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Background: The fungi-specific alternative pathway of glutathione degradation requires DUG1, a Cys-Gly peptidase, and
DUG2 and DUG3 of unknown function.
Results: (Dug2p-Dug3p)2 is a GATaseII enzyme that cleaves the �-glutamyl linkage of glutathione; DUG2 and DUG3 are
induced under sulfur limitation
Conclusion: The alternative pathway initiates cleavage of glutathione by a novel GATase.
Significance: This work delineates the mechanism of glutathione degradation by the alternative pathway.

The recently identified, fungi-specific alternative pathway of
glutathione degradation requires the participation of three
genes,DUG1,DUG2, andDUG3. Dug1p has earlier been shown
to function as a Cys-Gly-specific dipeptidase. In the present
study, we describe the characterization of Dug2p and Dug3p.
Dug3p has a functional glutamine amidotransferase (GATase) II
domain that is catalytically important for glutathione degradation
asdemonstratedthroughmutationalanalysis.Dug2p,whichhasan
N-terminalWD40 and a C-terminalM20A peptidase domain, has
no peptidase activity. The previously demonstratedDug2p-Dug3p
interaction was found to be mediated through theWD40 domain
of Dug2p. Dug2p was also shown to be able to homodimerize, and
thiswasmediatedby itsM20Apeptidasedomain. In vitro reconsti-
tution assays revealed that Dug2p and Dug3p were required
together for the cleavage of glutathione into glutamate and Cys-
Gly. Purification throughgel filtration chromatography confirmed
theformationofaDug2p-Dug3pcomplex.Thefunctionalcomplex
had a molecular weight that corresponded to (Dug2p-Dug3p)2 in
addition to higher molecular weight oligomers and displayed
Michaelis-Mentenkinetics. (Dug2p-Dug3p)2hadaKm forglutathi-
one of 1.2 mM, suggesting a novel GATase enzyme that acted on
glutathione. Dug1p activity in glutathione degradation was found
to be restricted to its Cys-Gly peptidase activity, which functioned
downstream of the (Dug2p-Dug3p)2 GATase. The DUG2 and
DUG3genes, butnotDUG1,werederepressedby sulfur limitation.
Based on these studies and the functioning of GATases, a mecha-

nism is proposed for the functioning of the Dug proteins in the
degradation of glutathione.

Glutathione (GSH), L-�-glutamyl-L-cysteinyl-L-glycine, is an
essential thiol compound present in all eukaryotic systemswith
the exception of a few amitochondrial protozoans (1). The low
redox potential of GSH, its ability to exist in reduced (GSH) and
oxidized (GSSG) forms, the high intracellular concentrations
achieved (up to 10 mM), and the high stability due to unusual �
linkage make it an important redox buffer of the cell. In addi-
tion, GSHplays important roles in ironmetabolism, scavenging
of free radicals, detoxification of metal ions and xenobiotics,
and the regulation of the activity of many proteins by glutathio-
nylation. It also functions as a source of sulfur and nitrogen (2,
3). Not surprisingly, themaintenance of glutathione homeosta-
sis is crucial to the proper functioning of the cell.
Glutathione degradation in living cells has normally been

considered to be initiated by �-glutamyl transpeptidase, an
enzyme of the �-glutamyl cycle that is involved in the cyclic
formation and degradation of glutathione (3). �-Glutamyl
transpeptidase is localized on the plasma membranes of mam-
malian cells (4, 5) and on the vacuolar membranes of yeasts and
plants (6–8). Very recently, we have demonstrated the pres-
ence of an alternative pathway of GSH degradation, working
independently of �-glutamyl transpeptidase in yeasts and fungi
(9, 10). GSH degradation by this novel pathway, which is cyto-
solic, was found to require the participation of three novel
genes: DUG1, which encodes an M20A peptidase; DUG2,
which encodes a protein with a WD40 repeat (11, 12) at its N
terminus and anM20Apeptidase domain at its C terminus; and
DUG3, which encodes a protein with a glutamine amidotrans-
ferase II (GATaseII)4 domain. This alternative pathway, which
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was named the DUG pathway, is fungi-specific as the homo-
logues of DUG2 and DUG3 are present only in fungal species.
Genetic studies revealed that all the three proteins were
required for GSH degradation. In contrast, the normal dipep-
tides and tripeptides (Cys-Gly and Glu-Cys-Gly) required only
the participation of the DUG1 gene (10). However, the mecha-
nism by which these proteins function in glutathione degrada-
tion has not yet been delineated.
The first step toward the understanding of theDUGpathway

was made through investigations carried out on Dug1p. Bio-
chemical characterization of the purified, recombinant Dug1p
revealed that it functions as a Cys-Gly peptidase (with no activ-
ity seen toward glutathione or other tripeptides) and exists as a
homodimer in the cell (13). However, whether Dug1p also
functions as a part of theDUG complex (for glutathione degra-
dation) in addition to its independent function as a Cys-Gly
peptidase has not been investigated. The purification and roles
of the other two proteins of the DUG pathway, Dug2p and
Dug3p, have also not been described so far.
In this study, we continue our characterization of the DUG

pathway and address the roles of the Dug2p and Dug3p pro-
teins. Dug2p was found to interact with Dug3p via the WD40
domain of Dug2p. Dug2p also homodimerizes with itself, and
this is mediated by its M20A peptidase domain. Dug2p, how-
ever, is devoid of catalytic activity, and thus, functionsmostly as
a scaffolding protein. Furthermore, no Dug1p-Dug2p het-
erodimerization was observed. Dug3p was found to function as
a glutamine amidotransferase based on mutational analysis. In
vitro reconstitution of the purified recombinant proteins,
Dug2p and Dug3p, revealed that Dug2p and Dug3p come
together to form a functional (Dug2p-Dug3p)2 GATase com-
plex of �300 kDa that acts on the �-Glu-Cys bond of glutathi-
one. The kinetics of glutathione degradation revealed a Km of
1.2 � 0.2 mM. The regulation of the DUG genes revealed that
DUG3 and DUG2 expression was under strong sulfur regula-
tion. Finally, a model is presented for the functioning of the
DUG proteins in glutathione degradation.

EXPERIMENTAL PROCEDURES

Materials

All chemicals and reagents were of analytical reagent grade
and were procured from different commercial sources. Protein
molecular weight markers were purchased from MBI Fermen-
tas. Oligonucleotide primers were synthesized from Biobasic
Inc. and Sigma-Genosys.Medium components were purchased
from BD Diagnostics (Difco). Restriction enzymes, DNA poly-
merases, and other DNA-modifying enzymes were obtained
fromNewEngland Biolabs. ADNA sequencing kit (ABI PRISM
310 XL with dye termination cycle sequencing ready reaction
kit) was obtained from PerkinElmer Life Sciences. Gel extrac-
tion kits, plasmid miniprep columns, and Ni-NTA resins were
obtained from Qiagen or Sigma. Molecular weight standards
for gel filtration were obtained fromGEHealthcare.Metal salts
were obtained from Sigma.

Strains, Media, and Growth Conditions

The Escherichia coli strain DH5� was used as a cloning host,
and BL21 (DE3) was used as an expression host. Yeast strains

used in the study are described in supplemental Table S1. Sac-
charomyces cerevisiae strains were regularly maintained on
yeast extract, peptone, and dextrose (YPD) medium. Synthetic
defined minimal medium contained yeast nitrogen base,
ammonium sulfate, and dextrose supplemented with methio-
nine, histidine, leucine, lysine, and uracil at 80 mg/liter (as per
requirement). CompleteMedium contained all the amino acids
except those indicated. Yeast transformations were carried out
by the lithiumacetatemethod as described for S. cerevisiae (14).
Growth, handling of bacteria, and yeast were according to the
standard protocols (15).

Cloning and Gene Manipulations

All the molecular biology techniques used in this study were
according to the standard protocols (16). Sequences of the
primers used for cloning are given in supplemental Table S2.
Cloning of DUG3 Mutants—DUG3HA wild type cloned ear-

lier in p416TEF was used as template to create the GATaseII
mutants ofDUG3. Site-directedmutagenesiswas carried out by
splice overlap extension method following standard PCR con-
ditions using a specific set of primers. PCR products were
spliced by DUG3EcoRIF and DUG3HAXhoIR primers and
cloned at EcoRI-XhoI site of p416TEF. Mutation was con-
firmed by DNA sequencing.
Cloning of DUG1 andDUG2Active SiteMutants—Wild type

DUG1 and DUG2Myc cloned earlier in p416TEF were used as
templates to create E171A and E586A mutants of DUG1 and
DUG2, respectively. E171A mutant was created by the overlap
extension method using DUG1E171AF and DUG1E171AR
primers following standard PCR conditions. PCR products
were spliced by DUG1BamHIF and DUG1HisSalIR primers
and cloned at the BamHI-SalI site of p416TEF. E586Amutation
was created by using the Stratagene site-directed mutagenesis
kit usingDUG2E586AF andDUG2E586ARprimers.Mutations
were confirmed by DNA sequencing.
Cloning of M20A Domain of DUG2—DUG2-M20 domain

(1275–2934 bp) was PCR-amplified from p416TEFDUG2 fol-
lowing standard PCR conditions using DUG2M20EcoRIF and
DUG2XhoIR primers and cloned at the EcoRI-XhoI sites of the
p416TEF vector. For purification of the DUG2-M20A domain
from E. coli, M20 domain fragment was PCR-amplified using
DUG2M20NdeIF and DUG2pETXhoIR primers and cloned at
the NdeI-XhoI sites of the pET28c (�) vector.
Cloning of CNDP2 and LAP3—Human carnosinase 2

(CNDP2) cDNA was earlier cloned into the p416TEF vector
(13). Rat LAP3 cDNA clones (IMAGE clone ID: 7111053) were
obtained from the mammalian gene collection, Invitrogen.
LAP3 cDNA was PCR-amplified from the LAP3 IMAGE clone
using the LAP3XbaIF forward and LAP3EcoRIR reverse prim-
ers and cloned into pTEF416 at the XbaI and EcoRI restriction
sites to yield p416TEF-LAP3.

Dilution Spotting

For dilution spotting assays, the cells were grown for 12–16 h
at 30 °C and reinoculated into the desired medium at an initial
A600 � 0.1. Cells were further grown at 30 °C and harvested at
A600 � 0.6 by centrifugation at 6000 � g for 5 min. Cells were
washed with water and resuspended in water at A600 � 2.0.
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Serial dilutions ofA600 � 0.2, 0.02, 0.002, and 0.0002weremade
inwater, and 5�l of the eachdilutionwas spotted on the desired
plates as mentioned in the results. Plates were incubated for
3–5 days at 30 °C.

Cloning, Expression, and Purification of DUG Proteins

Purification of Dug2p and Dug2pM20A—DUG2 was PCR-
amplified fromp416TEFDUG2using the primersDUG2NdeIF
and DUG2pETXhoIR and cloned at the NdeI-XhoI sites of the
pET28c(�) vector. pET28c(�)DUG2 was transformed in
BL21(DE3) E. coli cells. Expression of His-Dug2p was induced
at A600 � 0.8 by 0.5 mM isopropyl-�-thiogalactopyranoside,
and the induction was carried out at 16 °C for 16 h with shaking
at 220 rpm.E. coli cultures inducedwith isopropyl-�-thiogalac-
topyranosidewere harvested at 6000� g for 5min, 4 °C, and the
pellet was resuspended in lysis buffer (300mMNaCl and 50mM

Tris-HCl, pH 8.0). Cells were lysed by sonication for 10 min.
The bulk of the induced protein was found in the soluble frac-
tion. The soluble fraction was recovered by centrifugation at
10,000 � g for 20 min, 4 °C. The protein that had a His6 tag at
the N terminus was purified using Ni-NTA affinity chromatog-
raphy. Ni-NTA columns were washed with water and equili-
brated with lysis buffer. Protein samples were loaded onto the
column, and the columnwas washed with 5 column volumes of
the lysis buffer. His-Dug2p was eluted with 2 column volumes
of elution buffer (equilibration buffer containing 150 mM imid-
azole). The purified proteinwas dialyzed against the buffer (300
mM NaCl, 50 mM Tris-HCl, pH 8.0). The purity of the His-
Dug2pwasmonitored by running SDS-PAGE followed byCoo-
massie Brilliant Blue R-250 staining. Expression and purifica-
tion of Dug2p-M20A were essentially carried out similar to
His-Dug2p.
Purification of Dug3p—DUG3 was PCR-amplified from

p416TEF DUG3 by DUG3KpnIF and DUG3linkerpETXhoIR.
PCR product was digested with KpnI, Klenow-filled, and
digested with XhoI. pET23a(�) vector was digested with NdeI,
Klenow-filled, digested with XhoI, and ligated to PCR product.
For purification of Dug3p, DUG3 cloned in pET23(a) vector
was expressed as C-terminally His-tagged protein having a gly-
cine linker sequence (GGGGGGIP) betweenDug3p and theHis
tag. In the absence of glycine linker, Dug3p was not able to bind
to Ni-NTA resin. Purification of Dug3-linker-His was carried
out similar to Dug2p, but 20 mM imidazole was included in the
lysis and washing buffer.
Co-expression and Purification of Dug1p and Dug2p—For

co-purification of Dug2p and Dug1p, pET28c(�)DUG2 and
pET23a(�)DUG1 were co-transformed into BL21(DE3) cells,
and protein was purified essentially as Dug2p. Co-purification
of both was checked by SDS-PAGE and Coomassie Brilliant
Blue R-250 staining. Gel filtration was carried out in 300 mM

NaCl, 50 mM Tris-HCl, pH 8.0.

Yeast Two-hybrid Analysis

pEG202-DUG2, pJG4-5-DUG2, and pEG202-DUG3 con-
structs were made earlier (10). For making pJG4-5-
DUG2WD40 construct, WD40 domain of DUG2 (1–1274 bp)
was PCR-amplified using the primers DUG2EcoRIF and
DUG2WD40XhoIR and cloned at the EcoRI-XhoI site of the

pJG4-5 vector. The duplex-A yeast two-hybrid system based on
the system developed by Brent and co-workers was used in the
study as described earlier (17). Briefly, pEG202 was used as bait
plasmid, and pJG4-5 was used as prey plasmid. Interactions
were studied in EGY48 strain using dual reports as described
earlier (10) where interactions among two proteins results in
the development of blue color on Complete Medium � X-gal
plates due to expression of lacZ from the reporter plasmid
pSH18-34 and growth on Complete Medium leucine plates.
pSH17-4 and pRFHM1were used as positive and negative con-
trols, respectively.

�-Glutamyl-p-Nitroanilide (�-glu-pNA) Assay

Purified Dug2p and Dug3p were mixed in 1:1 stoichiometry
and dialyzed in 300mMNaCl, 50mMTris-HCl, pH 8.0 (18). The
given amount ofDug2p-Dug3pwas incubatedwith 4mM �-glu-
pNA in a 100-�l reaction in 300mMNaCl, 50mMTris-HCl, pH
8.0, buffer in a 96-well plate. The reaction was carried out at
37 °C for different time intervals, and the amount of pNA
released was monitored by absorbance at 410 nm in an ELISA
reader. Nanomoles of pNA formed were calculated by consid-
ering themolar extinction coefficient of pNA at pH� 8.0 equal
to 14,520 cm�1M�1.

Glutathione Degradation Assay

Purified Dug2p and Dug3p mixed in 1:1 stoichiometry,
Dug2p alone, or Dug3p alonewere dialyzed in 300mMNaCl, 50
mM Tris-HCl, pH 8.0. Given amounts of proteins were incu-
bated with 10 mM glutathione in a 100-�l reaction in 300 mM

NaCl, 50mMTris-HCl, pH 8.0, buffer. Reaction was carried out
at 37 °C for 1 h and terminated by heating the reaction mixture
at 95 °C for 5 min. Samples were centrifuged at 13,000 rpm for
15 min, and supernatants were used for HPLC analysis of reac-
tion products. 20 �l of the supernatant was loaded on the C18
column, and 2% perchloric acid was used as solvent (19). HPLC
was run at a flow rate of 1 ml/min. The area of the peaks was
plotted as a function of protein concentration. Corresponding
peaks were confirmed by spiking the reaction mixtures with
purified glutathione, glutamate, or Cys-Gly. �-Glu-Cys cleav-
age activity of Dug2p-Dug3pwasmonitored essentially as done
for glutathione.
For kinetic analysis, the Cys-Gly produced by Dug2p-Dug3p

activity was estimated by coupled assay using Dug1p. To the
100-�l reaction mixture, 5 �g of purified recombinant Dug1p
and 20 �MMnCl2 were added, and volume was made up to 150
�l. Reaction was carried out at 37 °C for 1 h, and the amount of
cysteine formed was estimated by acidic ninhydrin assay as
described earlier (20).
For fractionation of the Dug2p-Dug3p complex, the purified

proteins were mixed in 1:1 stoichiometry, and the mixture was
dialyzed for 1 h in the 300 mM NaCl, 1 mM GSH, 50 mM Tris-
HCl, pH 8.0, buffer. Dialyzed samples were analyzed by gel fil-
tration using Superdex S200 column.

Promoter Cloning

The 600-bp upstream region of DUG3 and 1-kb upstream
region of DUG1 and DUG2 promoter regions were PCR-
amplified from genomic DNA of ABC733 (BY4741) using
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DUG1ProSalIF and DUG1ProBamHIR, DUG2ProXhoIF and
DUG2ProBamHIR, and DUG3ProXhoIF and DUG3Pro-
BamHIRprimer sets, respectively.DUG2 andDUG3promoters
were cloned at the XhoI and BamHI sites, andDUG1 promoter
was cloned at the SalI and BamHI sites upstream of �-galacto-
sidase gene in the vector pLG699Z. Sequence of the insert was
confirmed by DNA sequencing.

�-Galactosidase Assay

The reporter plasmids were transformed into the S. cerevi-
siae strains mentioned under “Results,” and the transformants
were grown inminimalmedium for 12–18h. For the expression
studies, the secondary inoculationswere done atA600� 0.1 into
minimal medium having different sulfur source, and the cul-
tures were grown for additional 6–8 h at 30 °C. 200 �M Cys-
teine or 200�Mmethionine was used for repressing conditions,
and 200 �M GSH, 20 �M methionine, or no methionine (no
sulfur) was used for derepressing conditions. For the organic
sulfur auxotroph strains for induction in no methionine condi-
tions, reinoculation was done at A600 � 0.25. For DUG2 regu-
lation studies in ABC733, we usedA600 � 4.0 cells, and in all the
other assays, A600 � 1.0 cells were used. �-Galactosidase activ-
ity was measured in the permeabilized cells by the protocol of
Guarente et al. (21). Briefly, cells were harvested by centrifuga-
tion (6000 � g, 4 °C, 5 min) and washed with water and LacZ
buffer (60 mM Na2HPO4�7H2O, 40 mM NaH2PO4�H2O, 10.06
mM KCl, 1 mM MgSO4�7H2O, 0.27% �-mercaptoethanol). The
required number of cells was taken and permeabilized with 50
�l of chloroform and 20 �l of 1.0% SDS by vortexing for 10 s.
The cell suspension was preincubated at 30 °C for 5 min, and
the�-galactosidase activitywasmeasured using 0.7ml of ortho-
nitrophenyl-�-galactoside (2 mg/ml of LacZ buffer). The reac-
tion was allowed to proceed for 30–40 min at 30 °C and termi-
nated with 0.5 ml of 1 M sodium carbonate. Cell debris was
removed by centrifugation, and the absorbance of ortho-nitro-
phenol was taken at 420 nm. �-gal units were calculated as
A420 � 1000 min�1 ml�1/A600. The experiment was repeated
twice with two independent transformants.

RESULTS

DUG1 Role in Glutathione Degradation Can Be Replaced by
Mammalian Cys-Gly Peptidase LAP3; Dug1p Role in GSHDeg-
radation Is Restricted to Its Cys-Gly Peptidase Activity—Dug1p
is aCys-Gly peptidase and is also required forGSHdegradation.
Two possibilities exist in relation to its function. Firstly, it is
possible that the function of Dug1p inGSHdegradationmay be
limited to its Cys-Gly dipeptidase activity (and is independent
of Dug2p andDug3p). Alternatively, Dug1pmay play two roles,
the first as a part of a larger DUG protein complex involved in
GSH degradation and the second as a Cys-Gly peptidase as
suggested earlier (10, 13). To determine which of these possi-
bilities reflected the true roles ofDug1p in the cell, we examined
whether these dual functions in both Cys-Gly degradation and
GSH degradation could be replaced by other Cys-Gly pepti-
dases. Human CNDP2, which shares a similarity (54% identity,
64%, similarity) with Dug1p, has been shown from earlier stud-
ies from our laboratory as a Cys-Gly peptidase (13), but its abil-
ity to complement the GSH utilization defect in dug1� strain

was never examined. LAP3, a leucine aminopeptidase from rat,
is a member of the M17 family of metallopeptidase. LAP3 has
no sequence similarity to Dug1p, but has been previously dem-
onstrated to display Cys-Gly dipeptidase activity (22, 23).
Human CNDP2 and rat LAP3 cDNAs were separately cloned
and expressed in the p416TEF expression vector and trans-
formed into the dug1� strain. Both LAP3 and CNDP2 comple-
mented the dug1� deletion for utilization of GSH as the sole
source of sulfur (data not shown). As these proteins, and par-
ticularly LAP3, which has no sequence similarity to Dug1p,
were not expected to form a complex with Dug2p and Dug3p,
their role in GSH degradation must be independent of such a
complex and should be limited to Cys-Gly cleavage. Their abil-
ity to complement dug1� for GSH utilization suggests that the
Dug1p role in GSH degradation is as a Cys-Gly peptidase.
Dug2p and Dug3p may be acting upstream of Dug1p to release
Cys-Gly from GSH.
Dug2p Interacts with Dug3p (via WD40 domain) and with

Itself (via M20A Peptidase Domain)—We had previously
shown strong interactions among Dug2p and Dug3p by yeast
two-hybrid and co-immunoprecipitation studies (10). Dug2p
has aWD40domain at theN terminus (1–424 amino acids) and
anM20A peptidase domain at the C terminus (425–878 amino
acids). To identify the regions of Dug2p important for Dug2p-
Dug3p interactions, the M20A and the WD40 domains of
Dug2p were separately cloned into the yeast two-hybrid plas-
mids and evaluated for interactions. Expression of the WD40
domain of Dug2p (pJG4-5-DUG2WD40) along with Dug3p
(pEG202-DUG3) produced a blue color on X-gal plates and
growth on �leucine plates, although the interaction was
weaker than seenwith the full-lengthDug2p (supplemental Fig.
S1). This indicates that Dug2p-Dug3p interaction is mediated
via the WD40 domain of Dug2p. No interaction was seen
between Dug3p and the M20A domain of Dug2p (data not
shown).
Dug1p, an M20A peptidase, exists as a homodimer in solu-

tion, and dimerization is predicted to bemediated by theM20A
dimerization domain. As Dug2p also has an M20A dimeriza-
tion domain similar to Dug1p, it appears possible that Dug2p
might also self-dimerize like Dug1p. As seen from the yeast
two-hybrid studies (supplemental Fig. S1), co-transformation
of pJG4-5-DUG2 and pEG202-DUG2 along with reporter plas-
mid pSH18-34 produces blue color on X-Gal plates and growth
on �leucine plates, indicating that a strong Dug2p-Dug2p
interaction takes place in vivo.

To further evaluate theDug2p-Dug2p interaction through in
vitro purification, the genewas cloned into an E. coli expression
vector pET28a(�) and expressed as an N-terminally His6-
tagged protein. His6-Dug2p was purified by Ni-NTA affinity
chromatography. Purified Dug2pwas about 90% pure and has a
molecular mass of 100 kDa (including the mass of the tag) as
seen on SDS-PAGE and Coomassie Brilliant Blue staining (Fig.
1A). The oligomeric state of the purified protein was analyzed
by gel filtration chromatography using a Superdex S200 col-
umn. The elution profile of Dug2p shows three major peaks
(Fig. 1A). The first peak corresponded to the aggregated form
being eluted in the void volume. The majority of the protein
eluted at the molecular mass of 243 kDa (elution volume, Ve �
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62 ml). A very small proportion of the protein eluted at the
molecularmass of 105 kDa (Ve � 72ml). As themolecularmass
of the Dug2 polypeptide is 100 kDa, it indicates that in solution,
if present alone, Dug2p is primarily present as a dimer. To
examine whether it was the M20A domain of Dug2p that was
involved in the dimerization, the M20A domain of Dug2p was
purified similar toDug2p. The gel filtration profile of theM20A
domain of Dug2p showed a single peak of 97 kDa (Ve � 73 ml)
that corresponds to the molecular mass of the dimeric M20A
domain (Fig. 1B).
Thus, both yeast two-hybrid and gel filtration studies

revealed that Dug2p interacts with itself and that the dimeric
form is the dominant form of the protein. Furthermore, the
dimerization was mediated by the M20A domain of Dug2p.
As Dug1p also contains anM20A peptidase domain, and in a

previous study, it was observed that Dug1p interacts with
Dug2p (although weakly); in vitro purification and yeast two-
hybrid studies were undertaken to evaluate this more carefully.
Co-expression and purification of bothDug1p andDug2p, each

of which have a single dimerization domain, reveals that the
dominant population consists of Dug1p-Dug1p and Dug2p-
Dug2p homodimer, with no detectable heterodimer. (supple-
mental Fig. S2). In yeast two-hybrid studies, independent
WD40 and M20A peptidase domains of Dug2p were also
checked for their interaction with Dug1p. None of the domains
showed any significant interaction with Dug1p (data not
shown), further confirming thatDug2p interacts onlywith itself
and with Dug3p.
Mutational Analysis of DUG3 Reveals That a Functional

Glutamine Amidotransferase Type II Domain Is Required for
Glutathione Degradation—Preliminary sequence analysis had
revealed that the Dug3p had a weak similarity to the GATaseII
domain (24). This class of proteins has two domains in the sin-
gle polypeptide chain with an N-terminal GATaseII domain
and a C-terminal synthase domain (25). The GATaseII domain
of different amidotransferases shares weak homology; for
example, the GATaseII domain of glutamine phosphoribosyl
amidotransferase of Bacillus subtilis and asparagine synthetase
of E. coli share an identity of only 25% and a similarity of 41%.
However, the residues important for catalysis and substrate
binding as identified from the crystal structures of these
enzymes are fully conserved among all the class II family mem-
bers (26–31).
Multiple sequence alignments revealed that these residues

were also conserved in Dug3p (Fig. 2A) despite an otherwise
weak similarity with known GATaseII domains. To elucidate
the role of these conserved residues in GSH degradation, these
residues weremutated to alanine, and the activity of themutant
proteins was checked by complementation in a dug3� deletion
strain. N120A, G121A, and D150A mutants showed complete
loss in activity (Fig. 2B). The corresponding Asn and Gly resi-
dues in other GATases were found to be important in stabiliza-
tion of the oxyanion intermediate in catalysis, whereas the Asp
is important for stabilization of the �-NH2 of glutamine. The
R96A mutation shows a partial defect, whereas the R40A and
T99Amutants did not display any defect and behaved like wild
type. The Arg-96 was predicted to be important for stabiliza-
tion of the carboxylate (COO-) group of glutamine (29). Inter-
estingly, the mutants that did not show any defect in GSH deg-
radation (R40A and T99A) were also those that were not found
to be important in catalysis in the majority of the GATaseII
domain enzymes with the exception of phosphoribosyl amido-
transferase (Arg-40) and glucosamine-6-phosphate synthase
(Arg-40 and Thr-99). None of the mutant DUG3 constructs
(tagged with HA) had any significant defect on protein expres-
sion as seen in Western blots (supplemental Fig. S3). All these
results clearly indicate the functional importance of the
GATaseII domain of Dug3p in GSH degradation.
A feature of the GATaseII proteins is that they belong to the

N-terminal hydrolase family of enzymes, in which theN-termi-
nal exposed residue functions as both a nucleophile and a pro-
ton donor in catalysis and hence is absolutely essential for the
activity (32). In the GATaseII domain, the N-terminal con-
served cysteine residue is shown to be essential for GATase
activity (25). InDug3p, theN-terminal residue aftermethionine
is also cysteine. To validate the importance of this cysteine as a
catalytic residue, Cys-2 of Dug3p was mutated to alanine. The

FIGURE 1. Purification and oligomeric status of Dug2p and Dug3p.
A, expression of His-tagged Dug2p was induced in BL21 (DE3) cells by 0.5 mM

isopropyl-�-thiogalactopyranoside for 16 h at 16 °C, and His-Dug2p was puri-
fied by Ni-NTA affinity chromatography. Samples were loaded on 10% SDS-
PAGE, and gels were stained with Coomassie Brilliant Blue R-250. Lane 1,
molecular weight marker (MWM); lane 2, flow-through; lane 3, wash; lane 4,
eluted Dug2p. Ni-NTA-purified Dug2p was dialyzed against 300 mM NaCl, 50
mM Tris-HCl, pH 8.0, and loaded onto a Superdex S200 column. The elution
profile of the protein was monitored by absorbance at 280 nm. B, Ni-NTA-
purified His-tagged Dug2p M20A domain was dialyzed against 300 mM NaCl,
50 mM Tris-HCl, pH 8.0, and loaded onto a Superdex S200 column. The elution
profile of the protein was monitored by absorbance at 280 nm. C, expression
of His-tagged Dug3p was induced in BL21 (DE3) cells by 0.5 mM isopropyl-�-
thiogalactopyranoside for 16 h at 16 °C, and Dug3p-Gly linker-His protein was
purified by Ni-NTA affinity chromatography. Samples were loaded on 10%
SDS-PAGE, and gels were stained with Coomassie Brilliant Blue R-250. Lane 1,
molecular weight marker; lane 2, flow-through; lane 3, wash; lane 4, eluted
Dug3p. Ni-NTA-purified Dug3p was dialyzed against 300 mM NaCl, 50 mM

Tris-HCl, pH 8.0, and loaded on the Superdex S200 column. Elution profile of
the protein was monitored by absorbance at 280 nm.
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C2A mutation in Dug3p led to complete loss in the activity as
the mutant protein was not able to complement the dug3�
deletion phenotype for GSH utilization as the sole source of
sulfur. To further confirm the importance of the cysteine at the
extreme N terminus of the protein, an alanine residue was
inserted before cysteine, thereby making the cysteine the sec-
ond amino acid in the Dug3p polypeptide (C2AC mutation).
The C2AC mutant showed a defect in the utilization of GSH,
although the defect was less severe than C2A mutation (Fig.
2B). Taken together these results demonstrate that Dug3p has a
functional GATaseII domain.
As most of the known members of the GATaseII family are

oligomeric in nature, we evaluated the oligomeric state of
Dug3p alone in the absence of Dug2p. Initial attempts at Dug3p
(His6-tgged) purification were unsuccessful, and we subse-

quently observed that Dug3p could only be purified when a
GGGGGGIP glycine linker sequence was inserted between the
C terminus of Dug3p and the His tag. The linker did not affect
Dug3p function (data not shown). Dug3p was expressed in
BL21 (DE3) cells and purified by Ni-NTA affinity chromatog-
raphy. Themolecularmass of the proteinwas 41 kDa, and itwas
nearly 90%pure as seen onSDS-PAGEwithCoomassie Brilliant
BlueR250 staining (Fig. 1C).On gel filtration, the protein eluted
as amajor peak at 48 kDa, indicating that purified Dug3p, when
expressed alone, primarily exists as a monomer as opposed to
other GATaseII family members. However, it is possible that
the association with Dug2p allows it to achieve the desired olig-
omeric status.
Dug2p Lacks Functional Peptidase Activity—TheM20Apep-

tidase domain of Dug2p has 32% identity and 50% similarity

FIGURE 2. Dug3p has functional GATaseII domain. A, multiple sequence alignment of GATaseII domain of Dug3p with the GATaseII domain of glutamine
phosphoribosyl amidotransferase (PurF), glucosamine-6-phosphate synthase (Glms), and asparagine synthetase (Asn). Multiple sequence alignment was
carried out by the ClustalW program. Residues predicted to be important for activity are highlighted and indicated by a bold arrow. Ec, E. coli; Sc, S. cerevisiae.
B, DUG3 wild type and mutant constructs in p416TEF vector were transformed into met15� dug3� strains of S. cerevisiae, and transformants were grown in
minimal supplemented medium. Cells were harvested, washed, and resuspended to an A600 � 2. Serial dilutions of A600 � 0.2, 0.02, 0.002, and 0.0002 were
made, and 5 �l of each dilution was spotted on minimal medium having methionine or glutathione as sulfur source. Plates were incubated at 30 °C for 3 days.
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with Dug1p. In the M20A family, a set of amino acids required
for metal ion coordination and catalysis is conserved in differ-
ent members of the family despite low sequence similarity (33).
A glutamic acid residue is the catalytic residue in all the M20A
family peptidases. On multiple sequence alignment, a gluta-
mate residue corresponding to the catalytic glutamate is found
to be conserved in bothDug1p (Glu-171) andDug2p (Glu-586).
To validate the importance of these residues and hence the
Dug1p and Dug2p catalytic activity in GSH degradation, the
respective glutamates were mutated to alanine, and the func-
tionality of the mutant proteins was analyzed by the comple-
mentation in the respective deletion backgrounds. E171A
mutation in Dug1p leads to complete loss in activity as assayed
by growth on GSH plates (Fig. 3A). It indicates that Dug1p is
catalytically important in GSH utilization by the alternative
pathway. However, a similar mutation in Dug2p (E586A) com-
plemented dug2� for GSH degradation like wild type Dug2p
(Fig. 3B). This indicates that Dug2p may not have any direct
catalytic role in GSH degradation and is possibly functioning
only as a scaffold protein. To further confirm the in vivo results,
we examined the peptidase activity of the in vitro purified
Dug2p dimer. The activity was checked against Cys-Gly pep-
tide. However, purified Dug2p showed negligible cleavage of
Cys-Gly peptide (only 4%) when compared with the Cys-Gly

peptidase activity of purified Dug1p under similar conditions
(data not shown).
Full-length Dug2p was not able to complement dug1� dele-

tion phenotype despite having anM20A domainwith high sim-
ilarity with Dug1p (data not shown). As it was possible that the
presence of the WD40 domain at the N terminus may be hin-
dering the catalytic activity of the M20A domain of Dug2p, the
M20A domain of the Dug2p was expressed separately and
checked for functionality in the dug1� strains by growth on
GSH as the sole source of sulfur. However, overexpression of
the DUG2 M20A domain separately also did not complement
the dug1� defect (Fig. 3C).
Dug2p and Dug3p Are Required Together to Cleave �-Glu-

tamyl Linkage—As Dug1p was only playing a role as a Cys-Gly
peptidase in glutathione degradation, we needed to examine
the possible �-glutamyl cleavage activity of the Dug2p and
Dug3p proteins in vitro. Dug2p andDug3p were independently
purified from E. coli as described above and were examined
independently as well as together (the latter by mixing in a 1:1
stoichiometry and further dialyzing into 300 mM NaCl, 50 mM

Tris-HCl, pH 8.0, buffer at 4 °C; Dug2p and Dug3p were
expected to form a complex of correct stoichiometry under
these conditions, and this complex is designated as Dug2p-
Dug3p). �-Glutamyl cleavage activity of theDug2p, Dug3p, and
Dug2p-Dug3p proteins was monitored using �-glu-pNA as
artificial substrate. �-glu-pNA cleavage activity was carried out
at 37 °C in 300 mM NaCl, 50 mM Tris-HCl, pH 8.0, buffer, and
pNA released was monitored at 410 nm. When Dug2p or
Dug3p was present alone, they did not cleave �-glu-pNA even
at the highest protein concentrations used in the reaction.
However, when both the proteins were present together, the
�-glutamyl bond of �-glu-pNAwas efficiently cleaved (data not
shown). The amount of the pNA released increased propor-
tionally upon increasing the amount of the Dug2p-Dug3p pro-
tein complex from 0.25 to 2 �g. The pNA release is also seen to
be time-dependent from 15 min to 1 h when using a fixed
amount of protein (1 �g).
We also needed to determine whether these proteins func-

tioned together or in a sequential manner where activity of one
protein is followed by the activity of the second protein. To test
these two possibilities, the substrate was incubated initially
with either 5 �g of purified Dug2p or Dug3p alone for 1 h, and
protein was denatured at 95 °C for 5min. To the supernatant of
the above reaction, 5 �g of the purified second protein was
added, and the reaction was again carried out for an additional
1 h at 37 °C. Interestingly, Dug2p and Dug3p were able to
cleave the substrate only when both the proteins were present
in the active from at the same time. Denaturing one protein
before the addition of the other protein did not allow substrate
cleavage (data not shown). This result strongly suggested that
Dug2p andDug3p function togethermost likely as a complex in
the cleavage of the �-glutamyl linkage and that this activity is
independent of Dug1p.
Dug2p and Dug3p Function as Complex to Degrade GSH into

Glutamate and Cys-Gly—The above studies clearly demon-
strated that Dug2p and Dug3p together were essential, as well
as sufficient to cleave the �-glutamyl linkage in �-glu-pNA.We
also wished to examine whether the putative complex was also

FIGURE 3. Dug1p, but not Dug2p, has functional peptidase domain. A and
B, conserved glutamic acid residues that had a potential catalytic role were
mutated to alanine; DUG1 wild type and DUG1 E171A mutant constructs in
p416TEF vector were transformed into met15� dug1� strains of S. cerevisiae
(A), and DUG2 wild type and DUG2 E586A mutant construct in p416TEF vector
were transformed into met15� dug2� strains of S. cerevisiae and streaked on
methionine or glutathione plates (B). C, DUG1, DUG2, and DUG2 M20A domain
constructs in p416TEF vector were transformed into met15� dug1� strains of
S. cerevisiae. Transformants were grown in minimal supplemented medium.
Cells were harvested, washed, and resuspended to an A600 � 2. Serial dilu-
tions of A600 � 0.2, 0.02, 0.002, and 0.0002 were made, and 5 �l of each
dilution was spotted on minimal medium containing either methionine or
glutathione as sulfur source. Plates were incubated at 30 °C for 3 days.
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responsible for the cleavage of �-glutamyl linkage of GSH. To
study this activity, the Dug2p, Dug3p, and Dug2p-Dug3p pro-
teins (the latter mixed in 1:1 stoichiometry as described above)
were incubatedwith 10mMGSH for 1 h in 300mMNaCl, 50mM

Tris-HCl, pH 8.0, buffer at 37 °C, and products were analyzed
by HPLC. No degradation was observed when the Dug2p or
Dug3p proteins were used separately even at high protein con-
centrations (10 �g). However, by increasing the amount of the
Dug2p-Dug3p protein complex from 2 to 10 �g, the peak cor-
responding to GSH decreased with the corresponding increase
in the peaks of glutamate and Cys-Gly dipeptide. At 10 �g of
protein, there was complete disappearance of the peak corre-
sponding to GSH (Fig. 4A). A similar observation was observed
using �-Glu-Cys as the substrate (supplemental Fig. S4). The
peaks were further confirmed by spiking the reaction mixtures
with purified GSH, glutamate, and Cys-Gly. As the appearance

of glutamate (rather than oxoproline that is seen in the case of
�-glutamyl transpeptidase) was unusual, this was further con-
firmed using the sensitive Amplex Red fluorescent assay for
glutamate (data not shown).
GSH degradation by the Dug2p-Dug3p follows a classical

Michaelis-Menten kinetics as analyzed by a coupled assay using
Dug1p (Cys-Gly peptidase) and monitoring the cysteine
formed using acidic ninhydrin (20). The unpurified complex
has a Km of 3.83 � 0.46 mM measured for GSH (Fig. 4B).

To purify and fractionate theDug2p-Dug3p complex, Dug2p
andDug3pweremixed in 1:1 stoichiometry and fractionated on
gel filtration. 10 mM GSH was added into the dialysis and gel
filtration buffers to stabilize the complex. Interestingly, onmix-
ing Dug2p and Dug3p in 1:1 stoichiometry, we could detect the
higher molecular complexes of Dug2p and Dug3p with the
complete absence of individual Dug2p or Dug3p protein peaks.
Each of these fractions was run on SDS-PAGE to confirm the
presence of both Dug2p and Dug3p proteins (Fig. 5A and

FIGURE 4. Dug2p-Dug3p together cleaves glutathione into glutamate
and Cys-Gly. A, purified recombinant Dug2p and Dug3p were mixed in 1:1
stoichiometry and dialyzed in 300 mM NaCl, 50 mM Tris-HCl, pH 8.0, to form a
Dug2p-Dug3p complex. Dug2p and Dug3p alone were also dialyzed in the
same buffer. Increasing amounts of Dug2p-Dug3p from 2 to 10 �g, 10 �g of
Dug2p, or 10 �g of Dug3p were incubated with 10 mM glutathione in 300 mM

NaCl, 50 mM Tris-HCl, pH 8.0, at 30 °C for 1 h, and the reaction was terminated
by heating at 95 °C for 5 min. Products of the reaction were analyzed by HPLC
using a C18 column in 2% perchloric acid as solvent. The area of the peak is
plotted as function of the protein amount. Values are plotted as mean � S.E.
(A.U, arbitrary units � 105). B, 1 �g of the Dug2p-Dug3p complex was incu-
bated with increasing amounts of glutathione (0.25 mM to 30 mM) in 50 mM

Tris-HCl, 300 mM NaCl, pH 8.0, for 1 h at 37 °C, and the reaction was terminated
at 95 °C for 5 min. The amount of the Cys-Gly produced was estimated as
described under ”Experimental Procedures.“ Nanomoles of cysteine formed
were plotted as a function of glutathione concentration (GSH Conc.), and Km
was estimated by Michaelis-Menten graph using the GraphPad Prism soft-
ware. Values are plotted as mean � S.E.

FIGURE 5. Dug2p-Dug3p functions as a complex to cleave GSH. A, gel fil-
tration profile of the Dug2p-Dug3p complex. Recombinant purified Dug2p
and Dug3p were mixed in 1:1 stoichiometry, dialyzed in 300 mM NaCl, 50 mM

Tris-HCl, pH 8.0, 1 mM GSH buffer for 1 h, and loaded on a Superdex S200 gel
filtration column. Elution profile was monitored by absorbance at 280 nm,
and four peaks were seen. Peak 1, high molecular mass fraction; peak 2, 346
kDa; peak 3, 156 kDa; peak 4, 53 kDa. B, relative activity of different Dug2p-
Dug3p fractions obtained from gel filtration. GSH degradation activity of dif-
ferent fractions is measured by using a coupled assay using Dug1p and mon-
itoring the cysteine formed. 1, unfractionated Dug2p-Dug3p complex; 2, high
molecular mass fraction; 3, 346-kDa fraction; 4, 156-kDa fraction; 5, 53-kDa
fraction. Values are plotted as mean � S.E.
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supplemental Fig. S5).We could detect complexes correspond-
ing to 156–159 (peak 3) and 298–346 kDa (peak 2), along with
a highermolecularmass peak. The estimatedmolecularmass of
the highermolecular mass fraction (�899 kDa, peak 1) is not in
the resolution limit of the column as it is above 600 kDa. Peak 4,
corresponding to 53 kDa, does not have either Dug2p or Dug3p
and is a contaminant protein being co-purified with Dug2p.
As a single heterodimer of the Dug2p-Dug3p complex

including the molecular mass of purification tags corresponds
to about 142 kDa, it appears that we can detect the single het-
erodimeric complex, as well as the dimeric (Dug2p-Dug3p)2
complex of expectedmolecularmass of 282 kDa and also higher
order associations. It is possible that the high molecular mass
fraction represents the higher molecular association of the
(Dug2p-Dug3p)2 complex. The minimal functional complex
was the 298–346-kDa fraction, although the higher molecular
mass fraction also has GSH cleavage activity. Interestingly, the
156-kDa Dug2p-Dug3p complex lacks any significant GSH
cleavage activity above the background levels, indicating that
formation of the (Dug2p-Dug3p)2 complex is required for GSH
degradation (Fig. 5B). GSH degradation by (Dug2p-Dug3p)2
follows a classical Michaelis-Menten kinetics as analyzed by a
coupled assay using Dug1p and monitoring cysteine formed.
The Km of the 346-kDa fraction was found to be 1.2 mM,
whereas the higher molecular mass fractions had a Km of about
1.9 mM for GSH, which is in the physiological range of glutathi-
one concentration. In some of the fractionation experiments,
we could also detect an additional peak of 615 kDa, which also
displayed GSH cleavage activity (data not shown).
Regulation of DUG Genes; DUG3 and DUG2 Are under Sul-

fur Regulation, whereas DUG1 Is Expressed Constitutively at
Basal Levels—As GSH is an essential metabolite in the cell, the
pathways of GSH degradation would need to be either com-
partmentalized or tightly regulated. The �-glutamyl transpep-
tidase pathway had been shown to be localized in the vacuole of
yeast, and it is also regulated by the nitrogen source in the
medium (9, 34). We had earlier shown that DUG proteins,
Dug1p, Dug2p, and Dug3p, were localized to cytosol (10). As
their presence in the cytosol would deplete GSH levels in the
cytosol, this suggests that their activity might be regulated. To
study the regulation of the DUG1, DUG2, and DUG3 genes,
their promoter regions were fused in-frame upstream to lacZ
gene in plasmid pLG699z. These fusion constructs were trans-
formed into BY4741 (met15�) and BY47412 (MET15) strains,
and the expression was checked under different sulfur and
nitrogen conditions by lacZ assay as described earlier (21).
The DUG1, DUG2, and DUG3 genes did not appear to be

regulated by the nitrogen content in the medium because no
significant difference in lacZ reporter activity was seen in dif-
ferent nitrogen conditions (repressing nitrogen sources such as
glutamine/ammonium or nonrepressing nitrogen sources such
as glutamate) for any of theDUG1,DUG2, andDUG3 reporter
constructs. The DUG1 gene was found to be very minimally
expressed in the cell, and the expression levels were also not
affected by the sulfur source used in the study (data not shown).
The expression of the DUG3 and DUG2 genes was strongly

derepressed under sulfur limitation. We also examined the
expression in a met15� strain. This strain is an organic sulfur

auxotroph, and sulfur starvation conditions tend to be more
accentuated in these strains. The effect of sulfur repression and
derepression was more evident in the met15� strain than in a
WT (MET15). (Fig. 6, A and B).

When we analyzed the promoter of DUG3, we detected a
classical S-regulatorymotif AAANTGTGG to be present at the
�174 to �166 region of the DUG3 promoter (supplemental
Fig. S6). This was suggestive of the pathway being regulated by
the classical sulfur regulatory network (35). To check whether
DUG3 was regulated by the classical sulfur regulatory net-
works, we carried out lacZ reporter assays in different mutant
backgrounds defective in sulfur regulation. As shown in Fig. 6C,
MET4 was absolutely required for the expression of DUG3
because themet4� strain failed to derepress DUG3 expression
even under no-sulfur conditions (Fig. 6C) (36). Expression of
DUG3 was reduced in the cbf1� background when compared
with wild type even under no-sulfur conditions, whereas in
met28� strains, the expression of DUG3 was induced in both
no-sulfur (derepressing) and methionine (repressing) condi-
tions over wild type (Fig. 6D) (37). These data indicate the role
of Cbf1p as activator andMet28p as repressor ofDUG3 expres-
sion. met31� and met32� had no effect on the expression of
DUG3 (data not shown) (38).
Although no known sulfur regulatory motif was found to be

present upstream of DUG2, we still examined whether DUG2
expression was also regulated by the classical sulfur regulatory
network. Interestingly, despite the absence of a discernible
motif, like DUG3, expression of the DUG2 promoter was
strongly induced in met28� background when compared with
wild type control in sulfur limitation (no methionine) and
methionine (200 �M methionine) conditions (Fig. 6E).

Together these results suggest that the activity of the alter-
native pathway of glutathione degradation (DUG pathway) is
regulated at the transcriptional level via regulation of DUG2
and DUG3, where low levels of sulfur in the media induce the
expression of these proteins and thereby the formation of the
competent (Dug2p-Dug3p)2 complex. DUG1 is expressed in
low levels under all the conditions tested, suggesting basal, but
constitutive, expression of DUG1.

DISCUSSION

In the present study, we have carried out studies on the
Dug2p and Dug3p proteins that along with Dug1p are required
for degradation of glutathione in yeast cells by the recently dis-
covered alternative (DUG) pathway of glutathione degradation.
The studies have delineated domains responsible for the inter-
actions between the Dug2p and Dug3p proteins, and together
with mutational analysis of key residues in these proteins and
our ability to purify the Dug2p-Dug3p complex and reconsti-
tute glutathione degradation in vitro, these results have allowed
us to arrive at a model of how the DUG proteins function in
glutathione degradation in this pathway.
The Dug2p protein has two distinct domains, WD40 and

peptidase M20A. However, no catalytic activity could be
ascribed to it.
The Dug3p protein, which showed weak similarity to the

glutamine amidotransferase type II domain, is a member of the
N-terminal hydrolase family of enzymes. Mutational analysis
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confirmed the presence of a functional GATaseII domain. As
N-terminal hydrolase family members, GATaseII enzymes use
the N-terminal cysteine residue as the nucleophile, and the
mechanism of catalysis is general acid-base. The importance of
the N-terminal cysteine of Dug3p suggests that it acts as a
nucleophile for the cleavage of the �-glutamyl bond of GSH to
release glutamate and Cys-Gly.
Most of the known GATaseII enzymes are oligomeric pro-

teins. The gel filtration profiles of purified Dug3p (when
expressed alone) revealed that the protein exists as amonomer,
unlike other members of the GATaseII family. However, as
Dug3p interacts with Dug2p, which can also self-dimerize, the
interaction of Dug3p with Dug2p can provide the oligomeric
status to the otherwise monomeric Dug3p. The minimal
Dug2p-Dug3p complex is thus likely to exist as a (Dug2p-
Dug3p)2 because Dug2p interacts with itself by the M20A
domain and each molecule of Dug2p further interacts with a
molecule of Dug3p via its WD40 domain.

Purification of Dug2p and Dug3p together confirmed the
minimal functional complex that corresponded to the dimer of
the heterodimer, (Dug2p-Dug3p)2. Higher molecular weight
oligomers were also observed and were not only functional, but
had a similar Km as the (Dug2p-Dug3p)2 complex. It is difficult
to determine whether the higher molecular weight oligomers
also form in vivo and whether they have any physiological sig-
nificance. However, what is interesting is that the Km of the
complex for glutathione is within the physiological range of
glutathione that is present in the cytosol, and it may explain
why the complex needs to be tightly regulated by the sulfur
pathway, a finding that has also been demonstrated in this
study. Furthermore, in addition to demonstrating that the
Dug2p andDug3pwere sufficient to cleave the �-glutamyl link-
age of GSH, we could also demonstrate that the products of the
reaction were glutamate and Cys-Gly.
Earlier studies had suggested that Dug1p interacts with

Dug2p. However, more detailed in vitro purification studies

FIGURE 6. DUG2 and DUG3 are under sulfur regulation. A, C, and D, �-galactosidase reporter assay plasmid (pLG699Z) having a 600-bp upstream region of
DUG3, fused upstream of the lacZ gene, was transformed in MET15 (BY4742) and met15� (BY4741) strains (A), met4� strains (C), and cbf1� and met28� strains
(D). B and E, �-galactosidase reporter assay plasmid (pLG699Z) having a 1-kb upstream region of DUG2, fused upstream of lacZ gene, was transformed in
met15� strains (B) and met28� strains (E). Transformants were grown under different sulfur sources (-S, 0 �M methionine; �Met, 200 �M methionine; �GSH, 200
�M glutathione). �-Galactosidase activity is assayed for each condition as described under ”Experimental Procedures.“ The experiment was repeated twice in
duplicate, and mean � S.E. is plotted.
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reported in this study clearly revealed the absence of Dug1p-
Dug2p heterodimer formation. This suggested that the role of
Dug1p might be limited to its Cys-Gly peptidase activity.
Based on these observations, we propose the followingmodel

of glutathione degradation by the DUG pathway. The Dug2p
and Dug3p proteins are derepressed during sulfur limitation
conditions and come together to form a (Dug2p-Dug3p)2 com-
plex, a novel GATaseII, that may exist in vivo as such or as
highermultimers. The complex is sufficient to cleave the �-glu-
tamyl linkage (Fig. 7). As the residues important for activity of
the GATaseII proteins are shown to be essential for Dug3p
activity, the catalytic mechanism for the Dug3p for cleavage of
the �-glutamyl linkage of glutathione is schematically depicted
in Fig. 8. A nucleophile is activated by abstraction of proton
from the thiol group of Cys-1 via the �-amino group of Cys-1,
probably through a bridging water molecule. Hence, Cys-1 at
the N terminus is absolutely important for Dug3p activity. The
activated nucleophile attacks the amide carbon in the �-glu-
tamyl bond of glutathione, resulting in the formation of the
tetrahedral intermediate, which is stabilized via oxyanion
hole through residues Asn-121 and Gly-122. Further col-
lapse of the tetrahedral intermediate results in the formation
of �-glutamyl thioester intermediate with simultaneous
release of Cys-Gly. The �-glutamyl thioester intermediate is
deacylated through nucleophilic attack by a water molecule
followed by the release of glutamate and regeneration of
enzyme involving residues Asn-121 and Gly-122 (Fig. 8). The

Cys-Gly then released would be acted upon by the homodi-
meric Dug1p to yield cysteine and glycine.
In conclusion, the findings described in this study have

enabled us to delineate the mechanism of glutathione degrada-
tion by the DUG proteins, and the results should be of great
significance in understanding glutathione and sulfur homeo-
stasis in yeasts and fungi.
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