Kar2p availability defines distinct forms of
endoplasmic reticulum stress in living cells
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ABSTRACT Accumulation of misfolded secretory proteins in the endoplasmic reticulum (ER)
activates the unfolded protein response (UPR) stress pathway. To enhance secretory protein
folding and promote adaptation to stress, the UPR upregulates ER chaperone levels, includ-
ing BiP. Here we describe chromosomal tagging of KAR2, the yeast homologue of BiP, with
superfolder green fluorescent protein (sfGFP) to create a multifunctional endogenous re-
porter of the ER folding environment. Changes in Kar2p-sfGFP fluorescence levels directly
correlate with UPR activity and represent a robust reporter for high-throughput analysis. A
novel second feature of this reporter is that photobleaching microscopy (fluorescence recov-
ery after photobleaching) of Kar2p-sfGFP mobility reports on the levels of unfolded secre-
tory proteins in individual cells, independent of UPR status. Kar2p-sfGFP mobility decreases
upon treatment with tunicamycin or dithiothreitol, consistent with increased levels of un-
folded proteins and the incorporation of Kar2p-sfGFP into slower-diffusing complexes. Dur-
ing adaptation, we observe a significant lag between down-regulation of the UPR and resolu-
tion of the unfolded protein burden. Finally, we find that Kar2p-sfGFP mobility significantly
increases upon inositol withdrawal, which also activates the UPR, apparently independent of
unfolded protein levels. Thus Kar2p mobility represents a powerful new tool capable of dis-
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tinguishing between the different mechanisms leading to UPR activation in living cells.

INTRODUCTION

Proper secretory protein folding in the endoplasmic reticulum (ER) is
essential for the maintenance of homeostasis and cell viability. The
eukaryotic cell has evolved machinery and signaling pathways to
enhance secretory protein folding and stability (Brodsky and Skach,
2011). In the ER, various chaperones directly assist folding of na-
scent peptides as they enter the ER lumen (Ma and Hendershot,
2004). The quality control (QC) machinery remodels the newly
synthesized protein via multiple posttranslational modifications,
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including formation of disulfide bonds (Feige and Hendershot,
2011) and N-linked glycosylation (Hulsmeier et al., 2011). Failure to
correctly complete these tasks can result in a misfolded protein. If
accumulation of misfolded protein exceeds the capacity of the ER
QC machinery, the cell enters a state of ER stress. To cope with ac-
cumulation of misfolded proteins, the cell can activate an adaptive
program termed the unfolded protein response (UPR; Ron and
Walter, 2007). UPR sensors monitor the ER lumen for increased lev-
els of misfolded proteins and then initiate the UPR (Kimata and
Kohno, 2011). In yeast, the sole UPR sensor is the endoribonuclease
IreTp (Mori, 2009). During UPR activation, Kar2p releases from the
luminal domain of Ire1p, enabling Ire1p dimerization (Oikawa et al.,
2005). The Ire1p dimers undergo transautophosphorylation, assem-
ble into clusters (Kimata et al., 2007; Aragon et al., 2009), and acti-
vate the site-specific RNase domain of the protein (Sidrauski and
Walter, 1997). Ire1p cleaves HACT mRNA to remove a 252-nucle-
otide intron to generate the spliced functional form of the mRNA
(Cox and Walter, 1996; Ruegsegger et al., 2001). The resulting trans-
lated Hac1p transcription factor up-regulates numerous cell func-
tions, among them the transcription of genes encoding ER QC ma-
chinery, including chaperones such as Kar2p (Harding et al., 1999)
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FIGURE 1: Expression of Kar2p-sfGFP in yeast. (A) Schematic of sSfGFP-HDEL vector used to
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chromosomally tag Kar2p with sfGFP. Arrows indicate distinct transcription of fusion protein and
selection marker. (B) Representative fluorescent image of wild-type yeast expressing Kar2p-
sfGFP in a typical ER pattern. Bar, 10 pm. (C) Immunoblots of extracts from yeast cells expressing
either the endogenous Kar2p or Kar2p-sfGFP. The bands below the Kar2p-sfGFP lane in the
anti-Kar2p immunoblot are also evident in a long exposure of the anti-GFP blot, indicating that
these are degradation products that still contain the fused sfGFP and are likely due to the high
levels of proteases in yeast lysates (North and Beynon, 2001). (D) Wild-type yeast strains
expressing either endogenous or Kar2p-sfGFP were diluted to ODggg nm = 0.5, serially diluted
(10-fold), and spotted on plates containing 0 or 1.0 ug/ml Tm and grown at 30°C. Alternatively,
untreated cells were grown at 37°C to assay temperature sensitivity of the various strains.

(E) Yeast cells expressing either wild-type Kar2p or Kar2p-sfGFP and the UPR-mCherry reporter
were treated with 5 mM or no DTT for 1 h and analyzed by flow cytometry. Median fluorescence
intensity (MFI) for UPR-mCherry is shown for three biological replicates. (F) RNA from yeast cells
expressing either wild-type Kar2p or Kar2p-sfGFP was isolated, and HACT1 splicing was analyzed
by Northern blot. Unspliced (uHACT) and spliced (sHAC1) products are indicated.

Kar2p-sfGFP

To generate an endogenous fluorescent
Kar2p variant, we exploited the high effi-
ciency of homologous recombination in
yeast and the ability to perform chromo-
somal tagging of endogenous genes with
fluorescent proteins (Huh et al., 2003). Two
important modifications to previous efforts
involving GFP tagging were incorporated.
First, our lab recently established that the
improved folding capacity of sStGFP prevents
significant misfolding of GFP via inappropri-
ate disulfide bonds and minimizes the for-
mation of nonfluorescent species in oxidiz-

and ER-associated protein degradation (ERAD) components (Yoshida
etal., 2003). Hac1p also stimulates ER membrane expansion (Bernales
et al., 2006; Schuck et al., 2009). These changes increase the folding
capacity of the ER and can enable a return to homeostasis. Therefore
UPR signaling is critical during ER stress (Chawla et al., 2011; Rubio
etal., 2011), and failure to generate an adaptive UPR can result in cell
death (Hetz et al., 2006; Tabas and Ron, 2011).

Cells are described as experiencing ER stress if they exhibit acti-
vation of the UPR components. Binding of accumulated misfolded
proteins by Ire1p has been shown to directly activate the UPR in
yeast (Gardner and Walter, 2011; Promlek et al., 2011). The classic
markers of ER stress include IreTp activation, HACT splicing, and
increased Kar2p levels (Kimata and Kohno, 2011). In contrast to
these readily measurable parameters, it has been proven to be dif-
ficult to quantitate the global levels of unfolded protein accumulat-
ing in the ER lumen during the UPR. Moreover, most reporters rely
on aspects of UPR sensor function and therefore cannot measure ER
stress in cells with compromised UPR signaling. Our lab recently de-
veloped a method to measure the unfolded protein burden in living
cells that exploits the ability of the chaperone BiP (the mammalian
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ing environments, including the ER (Aronson
et al., 2011). Therefore we used sfGFP for our tagging efforts. Sec-
ond, it was previously reported that yeast cells carrying Kar2p-GFP
were viable, but the cellular localization of the fusion protein was
ambiguous (Huh et al., 2003). This result could be partially explained
by disruption of the ER retrieval motif, HDEL, on the resulting fusion
protein (Munro and Pelham, 1987; Snapp, 2009). Therefore we
added an HDEL motif to the C-terminus of the sfGFP to restore
HDEL-mediated slowing of the loss of Kar2p from the ER (Figure
1A). The sfGFP-HDEL construct, along with a HIS3-selectable marker,
was integrated at the KARZ2 locus. Successful tagging of the gene
and production of the Kar2p-sfGFP fusion protein was confirmed by
immunoblot for both Kar2p and sfGFP (Figure 1C). Imaging of live
cells expressing Kar2p-sfGFP revealed a typical pattern of periph-
eral and nuclear ER fluorescence expected for an ER-localized pro-
tein (Figure 1B).

Next we established the functionality of the Kar2p-sfGFP pro-
tein. KARZ2 is essential for cell viability (Normington et al., 1989).
KARZ conditional mutants are unable to rescue cells from low levels
of ER stressors such as tunicamycin (Tm), an inhibitor of N-glycosyla-
tion (Rose et al., 1989; Kimata et al., 2003), or elevated temperature,
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FIGURE 2: Increased expression of Kar2p-sfGFP following ER stress. (A) Representative phase
and fluorescence images of wild-type and ire1A yeast strains expressing Kar2p-sfGFP untreated
or treated with 5.0 ug/ml Tm for 4 h. (B) Yeast cells expressing wild-type Kar2p or Kar2p-sfGFP
were treated with either 0 or 5 mM DTT for 4 h and analyzed by flow cytometry. Increased GFP
fluorescence was detected in stressed cells. (C) Wild-type and ire1A yeast strains expressing
Kar2p-sfGFP were treated with either DTT (1 or 5 mM) or Tm (1 or 5 pg/ml) and MFI values were
measured at different times by flow cytometry. A functional UPR was required for stress-induced
increases in Kar2p-sfGFP levels. (D) Yeast strains expressing either Kar2p-sfGFP or ER-sfGFP-
HDEL were treated with 0 or 5 mM DTT for 2 h and analyzed by flow cytometry. The stGFP MFI
values are plotted. The expression of ER-sfGFP-HDEL does not change upon DTT treatment.
(E) Immunoblot for Kar2p shows increased levels of both endogenous and Kar2p-sfGFP following
treatment with 5 pg/ml Tm for 0, 2, and 4 h. Rpl5p served as a loading control. Bar, 20 pm.

that is, 37°C. The Kar2p-sfGFP strain grew well on synthetic media
and grew only slightly less well on Tm-containing media relative to
the wild-type strain (Figure 1D). For comparison, ire1A cells, which
cannot induce the UPR, were unable to survive on Tm. Moreover,
when cultured at 37°C, Kar2p-sfGFP cells grew robustly (Figure 1D).
This contrasts with temperature-sensitive KAR2 mutants, which grow
robustly at the permissive temperature of 22°C and grow poorly at
higher temperatures (Polaina and Conde, 1982; Kimata et al.,
2007).

To further characterize the Kar2p-sfGFP fusion protein, we inves-
tigated whether the sfGFP fusion on Kar2p affected UPR regulation.
A plasmid containing the fluorescent UPR reporter UPR-mCherry
(Merksamer et al., 2008) was introduced into wild-type and Kar2p-
sfGFP yeast strains. The reporter mCherry expression is driven by a
minimal CYC1 promoter and four tandem UPR elements and thus
should be expressed only during ER stress. The fluorescence inten-
sity of UPR-mCherry was recorded by flow cytometry (Figure 1E) in
untreated and dithiothreitol (DTT)-treated (which prevents the for-
mation of disulfide bonds in nascent secretory proteins) strains. In
addition, the splicing of HACT mRNA in response to DTT-mediated

ing flow cytometry.
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Detecting unfolded secretory protein levels

UPR activation was assessed directly by
Northern analysis (Figure 1F). Together
these results established two important fea-
tures of the chromosomally tagged Kar2p-
sfGFP strain. First, the GFP fusion does not
constitutively activate the UPR at steady
state. Second, Kar2p-sfGFP cells can induce
a robust UPR in response to unfolded pro-
tein stress. Note that efficient release of
Kar2p from Ire1p is required for UPR activa-
tion and Kar2p binding, and release of sub-
strates correlates with regulated UPR activa-
tion (Kimata et al., 2003). However, Irelp
mutants defective in Kar2p binding do not
exhibit constitutive UPR, suggesting that
Kar2p buffers against unfolded protein lev-
els and modulates the stress response rather
than directly regulates Irelp activation
(Kimata et al., 2004; Oikawa et al., 2009;
Pincus et al., 2010).

Next we asked whether we could moni-
tor Kar2p-sfGFP levels in living cells during
ER stress as a proxy for UPR activation. KAR2
is a classic UPR target gene, and its expres-
sion increases following treatment with ER
stressors, including DTT and Tm (Travers
et al., 2000). We treated Kar2p-sfGFP cells
with either ER stressor and quantified the
fluorescence levels by microscopy and flow
cytometry. The Kar2p-sfGFP signal increased
nearly 10-fold after a 4 h treatment either
Tm or DTT (Figure 2, A and B). The increase
in Kar2p-sfGFP signal was dependent on
stress activation of the UPR, since no change
in Kar2p-sfGFP fluorescence intensity was
observed in an irelA strain (Figure 2C).
Moreover, the change in Kar2p-sfGFP fluo-
rescence signal was specific, since the fluo-
rescence intensity of the inert reporter ER-
sfGFP-HDEL did not change in response to
DTT treatment (Figure 2D). Finally, the com-
parable accumulation of wild-type and

Kar2p-sfGFP proteins in response to ER stress indicates that the ad-
dition of the sfGFP tag preserves the UPR regulation of target genes,
including Kar2p (Figure 2E). These results demonstrate that the
Kar2p-sfGFP fusion protein robustly reports on UPR activation by
both standard microscopy and by high-throughput methods, includ-

ER lumen unfolded protein burden and Kar2p availability

We previously used fluorescence microscopy techniques to estab-
lish in mammalian cells that the decrease of BiP-GFP mobility re-
flects binding of the chaperone to unfolded protein substrates (Lai
et al., 2010; Lajoie and Snapp, 2011). We asked whether Kar2p-sf-
GFP would function comparably as a reporter of unfolded protein
accumulation. First, the mobility of Kar2p-sfGFP was assessed using
fluorescence loss in photobleaching (FLIP; Ellenberg et al., 1997).
For this technique, a discrete region of interest within the cells is
repeatedly photobleached while images are acquired. If the protein
is mobile within a continuous compartment, the total fluorescence
within this compartment will eventually be depleted by FLIP. In un-
stressed cells, Kar2p-sfGFP is mobile throughout the ER (Figure 3A,
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cantly more rapid than for the much larger
Kar2p-sfGFP. These data are consistent with
our previous finding in mammalian cells, in
which slower BiP-GFP mobility correlated
with binding of the chaperone to substrate.

To further characterize Kar2p substrate
binding in yeast, we quantified the mobility
of Kar2p-sfGFP using FRAP. During FRAP
experiments, changes in the mobility or
molecular availability of the fluorescently
tagged protein are reflected by the effective
diffusion coefficient (D). Changes in D report

Ocontrol
@+DTT
®+Tm

A pibicach  Bleach t=100s B 120

8100
o
[T

o {=1110s__ (5 80
L ?
& &

7 5 60
o X
o E

5 g
L

20

157

09

Prebleach Bleach

Cc

—
N
o

=
o

[o]
o

ER-sfGFP-HDEL
5

% of inti. ER-sfGFP-HDEL fluo.
n o
=] S

100 200 300 400 500 on changes in the environment viscosity,

time (s) . . .
size of the molecule, or its incorporation into
or release from molecular complexes (Snapp

Ocontrol et al., 2003). In mammalian cells, the mobil-
@+DTT ity of BiP-GFP was shown to increase after
®+Tm substrate depletion by translational inhibi-

tion and with loss of function in the BiP-GFP
substrate-binding domain (Lai et al., 2010).
FRAP analysis of Kar2p mobility in yeast ER
was similarly responsive to substrate deple-
tion (Figure 4A). A significant increase in

—
©So
o

FIGURE 3: Kar2p is mobile under both homeostatic and stress states. FLIP series of cells
repeatedly bleached in the region of interest (white box). (A) FLIP of Kar2p-sfGFP expressing
yeast in early log phase untreated (top) or treated with either 5 mM DTT for 1 h or 1 pg/ml

Tm for 2 h (bottom). Although Kar2p-sfGFP appears to be mobile throughout the ER, stressor-
treated cells were depleted of fluorescence at much slower rates. (B) Plot of the mean Kar2p-
sfGFP intensities during FLIP shows the faster depletion of fluorescence in untreated cells
compared with DTT- and Tm-treated cells (C) FLIP of ER-sfGFP-HDEL-expressing yeast untreated
or treated as in A. Depletion of cellular fluorescence is significantly faster than for Kar2p-sfGFP.
(D) Plot of the mean ER-sfGFP-HDEL intensities during FLIP shows the faster depletion of
fluorescence in untreated cells compared with DTT- and Tm-treated cells. Bar, 10 pm.

top), similar to our previous results with BiP-GFP in mammalian cells
(Lai et al., 2010). Total cellular fluorescence was homogeneously de-
pleted within a short time window (Figure 3A), indicating that Kar2p-
sfGFP is not immobilized or enriched in ER subdomains. Treatment
with ER stressors—Tm or DTT—significantly decreased the mobility
of Kar2p-stGFP as demonstrated by the longer time interval re-
quired to deplete 50% of the GFP fluorescence (control, 125 s; +Tm,
230s; +DTT, 315 s; (Figure 3, A, bottom, and B). Of importance, the
GFP fluorescence was ultimately homogeneously depleted in the
Kar2p-sfGFP strain, excluding the possibility that Kar2p-sfGFP be-
comes trapped or incorporated into a chaperone matrix following
acute ER stress (Pfeffer and Rothman, 1987).

A potential caveat for interpreting these measurements is that
soluble protein mobility is affected both by the size of the molecule
and the viscosity of its environment (Einstein, 1905). ER luminal vis-
cosity in living cells can be assessed with inert fluorescent protein
probes (Snapp et al., 2006; Lai et al., 2010), such as ER-targeted sf-
GFP, which has no known interacting partners. In this case, treat-
ment with Tm or DTT modestly reduces mobility of ER-sfGFP-HDEL
(Figure 3, C and D). The time interval to deplete 50% of the GFP
fluorescence was 20 s for the control and 30 s for both Tm- and DTT-
treated cells. Thus treatment with ER stressors does not induce
gross changes in the ER environment that disrupt ER continuity or
immobilize pools of ER luminal proteins. Of importance, the FLIP
loss of fluorescence of ER-sfGFP-HDEL in treated cells was signifi-
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80 D was observed following treatment of yeast
with the translational inhibitor cyclohexim-
ide (CHX) for 30 min (Figure 4B), consistent
with depletion of substrate and increased
Kar2p-sfGFP availability. We hypothesized
that if Kar2p-sfGFP mobility reflects bind-
ing of Kar2p to misfolded proteins, then
D should decrease as the unfolded protein
burden increases. To test this hypothesis,
cells were treated with Tm for 2 h and ana-
lyzed by FRAP. Indeed, there was a signifi-
cant decrease in D following Tm treatment
(Figure 4B). Of interest, when cells were
treated with Tm for 90 min and CHX was
added for the last 30 min of treatment, we observed a significant
increase in D (Figure 4B). This result indicates that whereas Tm pre-
vents glycosylation of nascent proteins, the inhibition of protein syn-
thesis can decrease the Tm-induced misfolded protein burden and
result in increased Kar2p-sfGFP mobility in stressed cells. These
data support a role for Kar2p substrate levels as a major contribut-
ing factor in affecting Kar2p-sfGFP mobility.

Next the reversibility of Kar2p-sfGFP substrate binding was as-
sessed using DTT treatment, which induces reversible protein un-
folding (Braakman et al., 1992; Lai et al., 2010). Washout of DTT
permits unfolded secretory proteins to release from ER chaperones
and refold (Simons et al., 1995) and is accompanied by a gradual
loss of UPR signaling as reported by HACT mRNA splicing and Ire1p
clustering (Pincus et al., 2010). The mobility of Kar2p-sfGFP de-
creased after DTT treatment to a comparable extent as detected
with Tm treatment (Figure 4C). Consistent with the reversibility of
the DTT-induced protein misfolding, Kar2p-sfGFP mobility was re-
stored after washout of DTT, approaching the mobility level de-
tected in untreated cells.

The increase in ER chaperone and other UPR targeted proteins
in response to ER stress (e.g., the 10-fold increase in Kar2p protein
levels; Figure 2, C and D) has the potential to alter ER lumen
crowdedness and affect ER-sfGFP-HDEL mobility. Although the
FLIP results (Figure 3, C and D) did not indicate a gross change in
the mobility of the inert ER-sfGFP-HDEL reporter in response to
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FIGURE 4: Kar2p-sfGFP availability quantitatively decreases during unfolded protein stress.

D values of single cells analyzed by FRAP. (A) Representative FRAP series of cells expressing
Kar2p-sfGFP. Bar, 10 um. (B) D values of single Kar2p-sfGFP untreated cells or cells treated with
10 pg/ml CHX for 30 min (+CHX), 1 pg/ml Tm for 2h (+Tm), or 1 pg/ml Tm for 2 h including

10 pg/ml CHX for the last 30 min (+Tm +CHX). (C) Reversibility of stress induced decreased
Kar2p-sfGFP mobility. D values of single Kar2p-sfGFP untreated cells or cells treated with 5 mM
DTT for 30 min followed by 4 h washout. (D) Small but significant decrease in mobility of
ER-sfGFP-HDEL was observed with stress, suggesting an altered ER viscosity. D values of single
ER-sfGFP-HDEL-expressing cells untreated or treated with 1.0 pg/ml Tm for 2 h, 5 mM DTT for
30 min, or 10 pg/ml CHX for 30 min. (E) Kar2p-sfGFP mobility is lower in cells without a
functional UPR. D values of single wild-type or ire1A Kar2p-sfGFP cells untreated or treated with
either 0.025 or 1.0 pg/ml Tm for 2 h are plotted. (F) Wild-type and ire 1A yeast strains expressing
ER-sfGFP-HDEL were treated with 1.0 pg/ml Tm for 2 h and then analyzed by FRAP. No
significant changes in D values were observed between untreated strains. Both strains exhibited
similar significant decreases in D following Tm treatment. *p < 0.05, **p < 0.001

ER stress, we quantified the effect of ER stress on ER environment
viscosity using FRAP using the ER-sfGFP strain. Treatment with ei-
ther DTT or Tm (Figure 4D) decreased ER-sfGFP-HDEL mobility by
~25%. A comparable decrease was detected in ire1A cells (Sup-
plemental Figure S3), indicating that the effect is independent of
the canonical UPR. The small diameter of ER tubules is conserved
from yeast to mammalian cells (40-70 nm; Voeltz et al., 2002) and
may limit the diffusional mobility of luminal proteins once un-
folded proteins accumulate in response to Tm or DTT treatment.
Indeed, we observed no changes in ER-sfGFP-HDEL mobility in
most mammalian cell lines during ER stressor treatment (Lai et al.,
2010; Lajoie and Snapp, 2011). Nonetheless, the mobility de-
crease observed for Kar2p-sfGFP (>70%) is significantly greater
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Tm further decreased Kar2p-sfGFP mobility
(Figure 4E), consistent with their hypersensi-
tivity to ER stressors (Figure 1D). Kar2p-
sfGFP mobilities were indistinguishable
between wild-type and mutant cells treated
with a high dose of Tm (Figure 4E). Of im-
portance, the Kar2p-sfGFP mobility assay
enabled quantitation of the misfolded pro-
tein burden in the ER of cells with compro-
mised UPR signaling. The only measure of
ER stress independent of UPR signaling has
been the quantitation of ER redox potential
using a GFP reporter (Merksamer et al.,
2008). The Kar2p-sfGFP mobility assay
allows not only detection of unfolded pro-
tein levels under various conditions, but also
reports on differences in unfolded protein levels in unstressed cells
of various genetic backgrounds (Merksamer et al., 2008; Pincus
etal., 2010).

Just as it is important for cells to cope with an unfolded secre-
tory protein stress, the ability of cells to resolve the UPR, itself, is
critical for survival. Yeast demonstrably overcome chemically me-
diated, unfolded secretory protein stresses and attenuate the
UPR (Pincus et al., 2010; Chawla et al., 2011; Rubio et al., 2011).
However, yeast expressing Ire1p mutants unable to attenuate the
UPR are hypersensitive to tunicamycin and DTT stressors (Chawla
et al., 2011; Rubio et al.,, 2011). Implicit to these problems is
whether there is a correlation between resolution of the unfolded
protein stress and attenuation of the UPR. That is, is the UPR
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FIGURE 5: Kar2p availability reveals changes in the ER misfolded
protein during adaptation. (A) Wild-type cells expressing the
fluorescent splicing reporter (SR) consisting of GFP replacing the HAC1
open reading frame produce a fluorescence signal only when spliced
by ire1. SR-GFP-expressing cells were treated with 1 pg/ml Tm, and
GFP signal was measured over time using flow cytometry. (B) Mobility
of Kar2p-sfGFP untreated cells or cells treated with 1 pg/ml Tm for 4
or 16 h was measured by FRAP. Data were normalized to the mean
D values of untreated cells for both time points. At 4 h, Tm induces
significant decrease in Kar2p-sfGFP mobility. Once stress is resolved
and folding capacity of the ER is restored, the Kar2p-sfGFP mobility
returned to the unstressed D values.

attenuated at the time that the unfolded protein burden has
been resolved? Therefore we investigated Kar2p availability be-
fore and after UPR attenuation.

To assess UPR status in live cells, we used a fluorescent reporter
(splicing reporter [SR]-GFP) that directly reports on the endonuclease
activity of Ire1p (Pincus et al., 2010). The increasing fluorescence sig-
nal in stressed cells, expressing the reporter, was measured by flow
cytometry (Figure 5A). Cells were treated with 1 pg/ml Tm, a dose
sufficient to activate the UPR. Wild-type cells can attenuate the UPR
from this Tm dose ~4 h later and continue growing (Figure 1D), con-
sistent with adaptation to this level of unfolded protein stress (Chawla
et al., 2011). After 4 h, the median GFP fluorescence reached an as-
ymptote (Figure 5A). The plateau in intensity indicates no additional
stress has been detected and signaled (Pincus et al., 2010). The GFP
signal persists for several hours as a consequence of the long half-life
of GFP. Thus a plateau reports on attenuation of Ire1p endonuclease
activity and restoration of the folding capacity of the ER. FRAP at4 h
of Tm treatment revealed significantly reduced Kar2p-sfGFP mobil-
ity. After this time, no significant increase in UPR reporter fluores-
cence was observed. In contrast, it was only after 16 h of Tm treat-
ment that Kar2p-sfGFP mobility returned to D values comparable
with those of untreated cells (Figure 5B). The restored mobility is
unlikely to reflect the loss of Tm activity, since the media of Tm-
treated cells can be used to induce UPR in naive cells (Chawla et al.,
2011). Therefore we conclude that the ER folding capacity was
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restored. UPR-mediated increases in levels of chaperones, ERAD
and secretion components, and the ALG7 gene product (the target
of Tm) and up-regulation of proteasomal activity probably all ac-
count for the decrease in ER misfolded protein in adapted cells.

These results lead to the somewhat surprising conclusion that
UPR inactivation occurs even while a substantial unfolded protein
burden remains. We hypothesize that UPR attenuation likely occurs
when the stressed ER achieves a small (below our limit of detection)
increase in the available pool of Kar2p and potentially other quality
control machinery components. Simultaneously or in parallel, Ire1p
regulatory attenuators, such as the phosphatase Ptc2p (Welihinda
et al., 1998), may achieve a sufficient level of activity to turn off the
UPR. Although these matters remain speculative, the results suggest
that tools capable of measuring the instantaneous status of UPR
activity will be needed to understand the temporal and mechanistic
aspects of UPR attenuation.

Kar2p mobility distinguishes various forms of UPR

Finally, we investigated the ability of our FRAP assay to distinguish
between different types of UPR activation. The UPR is generally con-
sidered to depend on increased levels of unfolded proteins (Credle
et al., 2005; Kimata et al., 2007; Kimata and Kohno, 2011; Gardner
and Walter, 2011). Recently, however, it was shown that UPR activa-
tion by either inositol depletion or deletion of lipid biosynthetic
genes does not require the luminal unfolded peptide-binding por-
tion of Ire1p (Promlek et al., 2011). Thus lipid imbalance can lead to
UPR activation independent of the accumulation of unfolded pro-
teins, distinct from the response to the classic ER stressors Tm and
DTT. We asked how the Kar2p-sfGFP and UPR-mCherry reporters
respond to perturbation of lipid metabolism. In the absence of inosi-
tol, the phosphatidic acid levels on the ER are high and genes in-
volved in inositol biosynthesis and phospholipid metabolism are
actively transcribed (Carman and Henry, 2007). Inositol depletion
increased expression of both Kar2p-sfGFP and UPR-mCherry report-
ers, indicating UPR activation (Figure 6, A and B). Next the effect of
inositol depletion on Kar2p-sfGFP mobility was examined by FRAP.
Despite strong evidence of UPR activation, inositol depletion did
not decrease Kar2p-sfGFP mobility, unlike the effect of Tm treat-
ment (Figure 6B). On the contrary, the Kar2p-sfGFP mobility in-
creased, paralleling the increase in Kar2p-sfGFP intensity (Figure
6B). The increased mobility may reflect a higher Kar2p/substrate
ratio that leads to an increase in unbound Kar2p. Inositol depletion
did not significantly change the mobility of the inert ER-sfGFP-
HDEL, indicating that the increase in Kar2p mobility was indepen-
dent of ER viscosity (Figure 6C). Therefore various stresses appear
to activate Ire1p and elicit the UPR by distinct mechanisms. Kar2p-
sfGFP mobility represents a novel noninvasive assay to distinguish
between these different forms of UPR in intact cells.

DISCUSSION

The ability to evaluate unfolded protein accumulation in the ER,
independent of the UPR, should now enable novel analyses of how
cells sense and cope with different environmental stresses. Our
Kar2p-sfGFP reporter has the advantage of reporting simultane-
ously on both the activation of UPR and changes in the unfolded
protein burden. In this study, Kar2p-sfGFP allowed us to distin-
guish between two distinct forms of stress capable of activating
the UPR (Figure 7). This study and the work of other groups sug-
gest that lipid imbalance can lead to activation of the yeast UPR
(Pineau et al., 2009; Deguil et al., 2011; Promlek et al., 2011). How-
ever, the mechanisms by which changes in ER membrane lipid
composition lead to Ire1p activation remain unclear. A recent study
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this studly is that either Ire1p or a hypotheti-
cal binding partner contains at least one
additional regulatory site for activation.

Understanding how changes in inositol
and other lipids regulate IreTp will be im-
portant for understanding the fundamental
biology of the UPR and may have implica-
tions for drug development. Therapeutic
targets for positive and negative regulation
of UPR sensors could be present at this regulatory site. Up-regula-
tion of Kar2p-sfGFP fluorescence provides a noninvasive method to
monitor UPR activation in living cells and is suitable for high-through-
put screens. Our Kar2p-sfGFP reporter should enable novel inter-
rogation of cells to characterize modulators of the ER folding capac-
ity relative to UPR activation under homeostatic, stressed, and
adapted states in various genetic backgrounds.

MATERIALS AND METHODS

Drugs

Stock solutions of DTT (1 M in water; Fisher Scientific, Pittsburgh,
PA), Tm (5 mg/ml in DMSO; Calbiochem, La Jolla, CA), and CHX (5
mg/ml in water; Sigma-Aldrich, St. Louis, MO) were prepared and
used at the concentrations and times indicated.

Strains and cell growth

See Table 1 for all yeast strains used in this study. S{GFP was chro-
mosomally integrated into KARZ in wild-type and mutant strains us-
ing standard PCR methodology (Janke et al., 2004). All yeast strains

Kar2p-sfGFP occupancy defines different forms of UPR based on the
ER unfolded secretory protein burden. The classic ER stressors Tm
and DTT cause massive accumulation of unfolded protein, increase
Kar2p occupancy, and lower Kar2p mobility. In contrast, depletion of
inositol induces a UPR without increasing the unfolded protein
burden. Kar2p mobility actually increases, likely due to increased
Kar2p levels, without an increase in substrate levels.
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Yeast strain Description Strain name

BY4741 Mata ura3A0 leu2A0
his3A1 met15A0

BY4741 ire1A::KanMX4

Deletion array

This work BY4741 Kar2p—stFP::HIS YPLOO1

This work BY4741 ire1A::KanMX4 YPLOO2
Kar2p-sfGFP::HIS

This work BY4741 UPR-mCherry::URA YPLOO3

This work BY4741 Kar2-sfGFP::HIS YPLOO4
UPR-mCherry::URA

This work BY4741 ER-sfGFP-HDEL::LEU YPLOOS

This work BY4741 ire1A::KanMX4 YPLO06
ER-sfGFP-HDEL::LEU

This work BY4741 SR-GFP::LEU YPLOO7

TABLE 1: Yeast strains used in this study.

were grown in synthetic complete media supplemented with 400 pM
inositol and appropriate amino acids at 30°C. Yeast strains were
grown overnight to early log phase (ODggg nm = 0.5) for analysis. For
DTT-washout experiments, cells were incubated with 5 mM DTT for
30 min, then pelleted and resuspended in fresh media and incubated
for 4 h before processing for FRAP. For inositol depletion experi-
ments, cells were pelleted, washed twice with inositol-free media,
and incubated for various amounts of time in absence of inositol.

Plasmid construction

UPR-mCherry (Merksamer et al., 2008) was obtained from AddGene
(Cambridge, MA). SR-GFP was obtained from Peter Walter (Univer-
sity of California, San Francisco). The KDEL retrieval motif inserted at
the C-terminus of the sfGFP-N1 plasmid (Pedelacq et al., 2006; Lai
et al., 2010) was modified to contain the yeast HDEL motif using the
following primers:

Forward, GGACGAGCTGTACAAGGATGAATTGTAAGCG
Reverse, CGCTTACAATTCATCGTGGTACAGCTCGTCC

An amplifiable cassette of sfGFP-HDEL was generated in the
yeast PCR plasmid pYM28 (Janke et al., 2004) by substituting stGFP-
HDEL for EGFP at Sall/BamHI sites. The following primers were
used to amplify the sfGFP-HDEL cassette from sfGFP-N1:

Forward, GATCGTCGACATGGTGAGCAAGGGC
Reverse, GATCGGATCCTTACAATTCATCGTG

The sfGFP-HDEL module can be amplified by using the original
S2 and S3 primers and the original HIS3MX6 selection marker.

ER-sfGFP-HDEL was made by inserting the first 135 base pairs of
the Kar2p coding sequence (Rossanese et al., 2001) fused into the
Bglll/Agel sites of stGFP-HDEL using the following primers:

Forward, GATCAGATCTCTAAAAATG CAACAGAC
Reverse, GATCACCGGTCCATCATCGGCACCTCTAAC

The ER-sfGFP-HDEL fragment was subsequently amplified using
the following primers:

Forward, GCAAATGGGCGGTAGGCG
Reverse, GATCGGATCCTTACAATTCATCGTG

The resulting fragment was digested with Bglll and BamHI and
cloned into the BamHI site of pRS415-GPD (a generous gift from
Elizabeth Miller, Columbia University, New York, NY).
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Fluorescence microscopy, FRAP, and FLIP

After incubation with various stressors, log-phase cells were placed
in eight-well Lab-Tek chambers (ThermoFisher Scientific, Waltham,
MA) and allowed to settle for 5 min before imaging. Cells were im-
aged an Axiovert 200 wide-field fluorescence microscope (Carl
Zeiss Microimaging, Jena, Germany) with a 63x, numerical aper-
ture 1.4 oil objective, a 450- to 490-nm excitation/500- to 550-nm
emission bandpass filter, and a Retiga 2000R camera. Image analy-
sis was performed with ImageJ (National Institutes of Health,
Bethesda, MD).

For FRAP and FLIP, live cells were imaged on a Duoscan confocal
microscope system (Carl Zeiss Microimaging) with a 63x, numerical
aperture 1.4 oil objective and a 489-nm, 100-mW diode laser with a
500- to 550-nm bandpass filter for GFP. FRAP and FLIP experiments
were performed by photobleaching a region of interest at full laser
power of the 489-nm line and monitoring fluorescence loss or re-
covery over time. No photobleaching of the adjacent cells during
the processes was observed. D measurements were made using
an inhomogeneous diffusion simulation, as described previously
(Siggia et al., 2000; Snapp et al., 2003).

Immunoblots

Early-log-phase Kar2p and Kar2p-sfGFP strains, untreated or treated
with Tm, were pelleted and total protein extracted by alkaline lysis
(Kushnirov, 2000). Lysates were separated on 7.5% SDS-PAGE tri-
cine gels, transferred to nitrocellulose membranes, and detected
with anti-GFP (from Ramanujan Hegde, MRC Laboratory of Molecu-
lar Biology, Cambridge, United Kingdom), anti-Kar2p (from Peter
Walter, University of California, San Francisco), anti-Rpl5p (from
Jonathan Warner, Albert Einstein College of Medicine, New York,
NY), or horseradish peroxidase-labeled anti-rabbit (Jackson Immu-
noResearch Laboratories, West Grove, PA).

Northern blot

RNA extraction, Northern analysis, and quantitation were as previ-
ously described (Li et al., 2000). Early-log-phase Kar2p and Kar2p-
sfGFP yeast strains, untreated or treated with DTT, were pelleted on
ice to preserve RNA intermediates and quickly frozen. Total RNA
was extracted by the glass-bead, hot-phenol method (O’Connor
and Peebles, 1991). RNA was analyzed on 5% agarose gels contain-
ing 6% formaldehyde. After transfer to Nytran Plus membranes,
blots were probed with 32P-labeled oligonucleotides, washed,
and imaged with a Storm 820 Phosphorimager (GE Healthcare,
Pittsburgh, PA).

Flow cytometry

Early-log-phase cells expressing the various plasmids were treated
with ER stressors as described. Cells were pelleted, resuspended in
phosphate-buffered saline containing 2% glucose, and analyzed by
flow cytometry using an LSR Il flow cytometer (BD Biosciences, San
Diego, CA) equipped with a 488-nm laser with a 525/50 bandpass
filter for sfGFP and a 561-nm laser with a 610/20 bandpass filter for
mCherry and FACSDIVA software to compile .fcs files. The files were
analyzed using FloJo (Tree Star Ashland, OR). No gates were ap-
plied. Median fluorescence intensities were calculated for each
channel and plotted in Prism, version 5.0c (GraphPad Software, La
Jolla, CA). Errors bars represent the SD of the median of three bio-
logical replicates.
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