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Approximately half of eukaryotic proteins reside in organelles. To
reach their correct destination, such proteins harbor targeting signals
recognized by dedicated targeting pathways. It has been shown that
differences in targeting signals alter the efficiency in which proteins
are recognized and targeted. Since multiple proteins compete for any
single pathway, such differences can affect the priority for which a
protein is catered. However, to date the entire repertoire of proteins
with targeting priority, and the mechanisms underlying it, have not
been explored for any pathway. Here we developed a systematic tool
to study targeting priority and used the Pex5-mediated targeting to
yeast peroxisomes as a model. We titrated Pex5 out by expressing
high levels of a Pex5-cargo protein and examined how the localiza-
tion of each peroxisomal protein is affected. We found that while
most known Pex5 cargo proteins were outcompeted, several cargo
proteins were not affected, implying that they have high targeting
priority. This priority group was dependent on metabolic conditions.
We dissected the mechanism of priority for these proteins and sug-
gest that targeting priority is governed by different parameters, in-
cluding binding affinity of the targeting signal to the cargo factor, the
number of binding interfaces to the cargo factor, and more. This ap-
proach can be modified to study targeting priority in various organ-
elles, cell types, and organisms.
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In eukaryotic cells, most proteins are encoded in the nuclear
genome and are synthesized on cytosolic ribosomes. Approxi-
mately half of these proteins require targeting to specific or-
ganelles to execute their function (1). Organellar proteins are
recognized and targeted to their correct cellular destination by
various targeting pathways (2-4). Defects in protein targeting
can lead to diseases that can be caused either by loss of protein
function at its destination organelle, mistargeting to another
organelle, or by accumulation of proteins in the cytosol, where
they can misfunction or aggregate (5, 6).

Most organelle proteins have a targeting signal that is recog-
nized by one or more cytosolic targeting factors. The complex of
cargo protein with its targeting factor is directionally recruited to
the correct organelle by binding receptor proteins on the desti-
nation membrane (4, 7, 8). Many cargo proteins carry the same
type of targeting signal. For example, tens of proteins carry a
peroxisomal targeting signal type I (PTS1), and hundreds of
proteins carry a signal peptide to travel to the endoplasmic re-
ticulum or a mitochondrial targeting sequence to travel to the
inner mitochondrial compartments. Often proteins with a similar
targeting signal also utilize the same targeting pathway (3). As
many proteins are targeted via the same pathway, and the
abundance of the cargo factor may become limiting, it has been
shown that certain cargo proteins have evolved to have stronger
targeting signals than others (9). Moreover, it is clear that some
cargo can utilize multiple pathways to ensure optimal targeting,
whereas others are restricted to a single pathway (4, 10, 11).
Despite these anecdotal demonstrations, it is not yet clear for
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any pathway what all of the proteins that have evolved to be
optimally targeted by it are, what the various mechanisms by
which they do so are, and how this is rewired under the changing
metabolic conditions of the cell.

To study targeting priority for entire pathways and in living
cells, we developed a systematic tool that is based on high content
imaging in the yeast Saccharomyces cerevisiae (hereafter called
yeast). As a proof-of-concept, we used the well-described Pex5-
mediated pathway that recognizes the PTS1 and targets most
matrix (lumen) peroxisomal proteins (12-14). We expressed to
very high levels a synthetic cargo protein with a PTS1 targeting
signal and systematically examined how the competition over Pex5
affects the localization of each of the known peroxisomal proteins.
We found that, as expected, the vast majority of PTS1-containing
proteins were affected by the competition over Pex5. However, a
few PTS1 proteins had targeting priority in a manner dependent
on the carbon source consumed. By following up on priority car-
goes, we suggest that they use various strategies to gain their
priority, such as additional binding interface on Pex5 or targeting
signals with strong affinity.

Significance

Half of eukaryotic proteins reside in organelles to which they
are directed by dedicated targeting pathways, each recogniz-
ing unique targeting signals. Multiple proteins compete for any
targeting pathway and might have different priority of
reaching an organelle. However, the proteins with targeting
priority, and the mechanisms underlying it, have not been ex-
plored. We developed a systematic tool to study targeting
priority. We expressed a competitor protein and examined
how it affects the localization of all other proteins targeted by
the same pathway. We found several proteins with high tar-
geting priority, dissected the mechanism of priority, and sug-
gest that priority is governed by different parameters. This
approach can be modified to study targeting priority in various
organelles, cell types, and organisms.
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Results

Developing a Tool to Study Targeting Priority. As a test case for our
method of dissecting targeting priority of proteins to organelles,
we used the Pex5-mediated targeting machinery of peroxisomal
proteins in yeast. Pex5 mediates the targeting of most peroxi-
somal matrix proteins, mainly through binding to a PTS1 targeting
signal (12, 14). This pathway is a good model as it is well charac-
terized and has a well-known cargo repertoire. To induce conditions
in which cargo proteins compete over a limited amount of Pex5, we
expressed different levels of the mCherry protein tagged on its
carboxy (C’) terminus with a well-studied PTS1 targeting signal (15)
composed of the last three amino acids serine-lysine-leucine
(mCherry-SKL) that are considered as a canonical targeting signal.
Our rationale was that when the mCherry-SKL is expressed in low
amounts, it will not affect targeting of peroxisomal matrix proteins
since it will be one of many other cargoes requiring this pathway.
However, when mCherry-SKL is expressed in high levels, it will
compete with other Pex5 cargo proteins. Hence, only proteins that
have high targeting priority would still be localized to peroxisomes
(Fig. 14).

To express high levels of the mCherry-SKL protein, we inte-
grated into the yeast genome multiple copies of the mCherry-
SKI-encoding gene driven by a strong promoter (15). This has
the advantage of reaching very high expression levels that are not
reachable using increasing strengths of promoters alone (16).
Yeast colonies that highly expressed the competitor protein be-
came intensely red; therefore, we were able to select colonies
based on the intensity of their color and establish a collection of
strains, each expressing different levels of mCherry-SKL (Fig. 1B).

To ensure that we indeed created a competition situation, we
verified that when mCherry-SKL is expressed in low amounts, it is
localized predominantly to peroxisomes, while when it is expressed
at high amounts it is also localized to the cytosol (Fig. 1C). While
cytosolic accumulation could also result from a feedback loop
causing decreased degradation, the most likely explanation for this
is that under these conditions the Pex5-targeting machinery becomes
saturated. Indeed, we found that Pex5 was not up-regulated in the
presence of elevated amounts of the mCherry-SKL competitor
(Fig. 1D), supporting the hypothesis that Pex5 amounts are limiting.
Taking these data together, we established an in vivo system that can
be applied to study targeting priority.

Systematically Investigating Peroxisomal Proteins during Competition
Uncovers a Subgroup of Cargo Proteins with High Targeting Priority.
We chose two strains that had either low or high levels of the
competitor (mCherry-SKL) that we verified had a homogenous
level of expression. Using an automated procedure we used these
to create two collections of strains: One expressing low (no com-
petition) and one expressing high (competition) levels of
mCherry-SKL, and each expressing all known peroxisomal pro-
teins tagged with GFP at their amino (N’) terminus and expressed
under a generic NOPI promoter (17-19) (Fig. 24). The N’ tagging
ensured that the C' PTS1 sequences were not obstructed. The
strains were imaged on a high-content screening platform (20) and
the abundance and localization of each GFP-tagged protein was
compared between the low- and high-competition conditions.
While abundance was evaluated computationally, localization was
manually annotated using a binary measure: Unaffected (no visi-
ble difference in the GFP signal between low or high levels of
mCherry-SKL) or affected (less/weaker GFP puncta and a stron-
ger cytosolic GFP signal in the presence of high mCherry-SKL)
(Dataset S1). We first verified that while the expression of the
mCherry-SKL was increased in the high mCherry-SKL strains, it
did not affect the expression level of the GFP-tagged peroxisomal
proteins (SI Appendix, Fig. S1, glucose). Focusing on localization,
we found that peroxisomal membrane proteins and matrix pro-
teins that contain a PTS2 signal (these rely on Pex7 for targeting)
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(21) were not affected by the mCherry-SKL competitor (S Ap-
pendix, Fig.S2). This gave us an indication that high levels of
mCherry-SKL do not unspecifically alter peroxisomal physiology
nor block the import machinery of matrix proteins. Unexpectedly,
Pex18, a coreceptor of Pex7 (22), had reduced localization to
peroxisomes when high levels of the competitor were expressed
(Dataset S1). This hints that, in addition to the contribution of
Pex18 to Pex7-mediated targeting, Pex18 may also have some
interplay with the Pex5 targeting machinery in a way that should
be further studied. Conversely, the localization to peroxisomes of
the recently identified PTS1 targeting factor, Pex9 (9, 10), and one
of its cargoes Gtol (glutathione transferase omega-like 1 protein
1) was enhanced during competitive conditions rather than being
reduced (Dataset S1), suggesting that it may function as a back-up
pathway under these conditions.

Focusing on the Pex5 cargo proteins [19 were correctly lo-
calized to peroxisomes in our collection (18, 23)], we observed
that the localization of most (14 cargo proteins) was affected by
the competition and that they accumulated in the cytosol
(Dataset S1; examples shown in Fig. 2B). In support of the effect
on Pex5 cargo being a direct result of saturating Pex5 amounts,
we found that overexpressing Pex5 could rescue the targeting of
such a PTS1 cargo, Pxpl (SI Appendix, Fig. S3).

Interestingly, the localization of five Pex5 cargo proteins
(carnitine acetyl-CoA transferase, Cat2; saccharopine dehydro-
genase, Lysl; malate dehydrogenase 3, Mdh3; oxalyl-CoA syn-
thetase, Pcs60; and fatty-acyl CoA oxidase, Pox1/Fox1l) was not
affected by the high levels of mCherry-SKL (Fig. 2C). Since tar-
geting of these proteins seems completely unaffected by compe-
tition, we dub these proteins as having a high targeting priority.
We verified the targeting priority observed by microscopy by
performing subcellular fractionation experiments. Indeed, tracking
two “low-priority” (Pxpl and Tesl) and two “high-priority” (Lys1
and Pox1) proteins during low- and high-competition states un-
covered that the low-priority proteins become mainly soluble
(Fig. 2 D and F), while the high priority ones remain in the or-
ganelle pellet (Fig. 2 E and F). In summary, by systematically
imaging all peroxisomal proteins in the presence of competition,
we found that Pex5 cargoes have different targeting priorities.

Targeting Priority to Peroxisomes Is Dependent on Metabolic Conditions.
To examine if targeting priority of Pex5 cargo proteins is affected by
the metabolic state of the cells, we repeated the high-content screen
using the fatty acid oleate as a carbon source instead of glucose
(Fig. 24 and Dataset S1). In S. cerevisiae the peroxisome is the sole
organelle in which B-oxidation of fatty acids occurs, and hence
peroxisomes are essential when cells rely on oleate (24). We ob-
served that all proteins that had high-targeting priority in glucose
maintained it in oleate (SI Appendix, Fig. S44). Interestingly, three
Pex5 cargo proteins [Ctal, peroxisomal catalase A; Faa2, fatty acyl-
CoA synthetase; and Fox2, 3-hydroxyacyl-CoA dehydrogenase and
enoyl-CoA hydratase (25-27)], which did not have priority in glu-
cose (Fig. 34), gained priority in oleate (Fig. 3B). As we saw in
glucose, the localization of Pex9 and one of its cargo proteins Mls2
(malate synthase 2) was enhanced in oleate during competitive
conditions (Dataset S1), suggesting that Pex9 may function as a
back-up pathway under these conditions as well.

Since all GFP-tagged proteins were expressed under a generic
promoter, this reduced the possibility that oleate-specific targeting
priority is determined by an increased level of transcription in our
experimental setting. However, to verify this, we compared protein
intensity of all peroxisomal proteins between the two conditions
(using GFP levels as a proxy) (SI Appendix, Fig. S4B) and by spe-
cifically measuring protein levels of cargo proteins that had priority
in oleate but not in glucose (SI Appendix, Fig. S4C). We found that,
indeed, the protein levels were not elevated, ruling out elevation by
posttranscriptional or translational regulation. Since mCherry levels
were more variable in oleate than in glucose (SI Appendix, Fig. S1),
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Fig. 1. An in vivo tool to systematically study protein targeting priority. (A) Schematic representation of targeting competition created by the increasing
levels of mCherry-SKL, indicated as “competitor” (red). (Left) When low levels of mCherry-SKL are expressed, peroxisomal matrix proteins are imported into the
organelle. (Right) High levels of mCherry-SKL saturate the import machinery and create a competition for the limiting Pex5 targeting factor. Hence, proteins with
low targeting priority (“cargo B,” yellow) will not be targeted to peroxisomes while proteins with high priority (“cargo A,” blue) will retain their capacity to target
efficiently. (B) Schematic representation of a methodology to create targeting competition. An inert, peroxisome-destined, substrate with a peroxisomal targeting
signal (mCherry-SKL) is integrated into the yeast genome in multiple copies, creating strains with increasing levels of mCherry-SKL. The increased mCherry ex-
pression is detected by the color of the colony and later verified by flow cytometry. (C) mCherry-SKL is localized to peroxisomes (colocalization with the per-
oxisomal membrane protein Pex3-GFP in diploid cells). When mCherry-SKL was expressed in high levels the mCherry signal was also detected in the cytosol
implying that the targeting machinery is saturated. (Scale bar, 5 pm.) (D) Measurement of Pex5 levels in low and high mCherry-SKL strains grown in glucose. (Left)
Western blot analysis with anti-Pex5 antibody. (Right) Quantification of Pex5 levels in the two different mCherry-expressing strains. Protein levels were nor-
malized to the loading control, Histone H3. Values represent the mean + SD of two biological repeats and four technical repeats.

we ensured that our results were not simply due to lower levels of  targeting priority can be modulated depending on the metabolic
competition by checking that the mCherry levels in the strains that  requirements of the cell. This could occur through posttranslational
had oleate-specific priority are not the lowest in the distribution.  modifications of the targeting factor Pex5 or of the specific cargo,
Ruling out these potential sources of false positives, we suggest that  such that binding to certain cargo is enhanced.
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Fig. 2. A high-content screen reveals a subgroup of Pex5 cargo proteins
that have targeting priority. (A) A schematic representation of the high-
content microscopy screen. Yeast strains with low or high levels of
mCherry-SKL were mated with a collection of strains each expressing one
peroxisomal protein tagged with GFP at the N’ terminus under the regula-
tion of a constitutive NOPT promoter. The mating was followed by sporu-
lation and selection for haploids containing both the mCherry-SKL protein
and a GFP-peroxisomal protein. Cells were imaged using a fluorescent mi-
croscope in glucose-containing media and the localization of each GFP
peroxisomal protein was annotated in the presence of low or high mCherry
levels. (B) Representative images of two Pex5 cargo proteins on the back-
ground of either low or high levels of mCherry-SKL. The GFP-tagged proteins
were mainly localized to peroxisomes when low levels of mCherry-SKL were
expressed but were mostly observed in the cytosol when high levels of
mCherry-SKL were expressed. We dub such substrates as having low tar-
geting priority. (Scale bars, 5 pm.) (C) Representative images of five Pex5
cargo proteins whose cellular localization was not affected by the mCherry-
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To examine if the PTS1 is sufficient to enable oleate-specific
targeting priority, we fused the last 10 aa of Ctal, Faa2, or Fox2
to the C’ of GFP and integrated the different GFP fusions into the
yeast genome of strains expressing low or high levels of mCherry-
SKL (Fig. 3C). We then grew the cells in glucose or in oleate and
examined if the last 10 aa were sufficient to bestow targeting
priority to the GFP fusions in glucose or in oleate. The GFPs with
the last 10 aa of Ctal or Faa2 did not have high targeting priority,
neither in glucose nor in oleate (Fig. 3 D and E), suggesting that
for these proteins the oleate-specific targeting priority information
was encoded elsewhere. In contrast, the GFP last 10 aa of Fox2
behaved exactly like full-length Fox2; it was affected by the com-
petition in glucose (Fig. 3D) but was not affected by the com-
petitor when grown in oleate (Fig. 3E). This demonstrates that in
the case of Fox2, the last 10 aa are sufficient to enable oleate-
specific targeting priority. While it is not clear how the same 10 aa
provide condition-specific priority, we hypothesize that they may
become posttranslationally modified in oleate. In support of this,
while protein levels were not altered for GFP-Fox2, we detected a
difference in the pattern in which GFP-Fox2 (full protein) ran in
an SDS gel in oleate compared to glucose (SI Appendix, Fig. S4C).

A central function of peroxisomes is the breakdown of fatty
acids by B-oxidation. We noticed that the proteins that gained priority
in oleate are enzymes involved in p-oxidation and in removal of
H,0,, a product of f-oxidation. This suggests that part of the reason
to employ targeting priority is to ensure that sufficient amounts of the
peroxisomal proteins required for growth in oleate are localized to
peroxisomes, even under suboptimal growth conditions (simulated in
our experiment by high mCherry-SKL levels). Indeed, the cells
expressing high levels of mCherry-SKL did not have a severe growth
defect when grown on oleate, despite the fact that many peroxisomal
proteins were not targeted correctly (Fig. 3F). These results indicate
that protein targeting to peroxisomes can be adjusted upon envi-
ronmental changes and cellular requirements.

Strong Binding Affinity of the PTS1 to Pex5 Provides One Way of
Obtaining Targeting Priority. We decided to focus on the five
Pex5 cargo proteins (Cat2, Lys1, Mdh3, Pcs60, and Pox1) that had
targeting priority in both glucose and oleate to identify the mo-
lecular mechanisms by which their targeting priority is gained. It
was previously shown that Pox1 does not contain a PTS1 signal
and that it binds to Pex5 by a unique mechanism (28). Hence, we
suggest that the way by which Pox1 gains priority is by avoiding
competition on the same binding site. It is not yet clear if Pex5 can
bind two cargo proteins simultaneously (a PTS1 and a non-PTS1

SKL protein expressed at very high levels. These proteins seem to have high
targeting priority compared to mCherry-SKL. (Scale bars, 5 pm.) (D) Subcellular
fractionation of cells expressing the indicated peroxisomal protein fused to GFP
in the presence of low or high levels of mCherry-SKL. Fractions corresponding to
whole-cell lysate (W), supernatant (S) that represents the cytosol, and pellet (P)
that contains most organelles including peroxisomes, were obtained by differ-
ential centrifugation. The fractions were analyzed by SDS/PAGE and Western
blot with antibodies against GFP, the peroxisomal protein Pex14, the mitochon-
drial protein Tom70, the cytosolic protein Hexokinase1 (Hxk1), and mCherry.
Representative blots of GFP-Pxp1 and GFP-Tes1 indicate that the organellar lo-
calization of Pxp1 and Tes1is reduced in the presence of high levels of mCherry-
SKL. (E) Representative blots showing that the localization of Lys1 and Pox1 is
not altered when high levels of mCherry-SKL are expressed. (F) The intensities of
bands representing the GFP-tagged Pxp1, Tes1, Lys1, and Pox1, were quantified
from three independent experiments and adjusted to the intensity of the Pon-
ceau staining in the corresponding lane. The supernatant/pellet ratio was calcu-
lated for each GFP-tagged protein. To examine if there is a difference in the
supernatant/pellet ratio when different amounts of mCherry-SKL were
expressed, we divided the ratio obtained in the presence of high mCherry-SKL
by the ratio obtained in the presence of low mCherry-SKL. The graph represents
the average of three independent experiments +SD.
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Fig. 3. Targeting priority to peroxisomes is dependent on the metabolic
conditions. (A) The localization of GFP-Cta1 (peroxisome catalase), GFP-Faa2
(fatty acyl-CoA synthetase), and GFP-Fox2 (fatty acid oxidase) all under
regulation of the NOP1 promoter, was affected by the high mCherry-SKL
levels when cells were grown in glucose. (B) The localization was not af-
fected in oleate making Ctal, Faa2, and Fox2 condition-specific priority
cargo. (C) Schematic showing how GFP was fused at its C’ to the last 10 aa
(10AA) of different cargo proteins and expressed from a genomic copy in the
presence of low or high levels of mCherry-SKL, allowing examination of
whether targeting priority is encoded in the PTS1 of proteins. (D) GFP was
fused at its C’' to the last 10 aa of Cta1, Faa2, or Fox2. The GFP fusions had
low targeting priority in glucose. (E) GFP fused to the last 10 aa of Fox2 had
a targeting priority in oleate, suggesting that in the case of Fox2 the oleate-
specific targeting priority is embedded in the last 10 aa. (Scale bars in A, B, D,
and E, 5 pm.) (F) Dilution assay of strains expressing three levels of mCherry-
SKL on oleate. No significant growth defect was observed in the presence of
high levels of mCherry-SKL. A strain lacking Mls1 (malate synthetase 1),
which is essential for growth on oleate, was used as a control for the oleate
media, and a control yMS721, strain was used for growth baseline.
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cargo, for example) or simply that the alternate binding interface
provides stronger affinity.

We further focused on the remaining four PTS1 proteins
(Cat2, Lysl, Mdh3, and Pcs60) and examined if their priority is
determined by their PTS1 signal. To test this, we fused the last 10
aa of these four PTS1 proteins as well as low-priority controls, to
the C’ of GFP and integrated the different GFP fusions into the
yeast genome of strains expressing low or high levels of mCherry-
SKL (Fig. 3C). For two of the proteins, Mdh3 and Pcs60, tar-
geting priority information was not encoded in the PTS1 since
GFP fused to their last 10 aa could not provide priority in the
face of high competition (Fig. 44). When GFP was fused to the
last 10 aa of Cat2 or Lysl, it was targeted efficiently even when
high levels of mCherry-SKL were expressed (Fig. 4B); hence, for
these two proteins targeting priority is encoded in the last 10 aa.

To verify that the PTS1 of Cat2 and Lys1 indeed confers pri-
ority through higher association with Pex5, we directly measured
binding affinity to Pex5 by fluorescence anisotropy (29). In vitro
binding of the full-length yeast Pex5 to fluorescent peptides con-
taining the last 10 aa of Cat2, Lys1, and Pcs60, as well as to
mCherry-SKL, showed that the binding affinity of Pex5 to the last
10 aa of Cat2 and Lys1 is ~10-fold higher than the binding of Pex5
to the last 10 aa of Pcs60. This strongly supports the theory that
high-affinity interaction with Pex5 is sufficient to confer priority
and that both Cat2 and Lysl employ this strategy to secure tar-
geting (Fig. 4C). Surprisingly, both the mCherry competitor and
Pcs60 end with SKL, which is considered to be the strongest PTS1
signal, but still they have a different binding affinity to Pex5. This
supports the notion that the PTS1 strength is not simply deter-
mined by the last 3 aa but rather by a wider context (13, 30).

Targeting Priority Is Governed by Various Molecular Mechanisms.
While high affinity explains the priority targeting of Cat2 and
Lys1, and we hypothesize that binding to an alternate interface
of Pex5 explains the targeting priority of Poxl, the priority
mechanism for Pcs60 and Mdh3 remained unclear. The ability of a
cargo protein to bind to its targeting factor is a combination of both
affinity and abundance; therefore, we hypothesized that another
possibility to gain targeting priority is simply by having very high
protein amounts. Hence, we examined the protein abundance, pre-
viously measured by mass spectrometry (MS) (31) of all native PTS1
proteins and plotted them against the GFP intensity measured in our
strains. While Pcs60, Lysl, and Mdh3 are indeed very highly
expressed, some proteins that demonstrated similar or higher ex-
pression, in both the MS data and the GFP intensity data (such as
Aat2), did not have a targeting priority in our assay (Fig. 5). Hence,
high concentrations may support targeting for Pcs60 and Mdh3, but
this precludes the option that high concentrations of the protein in
the cytosol are enough to confer targeting priority. Additionally, it
was previously suggested that Cat2, Pcs60, and Mdh3 bind to Pex5
not only through the PTS1 motif but also through other motifs (25,
32, 33). Having multiple binding sites of a single protein to the tar-
geting factor might therefore also increase binding affinity and de-
termine targeting priority. One additional option for obtaining
priority lies in the unique feature of the peroxisomal translocon that
allows translocation of entire complexes (34). For example, malate
dehydrogenases form homo-complexes (35) that may be imported in
an assembled state forming a complex that contains several targeting
signals, creating avidity.

In summary, herein we established a tool to systematically
study targeting priority of proteins to organelles. To test our set-
up, we chose to use the well-characterized Pex5-mediated tar-
geting of peroxisomal proteins. Using systematic imaging, we
identified a subgroup of Pex5 cargo proteins that has targeting
priority in both glucose and oleate and others that are oleate-
specific. The discovery that targeting priority is dependent on the
metabolic state of the cell suggests that priority could be regu-
lated by posttranslational modifications (36).
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Fig. 4. Strong binding affinity of the PTS1 to Pex5 provides one way of obtaining targeting priority. (A) GFP was fused to the last 10 aa of the priority targets
Mdh3 or Pcs60 and localization was measured under low or high competition in glucose. Priority was not encoded in the PTS1 context of these two proteins. (Scale
bars, 5 pm.) (B) GFP was fused to the last 10 aa of the priority targets Cat2 or Lys1 and localization was measured under low or high competition in glucose. For
these two constructs, the last 10 aa were enough to endow priority supporting the notion that the information that governs priority is embedded in the last 10 aa
of these cargo proteins. (Scale bars, 5 pm.) (C) Binding affinity of various PTS1 peptides was quantified using fluorescence anisotropy. Both Cat2 and Lys1 have
strong binding affinities for Pex5, which explain their targeting priority. Interestingly, Pcs60 PTS1 is a weaker binder to Pex5, which correlates with its inability to
confer priority when coupled to GFP. The last 10 aa of the mCherry-SKL competitor has a lower affinity, despite ending with an SKL. Calculated Kds from the
anisotropy experiment are: Lys1 peptide 29.3 + 3.65 nM, Cat2 peptide 49.94 + 4.1 nM, Pcs60 peptide 454.7 + 43.81 nM, mCherry-SKL peptide 9,844 + 1,177 nM.

We suggest that targeting priority can be obtained by different
mechanisms, including harboring nonstandard targeting signals,
encoding a strong binding affinity to the targeting factor, or
maintaining multiple binding sites.

The tool that we developed here enabled us to supply a holistic
overview on targeting priority to organelles and demonstrate

some of the parameters that can govern targeting priority, as well
as their physiological significance. The competition tool that we
developed can be easily modified to unravel targeting priority to
other organelles and is not limited to yeast. Understanding the
rules that govern targeting of proteins to different cellular
compartments will not only shed light on how the basic unit of
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by different parameters and is not simply governed by protein abundance.
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life—a cell—functions, but also has great potential for therapeutic
and biotechnological uses.

Materials and Methods

Yeast Media. SD media used in this study contains 6.7 g/L yeast nitrogen base
and 2% glucose, with complete amino acid mix, unless written otherwise; 1 g/
L of monosodium glutamic acid replaces ammonium sulfate in the SD if
antibiotics are used. When mentioned, 300 mg/L Hygromycin B (CAS#: 31282-
04-9, Roche) was used. S oleate media was made with synthetic media, 0.2%
oleate (Sigma) +0.1% Tween 80 and a complete amino acids mix.

Yeast Strains, Plasmids, and Primers. S. cerevisiae strains used in this study are
described in Dataset S2, excluding strains that were included in the yeast Ii-
braries and were frozen as a library and not as single strains. Strains yMS5243
to yMS5252 are shown in Fig. 3 D and E and the strains yMS4346, yMS4347,
yMS4350, yMS4351, yMS4353, yMS4355, yMS4356, yMS4357, yMS4359, and
yMS4360 are shown in Fig. 4.

Primers are described in Dataset S3 and plasmids are described in
Dataset S4.

Cells were genetically manipulated using a transformation method that
includes the usage of lithium-acetate, polyethylene glycol, and single-stranded
DNA (37). Primers for manipulations and validation were designed using
Primers-4-Yeast (38).

Plasmid pMS934 (p69_TDH3) (39) was modified using a restriction-free
method (40) with the primers described in Dataset S3 creating plasmid
pMS816 (mCherry-SKL).

The pYM-based pMS555 plasmid that was originally used for N-terminal
GFP tagging (17) was modified to contain the last 10 aa of Cat2, Cta1, Faa2,
Fox2, Lys1, Mdh3, and Pcs60 at the C' of the GFP sequence. Using these plas-
mids, GFP-PTS1 was genomically integrated into the HO locus in strains
expressing low and high levels of mCherry-SKL (Figs. 3 D and E and 4 A and B).

The mCherry-SKL strains were based on the yMS721 (41). pMS816 plasmid
was integrated into the yeast genome after linearization by a unique Mun1
restriction enzyme (ThermoFisher Scientific) in the TDH3 promoter (39).
After Hygromycin B (300 mg/L) antibiotics selection, single colonies were
hand-picked to create several hundred candidates. The candidates grew
overnight in synthetic media [SDqusc) with Hygromycin B selection], and
then their mCherry fluorescence levels were measured by flow cytometry to
determine the expression level of the mCherry-SKL protein.

Flow cytometer measurements and analysis were done using an LSRIl
system (BD Biosciences). Flow cytometry was conducted with excitation at
488 nm and emission at 525 + 25 nm for GFP samples. For mCherry, excitation
was conducted at 594 nm and emission at 610 + 10 nm. The average number
of cells analyzed was 30,000.

Yeast Library Preparation. To create collections of haploid strains containing
both the mCherry-SKL and the peroxisomal proteins tagged with a GFP,
automated mating, sporulation, and haploid selection steps were taken (42).
Strains expressing low or high levels of mCherry-SKL were crossed with a
collection of ~90 strains of controls and known peroxisomal proteins tagged
with GFP at their N’ terminus and expressed under the constitutive NOP1
promoter (17-19). A RoToR bench-top colony arrayer (Singer Instruments) was
used to handle libraries (42, 43). In brief, mating was performed on rich me-
dium plates. Diploid cell selection was performed on SDusc)-URA-Hygromycin
B. The cells were then transferred for 7 d to nitrogen starvation plates to in-
duce sporulation. Selection of haploid cells with the desired mutations was
performed by transferring cells to SDgusc)-URA-LYS-ARG+Hygromycin B plates.
Spores with a-mating type were selected in the absence of leucine. To select
against remaining diploid cells the plates contained the toxic amino acid de-
rivatives Canavanine and Thialysine (Sigma-Aldrich).

Yeast Culturing for High-Content Screening. To visualize the strains containing
low/high levels of mCherry-SKL and a GFP-tagged peroxisomal protein, we
used an automated microscopy set-up. In short, for growth in liquid media
we used a RoToR arrayer to transfer the cells from agar plates into 384-well
polystyrene plates (Greiner Bio-One). We then grew the liquid cultures over-
night at 30 °C in SDgusg)-URA+Hygromycin B media in a LICONiC incubator. We
used a JANUS liquid handler (PerkinElmer) connected to the incubator to di-
lute the strains to an ODggo Of ~0.2 into plates containing SD medium. Plates
were incubated at 30 °C for 4 h in SD medium. For the screen performed in
oleate, cells were transferred with ODgoo of ~0.2 into plates containing S
oleate medium. Plates were incubated at 30 °C for 20 h. The cultures were
then transferred by the liquid handler into glass-bottom 384-well microscope
plates (Matrical Bioscience) coated with Con A (Sigma-Aldrich). After 20 min,
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wells were washed four times and then left with SD-Riboflavin complete
medium in case of the glucose screen or DDW in case of oleate screen, to
obtain a cell monolayer and remove nonadherent cells. We then transferred
the plates to a ScanR automated inverted fluorescent microscope system
(Olympus) using a robotic swap arm (Hamilton). Images were recorded using a
60x air lens (NA 0.9) and with an ORCA-ER charge-coupled device camera
(Hamamatsu) at room temperature. We acquired the images in a GFP channel
(excitation filter 490/20 nm, emission filter 535/50 nm) and an mCherry channel
(excitation filter 572/35 nm, emission filter 632/60 nm). We manually reviewed
the images using the ImagelJ analysis program (https:/imagej.net/Downloads).

Manual Microscopy. Manual microscopy was performed (Figs. 1C, 3 D and E,
and 4 A and B) using the VisiScope Confocal Cell Explorer system. The system
is composed of a Yokogawa spinning disk scanning unit (CSU-W1) coupled
with an inverted Olympus IX83 microscope. We acquired the images using a
60x oil lens and a connected PCO-Edge sCMOS camera, controlled by Vis-
View software, with a wavelength of 561 nm (mCherry) and 488 nm (GFP).
For slight linear adjustments to brightness and contrast, we transferred the
images to ImagelJ. For image visualization of the yeast cells we used the
brightfield channel to segment the cells. All images taken are of haploid
cells, except Fig. 1C, which shows images of diploids.

Protein Extraction and Western Blot Analysis. Proteins from cells expressing
low or high levels of mCherry-SKL were extracted by Urea protein extraction.
In short, 10 mL of 0.5 ODgqo Yyeast cells were harvested by centrifugation.
Next, 200 pL of lysis buffer containing 8 M Urea, 50 mM Tris, protease in-
hibitor (Merck) pH = 7 were added to the pellet and the cell wall was broken
down by vortexing at high speed with ready-to-use glass beads (Scientific
Industries) at 4 °C for 10 min; 25 pL of 20% SDS were added and the extracts
were incubated at 95 °C for 5 min. Protein extracts were transferred into
new tubes and stored at —20 °C. Samples in Fig. 1D were analyzed by SDS/
PAGE and Western blotting using an anti-Pex5 antibody 1:10,000 (44) (kindly
provided by Ralf Erdmann, Ruhr-Universitdt Bochum, Bochum, Germany),
and anti-Histone H3 (Abcam, # ab1791; 1:10,000) was used as the loading
control. The anti-Histone H3 antibody was diluted in a mix of 3% BSA, 0.01%
sodium azide and Phenol red in PBS (Biological Industries) solution. IRDye
680LT goat anti-rabbit IgG secondary antibody (LI-COR Biosciences) was used
at 1:10,000 dilution, followed by scanning using the Odyssey Imaging System
(LI-COR Biosciences).

Subcellular Fractionation. Cells were grown in 100 mL of synthetic medium
containing 2% glucose (SD) for 5 to 6 h until ODggo of 1 to 2. Cells were then
harvested by centrifugation (4,000 x g, 5 min, room temperature) and the
pellet was resuspended with 25 mL water. Next, cells were pelleted again as
above and kept at —20 °C till further processing.

For subcellular fractionation, the cells pellet was thawed on ice, washed
with 1 mL water, centrifuged as above, and the pellet was weighed. Then,
cells were resuspended in 400 L of resuspension buffer (100 mM Tris, 10 mM
DTT, pH 7.2) per 0.2-g pellet and incubated for 10 min at 30 °C while shaking
at 450 rpm. Cells were harvested as above and resuspended in 1 mL spher-
oblasting buffer (1.2 M sorbitol, 20 mM KPI, pH 7.2) followed by pelleting of
the cells as above. The pellet was resuspended with 1 mL spheroblasting
buffer supplemented with Zymolyase (6-mg/g pellet) and incubated for 1 h
at 30 °C while shaking at 450 rpm. The efficiency of spheroblasting was
tested by measuring the ODggo of spheroblasts diluted 1:100 in either water
or 1.2 M sorbitol and, from this step on, cells were kept at 4 °C.

After spheroblasting was completed, cells were harvested (3,000 x g,
5 min, 4 °C). The pellet was resuspended with 3 mL homogenization buffer
(0.6 M sorbitol, 10 mM Tris, 1 mM EDTA, 2 mM Phenylmethanesulfonyl
fluoride [PMSF], pH 7.2), and cell lysate was obtained by douncing 20 times
in an ice bath. Protein concentration was determined by Bradford assay and
proteins from 200 pL of the lysate suspension were taken as whole-cell lysate
fraction and proteins were precipitated by methanol-chloroform (see be-
low). The rest of the lysate was centrifuged (600 x g 5 min, 4 °C) to remove
unruptured cells and cell debris and the supernatant was centrifuged at high
speed (25,000 x g, 10 min, 4 °C). Then, 200 pL of the supernatant were taken
as the cytosolic fraction and proteins were precipitated using methanol-
chloroform. The pellet was washed with SEM buffer (250 mM sucrose,
80 mM KCl, 10 mM Mops, 2 mM PMSF, 1 mM EDTA, pH 7.2) and harvested
again (25,000 x g, 10 min, 4 °C) to obtain the peroxisomes and mitochondria
fraction. All fractions were dissolved in Laemmli buffer at a concentration of
2 mg/mL and heated for 10 min at 95 °C before analysis by SDS/PAGE and
Western blotting using an anti-GFP antibody 1:2,000 (Torrey Pines), anti-
Tom70 1:4,000 (Pineda, custom-made), anti-Pex14 1:2,500 (kindly provided
by Ralf Erdmann), anti-Hxk1 1:4,000 (Biotrend), and anti-mCherry 1:10,000

Rosenthal et al.


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1920078117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1920078117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1920078117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1920078117/-/DCSupplemental
https://imagej.net/Downloads
https://www.pnas.org/cgi/doi/10.1073/pnas.1920078117

(Abcam). Horseradish peroxidase-conjugates were used as secondary anti-
bodies. Band intensities were quantified with AIDA software (Raytest).

Chloroform/Methanol Protein Precipitation. Chloroform/methanol precipita-
tion was performed as follows: 4 vol of methanol were added to 200 puL
aqueous sample and the mixture was vortexed for 5 s. Then, 1 vol of chlo-
roform was added to the sample, vortexed for 5 s, and 3 vol of water were
added to the sample and vortexed 20 s. The mixture was centrifuged
(16,000 x g, 1 min, room temperature), the upper layer was removed, and 3
vol of methanol were added and vortexed thoroughly for 20 s. The mixture
was centrifuged again (16,000 x g, 1 min, room temperature), the super-
natant was discarded, and the pellet containing the proteins was dried at
40 °C before analysis.

Serial Dilutions on Oleate. Serial 10-fold dilutions were created by growing
cells overnight in 0.2% glucose and back dilution of ~6 h to start with
ODgoo = 0.1 of all strains of interest in liquid media, and diluting them in
10-fold increments. Next, 2.5 pL of each dilution were plated using Finn-
pipette F1 Multichannel Pipettes (ThermoFisher Scientific) on oleate agar
plates and imaged using Canon PC1591 digital camera after 2 to 8 d (as
indicated) of growth at 30 °C.

Protein Purification. Full-length S. cerevisiae Pex5 was cloned in a petM30
vector. Pex5 was expressed in autoinduction medium (45) with 5 h at 37 °C
and 26 h at 20 °C. Cells were harvested, resuspended in lysis buffer (50 mM
Hepes pH 7.5, 150 mM NacCl, 20 mM imidazole, protease inhibitor [Roche],
DNase [Sigma], and lysozyme [Sigma]), homogenized 1 h at 4 °C, and lysed
by sonication. Lysate was then cleared by centrifugation and the superna-
tant loaded onto Ni-NTA resin (Qiagen). Bound protein was washed with
buffer (50 mM Hepes pH 7.5, 750 mM NaCl, 20 mM Imidazole) and the
protein eluted with low salt buffer (50 mM Hepes pH 7.5, 150 mM Nadl,
250 mM Imidazole). The eluate was then dialyzed against Hepes pH 7.5,
150 mM Nacl, 0.5 mM TCEP and simultaneously digested with 1 mg of to-
bacco etch virus (TEV)-protease. Undigested protein and TEV protease were
removed by a second Ni-NTA step and flow-through containing Pex5 were
concentrated for gel filtration (Hiload 16/60 Superdex 200 pg, GE Health-
care). Relevant fractions were pooled together and the protein was con-
centrated, flash-frozen in liquid nitrogen, and stored at —80 °C.
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Fluorescence Anisotropy. FITC-labeled peptides corresponding to the
carboxyl-terminal (9 or 10) amino acids of Lys1, Cat2, Pcs60, and mCherry-SKL
(Lys1: FITC-YARVKRSSRL, Cat2: FITC-YNENKRKAKL, Pcs60: FITC-YKSSRNKSKL,
mCherry-SKL: FITC-GMDELYKSKL; Genscript) were solubilized in water and
used in the assay at a final concentration of 10 nM. A tyrosine was added at
the N terminal of some peptides for concentration determination; in these
cases only the last 9 aa of the PTS1 protein were used. Measurements of
fluorescence anisotropy changes were performed in black 96-well plates
(Greiner) with an Infinite M1000 plate reader (Tecan) with excitation/de-
tection at 470/530 nm. The experiment was performed in 50 mM Hepes pH
7.5, 150 mM Nacl. A concentration range of 6.6 pM to 1.5 nM (for Lys1, Cat2,
and Pcs60) or 38 uM to 160 nM for mCherry-SKL was obtained by serial di-
lution and each concentration measured in triplicate. Three independent
experiments were performed and binding data were normalized and ana-
lyzed using Prism (GraphPad software). Kinetic information was obtained by
least-square fitting of a Binding-Saturation model with one binding site.
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