Cell, Volume 135

Supplemental Data

Real-Time Redox Measurements during
Endoplasmic Reticulum Stress Reveal
Interlinked Protein Folding Functions

Philip I. Merksamer, Ala Trusina, and Feroz R. Papa

SUPPLEMENTARY EXPERIMENTAL PROCEDURES

Plasmid Construction

The eroGFP gene was generated by ligating the first 135 nucleotides of the KAR2 ORF to the N-
terminus of the ro2GFP ORF (Dooley et al., 2004; Hanson et al., 2004) using Nhel and BamH|1
restriction sites, and by fusing an HDEL retention sequence to its C-terminus using overlap
extension PCR. This gene was then positioned under control of the constitutive TDH3 promoter and
the CYCI1 terminator. This construct is on pPM28 [CEN URA3 eroGFP] used for light microscopy
and pPM44 [integrating NAT eroGFP] used for flow cytometry in Figure 1. Recombinant eroGFP
was made by ligating ro2GFP-HDEL into the pRSETb bacterial expression vector (Invitrogen)
(pPM35) using BamH1 and HindIII sites. pPMS57 containing eroGFP(C147S) was made by
QuickChange site-directed mutagenesis (Stratagene) of pPM44. GAL-eroGFP (pPM60) was made
by replacing the TDH3 promoter in pPM44 with the GAL1 promoter using in vivo DNA gap repair
(Papa et al., 1999). UPR-RFP (pPM47) was made by fusing a tandem 4xUPRE containing CYC/
promoter upstream of the coding sequence for mCherry by overlap extension PCR. 4xUPRE-
Cyclpr and mCherry containing plasmids were gifts from JS Weissman. pPM48 [integrating NAT

eroGFP-UPR-RFP] and pPM56 [integrating KAN eroGFP-UPR-RFP] were made by overlap



extension PCR. The Erol-3HA construct was a gift from J.S. Weissman (Pollard et al., 1998). CPY-
3HA and CPY*-3HA constructs were derived from plasmids from J.S. Weissman (Bhamidipati et
al., 2005) and made by fusing the CUP1 promoter to the coding sequences of pcrl and perl-1
(encoding the CPY or CPY* proteins respectively) on 2u shuttle LEU2 vectors using in vivo DNA
gap repair—pPM17 [2u LEU2 CPY-HA] and pPM18 [2u LEU2 CPY*-HA]. The non-glycosylated
CPY* construct—CPY*0000—(pPM65) was derived from a CPY*0000 containing plasmid from
D.T. Ng (Spear and Ng, 2005) and placed under the CUP1 promoter as described above. The single
cysteine (pPM66) and cysteine-less CPY* (pPM67) constructs were derived from a CUP1-CPY*
construct containing three cysteines from A.A. Cooper (Haynes et al., 2004) and modified by
QuickChange site-directed mutagenesis (Stratagene) and cloned into 2u shuttle LEU2 vectors using
Sacl and Xhol restriction sites. The single cysteine in pPM66 is located at position 167. The
constitutive-ON, kinase-dead, INM-PP1-sensitized Irel plasmid was previously described (Papa et

al., 2003). All plasmids were sequenced on both DNA strands.

Pulse Chase of eroGFP

Wild-type cells expressing GAL-eroGFP were grown to mid-log phase in SGal media at which
point 2% glucose was added. An equal volume of galactose was added to the control group.
After 2.5 hrs cells were washed two times in 1 ml of either SD or SGal without amino acids and
resuspended in 150 pl of SD or SGal without amino acids. Cells were pulsed with 20uCi of
Tran’”S-label (MP Biomedicals) for 15 minutes and chased with SD or SGal supplemented with
10mM methionine for 5 min. Cells were lysed in Triton lysis buffer (150 mM NaCl, 50 mM
HEPES pH 7.5, 5SmM EDTA, and 1% Triton-X100) with glass bead vortexing. eroGFP was

immunoprecipitated with 8 pg/ml of anti-GFP (Invitrogen/Molecular Probes) and anti-rabbit



magnetic beads (Invitrogen) following the manufacture’s protocol, with the exception that we
only used one instead of the three recommended washes in 5% Normal Goat Serum (NGS)
1%Triton, 3% BSA wash buffer. Equal amounts of supernatant recovered from magnetic beads
were loaded in two SDS-PAGE protein gels: one was analyzed by immunoblotting and the other
was exposed to Kodak autoradiography film for 5 days after being fixed in 65% Isopropanol,
10% Acetic acid, 25 % water, incubated in Enhance solution (Amersham) for 30 min, and dried

at 55°C for 2 hours.

Determination of the Oxidation State of eroGFP and Erolp

Oxidation state determination was performed as previously described (Frand and Kaiser, 1999).
In brief, mid-log phase growing yeast cultures were harvested by centrifugation and resuspended
in 15% TCA to precipitate proteins and prevent disulfide exchange. Vortexing with glass beads
was used to disrupt the cell wall and membranes. Protein pellets were washed with acetone and
were solubilized in 50pul of non-reducing sample buffer containing 80mM Tris-HCI (pH 6.8), 2%
SDS, 1mM PMSF, and bromophenol blue. This buffer contained 25mM 4-acetamido-4'-
maleimidylstilbene-2,2'-disulfonic acid (AMS, Molecular Probes) when indicated. For analysis
of Erolp-3HA this buffer also contained 6M urea. Samples were incubated on ice for 15
minutes, at 37°C for 10 minutes (for Erolp only), and boiled for 5 minutes. To deglycosylate
Erolp-3HA, samples were diluted 4-fold into 50 mM sodium citrate (pH 5.5) containing 5 mU of
Endoglycosidase H (Roche Diagnostics) and incubated at 37°C for 2.5 hr. Samples were
resolved by non-reducing SDS-PAGE and immunoblotted with anti-GFP (1:1000,

Invitrogen/Molecular Probes) or anti-HA (1:2000, Rockland) when indicated.

Immunoblots



Yeast protein extracts and immunoblots were performed as previously described (Leber et al.,
2004). The following primary antibodies were used: anti-Pdilp (1:2000, a gift from JS
Weissman), anti-Pgk1p (1:5000, Invitrogen/Molecular Probes), anti-HA (1:2000, Rockland), and

anti-CPY (1:5000, Abcam).
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Figure S1. Oxidation changes in eroGFP require a disulfide pair

(A) Wild-type cells expressing eroGFP or eroGFP(C147S) were treated with 4mM DTT for 10
minutes and fluorescence measured by flow cytometery as described in Figure 1. UT indicates
untreated. The eroGFP ratio was normalized to the untreated case for wild-type eroGFP. Data
represent means +/- SD of three independent experiments. (B) Protein extracts from cells
expressing eroGFP treated with 2pug/ml Tm for 3 hours (lane 1) and from cells expressing

eroGFP(C147S) untreated (lane 2), treated with 10mM DTT for 10 minutes (lane 3), or treated



with 2pg/ml Tm for 3 hours (lane 4). Extracts were treated with AMS, resolved on non-reducing

SDS-PAGE, and immunoblotted against GFP.
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Figure S2. Finer resolution time course of ER redox status and UPR activity for early time

points during inhibition of protein oxidation

Time-course of wild-type cells expressing the composite reporter treated with 2mM DTT at time,

t=0. Automated sampling was performed every ~3 min for ~40 min. The median eroGFP ratio is

represented by green circles and the median UPR-RFP metric is represented by red x-marks.
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Figure S3. Adaptation to prolonged exposure to DTT

Upper panel: Schematic of experimental design. Wild-type cells expressing eroGFP were
inoculated into SD media. At time t=0, samples 3 and 5 were treated with 2mM DTT. At t=5 hrs,
sample 2 was treated with 2mM DTT. At t=5 hrs, samples 4 and 5 were centrifuged, media was
discarded from sample 4, and cells were resuspended in the media from sample 5. At t=5 hrs
20min, the eroGFP ratio was measured. Lower panel: Bar graph of eroGFP ratio for samples 1-4.
The eroGFP ratio was normalized to sample 1. Data represent means +/- SD of two independent

experiments.
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eroGFP  Sec61-mCherry merge

Ut

DTT

Tm

Figure S4. Localization of eroGFP during ER stress
Representative images of cells expressing eroGFP and Sec61-mCherry taken by spinning disk

confocal microscopy. UT: untreated. DTT: 2mM DTT for 1 hour. Tm: 1pg/ml Tm for 2 hours.



Supplementary Figure S5
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Figure SS. Induction of the ER chaperone and oxidoreductase, PDI, after ER stress
Wild-type cells expressing the composite reporter were treated with 2mM DTT for eight hours.
Samples were taken every two hours for SDS-PAGE and immunoblotted against PDI and PGK1,

a loading control.
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Figure S6. Changes in oxidation state of Erolp during ER stress

(A) Protein extracts from wild-type cells expressing the composite reporter and Erolp-3HA were
treated with 10mM DTT for 30 min (lane 2), treated with 2pug/ml Tm for 3 hours (lane 3), or
untreated (lanes 1 and 4). Extracts in lane 4 were deglycosylated with EndoH. Extracts were
resolved on reducing SDS-page and immunoblotted against HA. Note that deglycosylation from
Tm treatment produced the same faster migrating species from in vitro EndoH treatment of the
untreated sample indicating its complete under-glycosylation in vivo (lanes 3 and 4). (B) Protein
extracts from cells described above were treated with AMS as indicated, followed by treatment
with EndoH to deduce mobility shifts due to AMS modification of available sulthydryls in the

different treatments. Samples were then resolved on non-reducing SDS-PAGE, and



immunoblotted against HA. Note the appearance of the AMS modified band due to DTT
treatment in lane 4 (marked a), and the three AMS modified bands due to Tm treatment in lane 6

(marked b).
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Figure S7. Dynamic monitoring of pre-existing eroGFP redox status during ER stress

(A) Pulse-chase of wild-type cells expressing GAL-eroGFP. See supplementary experimental

procedures for details. (B) Quantification of eroGFP protein levels normalized to PGK1 for wild-

type cells expressing GAL-eroGFP in SD vs. SGal media. (C-F) Time courses of the eroGFP

ratio histograms in wild-type cells expressing GAL-eroGFP during treatment with DTT (2mM)

or Tm (1pg/ml). The eroGFP ratio is normalized to unstressed cells. Color represents percentage

of cells at a given metric value and time point. Dashed gray line signifies time of stressor

addition. Thirty minutes prior to sampling cells growing exponentially in SGal media were

diluted 1/30 into SGal media (C) and (E) or SD media (D) and (F). We noted a slightly faster



decay after DTT treatment in (D) vs. (C), possibly due to the lack of newly-synthesized eroGFP

requiring oxidation in (D).
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Figure S8. Dynamic monitoring of ER redox status and UPR activity during recovery from
glycosylation inhibition

Median values for the eroGFP ratio and the UPR-RFP metric in wild-type (A), irelA (B), and

haclA (C) cells expressing the composite reporter during treatment with Tm (1pg/ml) and during



recovery. The eroGFP ratio is represented by green circles the UPR-RFP metric is represented by
red x-marks. The first dashed gray line denotes time of Tm addition and the second dashed gray
line denotes time of dilution (1:25) into fresh media. The upward drift of UPR-RFP in the UPR
mutants may be due to RFP accumulation in the growth-arrested cells. (D) Growth curves for
WT (brown), irelA (blue), and haclA (red) cells are plotted as the log, number of cells
normalized to the number of cells at time, t=0. Note that only wild-type cells resume growth

upon Tm removal.
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Figure S9. Characterization of copper-inducible CPY and CPY* variants

(A) Time courses of the eroGFP ratio and UPR-RFP histograms for wild-type and ArdIA cells
expressing the composite reporter and empty vector treated with 200uM or 500uM copper
sulfate. Color represents percentage of cells at a given metric value and time point. The dashed
gray line signifies time of copper addition. (B) Immunoblot against HA and PGK1 of protein
extracts from cells harboring empty vector, Pcypi-CPY-HA, or Pcypi-CPY*-HA in the presence
and absence of 200uM copper sulfate. (C) Immunoblot against HA and PGK1 of protein
extracts from cells treated with 200uM or 500uM copper sulfate. (D) Cells expressing Pcypi-
CPY*-HA were treated with 200uM copper sulfate at time, t=0 and samples were taken for
immunoblot every 2 hours for 8 hours. (E) Immunoblot against CPY from cells expressing
Pcupi-CPY*0000, Pcypi-CPY *-1cys, or Pcypi-CPY*Cys-less treated with 200uM copper sulfate.
The band marked “a” denotes unglycosylated CPY*, while “b” denotes glycoyslated CPY*. An
* signifies a non-specific band. (F) Growth curves from experiments described in Figure 5 for
wild-type cells treated with 500uM copper sulfate expressing the indicated CPY construct or
empty vector. The color of the line denotes which construct was expressed (see G). (G)
Summary of the percentage of cells in the deflected population from Figure 5 defined as cells

with an eroGFP ratio greater than 1.



Supplementary Figure S10
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Figure S10. Increased UPR activity in a protein oxidation mutant in the absence of ER
stress

Northern blot for H4CI mRNA for wild-type or pdil-DAmP cells treated with or without
tunicamycin (1pg/ml) for 1 hour. HACI" denotes unspliced and HACI' spliced mRNA
respectively. An asterisk signifies the HACI 5’ exon. Percent spliced HACI mRNA was
calculated as HACI' mRNA over HACI' + HACI" mRNA. 28% greater splicing was evident in

lane 3 vs. 1 (unstressed).
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Figure S11. Normalized eroGFP ratios for ER oxidative folding, quality control, and UPR
signaling mutants during pharmacologically-induced ER stress

Median values of the eroGFP ratio time courses for each mutant were normalized to wild-type.
These normalized curves were then integrated over the time course with time, t= 0 denoting time

of stressor addition, and reported as areas under the curves (AUC)
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Figure S12. Differential growth for ero/-DAmP during protein oxidation and protein

glycosylation stresses

Serial dilutions for wild-type, haclA, and erol-DAmP cells “frogged” onto synthetic-media

plates without drug (UT), or with DTT (1.5mM) or Tm (0.5pg/ml). Image was taken 3 days after

plating.



Supplementary Table S1

Strain Genotype

YPM46 MATa, his3A1, leu2 A0, metl 5A0, ura3A0,
eroGFP::NAT

YPMS51 MATa, his3A1, leu2 A0, met1 SAO, ura3A0,
eroGFP-UPR-RFP::NAT

YPM59 MATa, his3Al, leu2 A0, met1 5A0, ura3A0,

hrdIA::KAN, eroGFP-UPR-RFP::NAT

YPM66 MATa, his3A1, leu2 A0, metl 5A0, ura3A0,
irel A::KAN, eroGFP-UPR-RFP::NAT

YPM67 MATa, his3A1, leu2 A0, met1 5A0, ura3A0,
haclA::KAN, eroGFP-UPR-RFP::NAT

YPM68 MATa, his3Al1, leu2AO, metl 5A0, ura3A0,
pdil-DAmMP::NAT, eroGFP-UPR-RFP::KAN

YPM69 MATa, his3Al, leu2 A0, met15A0, ura3A0,
erol-DAmMP::NAT, eroGFP-UPR-RFP::KAN

YPM?70 MATa, his3Al1, leu2 A0, metl 5A0, ura3A0,
eroGFP(C147S)::NAT

YPM72 MATa, his3Al, leu2 A0, metl 5A0, ura3A0,

GALl-eroGFP::NAT





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


