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ABSTRACT

Glutathione (GSH), r~y-glutamyl-L-cysteinyl-glycine, is the major low-molecular-weight thiol compound
present in almost all eukaryotic cells. GSH degradation proceeds through the +y-glutamyl cycle that is
initiated, in all organisms, by the action of y-glutamyl transpeptidase. A novel pathway for the degradation
of GSH that requires the participation of three previously uncharacterized genes is described in the yeast
Saccharomyces cerevisiae. These genes have been named DUGI (YFR0O44c), DUG2 (YBR281c), and DUG3
(YNL191w) (defective in utilization of glutathione). Although dipeptides and tripeptides with a normal
peptide bond such as cys-gly or glu-cys-gly required the presence of only a functional DUGI gene that
encoded a protein belonging to the M20A metallohydrolase family, the presence of an unusual peptide
bond such as in the dipeptide, y-glu-cys, or in GSH, required the participation of the DUG2 and DUG3 gene
products as well. The DUG2 gene encodes a protein with a peptidase domain and a large WD40 repeat
region, while the DUG3 gene encoded a protein with a glutamine amidotransferase domain. The Duglp,
Dug2p, and Dug3p proteins were found to form a degradosomal complex through Duglp-Dug2p and
Dug2p-Dug3p interactions. A model is proposed for the functioning of the Duglp/Dug2p/Dug3p proteins

as a specific GSH degradosomal complex.

LUTATHIONE (GSH), L-y-glutamyl-L-cysteinyl-
glycine, is the major low-molecular-weight thiol
compound present in almost all eukaryotic cells (MEISTER
and ANDERSON 1983; FAHEY and SunpQuisT 1991) at
intracellular concentrations ranging from 0.1 to 10 mm
(HWANG et al. 1992). This is in contrast to other redox
couples that are in micromolar concentrations in the
cell (HOLMGREN et al. 1978). GSH thus acts as the prin-
cipal redox buffer, plays an important role in oxidative
stress response and in the detoxification of metals and
xenobiotics, and influences—through redox—several
essential processes such as gene expression, cell prolif-
eration, and apoptosis (PENNINCKX and ELSKENS 1993;
ARRIGO 1999; FANG et al. 2002). The two important
chemical properties from which glutathione derives
its importance in the cell are its low redox potential
(OSTERGAARD et al. 2004) and the stability of the tripep-
tide provided by the unusual y-glutamyl bond, making
it resistant to peptidases in the cell and allowing it to exist
at high concentrations in the cell (GANGULY et al. 2003).
GSH levels (and the ratio of the oxidized and reduced
forms of glutathione) need to be carefully maintained
in the cell. In addition to its biosynthesis, degradation,
and consumption in different processes, glutathione
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levels are altered by its compartmentalization and ef-
flux from the cell (PERRONE et al. 2005). In addition to
biosynthesis of GSH, which occurs in the cytoplasm
through the sequential action of two cytosolic enzymes,
v-glutamyl cysteine synthase and glutathione synthase
(ME1sTER and ANDERSON 1983), GSH can also be
transported from the extracellular medium through
specific transporters (BourBouLOUX et al. 2000). These
multiple processes combine to maintain glutathione
homeostasis in the cell. GSH deficiency in the cell has
been associated with many disease states that include
liver diseases, macular eye degeneration, Alzheimer’s,
aging, and HIV infections (Wu et al. 2004). Higher levels
of glutathione have also been shown to lead to gluta-
thione toxicity at least in yeast (SRIKANTH et al. 2005).

In eukaryotes, glutathione is essential for growth. In
the yeasts Saccharomyces cerevisiae and Schizosaccharomyces
pombe, deletion of the first enzyme in GSH biosynthesis
leads to growth stasis (unless supplied with exogenous
glutathione) (Wu and MoYE-ROWLEY 1994; GRANT et al.
1996; CHAUDHURI ¢f al. 1997), while in mice deletion of
the first enzyme leads to embryonic lethality (SHI et al.
2000). Overproduction of the rate-limiting enzyme in
glutathione biosynthesis has recently been demon-
strated as leading to increased longevity in Drosophila
melanogaster (ORR et al. 2005).

GSH biosynthesis and metabolism proceeds through
the y-glutamyl cycle proposed by ORLOWSKI and MEISTER
(1970). y-Glutamyl transpeptidase (y-GT) catalyzes the
first step in the degradation of glutathione in this cycle,
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which involves the cleavage and transfer of the y-glutamyl
moiety from glutathione to an acceptor amino acid (or
hydrolysis to release glutamate) and release of cysteinyl-
glycine. Ever since the y-glutamyl cycle was proposed,
the degradation of glutathione has been thought to be
initated by the action of y-glutamyl transpeptidase. The
possibility of an alternative enzyme (or pathway) for glu-
tathione degradation has never been carefully examined.

We have recently provided genetic evidence for the
existence of an alternative pathway for GSH degrada-
tion independent of y-GT (KUMAR et al. 2003b). This was
demonstrated through the use of cells disrupted in the
ECM38 gene encoding the y-GT enzyme. S. cerevisiae
encodes a single enzyme for y-GT (encoded by the ORF
ECM38/ CIS2/ YLL299%w). These cells retained the abil-
ity to utilize glutathione as a sulfur source, demonstrat-
ing that an alternate pathway for GSH degradation
exists in yeast cells. This alternative pathway for GSH
degradation allowed the yeast cell to utilize GSH
efficiently as a sole source of sulfur (KuMAR et al.
2003b). However, while providing new insights into
the physiology of GSH metabolism, this finding has also
raised several questions regarding the pathway and the
exact peptidases that might be mediating this turnover.
Since under normal growth conditions GSH is turned
over minimally (MEHDI and PENNINCKX 1997; KUMAR
et al. 2003a), the nature of this pathway and its com-
ponents is intriguing, especially since GSH is the prin-
cipal redox buffer and performs numerous functions
that are essential for the viability of living cells. The
identification of the enzymes mediating GSH turnover
in yeast through the alternative pathway is therefore an
important key to understanding the exact physiology of
GSH metabolism and homeostasis in cells. In this study
we have attempted to investigate these questions and to
identify the participants in this novel pathway affecting
this very important cellular metabolite.

MATERIALS AND METHODS

Chemicals and reagents: Glutathione and +y-glutamylcys-
teine were purchased from Sigma-Aldrich. Cysteinylglycine
was purchased from Bachem and a-glutamylcysteinylglycine
was custom synthesized by Gensescript. Restriction enzymes
and Vent DNA polymerase were from New England Biolabs
(Beverly, MA). Oligonucleotides were purchased from Bio-
Basic (Canada). The antibodies used in this study were the
following: anti-HA (6E2) mouse mAb (no. 2367, cell signal-
ing), anti-Myc (9B11) mouse mAb (no. 2276, cell signaling),
anti-His (27E8) mouse mAb (antibodies against the 6xHis
epitope) (no. 2366, cell signaling), and HRP linked anti-mouse
immunoglobulin G (IgG) (no. 7076, cell signaling).

Yeast strains, constructions, and growth conditions: The
yeast strains used in this study and their sources are shown in
supplemental Table 1 at http: /www.genetics.org/supplemental/.
Yeast cells were grown at 30° in YPD medium, synthetic defined
medium (SD), or complete medium (CM) (RosE et al. 1990).
Glutathione, methionine, and cysteine or other peptides were
used at a concentration of 200 um. The yeast strains con-
structed during this study are described below:

ABCI1388 (met15Alapllap2lap3lap4) was created by disrupting
the METI15 gene in the ABC1339 (lapllap2lap3lap4) strain
by PCR-mediated gene disruption using the KanMX2 mod-
ule (WAcH et al. 1994). The KanMX2 cassette was amplified
from plasmid ABE333 (plA6-KanMX2) using primers MET15-
DEL1 and METI15-DEL2. ABC1390 (metl5Apre3T20A) was
similarly created by disrupting MET15in ABC1356 (pre31T20A),
and ABCI1391 (met15Apre4-1) was created by disrupting
MET1I5 in the ABC1357 (pre4-1) strain. The disruptions were
confirmed by checking the lack of growth on SD plates
without any organic sulfur source.

ABC1720 (met15Acps1AkexA yb139wAprclA) lacking four car-
boxypeptidases was created by sequential disruption of
KEXI, YBR139w, and PRCI genes in a cpsIAmetI5A strain
(ABC1281). The KEXI gene was disrupted using the URA3
marker. The URA3 cassette was amplified from plasmid
ABE150 (pSP2) by using primers KEX1-DEL1 and KEX1-
DEL2. Disruptions were confirmed by PCR using primers
KEX1CF-FOR and KEX1CF-REV. The YBRI39w gene was
disrupted using the LEU2 marker. LEU2 cassette was
amplified from plasmid ABE149 (pSP1) by using primers
YBR139w-DELI and YBR139w-DEL2. Disruptions were con-
firmed by PCR wusing primers YBRI39wCF-FOR and
YBR139wCF-REV. The PRCI gene was disrupted by using a
prclA:: HIS3 disruption plasmid (ABE1660). The plasmid
ABE1660 was digested with BamHI and transformed in
ABC1719 (met15A cpsIA kexIA ybr139wA). The disruptions
were confirmed by checking for lack of carboxypeptidase
(CpY) activity by performing the N-acetyl-pL-phenylalanine
B-naphthyl ester overlay test (JoNEs 2002).

Mutant isolation, genetic complementation studies, and
yeast DNA isolation: Ethyl methanesulfonate (EMS) mutagen-
esis was performed to isolate yeast mutants defective in uti-
lizing GSH as a sole source of sulfur. ABC1083 (met15Aecm38A)
was taken as the parent strain to isolate mutants that failed
to grow on SD plates containing GSH as the sole source of
organic sulfur but which could grow well when supplied with
methionine or cysteine. The ecm38A background was chosen
to eliminate any residual contribution to degradation from the
v-glutamyltranspeptidase enzyme. The EMS mutagenesis was
done according to standard protocol (LAWRENCE 2002) and
90% Kkilling was achieved following incubation of wild-type
cells in 1.5% EMS for 45 min at 30°. The EMS mutagenized
culture was plated onto ~50 YPD plates, which were replica
plated to media containing GSH as the sole sulfur source;
mutant clones were purified by single-colony purification and
patched onto selective media plates to confirm mutants with
the desired phenotype.

Mutants specifically defective in utilization of GSH were
backcrossed with a wild-type parent of the opposite mating
type (MATo his3A1 lew2A0 lys2A0 ura3A0), and complemen-
tation analyses of resulting backcrossed spores were carried on
by diploid formation. Complementation analysis was also
carried on with a met15AhgtIA mutant. The genes correspond-
ing to the mutants were isolated from a yeast genomic library
by functional complementation phenotypic with GSH as the
sole source of organic sulfur.

Yeast genomic DNA and plasmid DNA isolation were car-
ried out by the glass-bead lysis method (KAISER et al. 1994) and
yeast transformations were carried out by the lithium acetate
method (ITo et al. 1983).

Glutathione toxicity assay: Glutathione toxicity assay was
carried out by the spot dilution assay. The met15A, met15Adug3A,
met15Aecm38A, and metl15Aecm38Adug3A strains were trans-
formed with the plasmid pTEF-HGT1 and control vectors.
The transformants were grown in minimal medium and
dilution spotting was carried out on minimal media plates
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containing glutamate as a nitrogen source and methionine
(200 wm) and glutathione across a range of concentrations.

Cloning of genes and their manipulation: The DUGI, DUG2,
and DUG3 ORFs, the yeast two-hybrid fusions, the promoter-
LacZ fusions, and the tagging constructs (as listed in supple-
mental Table 2 at http:/www.genetics.org/supplemental/)
were created first by PCR amplifying the relevant regions using
the primers listed in supplemental Table 3 (at http:/www.
genetics.org/supplemental/) and digestion by the appropri-
ate restriction enzymes, followed by cloning into the appro-
priate vectors using standard protocols. Sequencing was done
using gene-specific oligos (data not shown) on an ABI Prism
310 sequencer per manufacturer’s protocol.

Detection of thiol intermediates of GSH degradation in
dug mutant extracts: Wild-type and dugIA, dug2A, and dug3A
strains were grown in SD media supplemented with 0.2 mm
glutathione at 30° for 16 hr, chilled in ice for 30 min, and
washed in distilled water. The cell pellet was resuspended in
5% sulfosalicylic acid, and the cell extract was prepared using
glass-bead lysis method, and adjusted to pH 7.0 using 10 N
NaOH. An equal amount of the cell extracts was labeled
with thiol-specific fluorescent labeling reagent monobromo-
bimane in TE buffer (pH 8.0) following the protocol de-
scribed earlier (FAHEY and NewToN 1987). The labeled
sample was diluted in mobile phase and injected for analysis
in a Shimadzu (Tokyo) SCL-10Avp HPLC system with a reverse
phase C18 column (150 X 4.6 mm). Buffer A consisted of
0.25% glacial acetic acid in water, pH ~3.5, and 0.22 pm
filtered. Buffer B (B) was HPLC grade methanol. With a flow
rate of 0.6 ml/min at 25°, the linear gradients were 15-23% B,
0-15min; 23-42% B, 15-45 min; 42-75%, 45-55 min; 75-15%,
55-65 min; and 15%, 85 min. The fluorescence was detected
using a RF-10Ax/ detector with excitation at 360 nm and emis-
sion at 490 nm. The data were acquired and analyzed using
Shimadzu CLASS VP software. Cysteine, vy-gly-cys, and GSH
showed 14-, 23.5-, and 25-min retention times, respectively. Cys
and cys-gly peaks were detected at the same positions under
these conditions.

Yeast two-hybrid analyses: The DuplLex-A yeast two-hybrid
system (OriGene Technologies, MD) based on the system
developed by R. Brent and co-workers (GYURIS et al. 1993) was
used in this study. In this system, the “bait plasmid” is pEG202,
in which the test protein is fused to the LexA DNA-binding
domain. The “prey plasmid” is pJG4.5, in which the Gal4p
protein activation domain is fused to the second test protein.
Interaction of the test proteins with bait/prey plasmids leads
to the formation of a functional transcription activator. For the
reporter, two systems are used: (1) growth on the —Leu plate
and (2) color development on the +X-Gal plate. For growth
on —Leu, the strain EGY48, transformed with pEG202 (pBait),
pJG4.5 (pPrey), and pSHI18-34, which contained 6LexA
operators upstream of the LEU gene, was used. In X-Gal color
development, pEG202 (pBait), p]G4.5 (pPrey), and pSH18-34
plasmids were transformed in the EGY48 strain. This pSH18-
34 plasmid contained 8LexA operators upstream of LacZgene.
The EGY48 yeast strain, transformed with a specific set of three
yeast two-hybrid clones, was selected on CM + Glc with ap-
propriate selection. The transformants were patched on CM —
Leu and CM + X-gal assay plate with appropriate selection.
The growth or color development was monitored by incubat-
ing the plates at 30° for an optimal number of days. The auto-
activation potential of each bait construct (pEG202-X) was
examined by analyzing the ability of the transformant to grow
on CM — Leu plate with appropriate selection (LEU2 ac-
tivation) and by using a lacZ reporter vector, pSH18-34 (X-gal
color assay) as well.

Immunoprecipitation assays: The yeast strain ABC710, a
protease-deficient strain (deficient in protease A, protease B,

and protease C), was used as a host strain in these studies. Yeast
transformants bearing multiple plasmids, expressing the
tagged proteins, were grown in SD media with appropriate
selection up to ODgg 0.4-0.5 and then harvested at 4°. Cells
were washed once with ice-cold yeast protein extraction buffer
(20 mm TrisCl (pH 7.5), 20 mm NaCl, 1 mm EDTA, 10%
glycerol, 0.2% NP-40) and were resuspended in the same ice-
cold yeast protein extraction buffer. Cells were broken using
glass-bead lysis method following the protocol as described
(BROWN et al. 2000). The supernatant was collected after
centrifugation at 13,000 rpm for 10 min at 4°. The concentra-
tion of the total protein in samples was measured using
a Bradford reagent with BSA as the standard. The samples
(~200 pg) were incubated with either anti-HIS mouse mAb or
anti-cMyc mouse mAb for ~2 hr at 4° on an Eppendorf
thermo-mixer. The sample was incubated with 2X vol of
ProteinG sepharose slurry for ~1 hr at 4° on an Eppendorf
thermo-mixer. Beads were centrifuged and washed three times
with phosphate buffer. Samples (beads) were boiled in 5XX
SDS-PAGE sample buffer and run on SDS-PAGE (SAMBROOK
et al. 1989) and proteins were transferred to nitrocellulose
membrane (TOWBIN et al. 1979) and immunodetected using
primary anti-His mouse mAb, anti-cMyc mouse mAb, or
anti-HA mouse mAb (dilution 1:2500) and secondary HRP-
conjugated Horse anti-mouse IgG (dilution 1:7500) following
the procedure described by BLAKE et al. (1984) and visualized
using an enhanced chemiluminescence kit.

Fluorescence microscopy: Fluorescence microscopy was
performed on an inverted LSM510 META laser scanning
confocal microscope (Carl Zeiss) fitted with plan-Apochromat
X100 (numerical aperture, 1.4) oil immersion objective. All
measurements were performed with living nonfixed cells. For
detection of the DuglGFP, Dug2GFP, and Dug3GFP fusion
proteins, the 488-nm line of an argon ion laser was directed
over an HFT UV/488 Beam splitter, and fluorescence was
detected using an NFT 490 beam splitter in combination with
a BP 505- to 530-band pass filter (AGGARWAL and MONDAL
2006). Strains expressing various DUGXGFP were grown in SD
media, supplemented with GSH and other supplements, to
logarithmic phase (ODggy ~0.5-0.6) and observed under
microscope. Images obtained were processed using Adobe
Photoshop Version 5.5.

RESULTS

GSH utilization by the alternative pathway requires
a functional cysteine utilization pathway, but does not
involve known peptidolytic activities: To obtain insights
into the possible components of the alternative pathway,
we examined if GSH degradation and utilization as a
sulfur source proceeded through the utilization of cys-
teine, since cysteine was one of the component amino
acids of glutathione and appeared to be the most likely
route for GSH utilization. Yeast str2A strains, deleted for
the STR2 gene that encodes cystathionine y-synthase,
cannot utilize cysteine as the sole source of sulfur as it
is the first step in the utilization of cysteine (HANSEN
and JoHANNESEN 2000). The str2A strain, in addition
to being unable to grow on cysteine as a sole source
of sulfur, was unable to utilize GSH as a sole source of
sulfur, even in the presence of a functional y-glutamyl-
transpeptidase (data not shown). The inability of the
str2A strain to grow on either cysteine or GSH suggests
that GSH utilization by the alternative pathway requires



1140 D. Ganguli, C. Kumar and A. K. Bachhawat

TABLE 1

Growth of different peptidase disruptants on GSH and methionine

Growth phenotype

Type of
Pathway disruptants Gene disrupted/mutated +MET +GSH
Vacuolar biogenesis/proteolysis  Single pepSA and pep4A ++ ++
Vacoular autophagy Single apgIA, torlA, aut4A, aut2A, algl5 and apgl4 ++ ++
Aminopeptidase Single lapIA, lap3A, lap4A, aaplA, ape3A, dap2A, and ynl045w ++ ++

Multiple  lapllap2lap3lap4 ++ ++
Carboxypeptidase Single yor139wA, prelA cpsIA, and kexIA ++ ++

Multiple  ybr139wAprcIAcps1AkexIA ++ ++
Proteasomal peptidases Single pre3T20A and pred-1 ++ ++

Peptidase genes disrupted in met15A background were examined for their involvement in utilization of GSH as sole source of

sulphur.

a functional cysteine utilization pathway and is most
likely to proceed through cysteine as an intermediate.

S. cerevisiae has several aminopeptidases, carboxypep-
tidases, as well as dipeptidases, making them potential
candidate peptidases involved in degradation of the
tripeptide glutathione in the absence of y-glutamyl-
transpeptidase. As cysteine was indicated as the possible
intermediate in this pathway, the possibility that this
might be released through the action of one of the large
number of aminopeptidases or carboxypeptidases in
the yeast was highly likely.

We examined the possible role of the major pepti-
dases that has been described in S. cerevisiae in GSH
turnover by evaluating strains deleted for the individual
genes in the met15A background for growth on GSH as a
sole source of sulfur. The met15A background was cho-
sen since these strains are organic sulfur auxotrophs
and cannot use inorganic sulfate as a source of sulfur.
They can use cysteine, methionine, or glutathione as
sulfur sources. To use GSH as a sulfur source, GSH
needs to be degraded into its constituent amino acids.
The different deletion strains examined are shown in
Table 1. In addition, to eliminate redundancy in func-
tion among the aminopeptidases, as well as among the
carboxypeptidases, we created strains multiply deficient
in these activities as shown in the Table 1. However, no
effect on glutathione utilization was detected in any of
these strains.

The possibility of a role for the vacuole and vacuolar
autophagy in utilization of GSH as an exogenous source
of sulfur was also evaluated as the vacuoles have a large
number of peptidases and vacuolar autophagy plays an
important role in the starvation condition for meeting
amino acid requirements. However, none of the mu-
tants displayed a selective growth defect on glutathione
utilization.

Since the known aminopeptidases, carboxypeptidases,
and dipeptidases or vacuolar autophagy were not in-
volved in the utilization of GSH as a sole source of sulfur
in S. cerevisiae, we evaluated the possible contribution of
the proteasome, the major proteolytic and peptidolytic

enzyme present in the cytoplasm that is responsible for
the bulk degradation of proteins and peptides for its role
in GSH degradation. One of the major activities of the
yeast proteasome is peptidylglutamyl-peptide-hydrolyzing
(PGPH) activity, which involves cleavage of bonds on the
carboxyl side of acidic amino acids in the proteins or
peptides and is dependent on two of its subunits, PRE3
and PRE4. Each of these subunits is essential for cell
viability (HEINEMEYER et al. 1991, 1993; HILT et al. 1993).

Mutant alleles for PRE3 and PRE4 subunits that lack
PGPH activity (HILT et al. 1993; HEINEMEYER el al. 1997)
were procured and we created MET15 disruptions in the
two mutant strains as well as in the corresponding wild-
type strain. Both met15A pre3T20A and met15Apred-1
strains were found to grow well on GSH just as the
wild-type strain and the growth on GSH were also sim-
ilar to the growth on methionine, suggesting that the
peptidylglutamyl-peptide-hydrolyzing activity of the yeast
proteasome is not needed for the utilization of GSH as
a sulfur source.

Isolation of mutants defective in utilization of
glutathione (dug) and the placement of the dug mutants
into four complementation groups: The absence of an
apparent involvement of the known peptidases and the
known proteolytic pathways indicated either a redun-
dancy of the different pathways or the possibility of a
new pathway for glutathione degradation. The possibil-
ity also existed that there might be a small redundancy
with the known enzyme involved in glutathione degra-
dation (encoded by ECM38), which was masking the
detection of the deletion strains that were examined. To
address these issues, we decided to attempt the isolation
of mutants defective in glutathione degradation.

A met15A ecm38A (ABC1083) strain was taken as the
parent strain to isolate mutants that failed to grow on
SD plates having GSH as the sole source of organic
sulfur but grew well when supplied with methionine
or cysteine in place of GSH. In addition to metI5A, an
ecm38A background was chosen to rule out any partic-
ipation of y-GT in this process. We carried out the EMS
mutagenesis at 90% killing (described in detail in
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MATERIALS AND METHODS), followed by plating on YPD
plates and incubation at 30° for 2-3 days. The colonies
obtained were replica plated on minimal medium con-
taining glutathione, methionine, or cysteine. Colonies
that grew on methionine and cysteine but not on GSH
plates were picked up as putative mutants and single
colony purified. From among ~40,000 colonies that
were screened, we obtained 45 mutants that failed to
grow on SD plates having GSH as the sole source of
sulfur but grew well on plates having methionine or cys-
teine. These 45 mutants were subsequently restreaked
for single colonies on plates having GSH or methionine
or cysteine. Of the initial 45 isolates, 12 recovered the
ability to grow on GSH upon subsequent streaking and
these were excluded from further analysis. A total of
33 stable mutants failed to grow on SD plates having
GSH as the sole source of sulfur, but grew well on other
media.

To examine whether the 33 mutants fell into single or
multiple complementation groups, complementation
analysis was carried out. As the initial mutant isolation
was carried outin the MATa mating type, it was necessary
to generate the mutants in the opposite MATo back-
ground. The mutants were backcrossed with the wild
type and mutants in opposite mating types were also
obtained. The mutants were then placed into comple-
mentation groups by creating diploids and checking the
ability of diploids to grow on GSH as a sole source of
sulfur. A total of four complementation groups were
identified in which all mutants could be placed. The
complementation groups were named dugl, dug2, dug3,
and dug¥ (defective in utilization of glutathione). A total
of 23 mutants were in the dug4 group, 5 mutants were in
the dug3 group, 3 mutants were in the dug2 group, and
2 mutants were in the dugl group. The growth of a rep-
resentative dug mutant strain from each complementa-
tion group was checked on a plate containing different
organic sulfur sources (Figure 1A).

The dug? complementation group and the gluta-
thione transporter class (hgtl) fall into the same com-
plementation group: Previous observations in our lab
(BourBouLOUX et al. 2000) have revealed that deletions
in the yeast glutathione transporter gene (HGTI) in a
met15A background fail to grow on minimal plates hav-
ing GSH as the sole organic sulfur source, while they
grow well on methionine and cysteine, owing to the
inability of these mutants to transport GSH. Hence, we
expected that one of the complementation groups
would carry mutations at the HGT1 gene locus, which
encodes the glutathione transporter. One mutant from
each of the four complementation groups was trans-
formed with a plasmid having HGT1 (pNP-HGT1) un-
der its native promoter. The transformants were initially
selected on plates having methionine and later checked
by streaking onto plates having GSH. The ability to grow
on GSH was restored in one of the mutants belonging to
complementation group dug4. To further confirm this

A == Cysteine
(metl5 A)
metl54 metl5A
hgtl A dugl
metl5A metl54
dug?
Methionine Glutathione
B
Duglp
0 481
L |
- Peptidase_M20 L
| |
23 475
Dug2p
0 878
L |
- WD40 — Peptidase_M20 |
[ I \
19 336 423 878
D
Dug3p
0 357
L |
— Gn_AT_II ]
| |
44 254

Ficure 1.—(A) Growth of dugl, dug2, dug3, and dug4 mu-
tant strains along with wild-type (WT) and AgtIA strains (in a
met15A background) on SD plates containing cysteine, gluta-
thione, or methionine at a concentration of 0.2 mm. Sche-
matic of the conserved domains of the three Dug proteins
analyzed using NCBI-BLASTp (ArtscHUL et al. 1990) and
NCBI-CDD (MARCHLER-BAUER and BryanT 2004). (B)
Duglp shows homology to peptidase of class M20. (C) Dug2p
consists of two distinct domains: an N-terminal WD40 repeat
domain and a C-terminal peptidase of class M20. (D) The
N terminus of Dug3p shows homology to glutamine amido-
transferase, class II (GIn-AT-II) domain. The numbers refers
to amino acid residue numbers.

observation, all the mutants were transformed with the
HGTI plasmid. In addition, these results were con-
firmed with genetic complementation tests. The HGT1
plasmid complemented the growth defect on GSH
plates in 23 of 33 total mutants belonging to the dug¥
complementation group. Thus the dug4 complementa-
tion group and hgt! fall into the same complementation
group (data not shown).
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Identification of the DUGI gene as YFR044c that
encodes a protein belonging to the M20A metallohy-
drolase family: To identify the gene corresponding to
the dugl mutant group, we transformed a dugl mutant
with a multicopy genomic library. Transformants were
directly selected on SD-LEU + 0.2 mm GSH. Of an
estimated 39,200 transformants, 61 grew on GSH. Com-
plementation by MET15 would also lead to growth, as
such transformants would be able to utilize inorganic
sulfate. Therefore, all the transformants were plated on
SD-LEU plates without an added organic sulfur source.
Of 61 transformants, 51 grew on organic sulfur-free me-
dium and were likely to be MET15 and were excluded
from further analysis. Plasmids were extracted from
2 of the 10 yeast transformants that appeared to have
plasmids other than MET15 and these were transformed
into Escherichia coli.

Plasmids were isolated from these E. coli transform-
ants and restriction fragment digestion was carried out
to indicate unique plasmids. Reconfirmation of these
plasmids was carried out by retransformation into yeast
met15Aecm38Adug] and complementation of the growth
defect on GSH was confirmed. The two purified plas-
mids that showed different restriction fragment pat-
terns (pDUGI-C1 and pDUGI-C2) and were able to
complement GSH growth defect were selected. One of
the plasmids (pDUGI-C1) was subjected to sequence
analysis by sequencing the two ends of the inserts. Se-
quencing and restriction mapping of the clone revealed
an insert of ~5.5 kb. The 5.5-kb insert contained two
partial ORFs, YFRO41¢ and YFRO45w, and three com-
plete ORFs, YFR042w, YFR0O43¢, and YFRO44c. All these
ORFs are listed in the Saccharomyces Genome Database
(SGD) as hypothetical uncharacterized ORFs of un-
known function.

The protein sequences of the three ORFs YFRO42u,
YFR043¢, and YFR044c, which were found in the clone
that complemented the GSH growth defect in the dugl
mutant, were subjected to BLAST search to find homo-
logs of known function across other organisms. The
YFRO42w gene encodes a protein of unknown function
that is required for cell viability; YFRO43¢ encodes a
protein with homology to proteins of unknown function
in other organisms, while YFR044c encodes a protein
that is homologous to a number of nonspecific pepti-
dase homologs in both eukaryotes and prokaryotes. As
Yfr044cp appeared to be the most likely candidate to
complement the GSH utilization defect of the dugl mu-
tant, a metI5Ayfr044cA strain was evaluated for growth
on glutathione. The strain displayed an inability to grow
on GSH, although it grew well on methionine- and
cysteine-containing plates, and indicated that the dugl
locus carries mutations in YFR044¢ gene.

To further confirm that YFR0O44c¢ alone could com-
plement the defect of dugl, we cloned the YFRO44c
gene. The full gene was also cloned along with 600 bp of
its native promoter to yield pRS313-YFR044c. pRS313-

YFRO044c restored the GSH utilization defect of the dugl
mutant while the cells transformed with vector alone
showed no growth.

Sequence analysis of YfrO044cp predicted a protein of
481 amino acids. BLAST analysis of YfrO44cp proteins
revealed a number of peptidase homologs in both eu-
karyotes and prokaryotes. The sequence similarity was
highest to the M20A family of metallohydrolases, which
belongs to the acylase-1 superfamily. This family in-
cludes glutamate carboxypeptidases, cytosolic nonspe-
cific dipeptidases, carnosinases, aminopeptidases, and
aminoacylases, each of which are characterized by their
ability to hydrolyze different amide bonds (Figure 1B).

Identification of the DUG2 gene as YBR28Ic, which
encodes a protein with an N-terminal WD40 repeat
region and a C-terminal region showing homology to
the M20A metallohydrolase family: The DUGZ2 gene was
cloned by complementation of the dug2 mutant as
described for DUGI above. Of the estimated 60,000
transformants, 55 passed the initial test of growth on
GSH, of which 44 grew on organic sulfurfree medium
and were picked for further analysis. Plasmids were
extracted from 2 of the 11 remaining yeast transform-
ants and transformed into E. coli, and unique plasmids
were identified by restriction digestion. Reconfirma-
tion was carried out by retransformation into yeast
metl15Aecm38Adug2and complementation of the growth
defect on GSH was confirmed. The two purified plas-
mids that showed different restriction fragment patterns
(pDUG2-CI and pDUG2-C2) and were able to comple-
ment the GSH growth defect were selected. One of the
plasmids (pDUG2-CI) was subjected to sequence anal-
ysis by sequencing the two ends of the inserts. Sequenc-
ing and restriction mapping of the clone revealed an
insert of ~6.235 kb. The insert contained two partial
ORFs, YBR280c and YBR283¢, and two complete ORFs,
YBR281¢ and YBR282w. Analysis of ybr281cA deletions
in a met15A background revealed a glutathione utiliza-
tion defect, suggesting that YBR281c¢ was the DUG2 gene.
This was confirmed by cloning the YBR281¢ gene down-
stream of a translation elongation factor (TEF) la gene
promoter and demonstrating that it complements the
dug2 mutant defect of glutathione utilization.

Sequence analysis of Ybr281cp predicted a protein of
878 amino acids. BLAST analysis of the Ybr281cp pro-
tein reveals that the protein has two distinct domains. At
the N-terminal domain (19-336 aa) is a putative WD40
repeat region, while the C-terminal region (423-878 aa)
shows homology to the M20A metallopeptidase family
(Figure 1C).

The WD40 sequence-containing repeat is a protein
interaction motif that is normally present as a tandemly
repeated unit of variable number. The sequence repeat
unit is normally characterized by a Gly-His pair at the
beginning of the repeat that ends with a Trp-Asp pair
~40 amino acids downstream. The WD40 repeat region
usually contains at least four repeat units. A minimum of
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four repeat units is required for folding into the higher-
order B-propeller structure. The proteins containing
the WD40 repeat regions participate in numerous
functions that include cytoskeletal assembly, vesicular
trafficking, signal transduction, control of transcription
initiation complex, and mRNA splicing among others.
The WD40 repeat region of these proteins is a modular
interaction domain that is often a component of larger
proteins and may function to form large multivalent
complexes or act as a binding site for two or more
proteins to enable transient interactions among these
and other proteins to occur (SMITH et al. 1999).

The Ybr28lcp C-terminal region shows a significant
similarity (33% identity and 51% similarity over a 368-
amino-acid stretch) to Yfr044cp (Duglp) and also be-
longs to the M20A metallohydrolases of the MEROPS (a
database of peptidases) metallohydrolase clan of metal-
lopeptidases (RAWLINGS and BARRETT 1995). The Lacto-
bacillus delbrueckii PepV dipeptidase, a member of the
above-mentioned family whose crystal structure has been
solved, and key amino acid residues involved in zinc bind-
ing, catalytic residue, and substrate binding have been
identified (Jozic et al. 2002). The sequence alignment
of the Ybr281cp (421-878 aa), Yfr0O44cp (1-481 aa), and
L. delbrueckii PepV (1-470 aa) proteins reveals that the
key zinc binding residues and the catalytic glutamic acid
residue present in LdPepV are highly conserved across
the three peptidases, although the residues important
for substrate binding are not conserved (supplemental
Figure 1 at http:/www.genetics.org/supplemental/).

Identification of the DUG3 gene as YNLI91w that
encodes a protein belonging to the glutamine amido-
transferase protein: The DUG3 gene was cloned by com-
plementation of the dug3 mutant as described for DUGI
above. Of the estimated 20,000 transformants, 62 passed
the initial test of growth on GSH, of which 49 that grew
on organic sulfurfree medium were excluded from
further analysis. Plasmids were extracted from 2 of the
13 remaining yeast transformants and transformed into
E. coli, and unique plasmids were identified by restric-
tion digestion. Plasmids were isolated from these E. coli
transformants and restriction fragment digestion was
carried out to indicate unique plasmids. Reconfirmation
of these plasmids was carried out by retransformation
into yeast metl5Aecm38Adug3 and complementation of
the growth defect on GSH was confirmed. The two pu-
rified plasmids that showed different restriction frag-
ment patterns (pDUG3-C1 and pDUG3-C2) and were
able to complement the GSH growth defect were se-
lected. One of the plasmids (pDUG3-C1) was subjected
to sequence analysis by sequencing the two ends of the
inserts. Sequencing and restriction mapping of the
clone revealed an insert of ~6.287 kb. The insert con-
tained two partial ORFs, YNLI89%w and YNLI92w, and
two complete ORFs, YNL190w and YNLI191w.

Analysis of ynl1 91wA in a met15A background revealed
aglutathione utilization defect, suggesting that YBR281¢

was the DUG3 gene. This was confirmed by cloning the
YNL191w gene downstream of a TEF promoter and
demonstrating that it complements the dug3 mutant
defect of glutathione utilization. Sequence analysis of
YNLI91w reveals that ORF encodes a protein of ~357
amino acids that contains a glutamine amido transfer-
ase (GATase) class II domain at its N-terminal region
(Figure 1D). Members of the GATase class II family
are able to catalyze the removal of ammonia from glu-
tamine and the transfer to a substrate to form a new
carbon—-nitrogen bond. The family includes glucosamine-
fructose-6-phosphate amido transferase, glutamine phos-
phorinbosyl pyrophosphate transferase, and asparagine
synthase. This family of proteins (which have low se-
quence identity among themselves) is a member of the
superfamily of N-terminal nucleophile (NTN) hydrolase
families since the precursor proteins are usually synthe-
sized with an N-terminal 11-residue propeptide that is
cleaved off autocatalytically. The precursor protein is
thus referred to as a peptidase (the mature protein, in
contrast, lacks peptide-bond hydrolytic activity). The
cys-12 residue, the nucleophile in the cleavage of the
propeptide, becomes the N-terminal active site residue.
In some members of this family, which appears to include
Ynll91wp, the catalytic cysteine immediately follows
the methionine start codon (Cys2) and is activated by
cleavage of the N-terminal methionine by a methionine
peptidase. As these precursors lack the autocatalytic pep-
tidase activity, they are referred to as nonpeptidase ho-
mologs of the NTN hydrolase superfamily (RAWLINGS
et al. 2006).

Sequence alignment study of Ynl191wp along with
well-characterized GIn-AT-II enzymes was also per-
formed. The Ynl191wp sequence was aligned with
S. cerevisiae Gfalp (glucoseamine-fructose 6-phosphate
aminotransferase) (MiLEwsk1 2002), S. cerevisiae Ade4p
(glutamine phosphoribosyl pyrophosphate amidotrans-
ferase), and E. coli PurF (amidophosphoribosyltransfer-
ase) (MUCHMORE et al. 1998). These proteins display low
sequence similarity to each other. Thus the E. coli PurF,
an amidophosphoribosyltransferase shows 27% identity
(41% similarity) to Gfalp over a 159-aa stretch and 25%
identity (40% similarity) to Dug3p over a 108-aa stretch.
More importantly, the amino acid residues, which are
believed to play a crucial role in Gn_AT activity on the
basis of the crystal structure, were also found to be
conserved in Dug3p. These residues are the C2, R40,
N121, G122, D151, R96, and T99 residues of Ynl191wp
(supplemental Figure 2 at http:/www.genetics.org/
supplemental/). On the basis of the knowledge of the
proteins belonging to this family, C2 is possibly the
active site residue that may function as a nucleophile
and attack the carboxyamide of glutamate and generate
a y-glutamyl thioester intermediate. N121 and G122
thereafter may play a crucial role in the formation of an
oxyanion hole for the stability of the cysteinyl-glutamine
tetrahedral intermediate. D151 and R96 side chains may
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provide the specificity for the a-amino and a-carboxyl
groups of glutamine (MUCHMORE et al. 1998).

Analysis of extracts of dugl, dug2, and dug3 mutants
for accumulation of GSH degradation intermediates:
Owing to the involvement of three new proteins in the
alternative pathway of glutathione degradation, we at-
tempted to determine the sequence of events by which
these proteins may participate in the pathway by ex-
amining the different mutants for possible intermedi-
ates that may accumulate in these cells when grown in
the presence of glutathione. This was carried out by
growing the dugl, dug2, and dug3 mutant cells in me-
thionine and then washing the cells and subsequently
growing them in glutathione-containing medium for
several hours. We observed maximal disappearance of
glutathione from the medium after 16 hr of growth and
this condition was chosen for evaluation of the extracts
for novel thiol-containing intermediates. Cells were
harvested, lysed, and deproteinized and equal amounts
of extracts were treated with monobromobimane, which
forms a fluorescent conjugate with glutathione and
other thiol compounds containing a free cysteine, and
evaluated using HPLC with a methanol/acetic acid
solvent system as described in MATERIALS AND METHODS.
Although peaks from the control extracts correspond-
ing to glutathione, y-glu-cys, and cys-gly were detected,
no accumulation of these compounds or any other
novel peaks could be detected in the profiles of all three
mutant extracts. The presence of a reducing agent,
DTT, in the extracts did not affect the profiles signifi-
cantly (data notshown). To eliminate the possibility that
the accumulating thiols might be leaching out into the
medium, we also examined the supernatant, but no new
peaks could be detected in the supernatants.

Duglp, Dug2p, and Dug3p are all required for the
utilization of y-glu-cys as a sole source of sulfur: The
v-glu-cys dipeptide contains an unusual peptide bond
similar to GSH. To examine how all the three Dug
proteins participate in the degradation of GSH, the role
of all these proteins in utilization of dipeptides like
v-glu-cys was also examined.

The strains  met15Aecm38A,  metl15Aecm38Adugl,
metl15Aecm38Adug2, and met15Aecm38Adug3 were grown
and spotted onto plates containing methionine, GSH,
and +y-glu-cys as the sole source of sulfur (at 0.2 mm
concentration). It was observed that only met15Aecm38A
grew on plates supplemented with y-glu-cys. All the dug
mutant strains showed growth defect and inability to
utilize y-glu-cys similar to their inability to utilize glu-
tathione that also contains a y-glu-cys bond (Figure 2A).
To eliminate the possibility that y-glu-cys was not being
resynthesized to glutathione (by the enzyme glutathi-
one synthase, encoded by GSH2 that had y-glu-cys as a
substrate), we created strains that were disrupted in both
glutathione biosynthetic enzymes and the vy-glutamyl
transpeptidase-encoding gene. This strain, ABC1664
(gsh1Agsh2Aecm38Amet]15A), was evaluated for the abil-

A PP P

I

F1cure 2.—Role of DUGI, DUG2, and DUG3 genes in the
degradation and utilization of (A) y-glu-cys and (B) a-glu-
cys-gly. Growth of dug mutants and WT strain on SD media
(A) supplemented with +y-glu-cys or methionine (control)
at a concentration of 0.2 mm and (B) supplemented with
a-glu-cys-gly or methionine (control) at a concentration of
0.2 mm.

‘ot-Glu-Cys-Gly

ity to utilize y-glu-cys as a sole source of sulfur. Trace
amounts of glutathione (10 wM) were also added owing
to the glutathione auxotrophy phenotype; however,
these trace GSH levels were insufficient to meet the
sulfur requirements (data not shown). These strains
could use y-glu-cys as a source of sulfur, suggesting that
the utilization of y-glu-cys occurred independently of
both y-GT and GSH2. The requirement of all three Dug
proteins, namely Duglp, Dug2p, and Dug3p, suggests
that the y-glu-cys is utilized via the alternative pathway.

Duglp alone is required for the degradation and uti-
lization of cys-gly dipeptide as a sole source of sulfur:
The possible role of Duglp, Dug2p, and Dug3p in the
utilization of cys-gly dipeptide (dipeptidyl moiety of
GSH) as a sole source of sulfur was examined. However,
when we examined the growth of metI5A strains on cys-
gly as a sole source of sulfur, we observed them to be very
poorly utilized. We examined if the yeast dipeptide/
tripeptide transporter Ptr2p or the glutathione trans-
porter Hgtlp might be involved in the transport of this
dieptide. As shown in Figure 3A, deletion of the PTR2
gene completely abolished transport of the cys-gly di-
peptide, but deletion of the glutathione transporter
HGT1 did not affect the transport of cys-gly. Even at
higher concentrations along with longer incubations,
no growth could be discerned in a ptr2A background
although residual growth could otherwise be detected
(Figure 3A). To increase the uptake of cys-gly and
facilitate working with this dipeptide, the PTR2 gene
was amplified by PCR and cloned downstream of the
constitutive TEF promoter. Transformation of met15A
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strains with this pTEF-PTR2 plasmid permitted efficient
utilization of cys-gly as a sulfur source (Figure 3A).

Taking advantage of this, the strains metI5A,
met]15SAdugIA, met]5Adug2A, and metl15Adug3A were
transformed with the pTEF-PTR2 plasmid and growth
was monitored on plates containing methionine or cys-
gly as the sole organic source of sulfur. All the trans-
formed strains grew equally well on methionine plates.
None of the strains transformed with vector alone could
grow on a plate containing cys-gly as the sole source
of sulfur owing to poor utilization. However, in met15A
strains bearing the pTEF-PTR2 plasmid, it was observed
that the growth of metI5Adug2A and metl5Adug3A
was comparable to that of metI5A, indicating their abil-
ity to utilize cys-gly as a sulfur source. However, the
met]15AdugIA strain bearing pTEF-PTR2 could not
utilize cys-gly as the sole source of sulfur. This indicated
that Duglp, but not Dug2p or Dug3p, was required for
the degradation and utilization of cys-gly as a source of
sulfur (Figure 3B).

Duglp alone is required for the degradation and
utilization of a-glu-cys-gly tripeptide as the sole source
of sulfur: Studies with y-glu-cys and cys-gly peptides
revealed that Duglp peptidase was required for the
utilization of the cys-gly dipeptide. However, for the
utilization of the y-glu-cys dipeptide, Duglp dipeptidase
alone was not sufficient and the participation of the
other proteins, Dug2p and Dug3p, were also required.
This suggested that Duglp might be able to act on
dipeptides with a normal bond but not with an unusual
peptide as presented in y-glu-cys. To determine if Duglp

cys-gly-150 pM

Ficure 3.—Utlilization of cys-gly as a sulfur
source (A) Overexpression of PTR2 leads to en-
hanced transport of cys-gly. (B) Role of DUGI,
DUG2, and DUG3 in utilization of cys-gly. (A)
met15A hgt1A were transformed with control vec-
tors pTEF416, pTEF-HGT1, and pTEF-PTR2,
metI5A and metI5A ptr2A strains were trans-
formed with control vector pTEF416, and serial
dilution growth on methionine (0.2 mm), cys-gly
dipeptide (0.10 mMm), and cys-gly (0.15 mm) was
measured. The plates were incubated for 2-3
days, except for the cys-gly (0.15 mm) plates,
which were incubated for 7 days. (B) Growth of
dug mutants and wild-type strains carrying a
PTR2 (peptide transporter) overexpressing plas-
mid on cys-gly (0.2 mMm)-containing medium.

might also be able to utilize a tripeptide containing
normal peptide bonds, the tripeptide a-glu-cys-gly was
custom synthesized. The growth of the strains met15A,
met]15SAdugIA, met]15Adug2A, and metl15Adug3\ were
compared on plates containing either a-glu-cys-gly or
v-glu-cys-gly as a sulfur source. The a-glu-cys-gly peptide
was efficiently utilized as a sulfur source by DUG" met15A
strains. Interestingly, while metI5A dug2A and met15A
dug3A strains grew well with this tripeptide as the sulfur
source, the met15A duglA strain failed to grow on plates
containing a-glu-cys-gly (Figure 2B). This indicated that
a functional Duglp dipeptidase was required for the
utilization of dipeptides or tripetides with a normal
peptide bond; however, in dipeptides or tripeptides with
unusual y-glu linkages such as in y-glu-cys-gly or in y-glu-
cys, all three proteins—Duglp, Dug2p, and Dug3p—
were required (Figures 1A and 2A).

Duglp, Dug2p, and Dug3p interact to form a protein
complex: The inability to detect accumulation of any
glutathione degradation intermediates in the dug mu-
tants suggested that the three proteins might be par-
ticipating in a multiprotein complex for the degradation
of glutathione. Information at the SGD revealed that
genomewide yeast two-hybrid studies had indicated in-
teraction of Ybr281cp (Dug2p) with Ynl191wp (Dug3p)
(ITo et al. 2001).

To determine if the proteins indeed interacted with
each other, yeast two-hybrid analysis was carried out
between the different proteins. We fused each of the
Duglp, Dug2p, and Dug3p proteins to the LexA DNA-
binding protein in the yeast two-hybrid bait plasmid
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pEG202 and also to the GAL4 activation domain in the
vector pJG4.5 as prey proteins using the yeast two-hybrid
system DupLEX-A from Origene (Rockville, MD) based
on the system developed by GyYuris et al. (1993). Two
reporters, Leu2 (in the strain EGY48) and LacZ (in the
plasmid pSH18-34) that were placed downstream of mul-
tiple copies of the LexA operator were used to evaluate
the interaction (GyYURIS et al. 1993). The bait fusions
were also examined for autoactivation. Only the Bait-
Dug2p showed mild autoactivation, and although we
also used this fusion in some of the interactions, we
ensured that the growth or X-Gal activity was above the
activity observed by the autoactivation, and these putative
interactions were also confirmed by the reverse fusions.

As can be seen from Figure 4A, Duglp is capable of
interacting with Dug2p in the interaction study in which
we used pBait-Dugl and pPrey-Dug?2, as seen from the
growth on —Leu plates as a reporter. With the LacZ
reporter, the interaction was barely detectable over the
background. However, in the reverse interaction where
we used pBait-Dug2 and pPrey-Dugl, interactions over
the background of autoactivation of pBait-Dug2 were
not detectable owing to the autoactivation by pBait-
Dug2 (Figure 4A). In the case of Dug2p and Dug3p,
these proteins clearly interact with each other in both
the forward and reverse interactions, once again using
both the reporter readouts, growth on —Leu plates, and
blue color formation on X-Gal plates (Figure 4B).
Despite the autoactivation by pBait-Dug2p, in the
presence of pPrey-Dug3 an increased activation above
the background was observable. In the case of Duglp
interaction with Dug3p, however, Duglp failed to in-
teract directly with Dug3p as seen in both the forward
and reverse interactions and in the reporter readouts,
growth on —Leu plates, and blue color formation on
X-Gal plates (Figure 4C). Taken together, the ability of
Dug?2p to interact with Duglp and Dug3p also suggested
the formation of a multimeric complex involving the
three proteins.

The extensive yeast two-hybrid analysis interaction
studies using both the forward and reverse Bait and Prey
constructs and the dual reporter systems were strong
indications of the interactions being true. However, as
these can sometimes be artifactual, we also examined the
possible interactions through co-immunoprecipitation
(Co-IP) studies.

For the co-immunoprecipitation studies, we tagged
the C terminus of all three Dug proteins differently. Tags
were generated by a PCR-based method. The Duglp was
C-terminally tagged with either His or HA epitopes and
cloned into p4l6TEF (URA3 marker) and pRS315
(LEU2marker) or p414TEF (TRPI marker). The Dug2p
was C-terminally tagged with cMyc epitope and was
cloned into p414TEF. The Dug3p was C-terminally
tagged with HA epitope and was cloned into p416TEF.
The tagged proteins were checked for their functional-
ity using plate-based growth phenotype complementa-

Duglp interacts with Dug2p B Dug3p interacts with Dug2p
<)
Bait-DUG3
Prey-DUG2
Bait-DUG3
Bait-DUG2 Bait-DUG2
Prey-DUGI Prey-DUG3
Bait-DUG2 Bait-DUG2
-LEU +X-Gal
D

Bait-DUGI

Prey-DUG3 Duglp-Duglp interacts

Bait-DUGIp
Prey-DUGIp -

Bait-DUG1

Bait-DUG3
Prey-DUGI

Bait-DUGIp

-LEU +X-Gal
Bait-DUG3

-LEU  +X-Gal

FIGURE 4.—Protein—protein interactions among Duglp,
Dug2p, and Dug3p. Yeast two-hybrid-based analyses where
proteins are fused to the DNA-binding domain (Bait) or to
the transcription activation domain (Prey). Positive interac-
tion results either in growth on —LEU medium or in blue col-
oration on an X-gal plate.

tion of the respective mutants in a metI5A background
by examining growth on GSH. All the tagged proteins
were found to be functional. The plasmids bearing the
tagged genes were transformed into a protease-deficient
strain (deficient in protease A, protease B, and carboxy-
peptidase Y), ABC 710, separately, in pairs, or all to-
gether, and cell extracts were prepared from these
strains for further analysis.

To confirm the interaction between Dug2p and
Dug3p, the Dug3pHA- and Dug2pcMyc-bearing plas-
mids were transformed together into the same yeast
strain. Cell extracts were prepared and immunoprecip-
itation was done by using anti-cMyc antibody. Control
samples contained only Dug2pcMyc-bearing plasmids
and these cell extracts were also immunoprecipitated
by using anti-cMyc antibody. The immunoprecipitation
(IP) samples, as well as the total cell extract samples,
were run on a denaturing gel, blotted, and probed with
an anti-HA antibody. We could detect an ~40-kDa band
that corresponded to Dug3pHA in total cell extracts
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made from cells bearing both the plasmids and the
corresponding IP sample. However, we could not detect
Dug3pHA in the total cell extract of the control sample
(containing only the Dug2p-cMyc plasmid) and its corre-
sponding IP sample. This result indicates that Dug3-
pHA is co-immunoprecipitated along with Dug2pcMyc
and suggests that Dug3pHA interacts with Dug2pcMyc
(Figure bA).

To examine Duglp and Dug2p interaction, Dugl-
pHisg- and Dug2pcMyc-bearing plasmids were trans-
formed together into the same yeast, and cell extracts
were prepared. Immunoprecipitation was carried out
using the anti-His antibody. Control cells for these
experiments contained only DuglpHisg and these cell
extracts were also immunoprecipitated by using anti-His
antibody. Subsequently, the IP samples and the total cell
extracts were run on a denaturing gel and probed using
an anti-cMyc antibody. We could detect an ~98-kDa
band that corresponded to the Dug2pcMyc protein in
total cell extracts made from cells containing both the
plasmids and the corresponding IP samples of these
extracts. However, we could not detect a corresponding
band of 98-kDa Dug2pcMyc in the total cell extract of
control samples bearing only the DuglpHisg plasmid
and its corresponding IP sample. The result indicates
that Dug2pcMyc co-immunoprecipitated along with
DuglpHisg and suggests that DuglpHisg interacts with
Dug2pcMyc (Figure 5B).

The Dug2p-Dug3p and Duglp-Dug2p interactions
seen in both the yeast two-hybrid analysis and the
immunoprecipitation experiments and the presence
of the WD40 domain in Dug2p, a domain known to play
a role in many proteins in multiprotein interactions,
suggested that perhaps these three proteins were form-
ing a complex. To examine if they were indeed forming
a protein complex involving all three proteins, double
co-immunoprecipitation experiments were carried out.
These experiments were carried out with yeast extracts
made from transformants bearing all three plasmids
corresponding to DuglpHisg, Dug2pcMyc, and Dug3-
pHA. Immunoprecipitation was carried out on these
cell extracts using anti-His antibody. The IP samples
from these extracts were run on a denaturing gel elec-
trophoresis, blotted, and probed separately with anti-
HA (Figure 6A) and anti-cMyc antibody (Figure 6B).
In these immunoblots, we could detect the ~98-kDa
Dug2pcMyc protein as well as the ~40-kDa Dug3pHA
protein both in the total cell extract where all three Dug
proteins were coexpressed and in the corresponding IP
sample (Figure 6, A and B). However, these bands could
not be detected in control extracts, which were made
from cells lacking either the Dug2p-cMyc plasmid (but
containing the other two plasmids) or the Duglp-HA
plasmid (but containing the other two plasmids) (Fig-
ure 6, A and B).

For further confirmation, the experiment was re-
peated using the same cell extracts, but by carrying out
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F1GURE 5.—Co-immunoprecipitation assay to detect protein—
protein interaction. (A) Co-immunoprecipitation of Dug2p
and Dug3p. Tagged constructs of Dug2cMyc and Dug3HA
were cotransformed or transformed along with vectors in
ABC710. Cell extracts were prepared and immunoprecipa-
tion and immunoblotting were performed as described in
MATERIALS AND METHODS. Immunoprecipitation experiments
were performed using anti-cMyc antibody (lanes 2, 4, and 5).
The cell extracts of transformants as indicated were also
loaded (lanes 1, 3, and 6). SDS-PAGE was followed with
immunoblotting using anti-HA to detect Dug3HA. (B) Co-
immunoprecipitation of Duglp and Dug2p. Tagged constructs
of DuglHisg and Dug2cMyc were cotransformed or trans-
formed along with vectors in ABC710. Cell extracts were pre-
pared and immunoprecipation and immunoblotting were
performed as described in MATERIALS AND METHODS. Immu-
noprecipitation experiments were performed using anti-His
antibody (lanes 2 and 4). The cell extracts of transformants
as indicated were also loaded (lanes 1, 3, and 5). SDS-PAGE
was followed with immunoblotting using anti-cMyc to detect
Dug2cMyc. (C) Co-immunoprecipitation of the Duglp homo-
dimer. Tagged constructs of DuglHisg and DuglHA were co-
transformed or transformed along with vectors in ABC710.
Cell extracts were prepared and immunoprecipation and im-
munoblotting were performed as described in MATERIALS
AND METHODS. Immunoprecipitation experiments were per-
formed using anti-His antibody (lanes 1 and 5). The cell ex-
tracts of transformants as indicated were also loaded (lanes 2,
3, and 6). SDS-PAGE was followed with immunoblotting us-
ing anti-HA to detect DuglHA.

the first immunoprecipitation using anti-HA antibody.
Subsequently, the immunoblots of all the samples—
both the total cell extract and the IP samples—were
probed using either anti-His (Figure 6C) or anti-cMyc
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Ficure 6.—Co-immunoprecipitation-based studies of

Duglp, Dug2p, and Dug3p reveal the formation of a ternary
complex. Cell extracts from ABC710 transformants bearing
all three plasmids (or with single or dual plasmids) containing
different tagged DUG genes were first immunoprecipitated
with anti-His and then detected with either (A) anti-cMyc
or (B) anti-HA. Prior to addition of the first antibody, total
cell extracts were also loaded along with other control extracts
as indicated. Similar cell extracts were also first immunopre-
cipitated with anti-HA antibody and then detected with either
(C) anti-His or (D) anti-cMyc antibody.

antibodies (Figure 6D). We could detect Dug2pcMyc
(~98 kDa) as well as DuglpHisg (~54 kDa) in the total
cell extract of yeast samples where all three proteins and
their corresponding IP samples were coexpressed (Fig-
ure 6, C and D). However, these bands could not be
detected in control extracts, which were made from cells
lacking either the Dug2p-cMyc plasmid (but containing
the other two plasmids) or the Duglp-Hisg plasmid (but
containing the other two plasmids) (Figure 6, Cand D).

The result of the first Co-IP revealed that Dug3pHA
and Dug2pcMyc co-immunoprecipitated along with
DuglpHisg. The result of the second Co-IP showed that
DuglpHisgs and Dug2pcMyc co-immunoprecipitated
along with Dug3pHA. This suggests that DuglpHisg,
Dug2pcMyc, and Dug3pHA interact with each other to
form a hetero-trimeric complex.

Protein interaction studies reveal that Duglp can
interact with itself: We also examined possible Duglp
interaction with itself since some of the metallopepti-
dase M20A family members are known to dimerize. This
was initially examined using the yeast two-hybrid anal-
yses in which Duglp fused to the LexA DNA-binding
domain as bait protein and Duglp fused to the GAL4
activation domain were examined for interaction. Using
both the LEUZ2 reporter and the X-Gal reporter, it was
clear that Duglp could interact with itself (Figure 4D).
These initial studies were further substantiated by im-
munoprecipitation studies. DuglpHisg- and DuglpHA-
bearing plasmids were transformed into yeast cells,
extracts were prepared, and immunoprecipitation was
done by using anti-His antibody. Control yeast samples

contained only DuglpHisg-bearing plasmids, and the
cell extract was immunoprecipitated by using anti-His
antibody. Subsequently, immunoblots of all the samples,
both total cell extract and IP samples, were detected by
using anti-HA antibody. We could detect (~54 kDa)
DuglHAp in the total cell extract of the test sample and
its corresponding IP sample. However, we could not
detect DuglpHA in the total cell extract of the control
sample and its corresponding IP sample. The result in-
dicates that Duglp interacts with itself (Figure 5D).

Duglp, Dug2p, and Dug3p localize to the cytoplasm:
To obtain information on the possible location of
Duglp, Dug2p, and Dug3p proteins, we carried out
studies using metI5A yeast strains where the Duglp,
Dug2p, and Dug3p proteins were previously tagged with
GFP at C-terminal ends, which were obtained from
Invitrogen (San Diego) (Hun et al. 2003). The tagged
proteins did not affect the function of Duglp and
Dug3p to any significant extent as seen by growth in
glutathione as a sulfur source; however, a partial defect
was seen in the Dug2p-GFP fusion strain. This strain was
grown in methionine followed by reinoculation and
incubation in GSH containing broth for several hours.
Using confocal microscopy, all three proteins were
observed to have uniform GFP fluorescence throughout
the cytoplasm, which suggested that all three proteins
were localized to the cytoplasm (supplemental Figure 3
at http:/www.genetics.org/supplemental/).

DISCUSSION

In this article we have described a novel protein
complex formed by the interaction of proteins encoded
by three previously uncharacterized ORFs of S. cerevisiae
(YFRO44¢, YBR281¢, and YNLI19Iw) that function specifi-
cally in glutathione degradation. The y-glutamyl cycle,
which describes the fates of glutathione (ORLOWSKI and
MEISTER 1970) and has remained essentially unchanged
for >3 decades, thus has a new branch point in the
degradation route, in addition to y-glutamyl transpepti-
dase, which involves the proteins encoded by these
ORFs in the form of a complex.

On the basis of the bioinformatic analysis, the
physiological growth experiments of different strains
bearing deletions in these genes, and the protein
interaction studies, we propose a model for the func-
tioning of the Duglp, Dug2p, and Dug3p proteins in
both peptide and glutathione degradation that is de-
scribed below.

The Duglp peptidase appears to be a nonspecific
peptidase both from sequence alignments and from
the experimental observations that only this protein
(among the three) is required for the degradation of
both the cysteinyl-glycine dipeptide and the a-glutamyl-
cysteinyl-glycine tripeptide. As Dug2p and Dug3p do
not participate in the degradation of these peptides,
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Duglp is likely to have an activity independent of Dug2p
and Dug3p. The members of the Duglp peptidase fam-
ily also have been found to have a predicted dimeriza-
tion domain (RAWLINGS et al. 2006), and as interaction
studies have shown that Duglp can interact with itself,
Duglp is likely to form a homodimer for the degrada-
tion of di- and tripeptides. The specificity of this di-
peptidase is not clear at this point, but, on the basis of'its
homology to other nonspecific dipeptidases, we predict
that it would have a significant nonspecificity.

In the degradation of GSH or the dipeptide y-glu-
cys (and probably other di-/tripeptides containing a
v-glu-X bond), all three proteins—Duglp, Dug2p, and
Dug3p—are required. Under conditions where gluta-
thione or compounds such as +y-glu-cys need to be
degraded, it is likely that these three Dug proteins are
brought together to form a complex, which recognizes
GSH as a substrate and subsequently degrades it into its
constituent amino acids. The ability of Dug2p (which
contains both the WD40 domain and the peptidase
domain) to interact with both Duglp and Dug3p and
the failure of Duglp to interact with Dug3p suggests a
likely model in which Dug3p interacts with Dug2p
through the WD40 domain of Dug2p, while the M20
peptidase domain of the Dug2p that also contains a di-
merization domain may allow the Duglp-Dug2p pro-
teins to interact. The presence of all the critical catalytic
as well as the critical Zn**-binding residues not only in
Duglp but also in Dug2 peptidase suggests that the
Dug2p peptidase also plays a catalytic role in this de-
gradation complex and does not function merely as a
scaffolding protein.

What might be the function of Dug3p in this com-
plex? Sequence analyses of Dug3p have shown the
presence of a glutamine amidotransferase (GIn_AT)
class II domain at the N terminus. The GIn_AT class II
proteins like PurF and GlmS have been found to transfer
the amine group of glutamine to an acceptor substrate.
Dug3p could thus be involved in the amidation of
v-glutamyl residue of GSH. The likelihood of such a
catalytic activity of Dug3p is supported by the observa-
tion that the key catalytic residues conserved in this class
of proteins are also present in Dug3p. Dug3p may thus
cleave and transfer the amide nitrogen of glutamine to
the y-glutamyl moiety of GSH, thereby modifying the
v-glutamyl residue, which then becomes recognizable by
the Duglp-Dug2p peptidase for subsequent peptidase
action. Although, on the basis of present knowledge of
the activity of various GIn_AT class II enzymes, multiple
reaction schemes all involving amidation could be
envisaged, the precise mechanism and modification by
amidation would have to await experimental verification
by in vitro assays, once they become possible.

GSH is present in almost all eukaryotes and even in
some prokaryotes and is metabolized by the y-glutamyl
cycle. The possibility that this alternative pathway exists
in organisms other than S. cerevisiae was investigated by

searching databases for the presence of the homologs of
Duglp, Dug2p, and Dug3p in other organisms. Duglp
homologs were present in bacteria, fungi, and eukar-
yotes, including plants and mammals (the human
homologs include cytosolic nonspecific dipeptidase
and carnosinases). True orthologs of Dug2p or Dug3p,
however, seemed to be restricted to the yeasts and fungi
since similarities to proteins in other systems were
restricted to the dipeptidase domain of Dug2p or to
the glutamine amidotransferase domain of Dug3p (data
notshown). These findings suggest that only some yeast
and fungi have evolved a specialized mechanism of
degradation of GSH independently of y-GT, involving
Duglp, Dug2p, and Dug3p, and this mechanism is prob-
ably absent in bacteria, plants, and higher eukaryotes.

The acute glutathione toxicity seen in strains over-
expressing the glutathione transporter Hgtlp (SRIKANTH
et al. 2005) was not increased to any discernible extent as
seen from the spot dilution assay when the alternative
pathway was disrupted alone or along with the classical
v-GT pathway (data not shown). These results seem to
suggest that both the alternative pathway and the y-GT
pathway might play a very minor role, if any, in dealing
with excess glutathione levels in the cell.

In conclusion, the results described here on a novel
protein complex mediating the degradation of gluta-
thione have been arrived at through a combination of
genetic, molecular, and physiological experiments.
However, we have not yet been able to assess the activity
of the protein complex in vitro. We are currently at-
tempting to develop in vilro assays to demonstrate the
degradation of glutathione in vitro that include the
predicted amidation of the glutamyl residue by Dug3p.
The development of in wvitro biochemical assays and
subsequent structural studies, as well as studies on the
regulation of the proteins of this pathway, would ul-
timately lead us to greater insights into the function and
mechanism of action of this novel degradation complex
on this important metabolite.
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