 2% peptone, 2%
glucose), YPEG (1% yeast extract, 2% peptone, 3% ethanol, and 3% glycerol), and YPO (1% yeast extract,
2% peptone, 0.2% oleic acid, and 0.02% Tween 80).

Fluorescence microscopy. Unless otherwise noted, yeast cells were cultured in SMD medium at
30°C. Colonies were first inoculated into liquid culture. On the morning of the second day, the
optical density at 600 nm (ODg,,) of the culture was adjusted to approximately 0.2. Upon reaching
an ODg,, of approximately 0.8 to 1.0, 200 ul of liquid culture per sample was collected and allowed
to precipitate on concanavalin A-coated cover glass for 5 min. Image stacks (15 slices, 0.5-um step
size) were collected on an Olympus IX83 inverted fluorescence microscope equipped with a
Hamamatsu Orca Flash4.0 LT camera and a Lumencor Spectra X six-channel light source. For all
single-time-point image stack captures, the intensity of the excitation was set to 100%, and the
exposure time for each frame was 100 ms (for GFP) or 200 ms (for red fluorescent protein [RFP] and
blue fluorescent protein [BFP]).

For time-lapse imaging, cells were immobilized on concanavalin A-coated glass-bottom dishes and
incubated in SMD + CA medium at 30°C. Image stacks were collected every 10 min. A median filter
(ImagelJ - process - noise — despeckle) was applied to reduce noise (66, 67).

For FM4-64 staining of endocytic compartments, 2 ml of liquid culture with an ODg,, of approxi-
mately 0.8 to 1.0 was collected and resuspended in ice-cold SMD medium containing 16 uM FM4-64.
After incubation on ice for 15 min, cells were washed with ice-cold SMD medium 3 times. Cells were then
resuspended in 2 ml SMD medium and incubated at 15°C for 10 min. At this moment, image stacks were
collected as described above.

For DAPI (nucleus) and BODIPY (lipid droplet) staining, 2 ul dye (5mg/ml DAPI or 0.01 mg/ml
BODIPY) was added to 100 ul of yeast liquid culture, and the mixture was left to sediment on
concanavalin A-coated cover glass for 5 min. After washing with fresh medium, adhered yeast cells were
observed under microscope. For MitoTracker red (mitochondria) staining, 0.1 ul dye (1 mM) was added
to 2 ml yeast culture to stain for 5 min. After washing with fresh medium, yeast cells were attached to
concanavalin A-coated cover glass for observation.

Quantification of colocalization ratios. Each time, a region of approximately 700 by 700 pixels was
chosen, which contained around 30 cells. The total number of dots in each color channel was counted
first, generating the denominators. For dots suspected to colocalize, each case was further examined to
determine (i) if the dots are in the same z-section, and (ii) if the areas covered by the two dots overlap
by more than 50%. Cases meeting both criteria were categorized as colocalizing, generating the
nominator.

Wsc1 pulse-chase analysis. Strains to be tested were transformed with two additional plasmids,
pEcOmeTyr/ectRNA . (MET) and Yeplac181-GAL1-10-tc-apta-amber*-WSC1-FPA (LEU) (47).
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Yeast cells were initially inoculated into SD-Met-Leu medium to grow overnight. On the second day,
yeast cells were transferred to YPR medium, with a starting OD,, of 0.2. Upon reaching an ODg, of 0.5,
2% galactose was added to induce mRNA transcription for 20 min. This was followed by the addition of
1mM Ome-Tyr to allow for translation of the full-length protein for 5min. Yeast cells were then
transferred to YPD medium containing 350 wg/ml tetracycline to initiate the chase stage. Time 0 samples
were collected right before the chase medium transfer. Time 6 and 20 samples were collected 6 and
20 min after the transfer, respectively. Samples were analyzed by Western blotting using common
procedures.

Lyp1 endocytosis assay. In strains to be tested, Lyp1 was further tagged at the C terminus with
9MYC. The strains were then transformed with the pHULM plasmid to become prototrophic (68).

Yeast cells were initially inoculated into SD + Trp medium to grow overnight. On the second day,
yeast cells first diluted to an ODg,, of 0.2. Upon reaching an ODy,, of 0.8, 230 ug/ml lysine was added
to the medium. Samples were collected at 0, 1, and 3 h after the addition of lysine and analyzed by
Western blotting.

YPEG and YPO growth assays. 1 OD,,, of log phase yeast cells were suspended in 1 ml water, from
which 10X serial dilutions were prepared. Four microliters of suspension was spotted onto YPEG or YPO
agar plates and incubated at 30°C for 4 days.

Mitochondrial protein import assay. In strains to be tested, the mitochondrial inner membrane
protein Atm1 was further tagged at the C terminus with 3-hemagglutinin (3HA). Lyticase was prepared
from Escherichia coli strain RSB805 (69).

Yeast cells were grown to mid-log phase. 15 ODg, of cells were collected, washed in 0.1 M Tris-HCI
(pH 9.4), suspended in 15 mM dithiothreitol (DTT) and 0.1 M Tris-HCI (pH 9.4), and incubated at 30°C for
15 min. Afterwards, cells were transferred to spheroplast buffer 20 MM 20 mM piperazine-N,N’-bis(2-
ethanesulfonic acid) PIPES (pH 6.8), 1 M sorbitol, 1/5 lyticase prep] and incubated at 30°C for 30 min.
Spheroplasts were collected by centrifugation at 1,000 X g and 4°C for 5 min, resuspended in 1 ml
ice-cold lysis buffer (PIPES [pH 6.8], 50 mM KOAc, 150 mM NaCl, 600 mM sorbitol, 1 mM EDTA, 1 mM
phenylmethylsulfonyl fluoride [PMSF]), and lysed by 15 strokes in a glass homogenizer placed on ice. Cell
debris was removed by centrifugation at 1,700 X g and 4°C for 5 min. The lysate (51700 supernatant) was
further centrifuged at 17,000 X g and 4°C for 12 min to obtain the cytoplasmic fraction (517000
supernatant). The pellet was washed in lysis buffer and centrifuged again to obtain the mitochondrial
fraction (P17000). The distribution of Atm1 between the cytoplasmic fraction and the mitochondrial
fraction was analyzed by Western blotting.
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