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Figure 1: Pmp2p is suited as a membrane reporter protein for peptide sorting motifs in yeast. (A) Schematic representation of
Pmp2p fusions to fluorescent proteins (YFP) and C-terminal tails containing active or inactive variants of -KKXX or Arg-based sorting
signals. (B) Live cells (strain BY4741; Table 1) expressing the indicated constructs from a CEN plasmid were viewed under a fluorescence
microscope and pictures were taken integrating over the same period of time. A fusion of CFP to histone 2B (HTB7) was integrated into
the genome of the strain in order to mark the nucleus. YFP fluorescence images (left) are paired with the corresponding field viewed
through a CFP filter and using Nomarski optics (scale bar, 5 mm). (C) Subcellular fractionation on a step sucrose gradient. The six fractions
were collected, total protein was precipitated, and loaded from the top to bottom fractions (1-6). The distribution of variants of Pmp2p and
the ER marker protein Sec61p was analyzed by immunodetection. The method has been shown to achieve a good separation of ER
(fractions 2 and 3) and PM (fractions 5 and 6) (36).
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BY4741
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Figure 3: The Arg-based signal present in the C-terminus of the GABAg receptor subunit GB1 is active in yeast. Details as

described in the legend for Figure 1 (scale bar, 5 mm).

coimmunoprecipitation (Figure 5C). These experiments
showed that homodimers of Bmh1p or Bmh2p were cap-
able of binding to the tetrameric Kir6.2 tail (see also
Figure S1A).

Since Pmp2p-cc-LRKR is able to leave the ER, we wanted
to investigate the sorting of this reporter in the absence of
any cellular 14-3-3 proteins. Loss of both isoforms is lethal
in commonly used laboratory strains of S. cerevisiae but is
tolerated in the genetic background of strain S1278b (17).
We transformed this double-deletion and the correspond-
ing wildtype strain with the constructs encoding the
monomeric Pmp2p-LRKR or the inactive lysine mutant,
and the tetrameric Pmp2p-cc-LRKR or the inactive lysine
mutant (Figure 6 and S2). Steady-state ER localization of
the monomeric Pmp2p-LRKR reporter was not affected
and mutated Pmp2p-LKKK (monomer or tetramer)
reached the cell surface and vacuole efficiently in the
Abmh1/Abmh2 double deletion strain (Figure S2). This
suggests that gross function of the secretory pathway
is normal in the absence of both 14-3-3 proteins. In
contrast to the isogenic wildtype strain, we observed
that a significant portion of the tetrameric Pmp2p-LRKR
still localized to the ER [as marked by a fluorescent dye
specifically accumulating in the ER (20)] in the
Abmh1Abmh2 double-deletion strain (Figure 6). The cor-
responding tetrameric Pmp2p-cc-LKKK mutant was com-
pletely localized to the vacuole (Figure S2), which argues
against a general forward trafficking defect in the 14-3-3
double-deletion strain. We conclude that 14-3-3 proteins
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participate in forward trafficking of the tetrameric repor-
ter Pmp2p-cc-LRKR in yeast. Thus, the Pmp2p reporter
protein allows us to reconstitute in yeast both phenom-
ena that have been associated with the Arg-based sort-
ing signal: ER localization of monomeric membrane
proteins and coupling of the assembly state of a mem-
brane protein to forward trafficking as a result of 14-3-3
recruitment.

Bmh1p controls forward trafficking of the tetrameric
Pmp2p-cc-LRKR

The role of different 14-3-3 isoforms in distinct pathways
is a fundamental biological problem given the large num-
ber of interactions that these proteins engage in. We
investigated the phenotype of the individual 14-3-3 knock-
out strains from the EUROFAN systematic gene deletion
project (21) in order to assess the contribution of either
isoform to the forward trafficking of the YFP variant of
Pmp2p-cc-LRKR (Figure 7A). We imaged cells of the iso-
genic wt, Abmh1, or Abmh2 deletions strains in several
double-blind sessions. A fusion of CFP to histone 2B
(HTB1) was integrated into the genome of each strain
in order to mark the nucleus. This marker allowed unam-
biguous identification of the perinuclear staining pattern
indicative of ER localization. Whilst the steady state loca-
lization of Pmp2p-cc-LRKR in the Abmh2 deletion strain
showed even more consistent vacuolar staining than in
the wt strain, the Abmh1 deletion strain showed strong
ER localization of the reporter in addition to some weak
vacuolar staining (Figure 7A). This phenotype was very
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Figure 4: The tetrameric Pmp2p-cc-LRKR reporter leaves the
ER efficiently. (A) Schematic representation of the tetrameric
Pmp2p reporter. (B) Live wildtype cells (BY4741, Table 1) expres-
sing the indicated GFP fusion constructs from a CEN plasmid
were viewed under a fluorescence microscope and pictures
were taken integrating over the same period of time. GFP fluor-
escence images (top) are paired with the corresponding field
photographed using Nomarski optics (scale bar, 5 mm). White
arrows indicate the perinuclear ER (ER) or the vacuole (vac).
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similar to what we observed for the double deletion
strain (Figure 6) in the genetic background of S1278b.
The tetrameric Pmp2p-cc-LKKK reporter bearing an inac-
tive Arg-based signal robustly localized to the vacuole in
all three strains (Figure 7B). This shows that neither
strain displays a general defect in forward trafficking of
the tetrameric reporter per se to the vacuole. We con-
clude that Bmh1p but not Bmh2p affects the sorting of
the tetrameric Pmp2p-cc-LRKR in vivo. Our result sug-
gests isoform specificity of 14-3-3 proteins in the recog-
nition of the Arg-based ER localization signal present in
Kir6.2. Alternatively, the isoforms differ in their capacity
to mediate the downstream events that eventually alter
the localization of the reporter protein.

Bmh1p is present at a three-fold higher copy-number per
cell than Bmh2p as has been determined in a global analy-
sis of protein expression in yeast (22). The copy numbers
reported for the respective TAP-fusion proteins were
158 000 per cell (Bmh1p) and 47 600 per cell (Bmh2p).
Thus, losing Bmh1p has a more drastic effect on the total
population of 14-3-3 proteins than losing Bmh2p. The appar-
ent isoform specificity observed in vivo could simply be due
to the different copy numbers in which the two isoforms
are present. To confirm the results obtained using
TAP-fusion proteins, we expressed Bmh1p and Bmh2p
as untagged proteins and purified them from E. coli
(Figure STA). Then we used a polyclonal antiserum (23)
that recognizes both isoforms to determine the copy num-
bers for the two endogenous, unmodified 14-3-3 isoforms
in wildtype, Abmh1, and Abmh2 strains by quantitative
Western blotting (Figure S1C, D). The signal obtained
from total protein extracts isolated from 10° yeast cells
was compared to calibration curves based on defined
amounts of purified Bmh1p and Bmh2p. The resulting
numbers were well comparable to those obtained by
(22), e.g. 133 000 (x16 000; SEM; n  4) copies per cell
for Bmh1p and 58 000 (x19 000; SEM; n  3) copies per
cell for Bmh2p. The copy number per cell of one isoform
was up-regulated in the respective deletion strain devoid
of the other isoform: 214 000 (x22 000; SEM; n 4)
copies per cell for Bmhilp in the Abmh2 strain and
93 000 (x1900; SEM; n  2) copies per cell for Bmh2p
in the Abmh1 strain (Figure S1C, D).

To test the impact of a change in 14-3-3 copy numbers in
vivo, we over-expressed Bmh2p by integrating one copy
of the corresponding gene under the control of the MET25
promoter in the genome of the Abmh1 deletion strain
to raise the copy number of Bmh2p to approximately
261 000 (x9600; SEM; n 8) per cell (Figure 8).
Interestingly, under these conditions the tetrameric
Pmp2p-cc-LRKR reporter accumulated in the ER as
observed for the Abmh1 deletion strain. We conclude
that, independently from their copy numbers, Bmh1p and
Bmh2p play different roles in the forward transport of the
multimeric reporter exposing an Arg-based ER localization sig-
nal and that Bmh1p was the relevant 14-3-3 protein in vivo.
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Both yeast 14-3-3 proteins bind the tetrameric Kir6.2 tail
with high affinity as demonstrated by coimmunoprecipita-
tion (Figure 5) and affinity purification on a column with
immobilized protein A-cc-LRKR tail (Figure S1A). To find
out whether quantitative differences in their respective
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binding affinities could explain their distinct behavior
in vivo, we set out to determine the pertinent binding
parameters quantitatively. Since Bmh2p was the nonfunc-
tional isoform in vivo we first used isothermal titration
calorimetry (ITC) to compare binding of Bmh2p to the
monomeric and the tetrameric Kir6.2 tail. Binding to the
monomer was low-affinity since we were not able to
observe binding in the concentration range tested. In the
same concentration range, binding to the tetramer was
well detectable (Figure 9A). The signal could be fitted by a
one-to-one-binding curve that yielded a dissociation con-
stant of 6.2 nm. Second, we measured binding of Bmh2p
to the tetrameric Kir6.2 tail employing surface plasmon
resonance (Figure 9B). The tetrameric protein A-cc-LRKR
tail was immobilized on the Biacore chip by chemical
cross-linking. Again, the set of binding curves could be
fitted based on a one-to-one binding model. The fit gave
a dissociation constant of 17.4 nm (x0.8 nm; SEM) for
Bmh2p binding to the tetramer. Since the different meth-
ods resulted in similar values for the dissociation constant
we conclude that either method is suited to investigate
the binding of 14-3-3 proteins to the multimeric Kir6.2 tail.
Next, we compared the binding of Bmh1p to the data
obtained for Bmh2p and obtained a dissociation constant
of 13.8 nm (x1.2; SEM) as compared to 17.4 nm (x0.8 nw;
SEM) for Bmh2p. We conclude that the differences in
affinity between Bmh1p and Bmh2p for the tetrameric
LRKR-tail are too small to account for the differences
observed in their in-vivo capacity to promote forward traf-
ficking of the Pmp2p-cc-LRKR reporter.

Discussion

We established the use of the yeast membrane protein
Pmp2p as a reporter that allows monitoring the activity of
sorting signals by microscopy. The CD4 and CD8 cell sur-
face glycoproteins are examples for such reporter proteins
in mammalian cells but are not useful to study trafficking
in the secretory pathway of S. cerevisiae because they do
not mature normally in yeast (24). Studies of protein sort-
ing motifs in yeast have employed the G-protein coupled

Figure 5: 14-3-3 proteins bind the tetrameric Pmp2p-cc-LRKR
reporter with higher avidity than the corresponding
monomer. (A) Coimmunoprecipitates obtained by immunopreci-
pitation of the tetrameric (T) or monomeric (M) Pmp2p reporter
fused to the tail of Kir6.2. Anti-Bmh1p blot identifies coimmuno-
precipitated 14-3-3 proteins, 2% of the input is shown to demonstrate
equal amounts of 14-3-3 proteins in the cellular lysates. Anti-
Kir6.2-tail blot controls for comparable enrichment of the two
reporter membrane proteins. (B) Densitometric analysis of three
independent experiments of which the blots shown in (A) are
representative. Values are normalized to the signals obtained for
the monomer. (C) Coimmunoprecipitates obtained by immunoprecipi-
tation of the tetrameric (T) from lysates of the individual 14-3-3
deletion strains. Anti-Bmh1p blot identifies the 14-3-3 proteins
coimmunoprecipitated with the membrane protein.

909



Michelsen et al.

Pmp2p-cc- wt

-LRKR-

Pmp2p-cc-
ER Tracker

bmh1 bmh2

1278

Figure 6: A portion of the tetrameric Pmp2p-cc-LRKR reporter accumulates in the ER in the absence of cellular 14-3-3 proteins.
Live cells of the respective genetic background (see Table 1 for full genotypes) expressing the indicated YFP fusion constructs from a
CEN plasmid were viewed under a fluorescence microscope and pictures were taken integrating over the same period of time. YFP
fluorescence images (top) are paired with the corresponding field viewed through a CFP filter (Htb1p-CFP fusion to mark the nucleus for
the upper panels and ER-Tracker dye DPX to mark the ER for the lower panels) and by Nomarski optics (scale bar, 5 mm). White arrows

indicate the perinuclear ER (ER) or the vacuole (vac).

receptor Ste2p (25) as a reporter in growth assays but
Ste2p is known to oligomerize (26,27), which limits its
usefulness for studying Arg-based signals (Hebao Yuan
and Blanche Schwappach; unpublished results). The iso-
proteolipid Pmp2p is normally expressed at the cell sur-
face and reports faithfully on the activity of the well
characterized -KKXX-COOH signal (Figure 1). Use of this
reporter shows that Arg-based signals do indeed function
as ER localization signals in yeast. Thus, the machinery
involved in recognizing these peptide-sorting motifs is
evolutionarily conserved. Previous work had shown that
a tail containing an Arg-based signal can reduce the cell
surface expression of a heterologous membrane protein in
yeast (12). Yet, the functional complementation assay
employed to show this did not supply any information on
the mechanism by which cell surface expression was
reduced. The results presented here do not only demon-
strate that the Arg-based signal present in Kir6.2 redirects
the reporter to the ER in S. cerevisiae but reveal that
sequence variants of the signal display similar changes in
activity in yeast as observed in the mammalian or Xenopus
system (12,15). Furthermore, the Arg-based signal pre-
sent in the GB1 receptor subunit (16) behaves as a peptide
sorting motif in yeast like in mammalian cells (Figures 2
and 3). This parallel behavior suggests that Arg-based
signals may be active in membrane proteins endogenous
to S. cerevisiae. Because of their position independence
within the cytosolic domains of a membrane protein (2),
numerous putative Arg-based signals exist in various yeast
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membrane proteins. Our results suggest that some of
these motifs contribute to the sorting of the respective
membrane proteins and motivate further investigation of
putative Arg-based signals in yeast membrane proteins.

Evolutionary conservation between yeast and mammals in
the behavior of membrane proteins exposing an Arg-
based signal extends beyond ER localization activity of
the signal to the 14-3-3-dependent forward trafficking of
multimeric membrane proteins (Figures 4-7). The chal-
lenge of manipulating 14-3-3 proteins in mammalian sys-
tems is daunting because of the high abundance of these
proteins and the presence of multiple isoforms in most
cell types. Thus, the Pmp2p reporter system represents a
clear asset for studying the involvement of 14-3-3 in the
trafficking of multimeric membrane proteins. We
employed a Abmh1/Abmh2 double deletion strain to
assess the combined contribution of all cellular 14-3-3
proteins to the forward transport of Pmp2p-cc-LRKR.
Whilst forward transport was clearly impaired, (Figure 6)
significant amounts of the reporter reached the vacuole.
This leak was more pronounced than observed in the
Abmh1 deletion strain (background BY4741; Figure 7A)
where the reporter localized predominantly to the ER. It is
unknown why the double deletion is not lethal in the
context of the S1278 background (28). The ER localization
of the monomeric reporter Pmp2p-LRKR and forward
transport of the corresponding Pmp2p-LKKK variant
appeared normal (Figure S2) but we cannot exclude
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Figure 8: Increasing the copy
number of Bmh2p to a similar
total 14-3-3 pool as in wildtype
cells does not rescue the forward
trafficking defect of the Dbmh1
strain. BMHZ2 was integrated into the
genome of the Abmh1 strain under
the control of the MET25 promoter.
Details of the microscopy as
described for Figure 7A (scale bar,
5 mm). Representative Western blot
used for quantification of Bmh2p in

reveal surprising isoform specificity in the ability of 14-3-3
to promote forward trafficking of the tetrameric Pmp2p-
cc-LRKR reporter. Only Bmh1p was able to influence traf-
ficking of the multimeric membrane protein in vivo while
Bmh2p seemed to counteract this process (Figure 7A).

We tested alternative explanations for the specific role of
Bmh1p. First, the two isoforms are present in different
copy numbers with Bmh1p constituting 70-75% of the
total cellular pool. This explanation is excluded by the over-
expression experiment (Figure 8) in which we raised the
copy numbers of Bmh2p to a number approximating the
total cellular 14-3-3 content of the wildtype strain in the
absence of Bmh1p: Bmh2p was not capable of promoting
forward trafficking of the tetrameric Pmp2p-cc-LRKR
reporter, even when present at high copy numbers. A
second explanation could be based on quantitative differ-
ences in the affinity of either isoform for the tetrameric
LRKR-containing tail that may not be accessible to qualita-
tive analysis as achieved by coimmunoprecipitation
(Figure B). Quantitative determination of the respective
dissociation constants (Figure 9) showed, however, that
there is no significant difference in this parameter to
explain the distinct effect observed in vivo. The concept
that differential binding of Bmh1p and Bmh2p to Pmp2p-
cc-LRKR cannot explain their different functional roles, is
further supported by the subtle difference observed
between the wt and the Abmh2 strain for the trafficking
of the tetrameric Pmp2p-cc-LRKR reporter in Figure 7A.
Vacuolar sorting was actually more robust in the absence
of Bmh2p than in the presence of both isoforms. This
observation is consistent with a dominant negative effect
of Bmh2p on the action of Bmh1p in forward trafficking
to the vacuole. Our data provides mechanistic insight
into the action of 14-3-3 proteins in the forward transport
of a multimeric protein presenting the tail of Kir6.2: the
simplest assumption, e.g. the idea that 14-3-3 proteins
do nothing but shield the Arg-based signal from COPI by
blocking the binding site, is not compatible with the fact
that Bmh2p binds to the tetrameric tail with high affinity
but cannot support forward trafficking. Thus, it seems
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the indicated genetic background.
See text for the corresponding
statistics.

possible that additional machinery is recruited to the
membrane protein as a consequence of 14-3-3 binding
and that the capacity to recruit this machinery depends
on the isoform. In their structural analysis of plant 14-3-3
proteins, Sehnke et al. point out that variable, surface-
exposed loops and the divergent C-termini may underlie
isoform-specific behavior (6). These regions of the pro-
teins may engage in isoform-specific protein—protein
interactions. In general, not much is known about iso-
form-specific effects of the 14-3-3 proteins in yeast.
Interestingly, BMH2 was shown to rescue inviable
strains with mutations in the clathrin heavy-chain gene
more efficiently than BMH17 (28,29). Since we find that
only BMHT1 is capable of supporting forward transport of
the Pmp2p-cc-LRKR reporter, each isoform seems to be
involved in distinct processes in addition to interchange-
able functions suggested by the viability of either single
deletion strain. Further investigation of the isoform-spe-
cific roles of Bmh1p in forward transport will provide
interesting insights into the structural principles under-
lying 14-3-3 isoform specificity and into the trafficking of
multimeric membrane proteins.

Materials and Methods

Yeast strains and media

All S. cerevisiae strains used in this study are described in Table 1.
Standard yeast media and genetic manipulations were as described (30).
To obtain adequate expression levels from plasmids containing the MET25
promoter cells were grown in presence of 130 mm methionine.

Molecular biology

Standard molecular biology protocols were adapted from (30) and plasmids
used in this study are listed in Table 2. PMP2 fusions to fluorescent
proteins (XFP) were constructed in p415MET25 or p416 MET25 (31) using
the polymerase chain reaction (PCR). To this end, the open reading frame
(ORF) of PMP2 was amplified from yeast genomic DNA as a fragment
containing a BamHlI restriction site at the 5™~ and a Notl site at the 3"-end,
XFP ORFs were amplified adding a Notl-site to the 5- and a Bsp120I site to
the 3’-end, signal containing tails (the last 36 amino acids of the Kir6.2
protein, the last 10 amino acids of Whbp1p, and C-terminal amino acids
860-961 of the GABAg receptor subunit GB1) were fused employing a Notl

Traffic 2006; 7: 903-916



