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Figure 1. Ubp1 stabilizes Hrd1 through deubiquitination. (A) Hrd1-Flag was expressed from a centromeric plasmid under its endogenous promoter in

hrd1D cells together with individual deubiquitinating enzymes (DUBs). The DUBs were N-terminally tagged with hemagglutinin (HA) and overexpressed

Figure 1 continued on next page
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Figure 1 continued

from a centromeric plasmid under the GPD-promoter. Hrd1 levels were analyzed by SDS-PAGE and immunoblotting for the Flag epitope. The data are

the mean + /- SEM from at least three experiments. (B) Comparison of Hrd1-Flag levels in different strains. Where indicated, wild-type Ubp1 or an

enzymatically inactive mutant (Ubp1(C110S)) were overexpressed (indicated by upwards-pointing arrows). The numbers below the lanes give

quantification of Hrd1-FLAG levels relative to wild-type cells containing an empty vector. This panel is representative of at least three experiments. (C)

The degradation of Hrd1-Flag was followed in a hrd3D strain overexpressing the deubiquitinating enzyme Ubp1 or a catalytically-inactive mutant (Ubp1

(C110S)). Cycloheximide was added to the cell culture at time point zero, and samples were taken at different time points and analyzed by SDS-PAGE

and immunoblotting with anti-Flag antibodies. The data are the mean + /- SEM from at least three experiments. (D) As in (C) but following the

degradation of a catalytically-inactive Hrd1 mutant (Hrd1(C399S)-Flag). (E) The degradation of Hrd1-Flag was monitored following addition of

cycloheximide in the indicated strains. This panel is representative of at least three experiments. (F) Hrd1-His10 was expressed from the endogenous

Hrd1 promoter on a centromeric plasmid in either wild-type or hrd3D cells together with Ubp1 as in (C). The membrane proteins were purified with

IMAC beads under denaturing conditions, separated by SDS-PAGE, and immunoblotted with anti-Hrd1 and anti-ubiquitin antibodies. The stain-free

dye panel shows a non-specific protein band that co-eluted from the IMAC beads and serves to demonstrate equal loading of the samples. This panel

is representative of at least three experiments. (G) Hrd1-Flag, Orm2-Flag, and Ubp1-V5 were expressed from their endogenous promoters on

centromeric plasmids in ubp1D cells. The lysates were immunoprecipitated with anti-V5 affinity resin, separated by SDS-PAGE and immunoblotted with

anti-Flag and anti-V5 antibodies. This panel is representative of at least three experiments. (H) The degradation of CPY*-HA was monitored following

addition of cycloheximide in the hrd1Dubp1D strain with Hrd1-Flag and Ubp1-V5 expressed from either its endogenous or GPD promoter on a

centromeric plasmid. The data are the mean + /- SEM from at least three experiments. See also Figure 1—figure supplements 1, 2 and 3.
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Figure 1—figure supplement 1. Levels of ERAD components in S. cerevisiae cells overexpressing various

deubiquitinating enzymes. (A) The steady-state levels of the HA-tagged deubiquitinating enzymes were analyzed

by SDS-PAGE and immunoblotting for the HA epitope. Note that many of the deubiquitinating enzymes migrate

Figure 1—figure supplement 1 continued on next page
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Figure 1—figure supplement 1 continued

slower than predicted from their molecular weights. (B) Hrd3-Flag was expressed from a centromeric plasmid

under its endogenous promoter in hrd3D cells together with individual deubiquitinating enzymes (DUBs). The

DUBs were N-terminally tagged with hemagglutinin (HA) and overexpressed from a centromeric plasmid under

the GPD-promoter. Hrd3 levels were analyzed by SDS-PAGE and immunoblotting for the Flag epitope. The data

are the mean + /- SEM from at least three experiments. (C) As in (B), but following Usa1-Flag in usa1D cells. (D) As

in (B), but following the ERAD substrate CPY*-Flag in wild-type cells.
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Figure 1—figure supplement 2. Hrd1 is stabilized by Ubp1 overexpression. (A) The degradation of Hrd1-Flag was followed by cycloheximide-chase

experiments in usa1D cells overexpressing the deubiquitinating enzyme Ubp1 or a catalytically-inactive Ubp1 mutant (Ubp1(C110S)). The data are the

mean + /- SEM from at least three experiments. The vertical gray dashed line indicates the 90 min end-point used for CPY* chases. (B) As in (A), but

with der1D cells. (C) The samples used for Figure 1F were analyzed for their total ubiquitin levels and total protein. The membrane fractions were

solubilized in detergent and material not bound to IMAC beads was analyzed by SDS-PAGE and blotting with anti-ubiquitin antibodies (left) or by total

protein visualization with stain-free dye technology (right). (D) Two-fold serial dilutions of whole cell lysate from wild-type cells expressing Hrd1-HA and

Ubp1-HA from their endogenous promoters on centromeric plasmids. This panel is representative of at least three experiments. (E) Hrd1-Flag, Orm2-

Flag, and Ubp1-V5 (or Ubp1-HA) were expressed from their endogenous promoters on centromeric plasmids in ubp1D, hrd3D, or usa1D cells. The

lysates were immunoprecipitated with anti-V5 affinity resin, separated by SDS-PAGE and immunoblotted with anti-Flag and anti-V5 antibodies. This

panel is representative of at least three experiments.
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Figure 1—figure supplement 3. Ubp1 manipulates Hrd1 activity. (A) GFP-CPY* was expressed from a centromeric plasmid under the GPD promoter in

a hrd1Dubp1D strain. GFP-CPY* degradation was followed in cycloheximide-chase experiments. The indicated additional proteins were expressed from

centromeric plasmids under their endogenous promoters or GPD promoter, indicated by upward arrow. Samples were analyzed by flow cytometry after

4 hr of treatment. The number of cells expressing low levels of GFP (horizontal dashed line) does not change during cycloheximide treatment, whereas

those highly expressing GFP-CPY* changes (horizontal solid line). This panel is representative of at least three experiments. (B) As in (A) but with a

centromeric plasmid containing Hmg2-GFP driven by the GPD promoter. Degradation was stimulated using zaragozic acid or combination of zaragozic

acid and cycloheximide. This panel is representative of at least three experiments. (C) The degradation of Erg3-Flag was followed by cycloheximide

chase in a hrd1Dubp1D strain containing the indicated proteins under endogenous promoter or GPD promoter, indicated by upward arrow. The data

are the mean + /- SEM from at least three experiments. (D) As in (C) but following degradation of Hrd1-Flag in hrd1Dubp1D cells expressing CPY*-HA

with the indicated proteins. This panel is representative of at least three experiments.
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Figure 2. Ubp1 function requires its anchoring to the ER membrane. (A) Schematic of chimeric deubiquitinating enzyme constructs used in (B)-(D). TM,

transmembrane. Red segments are from Ubp1, yellow ones from Cue4, cyan ones from Usa1, and blue ones from Usp2. The H domain comprises

amino acids 437–490 of Usa1. (B) The degradation of Hrd1-Flag was followed in a hrd3D strain overexpressing the indicated Ubp1 constructs.

Cycloheximide was added to the cell culture at time point zero, and samples were taken at the indicated time points and analyzed by SDS-PAGE and

immunoblotting with anti-Flag antibodies. The data are the mean + /- SEM from at least three experiments. (C) As in (B), but with other Ubp1 chimeras

and wild-type Ubp1 as control. (D) As in (B) with Usp2 chimeras and wild-type Ubp1 as control. (E) Hrd1-Flag and Ubp1-V5 variants were expressed

from their endogenous promoters on centromeric plasmids in hrd1Dubp1D cells. The lysates were immunoprecipitated with anti-V5 affinity resin,

separated by SDS-PAGE and immunoblotted with anti-Flag and anti-V5 antibodies. This panel is representative of at least three experiments. See also

Figure 2—figure supplement 1.
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Figure 2—figure supplement 1. Steady-state levels of overexpressed proteins in S. cerevisiae cells. (A) The degradation of Hrd1-Flag was followed in

the indicated strains by cycloheximide-chase experiments. The data are the mean + /- SEM from at least three experiments. (B) The steady-state levels

of C-terminally HA-tagged DUB constructs were analyzed by SDS-PAGE and immunoblotting for the HA epitope. The overexpressed constructs shown

in lanes 4–12 were loaded at 10% compared to lanes 1–3.
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Figure 3. Ubp1 overexpression bypasses the requirement for Hrd3 in ERAD. (A) The degradation of the ERAD-L substrate CPY*-Flag was tested in

wild-type cells with or without overexpression of the deubiquitinating enzyme Ubp1. Cycloheximide was added to the cell culture at time point zero,

Figure 3 continued on next page
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Figure 3 continued

and samples were taken at the indicated time points and analyzed by SDS-PAGE and immunoblotting with anti-Flag antibodies. The data are the mean

+ /- SEM from at least three experiments. (B) As in (A), but with hrd1D cells. (C) As in (A), but with usa1D cells. (D) As in (A), but with der1D cells. (E) As

in (A), but with hrd3D cells. (F) The degradation of Hrd1-Flag was followed by cycloheximide-chase experiments in hrd1Dhrd3D cells with or without

overexpression of the deubiquitinating enzyme Ubp1. The vertical gray dashed line indicates the 90 min end-point in CPY* chase experiments. (G) The

degradation of CPY*-Flag was monitored by cycloheximide-chase experiments in hrd1Dhrd3D cells expressing Hrd1 from its endogenous promoter on

a centromeric plasmid together with overexpressed Ubp1. (H) As in (F) but following the degradation of a Hrd1 variant that cannot be

autoubiquitinated in its RING finger domain (Hrd1 KRK-Flag). (I) As in (G), but with Hrd1 KRK. (J) As in (F), but following the degradation of catalytically-

inactive Hrd1 (Hrd1(C399S)-Flag). (K) As in (G), but with Hrd1(C399S). (L) The degradation of the ERAD-M substrate Erg3-Flag was monitored by

cycloheximide-chase experiments in hrd1Dhrd3D cells expressing Hrd1 from its endogenous promoter on a centromeric plasmid together with

overexpressed Ubp1. The vertical gray dashed line indicates the 90 min end-point used for CPY* chases. (M) As in (L), but with Hrd1 KRK. (N) As in (L),

but with Hrd1(C399S).
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Figure 4. The UBL domain of Usa1 inhibits Ubp1 activity. (A) Degradation of Hrd1-Flag in hrd3Dusa1D cells overexpressing the indicated proteins

analyzed by cycloheximide-chase experiments. Ubp1(C110S) is an enzymatically-inactive version of Ubp1, and Usa1DUBL is Usa1 lacking its UBL domain.

This panel is representative of at least three experiments. (B) Degradation of Hrd1-Flag in hrd3D cells overexpressing both Ubp1 and wild-type Usa1 or

Usa1DUBL. This panel is representative of at least three experiments. (C) Degradation of Hrd1-Flag in hrd3Dubp1Dusa1D cells overexpressing the

indicated proteins. This panel is representative of at least three experiments. (D) Degradation of Hrd1-Flag in hrd3Dubp1Dusa1D cells expressing Ubp1

and overexpressing the indicated proteins. This panel is representative of at least three experiments. (E) Model for the regulation of Hrd1 by

autoubiquitination and deubiquitination. Hrd3 serves as an inhibitor of Hrd1 autoubiquitination. Binding of an ERAD substrate to Hrd3 would relieve

this inhibition, resulting in Hrd1 activation and degradation of the substrate (dotted line). Hrd1 ubiquitination also leads to Hrd1 degradation, which

counteracts substrate degradation (broken lines). Ubp1 reverses autoubiquitination of Hrd1 and returns Hrd1 to the inactive state. Ubp1 activity is

attenuated by the UBL domain of the Hrd1-associated component Usa1. See also Figure 4—figure supplement 1.
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Figure 4—figure supplement 1. The Usa1 UBL domain influences Hrd1 stability. (A) The degradation of Hrd1-Flag was followed in the indicated

strains by cycloheximide-chase experiments. The data are the mean + /- SEM from at least three experiments. (B) The degradation of CPY*-HA was

followed in a hrd1D strain containing the indicated proteins by cycloheximide-chase experiments. This panel is representative of at least three

experiments. (C) Hmg2-non-responder-1-GFP was expressed from a centromeric plasmid under the GPD promoter in a hrd1D strain, and its

degradation was followed after the addition of cycloheximide. The indicated additional proteins were expressed from centromeric plasmids under their

endogenous promoters. Samples were analyzed by flow cytometry after 4 hr of treatment. The number of cells expressing low levels of GFP (dashed

line) and does not change during cycloheximide treatment, whereas those highly expressing Hmg2-non-responder-1-GFP changes (solid line). This

panel is representative of at least three experiments. (D) As in C but with Hmg2-GFP, using zaragozic acid to stimulate degradation. This panel is

representative of at least three experiments.
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