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Arginine (Arg)-based endoplasmic reticulum (ER) localization signals are sorting motifs involved in the quality
control of multimeric membrane proteins. They are distinct from other ER localization signals like the C-terminal
di-lysine [-K(X)KXX] signal. The Pmp2p isoproteolipid,
a type I yeast membrane protein, reports faithfully
on the activity of sorting signals when fused to a tail
containing either an Arg-based motif or a -KKXX signal.
This reporter reveals that the Arg-based ER localization
signals from mammalian Kir6.2 and GB1 proteins are
functional in yeast. Thus, the machinery involved in
recognition of Arg-based signals is evolutionarily conserved. Multimeric presentation of the Arg-based signal
from Kir6.2 on Pmp2p results in forward transport, which
requires 14-3-3 proteins encoded in yeast by BMH1 and
BMH2 in two isoforms. Comparison of a strain without
any 14-3-3 proteins (Dbmh1Dbmh2) and the individual
Dbmh1 or Dbmh2 shows that the role of 14-3-3 in the
trafficking of this multimeric Pmp2p reporter is isoformspecific. Efficient forward transport requires the presence of Bmh1p. The specific role of Bmh1p is not due
to differences in abundance or affinity between the isoforms. Our results imply that 14-3-3 proteins mediate
forward transport by a mechanism distinct from simple
masking of the Arg-based signal.
Key words: 14-3-3 proteins, Arg-based ER localization
signal, forward transport, multimeric membrane protein,
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The cell surface expression of membrane proteins is subject to tight quality control (1). Arginine (Arg)-based ER
localization signals are sorting motifs that are involved in
the biosynthetic transport of multimeric membrane proteins (2). They occur in polytopic membrane proteins that

are subunits of membrane protein complexes. The signal
retrieves improperly assembled subunits to the ER until it
is inactivated as a result of heteromultimeric assembly. A
distinct consensus sequence and their position independence with respect to the distal termini of the protein
distinguish Arg-based signals from other ER-sorting
motifs. Recent results have lead to a model that links the
multimeric state of a membrane protein and, thus, the
exposed Arg-based signal to the avidity of 14-3-3 binding,
which allows transport of the complex to the cell surface
(3). In contrast, monomeric membrane proteins exposing
an Arg-based signal are retrieved by coat protein complex I
(COPI) (3,4). This model calls for further testing in experiments that require the manipulation of the cellular 14-3-3
pool with respect to copy numbers and isoform composition. To tackle these problems, the yeast S. cerevisiae is
attractive because the yeast genome encodes for only
two 14-3-3 isoforms in contrast to mammalian or plant
genomes containing seven or 12 isoforms, respectively.
14-3-3 proteins are ubiquitous, highly conserved dimeric
proteins that interact with hundreds of different proteins in
diverse eukaryotic signaling pathways. Despite their pervasiveness, the principles underlying the specificity of
their protein–protein interactions are only beginning to be
uncovered (5–7). Their function in the cell surface trafficking of a number of membrane proteins is well established
but mechanistic insight into how they exert this function is
scarce (2,8–10).

Results
Pmp2p reports on the activity of Arg-based signals in
yeast
In order to find a reporter membrane protein suited to
assess the activity of Arg-based signals in yeast, we
fused yellow fluorescent protein (YFP) and the C-terminal
36 amino acids of the inwardly rectifying potassium channel Kir6.2 to the yeast membrane protein Pmp2p
(Figure 1A). The nonessential PMP2 gene encodes one
of the two 38-residue isoproteolipids affecting the activity
of the plasma membrane (PM) proton pump (11). The
distal C-terminal tail of Kir6.2 contains an Arg-based ER
localization signal (2,12). We followed the subcellular localization of the fusion protein by fluorescence microscopy
(Figure 1B). The well-characterized C-terminal di-lysine ER
retrieval signal [-K(X)KXX; (13)] was employed as a control
sorting motif. A fusion of cyan fluorescent protein (CFP) to
histone 2B (HTB1) was integrated into the genome of the
yeast strain in order to mark the nucleus. Like the -KKTN
signal derived from the cytoplasmic tail of the oligosyl903
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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 (HTB1) 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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transferase Wbp1p, the tail of Kir6.2 containing the Argbased signal localized the reporter fusion to the ER as
indicated by perinuclear and subcortical fluorescence.
Inactivating either sorting motif by mutating the critical
residues to alanines or lysines (-AATN instead of -KKTN,
-LKKK- instead of -LRKR- in the tail of Kir6.2) resulted in
sorting of the reporter fusion to the cell surface and the
vacuole (Figure 1B). We confirmed the localization of
Pmp2p-LRKR to the ER by subcellular fractionation on
sucrose step gradients (Figure 1C). The reporter fusion
cofractionated with a marker protein of the ER (Sec61p).
Mutating the arginines of the Arg-based signal to lysines
has been shown to inactivate the signal (12). Consistently,
we observed the reporter in the bottom fractions of the
gradient known to contain the PM fraction (14) and devoid
of the ER marker when this mutation was introduced into
the Pmp2p-GFP reporter fusion (Figure 1C). We conclude
that Pmp2p is a reporter protein ideally suited to monitor
the activity of Arg-based signals in yeast.
Arg-based ER localization signals have been identified in
mammalian membrane proteins of different topology
where they mediate the transient ER localization of one
or more subunits (2). Eventually, the signal is masked as a
result of heteromultimeric assembly. No yeast homologues of these protein complexes exist and, so far, no
endogenous yeast membrane protein is known to localize
by the exposure of an Arg-based signal. Thus, we wanted
to further corroborate that recognition of this sorting motif
is, indeed, conserved between yeast and mammals. A
unique consensus sequence distinguishes this sorting
motif from other ER localization motifs like the -K(X)KXX
signal (2). In particular, lysines are incapable of replacing
the arginines in the context of this signal. Thus, we investigated several variants of the signal (Figure 2) that have
been studied in the context of the Kir6.2 ion channel (12).
Next to exclusive ER localization (displayed by reporter
fusions -LRKRS-, -LRRRS-) and complete trafficking to
the vacuole and cell surface (-AAAAS- and -LKKKS-), we
observed intermediate phenotypes: either we detected
some forward trafficking in addition to robust ER localization of the bulk of the reporter (-ARKRS-, -LRIRS-, -LRKRA-)
or we observed forward trafficking to the vacuole with
some residual ER localization (-LRERS-). These phenotypes were fully consistent with the characterization of
the signal variants in full-length Kir6.2 (12) and match the
results of a random screen in mammalian cells to characterize signal consensus (15). To further test the generality
of this finding, we extended our analysis to the Arg-based
signal found in the GABAB subunit GB1 (16). Fusion to the
GB1 C-terminus containing the active Arg-based signal
(-RSRR-) resulted in ER localization of Pmp2p whereas
an inactive, mutated variant [-NSNN-; (16)] of the signal
resulted in trafficking of the reporter fusion to the vacuole
(Figure 3). We conclude that Arg-based signals from two
unrelated mammalian membrane proteins function as ER
sorting signals when transferred to the Pmp2p reporter
protein. This suggests that the machinery involved in the
Traffic 2006; 7: 903–916

recognition of Arg-based signals is evolutionarily conserved between yeast, Xenopus frog, and mammals.
Multimerization alters the trafficking of the Pmp2pLRKR reporter
Working with the monomeric reporter protein CD4, the
dimeric reporter protein CD8 and a tetramerized variant of
CD4 in mammalian cells, we have recently found a correlation between the multimerization state of membrane
proteins, binding of dimeric 14-3-3 proteins and forward
trafficking (3). In contrast to mammalian cells (seven 14-3-3
isoforms), the yeast genome contains only two genes
encoding for 14-3-3 proteins, BMH1 and BMH2. Single
knockouts of either gene are viable whereas the double
knockout strain is only viable in a specific genetic background [S1278b; (17)]. Therefore, the manipulation of 14-3-3
copy numbers and isoform composition is more feasible
in yeast than in mammalian cells. To test whether
the correlation between multimerization and 14-3-3dependent forward trafficking is conserved in yeast, we
tetramerized the Pmp2p-LRKR reporter protein (Figure 4A)
employing the tetramerizing GCN4 leucine zipper variant
pLI (18) in analogy to our tetrameric version of the
mammalian CD4 reporter (3) and expressed this green
fluorescent protein (GFP) fusion in wildtype (wt) yeast
(Figure 4B). The tetrameric Pmp2p-cc-LRKR (-cc- denotes
the coiled-coil forming domain, pLI) localized prominently
to the vacuole with very weak ER localization still detectable in most cells. Sorting to the vacuole is often considered as the default forward-trafficking route in yeast (19).
We did not further investigate why Pmp2p reporter proteins exposing certain inactive variants of the Arg-based
signal localized to the PM as well as the vacuolar membrane (Figure 2) and generally considered localization to
either compartment as the net result of efficient ER exit
and lack of ER retrieval. The residual ER localization
observed for Pmp2p-cc-LRKR was due to the presence
of the Arg-based signal since the tetramerized Pmp2p
reporter exposing the inactive -LKKK- variant of the Argbased signal [(12); Figures 1 and 2] was not detectable in
the ER (Figure 4). The loss of ER localization in Pmp2p-ccLRKR is most likely not due to a general steric problem
that prevents the COPI coat complex from binding to the
tail of the reporter protein since the tetrameric Pmp2p-ccKKTN exposing a C-terminal di-lysine signal still localized
to the ER (Figure 4B). The tetramerized tail of Kir6.2 binds
14-3-3 proteins with high avidity, in contrast to a single
copy of the same tail (3). Based on this correlation
between 14-3-3 binding and forward trafficking of tetramerized CD4 in mammalian cells, we proposed that 14-3-3
proteins can shield the Arg-based signal from the COPI
coat and, thereby couple assembly state to forward trafficking. The result that tetrameric Pmp2p-cc-LRKR but
not Pmp2p-cc-KKTN leaves the yeast ER suggests that
recognition of multiple copies of an LRKR-containing tail
by 14-3-3 is conserved in yeast as is the recognition of the
monomeric Arg-based signal as an ER localization signal.
Next, we directly tested the involvement of 14-3-3
905
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Figure 2: Variants of the Arg-based sorting signal display intermediate sorting efficacies equivalent to the behavior of the same
variants in higher eukaryotic cells. Live cells (BY4741; Table 1) expressing the indicated constructs as GFP fusion proteins from a CEN
plasmid were viewed under a fluorescence microscope and pictures were taken integrating over the same period of time. GFP
fluorescence 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).

proteins in the forward trafficking of tetrameric Pmp2p-ccLRKR.
Absence of 14-3-3 impairs forward trafficking of
Pmp2p-cc-LRKR
First, we immunoprecipitated the monomeric and tetrameric Pmp2p reporter proteins fused to the tail of Kir6.2
and tested the corresponding immunoprecipitates for the
906

presence of 14-3-3 proteins (Figure 5). Three independent
experiments showed that both Bmh1p and Bmh2p are
enriched more than two fold when immunoprecipitates
of the tetrameric reporter fusion were compared to
those obtained employing the monomer (Figure 5A,B).
Since 14-3-3 proteins exist as homo- and heterodimers,
we addressed binding of either isoform to the tetrameric
reporter protein in the individual deletion mutants by
Traffic 2006; 7: 903–916
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BY4741
Pmp2p- GB1 C-terminus

-RSRR-

-NSNNFigure 3: The Arg-based signal present in the C-terminus of the GABAB 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 capable 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 corresponding 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
nbmh1nbmh2 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
nbmh1nbmh2 double-deletion strain (Figure 6). The corresponding tetrameric Pmp2p-cc-LKKK mutant was completely 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
Traffic 2006; 7: 903–916

participate in forward trafficking of the tetrameric reporter Pmp2p-cc-LRKR in yeast. Thus, the Pmp2p reporter
protein allows us to reconstitute in yeast both phenomena that have been associated with the Arg-based sorting signal: ER localization of monomeric membrane
proteins and coupling of the assembly state of a membrane 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 number of interactions that these proteins engage in. We
investigated the phenotype of the individual 14-3-3 knockout 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 isogenic wt, nbmh1, or nbmh2 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 unambiguous identification of the perinuclear staining pattern
indicative of ER localization. Whilst the steady state localization of Pmp2p-cc-LRKR in the nbmh2 deletion strain
showed even more consistent vacuolar staining than in
the wt strain, the nbmh1 deletion strain showed strong
ER localization of the reporter in addition to some weak
vacuolar staining (Figure 7A). This phenotype was very
907
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The tetrameric Pmp2p-cc-LKKK reporter bearing an inactive 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 conclude that Bmh1p but not Bmh2p affects the sorting of
the tetrameric Pmp2p-cc-LRKR in vivo. Our result suggests isoform specificity of 14-3-3 proteins in the recognition 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.
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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) expressing 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 fluorescence 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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Bmh1p is present at a three-fold higher copy-number per
cell than Bmh2p as has been determined in a global analysis 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 apparent 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 S1A). Then we used a polyclonal antiserum (23)
that recognizes both isoforms to determine the copy numbers for the two endogenous, unmodified 14-3-3 isoforms
in wildtype, nbmh1, and nbmh2 strains by quantitative
Western blotting (Figure S1C, D). The signal obtained
from total protein extracts isolated from 106 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 (16 000; SEM; n ¼ 4) copies per cell
for Bmh1p and 58 000 (19 000; SEM; n ¼ 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 (22 000; SEM; n ¼ 4)
copies per cell for Bmh1p in the nbmh2 strain and
93 000 (1900; SEM; n ¼ 2) copies per cell for Bmh2p
in the nbmh1 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 nbmh1 deletion strain
to raise the copy number of Bmh2p to approximately
261 000 (9600; SEM; n ¼ 8) per cell (Figure 8).
Interestingly, under these conditions the tetrameric
Pmp2p-cc-LRKR reporter accumulated in the ER as
observed for the nbmh1 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 signal and that Bmh1p was the relevant 14-3-3 protein in vivo.
Traffic 2006; 7: 903–916
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Both yeast 14-3-3 proteins bind the tetrameric Kir6.2 tail
with high affinity as demonstrated by coimmunoprecipitation (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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of 13.8 nM (1.2; SEM) as compared to 17.4 nM (0.8 nM;
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 trafficking of the Pmp2p-cc-LRKR reporter.
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Figure 5: 14-3-3 proteins bind the tetrameric Pmp2p-cc-LRKR
reporter with higher avidity than the corresponding
monomer. (A) Coimmunoprecipitates obtained by immunoprecipitation of the tetrameric (T) or monomeric (M) Pmp2p reporter
fused to the tail of Kir6.2. Anti-Bmh1p blot identifies coimmunoprecipitated 14-3-3 proteins, 2% of the input is shown to demonstrate
equal amounts of 14-3-3 proteins in the cellular lysates. AntiKir6.2-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 immunoprecipitation 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.
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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 isoproteolipid Pmp2p is normally expressed at the cell surface 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 demonstrate 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 present 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
910

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 Argbased 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 challenge of manipulating 14-3-3 proteins in mammalian systems 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 nbmh1nbmh2 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
nbmh1 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
Traffic 2006; 7: 903–916
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that the observed leak is part of the double deletion
phenotype. Since robust ER localization of Pmp2p-ccLRKR is a phenotype of the nbmh1 deletion strain, we
believe that ER localization of Pmp2p-cc-LRKR in the
nbmh1nbmh2 double deletion strain to be caused by
the absence of Bmh1p.
The biological significance of 14-3-3 isoforms is a major
challenge in understanding the function of these highly

promiscuous proteins. Examples for 14-3-3-isoform specificity in cellular processes are rare but for one mammalian
isoform, 14-3-3 sigma (7). Often this is taken to mean that
most isoforms are interchangeable in their biological function. There is evidence for the differential localization of
14-3-3 isoforms based on the fluorescence pattern
obtained from 14-3-3-GFP fusion proteins in plant cells
(5). Despite the fact that both yeast 14-3-3 proteins can
bind the tetrameric form of the Kir6.2 tail, our results
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Figure 7: Loss of Bmh1p accounts for the
phenotype observed in the double deletion strain. (A) Live cells of the indicated
genetic background (BY4741 or derivatives;
Table 1) expressing the indicated tetrameric
Pmp2p-YFP fusion reporter with an active
Arg-based signal from a CEN plasmid and a
CFP fusion of histone 2B, HTB1 (that had
been integrated into the genome of the corresponding strain) were viewed under a
fluorescence microscope. Image stacks
were processed by volume deconvolution.
YFP fluorescence images (left) are paired
with the corresponding field in the CFP
fluorescence channel (middle). Overlays are
shown to the right (scale bar, 5 mm). White
arrows indicate the perinuclear ER (ER) or
the vacuole (vac). (B) Details as described in
(A) for the the tetrameric Pmp2p-YFP fusion
reporter with an inactive Arg-based signal to
demonstrate efficient forward trafficking in
the three genetic backgrounds investigated.
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reveal surprising isoform specificity in the ability of 14-3-3
to promote forward trafficking of the tetrameric Pmp2pcc-LRKR reporter. Only Bmh1p was able to influence trafficking 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 overexpression 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 differences in the affinity of either isoform for the tetrameric
LRKR-containing tail that may not be accessible to qualitative analysis as achieved by coimmunoprecipitation
(Figure 5). 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 Pmp2pcc-LRKR cannot explain their different functional roles, is
further supported by the subtle difference observed
between the wt and the nbmh2 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
912

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. BMH2 was integrated into the
genome of the nbmh1 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
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, surfaceexposed loops and the divergent C-termini may underlie
isoform-specific behavior (6). These regions of the proteins may engage in isoform-specific protein–protein
interactions. In general, not much is known about isoform-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 BMH1 (28,29). Since we find that
only BMH1 is capable of supporting forward transport of
the Pmp2p-cc-LRKR reporter, each isoform seems to be
involved in distinct processes in addition to interchangeable functions suggested by the viability of either single
deletion strain. Further investigation of the isoform-specific roles of Bmh1p in forward transport will provide
interesting insights into the structural principles underlying 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 p416MET25 (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 BamHI restriction site at the 5´- and a NotI site at the 3´-end,
XFP ORFs were amplified adding a NotI-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 Wbp1p, and C-terminal amino acids
860–961 of the GABAB receptor subunit GB1) were fused employing a NotI
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A

Figure 9: Quantitative characterization of the binding parameters
between the tetrameric Kir6.2 tail
and the yeast 14-3-3 proteins. (A)
Binding curve obtained by isothermal
titration calorimetry for Bmh2p isoform binding to the tetrameric
Kir6.2 tail fusion protein. (B)
Representative
binding
curves
obtained by surface plasmon resonance for either isoform binding to
the tetrameric Kir6.2 tail fusion protein. Curves for 14-3-3 protein concentrations from 11.7 to 750 nM and
a global fit for the association phase
are shown. (C) Bar graphs summarizing the dissociation constants determined by fitting the surface plasmon
resonance experiments.
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site (12), and the portion encoding the coiled-coil forming domain (-cc-)
pLI was fused employing a Bsp120I and NotI site, respectively (3). The
following primers were used in the PCR: PMP2-F (5´-cgcggatccaccatgttgatgagcacgttacc-3´); PMP2-R (5´-ataagaatgcggccgcgaatctttgtaaacctctttg-3´);
XFP-Bsp120I-R
(5´-ataagagggcccccttgtacagctcgtccatg-3´);
cc-F
(5´cgggggcccaagaattcggcggtggatccgg-3´). All constructs were verified by
sequencing. The coding region of the HTB1 gene lacking the first 7 codons
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was amplified by PCR from yeast genomic DNA with primers P213
(5´-cacacaggatccgaaaccagcctccaaagcc-3´) and P214 (5´-ctctctctcgaggaccagcaccagcaccagcaccagcaccagcaccagctgcttgagtagaggaagagtac-3´). A 15
amino acid spacer was introduced with the reverse primer between
HTB1 and CFP. The PCR-product was cloned into the pCR-Blunt II-TOPO
(Invitrogen, Carlsbad, CA, USA) vector, cut out with EcoRI and XhoI and
cloned into the respective sites of pPS1890 (32). The 3.2 kb FspI-fragment
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Table 1: Strains
S. cerevisiae strains

Genotype or characteristics

Source

Y00000
Y06173
Dbmh1
Y04034
Dbmh2
RRY1045
RRY1249

BY4741, MATa, his3D1, leu2D0, met15D0, ura3D0
BY4741, MATa, his3D1, leu2D0, met15D0, ura3D0, YER177w::kanMX4

EUROSCARF
EUROSCARF

BY4741, MATa, his3D1, leu2D0, met15D0, ura3D0, YDR099w::kanMX4

EUROSCARF

Sigma1278b, MATa/alpha, ura3–52, his3::hisG, RED1þ , TRP1þ/trp1::hisG, LEU2þ/leu2::hisG
Sigma1278b, MATalpha, ura3–52, leu2::hisG, his3::hisG, bmh2::HIS3þ , bmh1::HIS3þ

Fink lab
Fink lab

of the resulting plasmid (pSF238) was ligated to the 2.7 kb FspI-fragment
of pRS303 (33) to yield pSF273. For recombination into the yeast genome,
the plasmid was linearized with EcoRV.

Expression and purification of proteins from E. coli
DH5alpha strains were used to over-express recombinant Bmh1p and
Bmh2p. A tetrameric fusion protein of the last 36 amino acids of Kir6.2 to
protein A-pLI (3) was immobilized on IgG Sepharose to obtain a 14-3-3specific affinity column used for the purification of untagged Bmh1p and
Bmh2p. Cells were lysed in column buffer (20 mM Tris-HCl, 50 mM NaCl,
1 mM EDTA, pH 7.4). The lysate was fractionated by a two-step ammonium sulfate precipitation (first step: 40%, second step: 70% ammonium
sulfate) and 14-3-3 proteins were recovered in the ammonium sulfate
precipitate of the second step, which was resuspended in and dialyzed
against column buffer and loaded on the column. After extensive washing
of the column with column buffer the 14-3-3 protein was eluted with
elution buffer (50 mM Tris-HCl, 1.5 M MgCl2, pH 7.5). The purified protein
was dialyzed extensively against the buffers used in either the surface
plasmon resonance or isothermal titration experiments.

Surface plasmon resonance measurements
Surface plasmon resonance experiments were performed on a BIAcore3000 (Biacore, Uppsala, Sweden). Immobilization of a protein A-cc-LRKR
fusion protein (with the tetramer-forming coiled-coil domain pLI denoted cc-) to the CM5 Chip (Biacore) was performed using the N-hydroxysuccinimide/N-ethyl-N´-(3-dimethylaminopropyl)carbodiimide hydrochloride
(NHS/EDC) method. 650 RU of the tetrameric fusion protein were immobilized. Purified Bmh1p and Bmh2p were dialyzed overnight against 10 mM
Hepes, 150 mM NaCl, 50 mM EDTA, 0.005% (w/v) Tween-20, at pH 7.4.
Measurements in this buffer took place at a flow-rate of 20 mL/min at
25  C. The reference flow-cell was exposed to the same coupling procedure in the absence of any fusion protein. The chip was regenerated in a
1.5 M MgCl2 solution. The binding parameters were analyzed with the
BIAevaluate 3.0 software (Biacore) using the 1 : 1 binding (Langmuir)
fitting protocol under the assumption that 14-3-3 proteins were present
in the dimeric form. Consistent with this assumption both the purified 14-33 proteins migrated as dimers when subjected to Blue Native gel electrophoresis. Blue Native polyacrylamide gel electrophoresis (PAGE) analysis
was performed as described by Schägger and von Jagow (34) using bovine
serum albumin (BSA) as a standard.

Table 2: Plasmids
Plasmid

Description

Source

pM631
pJ486
pJ487
pJ478
pJ479
pL569
pL570
pL583
pL585
pL584
pL588
pL587
pL586
pM650
pM643
pN654
pN655
pN656
pN657
pL573
pL580
pL575
pL576
pM628
pM630
pM629
pSF273

MET25-BMH2-CYC1 fragment (subcloned in p416MET25) SacI/KpnI in pRS306
BMH1 in pQE80
BMH2 in pQE80
ZZ-cc-LRKRS- in pQE60
ZZ-cc-LKKKS- in pQE60
PMP2-GFP-LRKRS- in p416
PMP2-GFP-AAAAS- in p416
PMP2-GFP-ARKRS- in p416
PMP2-GFP-LRRRS- in p416
PMP2-GFP-LRKRA- in p416
PMP2-GFP-LRERS- in p416
PMP2-GFP-LRIRS- in p416
PMP2-GFP-LKKKS- in p416
PMP2-YFP-LRKRS- in p416
PMP2-YFP-LKKKS- in p416
PMP2-YFP-KKXX in p416
PMP2-YFP-AAXX in p416
PMP2-YFP-GB1-RSRR- in p416
PMP2-YFP-GB1-NSNN- in p416
PMP2-cc-GFP-LRKRS- in p416
PMP2-cc-GFP-LKKKS- in p416
PMP2-cc-GFP-KKXX in p416
PMP2-cc-GFP-AAXX in p416
PMP2-cc-YFP-LRKRS- in p416
PMP2-cc-YFP-LRKRS- in p415
PMP2-cc-YFP-LKKKS- in p416
HTB1-CFP NUF-3´ UTR in pRS303

This study
Görlich lab
Görlich lab
Schwappach lab
Schwappach lab
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
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Isothermal titration calorimetry

Fluorescence microscopy

Isothermal titration calorimetry experiments were performed on a VP-ITC
calorimeter (MicroCal, Northhampton, MA, USA) at 15  C. Concentrated
samples were dialyzed twice at room temperature against the same batch
of 150 mM NaCl, 10 mM Hepes, at pH 7.4, 0.5 mM EDTA. After dialysis,
appropriate dilutions were made using protein concentrations determined
by the method of Edelhoch (35). Prior to titrations, samples were degassed
for 5 min. Data were processed with the MicroCal Origin 7.0 software
using the concentrations of 14-3-3 dimer, Kir6.2 tetramer (protein A-ccLRKR) and Kir6.2 monomer (protein A-LRKR).

Microscopy was performed using a Leica DM IRE2 microscope with a
Leica (Leica Microsystems, Wetzlar, Germany) 100x/1.4–0.7 HCX PL
APO CS oil immersion objective controlled by OpenLab software
(Improvision, Coventry, UK). Images were captured by a Hamamatsu
Orca-ER CCD camera (Hamamatsu Phototonics, Herrsching am
Ammersee, Germany) with excitation at 470/40 nm and emission at 525/
50 nm (GFP) or excitation at 436/20 nm and emission at 480/40 nm (CFP)
or excitation at 510/20 nm and emission at 560/40 nm (YFP). Where indicated the OpenLab Volume Deconvolution module was used to deconvolve z-axis images 0.2 mm apart.GFP images were processed using
Adobe Photoshop (Adobe, San Jose, CA, USA); YFP and CFP images
were processed by ImageJ and the corresponding Color-Merge plug-in.
All images shown are representative of several independent experiments
evaluated in double-blind sessions by at least two authors
independently.ER-Tracker Blue-White DPX (Invitrogen) was added to the
medium to a final concentration of 10 mM for 20 min at 30 C (20). Cells
were sedimented, washed once with an excess of medium, and imaged
using a CFP filter (480/40 nm).

Western blot analysis and quantification
Yeast extracts were prepared from 106 log-phase cells (collected using a
FACSAria cell sorter; Becton Dickinson, San Jose, CA, USA) by alkaline
lysis and subsequent precipitation by trichloro-acetic acid. Extracts and
defined amounts of purified protein were separated by SDS-PAGE using
10% acrylamid gels and transferred to nitrocellulose. Western Blots were
blocked in TBS containing 5% milk powder and 0.02% NP-40. Primary
antibodies (anti-Bmh1p rabbit 1 : 1000, anti-Kir6.2-tail guinea pig 1 : 1000,
anti-Sec61p rabbit 1 : 7500) and secondary antibodies (HRP-conjugated
anti-guinea pig and anti-rabbit 1 : 3000; Jackson ImmunoResearch,
Soham, Cambridgeshire, UK) were diluted in blocking solution. Washes
were in blocking solution and then in TBS, 0.02% NP-40. Detection was
performed using the ECL system (Amersham Biosciences Europe,
Freiburg, Germany). For quantification, the Western Blots were scanned
and intensities analyzed with ImageJ and the Multi Measure plug-in
(Rasband, W.S., ImageJ, U.S. National Institutes of Health, Bethesda,
Maryland, USA, http://rsb.info.nih.gov/ij/, 1997–2005).

Subcellular fractionation on sucrose gradients
Separation of a fraction containing the ER and the vacuole from the PM
was performed as described by R. Serrano (14). Logarithmically growing
cells were harvested and washed once in 20 mM Hepes, 20 mM NaF and
20 mM NaN3. Lysed with glass beads in 25 mM Tris at pH 8, 2.5 mM EDTA,
Complete (Roche Applied Science, Mannheim, Germany). The lysates
were cleared from broken cells by centrifugation (1200  g for 2 min)
and subjected to differential centrifugation at 20 000  g for 20 min in a
TLA45 rotor. Pellets were then resuspended in 0.55 mL of 20% glycerol in
Tris-Buffer (10 mM Tris, at pH 7.4, 0.2 mM EDTA, 0.2 mM DTT) and 0.5 mL
was loaded on top of a sucrose step gradient (0.5 mL 53%, 1 mL 43% in
Tris buffer). After centrifugation at 100 000  g/2 h in a TLS55 rotor six
fractions were collected from the top and diluted 1 : 2 with 20% trichloroacetic acid. The precipitate was washed once with ice-cold acetone and
the pellets were dried at 37  C. Samples were analyzed by SDS-PAGE and
Western blotting.

Immunoprecipitation
Yeast cells were transformed with either monomeric or tetrameric Pmp2pderived constructs. Logarithmically growing yeast cells were harvested and
washed once in H2O. Then, 500 mL glass beads and 1 mL solubilization
buffer (50 mM Hepes, at pH 7.2, 100 mM NaCl, 1% Triton X-100, 0.1% SDS,
1 mM PMSF, 1  Complete protease inhibitor cocktail Roche Applied
Science) were added to a yeast pellet of 200 mL. Total yeast extract was
prepared by vortexing two times for 5 min with glass beads. The lysate was
cleared from unbroken cells by centrifugation (2 min, 380  g). The supernatant was transferred to a new tube and cleared once more. From the
supernatant, 600 mL yeast lysate with solubilized membranes (4.5 mg/mL
protein) was added to 5 mL beads with immobilized anti-GFP antibody. To
avoid cross-reaction of the antibodies on the Western blot, rabbit anti-GFP
antibody was cross-linked to aldehyde-activated gel beads (Seize primary
immunoprecipitation kit; Pierce Biotechnology, Rockford, IL, USA; 2 mg
purified antibody/mL gel used for crosslink). Beads were incubated with
yeast extract overnight at 4  C, washed three times with solubilization
buffer and eluted with ImmunoPure IgG elution buffer (Pierce
Biotechnology). Immunoprecipitates were separated by SDS-PAGE on
10% gels and transferred to nitrocellulose for Western blotting.

Traffic 2006; 7: 903–916

Acknowledgments
We would like to thank G. Fink, D. Görlich, D. Kentner, J. Mingot, M.
Seedorf, V. Sourjik and H. Yuan for the kind gift of anti-bodies, plasmids,
purified protein and yeast strains. We are particularly grateful to P. van
Heusden for sharing his anti-Bmh1p antiserum. J. Metz is acknowledged
for excellent technical assistance and J. Lenz for FACS sorting of
yeast cells on a FACSAria sorter funded by the DFG (Deutsche
Forschungsgemeinschaft) and the Dietmar Hopp Stiftung. We thank members of the Schwappach lab and Matthias Seedorf for important and
tremendously helpful discussions and comments on the manuscript. This
research was supported by the DFG (SFB 638) and the Landesstiftung
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Supplementary Material
Figure S1. Quantification of Bmh1p and Bmh2p in different genetic backgrounds. (A) Purified untagged yeast 14-3-3 proteins purified from E. coli
employing a Kir6.2 affinity column. 3 mg protein of each isoform was
loaded before and after the dialysis required for the surface plasmon
resonance experiments. After SDS-PAGE gel electrophoresis the gel was
stained by Coomassie blue. (B) Both proteins are present in the dimeric
form. 5 mg of the purified proteins were resolved by Blue Native gel
electrophoresis. (C) Quantification of Bmh1p. Typical Western blots used
for quantitation are shown. Defined amounts of the purified proteins were
resolved on 10% SDS-PAGE gels, blotted and detected using an antiBmh2p antiserum (23). The intensity of the bands was analyzed by image
analysis and the integrated density was plotted against the protein amount
loaded to obtain a calibration curve. Black diamonds represent the data
points used for the linear regression curve. Open symbols represent integrated densities obtained by resolving the total protein isolated from 106
yeast cells of the indicated genetic background. The blots correspond to
one of several similar experiments. See text for corresponding statistics.
(D) Quantification of Bmh2p. Details as in (C).

Figure S2. Trafficking of monomeric Pmp2p exposing an active or inactive
Arg-based signal and of tetrameric Pmp2p-cc-LKKK exposing an inactive
Arg-based signal is not affected by the nbmh1nbmh2 double deletion.
Details of microscopy as described for Figure 2 (scale bar, 5 mm).
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