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Abstract

Aims: Human c-glutamyltranspeptidase 1 (hGGT1) is a cell-surface enzyme that is a regulator of redox adap-
tation and drug resistance due to its glutathionase activity. The human GGT2 gene encodes a protein that is 94%
identical to the amino-acid sequence of hGGT1. Transcriptional profiling analyses in a series of recent publi-
cations have implicated the hGGT2 enzyme as a modulator of disease processes. However, hGGT2 has never
been shown to encode a protein with enzymatic activity. The aim of this study was to express the protein
encoded by hGGT2 and each of its known variants and to assess their stability, cellular localization, and
enzymatic activity. Results: We discovered that the proteins encoded by hGGT2 and its variants are inactive
propeptides. We show that hGGT2 cDNAs are transcribed with a similar efficiency to hGGT1, and the expressed
propeptides are N-glycosylated. However, they do not autocleave into heterodimers, fail to localize to the
plasma membrane, and do not metabolize c-glutamyl substrates. Substituting the coding sequence of hGGT1 to
conform to alterations in a CX3C motif encoded by hGGT2 mRNAs disrupted autocleavage of the hGGT1
propeptide into a heterodimer, resulting in loss of plasma membrane localization and catalytic activity. In-
novation and Conclusions: This is the first study to evaluate hGGT2 protein. The data show that hGGT2 does not
encode a functional enzyme. Microarray data which have reported induction of hGGT2 mRNA should not be
interpreted as induction of a protein that has a role in the metabolism of extracellular glutathione and in
maintaining the redox status of the cell. Antioxid. Redox Signal. 19, 1877–1888.

Introduction

g-glutamyltranspeptidase 1 (GGT1, EC 2.3.2.2) is a cell-
surface enzyme that cleaves the c-glutamyl bond of extra-

cellular substrates and is conserved from bacteria to humans
(Fig. 1) (17, 19, 32, 45). In humans, GGT1 (hGGT1, P19440) is
expressed on the apical surfaces of glands and ducts
throughout the body (14). hGGT1 cleaves the c-glutamyl bond
of extracellular glutathione (c-Glu-Cys-Gly), glutathione-
conjugates, and other c-glutamyl compounds. Most cells are
unable to take up intact glutathione. The metabolism of glu-
tathione by GGT1 releases free glutamate and the dipeptide,
cysteinyl-glycine, which is hydrolyzed to cysteine and glycine
by dipeptidases. The three constituent amino acids are then
transported into the cell by amino-acid transporters (17, 29).
The highest level of GGT1 activity is on the apical surface of

the proximal tubules in the kidney (14). GGT1 knockout mice
are unable to metabolize glutathione in the glomerular filtrate,
and, as a result, excrete glutathione in their urine (29). They
become cysteine deficient and die by 10 weeks of age due to
the cysteine deficiency. Before their death, the mice develop
symptoms of severe redox stress, including cataracts and in-
creased levels of DNA damage (8, 42). In addition to its
function in normal physiology, GGT1 is induced in some cells
during redox stress via NFkB- and Nrf2-mediated pathways
(55). It is induced in many tumors, contributing to their re-
sistance to alkylating agents and other classes of chemother-
apeutic drugs (15, 16). GGT1 is also implicated in asthma,
cardiovascular disease, and diabetes (12, 30, 44).

The GGT2 gene is unique to humans, and it likely arises
from a gene duplication event of GGT1 in recent evolutionary
history (19). The initial description of a new human gene
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closely related to hGGT1 was first reported in 1988, but the
gene was not officially named GGT2 until 2008 (18, 19, 40,
41). GGT2 bears 97% sequence identity to human GGT1 at the
nucleotide level and would encode a protein (P36268) with
94% amino-acid identity to hGGT1 (19). As a result, it has
been assumed that hGGT2 encodes an enzyme with the

structural and functional attributes of hGGT1 (1, 19, 33, 34).
This assumption recently led to the conclusion that hGGT2
is a primary regulatory enzyme which is differentially ex-
pressed to counteract oxidative stress in oncogenic K-Ras
cell line models of tumorigenesis (34). hGGT2 enzymatic
activity has also been proposed as a contributing factor to
the potentiation of human colorectal adenocarcinoma and
glaucomatous neuropathies based on pathological gene ex-
pression profiling (1, 33). However, there are no published
data regarding the physical properties or enzymatic activity
of the hGGT2 protein.

Similar to hGGT1, hGGT2 is predicted to be a member of
the N-terminal nucleophile (Ntn) family of hydrolases and, as
a result, would require an autocatalytic cleavage for its
functional activation (4, 36). Characteristic of Ntn hydrolases,
hGGT1 is initially expressed as a propeptide that is composed
of 569 amino acids. In the early secretory pathway as the
protein folds, an internal nucleophilic threonine residue
(T381) initiates the autocleavage event that resolves the
propeptide into two asymmetric polypeptides. These two
polypeptides comprise the large (a.a. 1–380) and small (a.a.
381–569) subunits of the mature hGGT1 heterodimer (Fig. 1).
After autocleavage, T381 forms the N-terminus of the small
subunit and serves as the catalytic residue in the active site of
hGGT1 (6). This intramolecular autocatalytic maturation is
essential to the functional activation of the enzyme and is a
hallmark of all known GGT orthologs, ranging from bacteria to
humans (3, 6, 24, 46, 47). The mature extracellular heterodimer
is held together by electrostatic interactions and remains teth-
ered to the plasma membrane by a single-pass transmembrane
domain (a.a. 5–26) that is located at the N-terminus of the large
subunit (Fig. 1). The mammalian GGT1 autocleavage event is
facilitated by the formation of intramolecular disulfide bonds
and co-translational N-glycosylation (28, 53).

Since its initial discovery, hGGT2 mRNA sequence variants
have been described (19). To determine whether hGGT2 ex-
pression leads to a functional enzyme and may contribute to
the activity ascribed to hGGT1, we expressed each of the three
reported cDNA variants of hGGT2 and characterized their
maturation and enzymatic activity.

Results

Three mRNA coding variants for hGGT2 have been de-
scribed in humans. Figure 2 shows the amino-acid sequence of
hGGT1 aligned with the predicted amino-acid sequences
from the three mRNA variants of hGGT2 with the ClustalW
program (49). The three polypeptides encoded by these
transcripts are predicted to be of disparate sizes, with theo-
retical molecular masses of 61.7 kDa (hGGT2-1), 62.2 kDa
(hGGT2-2), and 60.7 kDa (hGGT2-3). The hGGT2-1 polypep-
tide is identical in length to the canonical hGGT1 propeptide,
while the hGGT2-2 and hGGT2-3 variants possess insertions
or deletions of 5 or 10 amino acids, respectively (Fig. 2). To
determine whether the hGGT2 gene encodes an enzymatically
active protein with catalytic properties similar to hGGT1, we
transiently transfected the human embryonic kidney cell line,
HEK293T, with cDNA constructs corresponding to each of the
known hGGT2 mRNA coding variants (Fig. 2). Whole cell
extracts from the transfected cells were analyzed by western
blot with the GGT129 antibody, which recognizes a common
epitope in the C-terminus of the large subunits of hGGT1 and

FIG. 1. Cartoon of the structural components of mature
hGGT1. hGGT1 is a type II membrane glycoprotein that
undergoes autocatalytic maturation to form a heterodimeric
enzyme composed of a large (a.a. 1–380, dark circles) and a
small (a.a. 381–569, light circles) subunit. The transmembrane
domain of the mature heterodimer is located at the N-
terminus of the large subunit (a.a 5–26). The catalytic thre-
onine residue (T381) forms the N-terminus of the small
subunit. hGGT2 is predicted (www.uniprot.org/uniprot/
P36268) to possess the same compositional features
and structural organization as hGGT1. hGGT1, human
c-glutamyltranspeptidase 1.

Innovation

This is the first study of the physical properties and
enzymatic activity of human c-glutamyltranspeptidase 2
(hGGT2). All three known variants of hGGT2 were ex-
pressed. Using probes specific for the large and small
subunits, we demonstrated that none of the hGGT2 vari-
ants mature beyond the enzymatically inactive propeptide.
We confirmed that the hGGT2 peptides are N-glycosy-
lated, which we have shown to be required for auto-
cleavage and maturation of hGGT1. We demonstrated that
oxidative stress did not induce redox modifications that
would render hGGT2 propeptides competent for auto-
activation or induce a redox-sensitive chaperone or pepti-
dase which would mediate an internal cleavage of the
hGGT2 propeptide. We identified a CX3C motif that is
required for optimal functional activation, and have shown
that while necessary it is not sufficient to account for the
lack of functional activation of the hGGT2 proteins.
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all three hGGT2 variants (Fig.2). Mock-transfected HEK293T
cells do not express either hGGT1 or hGGT2 or exhibit any
detectable GGT activity (Fig. 3A, lane 1 and data not shown).
Extracts from HEK293T cells transfected with hGGT1 cDNA
contain two novel GGT129 epitopes that migrate with ap-
parent molecular masses of 64 and 75 kDa (Fig. 3A, lane 2). We
have previously shown that these bands correspond to a small
population of the unprocessed hGGT1 propeptide (75 kDa)
and the large subunit of mature hGGT1 (64 kDa), which ex-
hibits a broad migration pattern due to heterogeneity in its
N-glycan content (53). In contrast, each of the three hGGT2
cDNA constructs gave rise to the expression of a single, low-
abundance protein band bearing the GGT129 epitope (Fig.
3A, lanes 3–5). The hGGT2-1 and hGGT2-3 proteins migrated
at a position in the gel that was intermediate between the
hGGT1 propeptide and mature subunit, while the hGGT2-2
protein co-migrated with the hGGT1 propeptide (Fig. 3A,
lanes 2–5). These results indicate that all three hGGT2 mRNA
variants encode a protein that is expressed.

We then examined whether the hGGT2 proteins un-
dergo cleavage and glycosylation. hGGT1 contains seven
N-glycosylation sites (six in the large subunit and one in the
small subunit), all of which are co-translationally glycosylated
in HEK293 cells (53). All seven of these N-glycosylation sites
are conserved in each of the three hGGT2 cDNA variants (Fig.
2). To determine whether hGGT2 is glycosylated, we incu-
bated the extracts from the transfected HEK293T cells with the
N-glycosidase, PNGaseF. After deglycosylation, the apparent
molecular masses of the propeptide and large subunit of
hGGT1 decreased to 61 and 42 kDa, respectively, which was
consistent with the predicted molecular masses of their un-
glycosylated polypeptides (Fig. 3A, lane 8) (53). After incu-
bation with PNGaseF, hGGT2-1, hGGT2-2, and hGGT2-3 also
showed a decrease in apparent molecular weight, indicating

that these polypeptides were also N-glycosylated (Fig. 3A,
lanes 9–11). The deglycosylated hGGT2-1, hGGT2-2, and
hGGT2-3 variants co-migrated with the deglycosylated
hGGT1 propeptide at *61 kDa, which was consistent with
the predicted molecular masses of the unglycosylated pro-
peptides, 61.7, 62.2, and 60.7 kDa, respectively (Figs. 2 and 3A,
lanes 9–11). No evidence for a cleaved form of any hGGT2
variant was present. The fact that they co-migrated with the
hGGT1 propeptide rather than the large subunit of hGGT1
demonstrates that hGGT2 propeptides did not undergo
autocleavage.

In the propeptide state, hGGT1 and other Ntn hydrolase
family members are enzymatically inactive (47, 53). However,
in its mature, heterodimeric form, hGGT1 can catalyze two
types of biochemical reactions. Under physiological con-
ditions, the primary reaction catalyzed by hGGT1 is the
hydrolysis of compounds containing c-glutamyl bonds, re-
leasing glutamate from the substrate (9, 11). In the presence of
high concentrations of dipeptides and some amino acids,
hGGT1 can also catalyze a transpeptidation reaction, trans-
ferring the c-glutamyl moiety to an acceptor amino acid to
form a new c-glutamyl compound (48). Extracts from
HEK293T cells transfected with hGGT1 cDNA exhibited ro-
bust activity in the standardized GGT activity assays for hy-
drolysis and transpeptidation (specific activity of 21 mU/mg
of total protein and 1.35 U/mg of total protein, respectively).
However, none of the extracts prepared from HEK293T cells
transfected with the three hGGT2 variants exhibited any de-
tectable levels of either hydrolysis or transpeptidation ac-
tivity. These results indicate that, despite their high sequence
identity with hGGT1, including conservation of the catalytic
Thr381 residue, the hGGT2 polypeptides do not catalyze
GGT reactions. These data are consistent with the western blot
data shown in Figure 3. Together, these data indicate that the

FIG. 2. Alignment of hGGT1 with the deduced amino-acid sequences of hGGT2. The amino-acid sequence of hGGT1
was aligned with the predicted amino-acid sequences from the XM_001129425.3 (hGGT2-1), XM_001129377.3 (hGGT2-2), and
ENST00000405188 (hGGT2-3) mRNA variants of hGGT2. The conserved single-pass transmembrane domain is underlined.
Cysteine residues (C50, C74, C192, and C196) that have been shown to form disulfide bonds in mammalian GGT1 are boxed.
The conserved CX3C motif in eukaryotic orthologs of hGGT1, which has been altered in hGGT2, is shaded in gray. The seven
N-glycosylation sites in hGGT1 are highlighted with a black box containing a white ‘‘N.’’ The catalytic threonine residue that
forms the N-terminus of the small subunit (T381) after autocleavage of the hGGT1 propeptide into the mature heterodimeric
enzyme is highlighted with a black box containing a white ‘‘T’’ with an arrow above. The epitope recognized by the GGT129
antibody is underlined with a bracket.
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hGGT2 propeptides do not autocleave into mature hetero-
dimers.

Despite the disparate levels of the hGGT1 protein (present
as both propeptide and mature large subunit) compared with
the hGGT2 proteins (present only as propeptides), the
mRNAs of all of these cDNA constructs were present at
similar levels in HEK293T cells (Fig. 3B). This indicates that
the differences in the protein levels of hGGT1 and the hGGT2
variants in these cells are not attributable to differences in
their mRNA expression profiles.

hGGT1 expressed in HEK293T cells localized to the plasma
membrane (Fig. 4), which is consistent with its cellular local-
ization pattern in normal human tissues (14). In contrast,
hGGT2-1, hGGT2-2, and hGGT2-3 did not localize to the
plasma membrane (Fig. 4, exposure time for GGT staining of
hGGT1-transfected cells was shorter than for hGGT2 variants

due to differences in the amount of protein expressed). The
hGGT2 proteins accumulated in the cytoplasm in a peri-
nuclear localization pattern that showed extensive overlap
with the ER chaperone, calnexin, suggesting retention of the
hGGT2 proteins in the ER (Fig. 4). This localization pattern
was unexpected due to the absolute sequence conservation
between the N-termini (amino acids 1–42), including the
transmembrane domain, of hGGT1 and each of the hGGT2
variants (Fig. 2). These results suggest that, in the absence of
autocleavage, these glycosylated polypeptides are arrested in
the early secretory pathway and the hGGT2 proteins never
reach the plasma membrane.

In a previous study, gene expression profiling identified
hGGT2 as a potential mediator of oxidative stress resistance
induced by exposure to hydrogen peroxide (H2O2) in a
transformed epithelial cell line (34). We investigated whether
oxidative stress induces redox modifications that would ren-
der hGGT2 propeptides competent for auto-activation or in-
duces a redox-sensitive chaperone or peptidase which would
mediate an internal cleavage of the GGT2 propeptide. Both
H2O2 (250 lM) and tert-butylhydroquinone (tBHQ) (50 lM)
elicited a strong oxidative stress response in HEK293T cells by
4 h of exposure, as evidenced by the stabilization and nuclear
accumulation of the antioxidant response transcriptional
factor, Nrf2 (Fig. 5A). We expressed each of the hGGT2 vari-
ants in the presence of either H2O2 or tBHQ for 4 and 24 h.
HEK293T cells were transiently transfected with GGT1 or one
of the three hGGT2 variants. Twenty-four hours after trans-
fection, the cells were treated with 250 lM H2O2 or 50 lM
tBHQ. At 4 and 24 h, cells were harvested and analyzed for
processing of the GGT propeptides. The data from both time
points showed that none of the hGGT2 propeptides were
processed into mature hGGT2 heterodimers. The data from
the 24 h time point are shown in Figure 5B. The 24 h time point
was included to assess accumulation of any processed hGGT2
propeptides. Processed GGT1 is a very stable protein, with a
half-life of 35 h in vivo in the rat (5). A trace amount of hGGT2-
1 and hGGT2-3 appears to have been processed in the sam-
ples treated with H2O2 (Fig. 5B); however, there was no
GGT catalytic activity in any of the hGGT2-1, 2-2 or 2-3 cell
extracts at either 4 or 24 h. These data demonstrate that in-
duction of oxidative stress does not alter the processing of
any of the hGGT2 propeptides to yield an enzymatically ac-
tive heterodimer.

All reported transcript variants for hGGT2 possess se-
quence deviations in a conserved mammalian GGT1 CX3C
motif (amino acids 192–196 in hGGT1; Fig. 2), which is im-
portant for the autocleavage of rat GGT1 (28). To discern
whether these sequence deviations contribute to defective
maturation of the hGGT2 propeptides, we employed site-
directed mutagenesis to alter the amino-acid sequence in the
CX3C motif in hGGT1 to match that in the hGGT2 mRNA
variants. The resultant constructs encoded for hGGT1 mu-
tants bearing either C192W plus E193Y substitutions,
matching the hGGT2-1 and hGGT2-3 alleles, or a PLCPG
amino-acid insertional mutation between residues C192 and
E193, which mimics the hGGT2-2 primary structure at this
position (Fig. 2). These mutant hGGT1 constructs were tran-
siently transfected into HEK293T cells, and their capacity to
form mature, enzymatically active hGGT1 heterodimers was
evaluated. Western blot analysis with the GGT129 antibody
revealed that cells transfected with wild-type hGGT1

FIG. 3. hGGT2 is expressed as an inactive propeptide that
fails to autocleave. (A) Whole cell lysates from HEK293T
cells transiently transfected with either empty vector (lanes 1
and 7), hGGT1 cDNA (lanes 2 and 8), hGGT2-1 cDNA (lanes
3 and 9), hGGT2-2 cDNA (lanes 4 and 10), or hGGT2-3c
DNA (lanes 5 and 11) expression constructs were incubated
in the presence (lanes 7–11) or absence (lanes 1–5) of
PNGaseF and resolved on an 8% SDS-polyacrylamide gel.
Resolved proteins were electroblotted onto nitrocellulose
and then subjected to immunoblotting, using the GGT129
antibody, which recognizes a common epitope in hGGT1
and each of the hGGT2 alleles. MW, molecular-weight
markers. The antibody identifies both the propeptide and
large subunit of hGGT1. hGGT2-1,2,3 are present only as a
propeptide. (B) Reverse transcription–polymerase chain re-
action amplification of hGGT1 and hGGT2 (206 bp) or b-actin
(512 bp) from transiently transfected HEK293T cells.
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expressed a broad protein band at 64 kDa (the mature large
subunit) and a very faint band at 75 kDa (the propeptide),
whereas each of the hGGT1 mutants was expressed as an
hGGT1 polypeptide at a molecular weight which was con-
sistent with the propeptide (Fig. 6A, lanes 2–4). To determine
unequivocally whether the single polypeptide observed for
each of the mutant constructs represented the propeptide
form of the enzyme, the blots were also probed with anti-
bodies that recognize the small subunit of hGGT1. The pro-
peptide contains both the large and small subunits.
Immunoblotting with the small subunit antibody in extracts
that expressed wild-type hGGT1 protein detected two bands,
the mature small subunit at 22 kDa and a low level of the
hGGT1 propeptide at 75 kDa (Fig. 6, lane 6). In contrast, the
extracts with the hGGT1 peptides bearing hGGT2 CX3C
substitutions had only one protein (73 or 75 kDa) that was
recognized by the small subunit antibody (Fig. 6A, lanes 7 and
8). The fact that these bands were recognized by both the large

and small subunit antibodies demonstrates that these bands
are propeptides containing both the large and the small sub-
units. Trace amounts of the mature large subunit were de-
tected for the mutant hGGT1 proteins, using the large subunit
antibody (apparent molecular mass of 64 kDa, Fig. 6A lanes 3
and 4), indicating a very low level of processing of the pro-
peptide. This was also observed in the deglycosylated sam-
ples (Fig. 6B, lanes 3 and 4). The amount of the mature small
subunit in these samples was too low to be detected with the
small subunit antibody (Fig. 6A, lanes 7 and 8).

hGGT1 is N-glycosylated. Glycosylation adds to the mo-
lecular mass of proteins to an extent that is difficult to predict.
Therefore, we deglycosylated the hGGT1 proteins to assess
their apparent molecular masses relative to the predicted
molecular masses of the unmodified polypeptides. After de-
glycosylation by PNGaseF, immunoblotting with either the
large or small subunit antibody showed that the dominant
band from the hGGT1(C192W;E193Y) mutant migrated with

FIG. 4. Intracellular localization of hGGT1 and hGGT2. HEK293T cells transfected with hGGT1 or hGGT2 cDNA expression
constructs and grown on coverslips were fixed and processed for indirect immunofluorescence, using the GGT129 antibody
(GGT, green) and an antibody against the ER marker, calnexin (CNX, red). Nuclei were stained with DAPI (blue). Areas of
overlapping GGT129 and calnexin immunofluorescence appear yellow in the overlay panels. Exposure times for GGT images differ
among the samples due to the lower expression levels of the hGGT2 proteins. hGGT1 is localized to the cell membrane, and
hGGT2 proteins co-localize with calnexin in the ER. Scale bar = 20 lm and applies to all images shown. ER, endoplasmic reticulum.
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an apparent molecular mass (62 kDa) identical to that
observed for the deglycosylated wild-type hGGT1 propep-
tide (Fig. 6B, lanes, 2–3 and 6–7). These data are consistent
with the molecular mass predicted from the amino-acid se-
quence of the unprocessed propeptide. The deglycosylated
hGGT1(C192_E193insPLCPG) mutant polypeptide migrated
more slowly than these two constructs (Fig. 6B, lanes 2–4 and
6–8). These results are consistent with the predicted differ-
ences in the molecular mass of the propeptide form of each of
these hGGT1 proteins. Before deglycosylation, the propeptide
of the hGGT1(C197W;E193Y) mutant migrated more rapidly
than the wild-type allele (apparent molecular mass 73 versus
75 kDa, Fig. 6A, lanes 6–7), while the propeptide of the larger
hGGT1(C192_E193insPLCPG) mutant co-migrated with the
wild-type allele, with an apparent molecular mass of 75 kDa
(Fig. 6A, lanes 6 and 8). These small differences in apparent
mass likely reflect differences in the extent of glycosylation or
the composition of the N-glycans on the mutant hGGT1 pro-
peptides relative to the wild-type hGGT1 propeptides. These
data confirm that the CX3C motif has a critical role in auto-
cleavage and that the corresponding amino-acid sequences in
the hGGT2 proteins do not fulfill this function.

Immunolocalization of the hGGT1 CX3C mutants in
HEK293T cells revealed that both sets of mutations result in a
failure of the hGGT1 mutant proteins to localize to the plasma
membrane. The mutant GGT1 proteins accumulated in the
perinuclear compartment, exhibiting considerable overlap
with the ER marker, calnexin (Fig. 6C). The localization pat-
tern for these hGGT1 CX3C mutants mirrored that observed
for the wild-type hGGT2 alleles (Fig. 4). This subcellular dis-
tribution pattern suggests that perturbation of the CX3C motif
and/or its effect on autocleavage prevents hGGT1 from lo-
calizing to the plasma membrane.

Biochemical analyses of HEK293T extracts transfected with
the hGGT1 CX3C mutants revealed that the C192W and

E193Y double mutations resulted in a 45-fold decrease in
enzymatic activity relative to the wild-type allele (specific
activity of 0.03 U/mg of total protein versus 1.35 U/mg of total
protein, respectively), while the PLCPG insertional mutation
exhibited an *68-fold decrease in activity (specific activity of
0.02 mU/mg of total protein). These results are consistent
with the very low levels of mature hGGT1 large and small
subunits detected in these extracts (Fig. 6). Taken together,
these results indicate that mutating the CX3C motif of hGGT1
to match GGT2 polypeptides inhibits the maturation and
proper cellular localization of hGGT1.

These data suggest that maintaining the sequence fidelity
of the CX3C motif is critical for the proper folding and auto-
cleavage of hGGT1. To determine whether the amino-acid
sequence of the CX3C motif in hGGT1 is sufficient for con-
ferring maturation competence to hGGT2, we reciprocally
mutated the corresponding residues in the hGGT2-1 variant
to the wild-type hGGT1 form, using site-directed mutagene-
sis. When the resulting construct, hGGT2-1(W192C;Y193E),
was expressed in HEK293T cells, it failed to autocleave (Fig. 7,
lane 4) or exhibit detectable levels of enzymatic activity. Si-
milar results were observed when the hGGT2-3
(W192C;Y193E) mutant was expressed in HEK293T cells (data
not shown). These results demonstrate that, while the se-
quence fidelity of this motif is an important component of the
functional maturation of hGGT1, reinstatement of the CX3C
motif in hGGT2 alone is not sufficient for maturation to a
heterodimer.

An expanded comparative analysis between the coding
regions of hGGT1 with each of the hGGT2 variants identified
three additional sequence deviations that are likely to impact
autocleavage of hGGT2. Previous studies showed that mu-
tagenizing either of the aspartate residues at positions 422 and
423 or the serine residue at position 451 in hGGT1 results in
the expression of inactive forms of the enzyme (22, 23). All

FIG. 5. Oxidative stress does not induce cleavage of hGGT2 propeptides into heterodimers. (A) Nuclear lysates (10 lg
total protein) from vehicle-treated HEK293T cells (lane 1), HEK293T cells cultured for 4 h in 250 lM H2O2 (lane 2) or 50 lM
tBHQ (lane 3) were subjected to SDS-PAGE and immunoblotted with an antibody specific for Nrf2. Presence of Nrf2 in the
nucleus of the H2O2 and tBHQ-treated cells confirms the induction of oxidative stress under these treatment conditions. (B)
HEK293T cells were transiently transfected with empty vector (lanes 1–3), hGGT1 cDNA (lanes 4–6), hGGT2-1 cDNA (lanes
7–9), hGGT2-2 cDNA (lanes 10–12), or hGGT2-3 cDNA (lanes 13–15) expression constructs. Twenty-four hours after trans-
fection, vehicle (ethanol), 250 lM H2O2, or 50 lM tBHQ was added to the cells. After 24 h, whole cell lysates were resolved on
an 8% SDS-polyacrylamide gel. Resolved proteins were electroblotted onto nitrocellulose and then subjected to immuno-
blotting, using the GGT129 antibody, which recognizes a common epitope in hGGT1 and each of the hGGT2 alleles. The
antibody identifies both the propeptide and large subunit of hGGT1. hGGT2-1,2,3 are expressed but present only as a
propeptide under each of these culture conditions. The weak signal observed in lane 3 is carried over from lane 4 as
confirmed by independent blots and activity assays. H2O2, hydrogen peroxide; tBHQ, tert-butylhydroquinone.
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annotated mRNA variants of hGGT2 bear conserved sequence
deviations at each of these three key residues, which might
contribute to the inability of the hGGT2 propeptides to reach
functional maturation (Fig. 2). Therefore, we introduced the
corresponding amino acids from hGGT1 into the hGGT2-1
(W192C;Y193E) cDNA expression construct to assess whe-
ther substituting these key residues in conjunction with the
wild-type hGGT1 CX3C motif conferred functionality to
hGGT2. However, when the T422D/T423D or L451S muta-
tions were expressed either individually or in tandem within
the context of the hGGT2-1(W192C;Y193E) polypeptide, the
glycosylated polypeptide still failed to autocleave (Fig. 7,
lanes 5–7). These mutational analyses indicate that there are
multiple sequence deviations between hGGT2 and its pro-
genitor, hGGT1, which contribute to the inability of the

hGGT2 proteins to autocatalyze and become functionally
mature enzymes.

Discussion

To determine whether hGGT2 encodes an enzymatically
active GGT protein, we transiently expressed the known
cDNA variants of hGGT2 in HEK293T cells under conditions
that have previously been shown to elicit robust expression of
hGGT1 (53). Reverse transcription–polymerase chain reaction
(RT-PCR) analysis of the mRNA produced from each of the
three hGGT2 expression constructs showed mRNA levels
comparable to those observed for hGGT1 (Fig. 3B). However,
unlike the hGGT1 expression construct, the translated glyco-
proteins expressed from the hGGT2 cDNAs failed to mature

FIG. 6. hGGT1 CX3C mutants do not autocleave and mislocalize to the ER. (A) Whole cell lysates from HEK293T cells
transfected with either empty vector (lanes 1 and 5) or cDNA expression constructs for wild-type hGGT1 (WT, lanes 2 and 6),
hGGT1(C192W;E193Y) (lanes 3 and 7), or hGGT1(C192_E193insPLCPG) (lanes 4 and 8). Five micrograms of protein from
each whole cell lysate were subjected to SDS-PAGE and immunoblotting, using antibodies specific for either the large (lanes
1–4) or small (lanes 5–8) subunits of hGGT1. The introduced mutations were in the large subunit of hGGT1 and were outside
the epitope recognized by the large subunit antibody. The small subunit in all constructs was identical to wild-type hGGT1
(B) Lysates from (A) were incubated with PNGaseF and subjected to SDS-PAGE and immunoblotting against either the large
(lanes 1–4) or small (lanes 5–8) subunits of hGGT1. (C) HEK293T cells transfected with either empty vector, wild-type hGGT1
cDNA, or hGGT1 CX3C mutant cDNA expression constructs were grown on coverslips and fixed and processed for indirect
immunofluorescence, using the GGT129 antibody (GGT, green) and an antibody against the ER marker, calnexin (CNX, red).
Nuclei were stained with DAPI (blue). Areas of overlapping GGT129 and calnexin immunofluorescence appear yellow in the
overlay panels shown here. Exposure times for GGT images differed among the samples due to the lower expression levels of
the mutant hGGT1 proteins. hGGT1 is localized to the cell membrane, and hGGT1 CX3C mutant proteins co-localize with
calnexin in the ER. Scale bars = 20 lm. For the full complement of images used to compose the overlay panels, see Supple-
mentary Figure S1.
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beyond the propeptide form. Data from our laboratory had
previously documented that co-translational N-glycosylation
is required for the autocleavage and functional maturation of
the hGGT1 propeptide (53). All seven of the N-glycosylation
sites from hGGT1 are conserved in all three GGT2 sequences,
and we show here that the hGGT2 propeptide is also N-
glycosylated (Fig. 3A). The relative mobility shift of the
hGGT2 propeptides after deglycosylation was not as dramatic
as that observed for the deglycosylated hGGT1 propeptide,
indicating that the extent or composition of the N-glycans in
the uncleaved hGGT2 propeptide may differ from that ob-
served in hGGT1 (Figs. 2 and 3A).

We observed low levels of hGGT2 proteins relative to those
observed for hGGT1 in HEK293T extracts (despite similar
mRNA expression levels). We also observed aberrant intra-
cellular localization of the expressed hGGT2 proteins. These
data indicate that the glycosylated hGGT2 propeptides likely
fail to fold properly and arrest in the ER where they are
shepherded by resident chaperones for targeted degradation
(31, 54). The only evidence that hGGT2 transcripts are actively
translated in vivo is a report in which a single tryptic peptide
unique to the amino-acid sequence of hGGT2 was identified
during a high-throughput mass spectrometric characteriza-

tion of human liver glycopeptides (7). However, we did not
detect hGGT2-specific peptides within the pool of tryptic
fragments from protein immunopurified from normal human
kidney and liver with our GGT129 antibody (51, 52). This
antibody was developed against a peptide that is identical in
hGGT1 and all three variants of hGGT2 [Fig. 3A and (52)]. Our
high-throughput mass spectrometric analysis of peptides and
glycopeptides originating from proteins immunopurified
with the GGT129 antibody did not detect any hGGT2-specific
tryptic peptides despite the fact that several tryptic peptides
and glycopeptides such as LAFASMFNSSEQSQK and LAD-
TYEMLAIEGAQAFYNGSLMAQIVK are encoded by all
three variants of hGGT2, but not hGGT1 (7).

Comparative sequence analyses point to several key devi-
ations in the open reading frames of the hGGT2 propeptides
that may account for the inability of the protein to reach the
proper structural and/or functional status which is required
for its autoactivation. Using site-directed mutagenesis, Kin-
lough and coworkers previously demonstrated that point
mutations introduced within a conserved CX3C motif in rat
GGT1 (residues 192–196 in hGGT1) resulted in the expression
of a mutant hGGT1 propeptide which exhibited rate-limiting
defects in its ability to autocleave into a functional enzyme
(28). All known hGGT2 propeptides contain either a C192W
substitution or a five-amino-acid insertional element between
residues 192 and 193 that disrupt this motif (Fig. 2). In this
study, when these same elements were introduced within the
amino-acid sequence of hGGT1, the enzyme exhibited a defect
in propeptide maturation and a dramatic decline in the de-
tectable levels of hGGT1 protein. This demonstrates that the
sequence fidelity of the CX3C motif is required for optimal
functional activation (Fig. 5).

We also evaluated sequence deviations in hGGT2 that map
to residues within the active site of hGGT1 and have been
previously shown to be required for GGT1 enzyme function
(22, 23). Using hGGT1 as a point of reference, these deviations
(D422T, D423T, and S451L) map to conserved residues that
have been previously shown to be required for coordinating
substrate binding in the crystal structures of bacterial GGT1
orthologs (Fig. 2) (35, 37, 50). However, when these residues
were replaced in hGGT2 by the corresponding residues of
wild-type hGGT1, the resulting hGGT2 mutants still failed to
mature into active heterodimers (Fig. 7). Therefore, it is likely
that hGGT2 has acquired additional substitutions which
contribute to its inability to fold properly or autocleave similar
to hGGT1 and other members of the Ntn hydrolyase family
(4). In addition to the sequence deviations documented ear-
lier, hGGT2 propeptides also contain several conserved sub-
stitutions with unknown functional implications in the
sequence spanning residues 421 to 435, using hGGT2-1 as the
reference sequence (Fig. 2). These residues map to regions of
hGGT1 that are predicted to either interact with the bound
substrate in the active site or form a part of a putative ‘‘lid
loop’’ structure which is predicted to regulate access to the
catalytic nucleophile (Thr-381 in hGGT1). As a result, these
sequence deviations may contribute to the failure of the
hGGT2 propeptides to achieve functional maturity (21, 37).

In a recent study, Moon et al. identified induction of hGGT2
as a critical component of the enhanced antioxidant status of
cells expressing the oncogenic allele of K-Ras (34). In their
study, siRNA against hGGT2 enhanced H2O2-induced apo-
ptosis of K-Ras transformed cells. However, the siRNA

FIG. 7. Targeted replacement of hGGT2 residues with
wild-type hGGT1 amino acids does not restore autocatalytic
maturation. Whole cell lysates from HEK293T cells transfected
with either empty vector (lane1), wild-type hGGT1 cDNA
(lane 2), GGT2-1 cDNA (lane 3), or mutant GGT2-1 alleles
(lanes 4–7) were resolved by SDS-PAGE and electroblotted
onto nitrocellulose. Immunoblotting was carried out using the
GGT129 antibody. For labeling the hGGT2-1 lanes: hGGT2-1,
wild-type hGGT2-1; hGGT2-1(C/E), hGGT2-1(W192C;Y193E);
hGGT2-1(C/E/D/D), hGGT2-1(W192C;Y193E;T422D;T423D);
hGGT2-1(C/E/S), hGGT2-1(W192C;Y193E;L451S); and hGGT2-
1 (C/E/D/D/S), hGGT2-1(W192C;Y193E;T422D;T423D;L451S).
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construct employed by Moon et al. exhibits greater than 97%
complementarity to hGGT1 mRNA, suggesting that hGGT1
may have also been a target for the siRNA-mediated degra-
dation. Data from studies of both mouse and rat cell lines
show that GGT1 expression is induced by activated K-Ras (10,
39). Moon et al. suggested that induction of hGGT2 activity led
to resistance to H2O2 by enhancing the antioxidant status of
the cell. They did not analyze the hGGT2 protein expressed in
their studies (34). Our experimental findings show that ex-
pression of hGGT2 does not result in an active enzyme. When
we subjected the cells to oxidative stress with two different
compounds, including the H2O2 used by Moon et al., no pro-
cessing of any of the hGGT2 propeptides into enzymatically
active heterodimers was observed. It is likely that the effects
that Moon et al. observed in their studies were attributable to
induced hGGT1 expression rather than hGGT2 expression.
Expression of GGT1 has been shown to increase the antioxi-
dant status of the cell and render cells resistant to toxins (16,
25, 42). Our data will assist in de-convoluting functional in-
terpretations based on both published and future studies in
which altered hGGT2 expression patterns are observed.

An additional source of confusion arises from incon-
sistencies in the nomenclature used to describe GGT-related
genes (19). c-glutamyltranspeptidase 3 pseudogene (GGT3P,
NR_003267), a noncoding RNA, was at one time annotated in
the NCBI database as GGT2. In 2011, Baginski et al. reported
that GGT1 and GGT2 expression is co-regulated in human lung
epithelium (2). However, based on their primers (targeted
against Accession number NM_002058 which was dis-
continued and replaced by NR_003267.1), their data show
mRNA levels of GGT1 and GGT3P. This same discrepancy is
present in a study of p63-inducible promoters in human em-
bryonic kidney 293 cells (38). The authors described induction
of GGT2, but refer to XM_290331, an accession number that has
also been discontinued and replaced by NR_003267.1, which is
GGT3P. The literature is likely to continue to contain errors,
because commercially available plasmids referred to as the
‘‘GGT2’’ plasmids (NM_002058.1) are actually GGT3P
(OriGene Cat #SC303113). Similarly, commercially available
vector-based GGT2 siRNAs (NM_002058.1) are directed against
GGT3P (GGT2 siRNA, GenScript). To advance our under-
standing of human GGT genes, it is imperative that there is strict
adherence to the annotative nomenclature which is used to
describe them as outlined by Heisterkamp et al. in collaboration
with the HUGO Gene Nomenclature Committee (19).

Our studies show that all three of the known variants of
hGGT2 can be translated into proteins. However, none of
these proteins have GGT activity due to a failure of the pro-
peptide to undergo the autocatalytic cleavage needed to
produce a mature, enzymatically active heterodimer. Ex-
pression of hGGT2 mRNA should not be interpreted as a
measure of GGT activity within a cell or tissue.

Materials and Methods

Construction of hGGT1 and hGGT2
expression plasmids

The pcDNA 3.1( + ) hGGT1 expression construct was pre-
viously described (53). The hGGT2-1 (NCBI accession no.
XM_001129425.3) cDNA expression construct was synthe-
sized by DNAExpress (Dorval, Montreal, Quebec, Canada)
directly into a pcDNA3.1( + ) plasmid backbone between the

EcoRI and XhoI restriction sites with the same Kozak sequence
(TGAGCCACC) used for the hGGT1 expression construct.
The hGGT2-2 (NCBI accession no. XM_001129377.3) cDNA
was synthesized by Genscript (Piscataway, NJ) and cloned
into a pUC57 shuttling vector in the EcoRI restriction site. The
resulting hGGT2 ORF was cloned from the pUC57 vector into
pcDNA3.1 ( - ) expression construct between the ApaI and
KpnI sites. The same Kozak sequence (TGAGCCACC) used
for the hGGT1 and hGGT2-1 cDNA expression constructs was
inserted immediately upstream of the coding sequence and
downstream of the ApaI restriction site via the QuikChange
site-directed mutagenesis kit from Stratagene (La Jolla, CA)
with the primers listed in Supplementary Table S1 (Supple-
mentary Data are available online at www.liebertpub.com/
ars). The hGGT2-3 (Ensembl accession no.ENST00000405188)
cDNA expression construct was generated by deleting the
nucleotide sequence encoding amino acids 404–413 in the
XM_001129425.3 cDNA ORF, using the QuikChange kit and
the primer pairs listed in Supplementary Table S1. The
hGGT1(C192W; E193Y) and hGGT1(C192_E193insPLCPG)
mutants were generated by site-directed PCR mutagenesis,
using the QuikChange site-directed mutagenesis kit with the
wild-type hGGT1 cDNA expression construct as the template
and the appropriate primer pairs listed in Supplementary Table
S1. The hGGT2-3 (W192C;Y193E) and hGGT2-1 (W192C; Y193E)
mutants were generated as described earlier, using the wild-
type hGGT2-1 or hGGT2-3 cDNA expression constructs as
templates, while the hGGT2-1 (W192C; Y193E; T422D; T423D),
hGGT2-1 (W192C; Y193E; L451S) were generated using the
hGGT2-1 (W192C; Y193E) cDNA template and the appropriate
mutagenic primers (Supplementary Table S1). The hGGT2-1
(W192C; Y193E; T422D; T423D; L451S) expression construct
was generated by site-directed mutagenesis, using the hGGT2-1
(W192C; Y193E; T422D; T423D) cDNA template and the
L451S mutagenic primer pair (Supplementary Table S1). The
sequence fidelity of each expression construct was confirmed
by the DNA Sequencing Facility at the Oklahoma Medical
Research Foundation (Oklahoma City, OK).

Transient expression of hGGT constructs
in HEK293T cells

HEK293T cells (human embryonic kidney, ATCC # CRL-
1573) were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) containing 10% fetal bovine serum and penicillin/
streptomycin (50 units/ml, 50lg/ml) at 37�C in the presence of
5% CO2. The cells were transfected with 10lg of the appro-
priate expression plasmid, according to the calcium phosphate
method (13). At 48 h, the transfectants were harvested in PBS or
fixed for immunocytochemical analysis. For experiments in-
volving oxidative stress, HEK293T cells were transfected with
the expression constructs and 24 h later, oxidative stress was
induced by adding fresh media containing either 250 lM H2O2

or 50 lM tBHQ. The tBHQ was dissolved in ethanol, and
control cells were cultured with an equivalent concentration of
ethanol (0.1%). The cells were cultured for an additional 4 or
24 h before harvesting and preparing the cell extracts.

SDS-PAGE and western analyses

An aliquot from each of the primary cell suspensions in PBS
was supplemented with SDS to a final concentration of 0.5%,
and these aliquots were immediately heat denatured at 100�C.
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The protein concentration of each total cell lysate was deter-
mined with the Pierce BCA Protein Assay Kit, and 5 lg of total
protein from each transfectant was incubated at 100�C for
10 min in Laemmli sample buffer (2% SDS, 5% glycerol, 5% 2-
mercaptoethanol, 0.002% bromphenol blue, 62.5 mM Tris-
HCl, pH 6.8) and resolved on 10% SDS-polyacrylamide gels.
Resolved proteins were then electroblotted onto nitrocellulose
membranes and subjected to western analyses against hGGT1
and hGGT2, as previously described (53). For Nrf2 western
analyses, nuclear fractions were prepared with the NE-PER
Nuclear and Cytoplasmic Extraction Kit (Thermo Scientific,
Waltham, MA), and immunoblots were conducted on 10 lg
aliquots of nuclear proteins as indicated earlier, using a pre-
viously described rabbit polyclonal antibody against human
Nrf2 diluted 1:250 in TBST (56).

Deglycosylation of GGT proteins
by N-glycosidase F

Forty microgram aliquots of total protein from each of
the SDS-solubilized HEK293T transfectant lysates were di-
luted to 40ll with PBS + 0.5% 3-[(3-cholamidopropyl)dimethyl-
ammonio]-1-propanesulfonate (CHAPS) and supplemented
with SDS to 0.5%. The samples were heat denatured at 100�C for
10 min and cooled to room temperature. Each sample was sup-
plemented with protease inhibitors (1 lg/ml aprotinin, 1 lM
leupeptin)and20unitsofN-glycosidaseF(PNGaseF,EC3.5.1.52;
New England BioLabs, Ipswich, MA) for N-deglycosylation of
the glycoproteins as previously described (53). Western blot
analyses were then carried out on the deglycosylated samples as
described earlier.

RT-PCR analysis

RNA was extracted from P100 plates of transfected
HEK293T cells using the Trizol reagent as directed by the
manufacturer’s protocol (Invitrogen). Specific primers were
designed against common sequences in both hGGT1 and each
of the three hGGT2 cDNA variants using the Primer3 software
(43), and the specificity of the primers was assessed in silico
using the BLAST-Like Alignment Tool [BLAT, (26), Supple-
mentary Table S2]. Reverse transcription and PCR amplifi-
cation were conducted in staged one-step reactions, using the
GeneAmp Gold RNA PCR Core kit, according to the manu-
facturer’s protocol (Applied Biosystems, Carlsbad, CA).
Amplified cDNAs were visualized in a 1.0% agarose gel
stained with ethidium bromide. A 1Kb Plus DNA ladder
(Invitrogen) was loaded on each gel for validation of product
sizes, and b-actin amplification was conducted in parallel to
ensure equivalent loading.

GGT activity assays

The transfected cells were harvested and then lysed in ice
cold PBS containing 0.5% CHAPS and protease inhibitors
(1 lg/ml aprotinin, 1 lM leupeptin). Insoluble material was
pelleted at 15,000 g for 15 min at 4�C. The soluble fractions
contained GGT eluted from the membrane. Transpeptidation
assays contained 3 mM L-c glutamylparanitroanalide (L-
GpNA; Sigma, St. Louis, MO) as the substrate and 40 mM
glycylglycine (glygly; Sigma) as the acceptor and were con-
ducted as previously described (27). For hydrolysis assays D-
c-glutamyl-paranitroanalide (D-GpNA; Bachem, Torrance,

CA) was used as the substrate (48). One unit of GGT activity
was defined as the amount of enzyme that released 1 lmol of
paranitroaniline/min at 37�C, pH 7.4. Unless otherwise stated,
reported specific activities refer to those that were measured
using the transpeptidation assay. The concentration of protein
in the soluble fractions was determined with the Pierce BCA
Protein Assay Kit (ThermoScientific, Rockford, IL).

Data analysis

Samples in each experiment were analyzed in triplicate.
Each GGT allele was evaluated in two or more independent
experiments. Graphs, averages, and standard deviations were
calculated using Prism GraphPad Software (San Diego, CA).
Data were calculated as the mean – standard deviation of at
least three independent determinations.

GGT subcellular localization

Glass coverslips in P35 plates were seeded with 2 · 105

HEK293 cells and cultured in complete DMEM at 37�C and
5% CO2. After 24 h, each plate of cells was transfected with
6 lg of the appropriate GGT construct as described earlier.
Fresh DMEM media were added to each plate after 18 h, and
the transfectants were cultured continuously at 37�C and 5%
CO2 thereafter. The cells were fixed 48 h after the transfec-
tion and then subjected to immunofluorescence, as previ-
ously described (20). The mouse monoclonal ER marker,
anti-calnexin (ab31290, Abcam, Cambridge, MA; diluted
1:500 in blocking agent), and affinity-purified GGT129
(diluted 1:100 in blocking agent, equivalent to a 1:1300 di-
lution relative to the serum), a rabbit polyclonal antibody
against a 19-amino-acid peptide that is conserved in the
C-terminus of the large subunit of both hGGT1 and hGGT2
(14), were used as the primary antibodies. The secondary
antibodies were AlexaFluor 488-conjugated goat anti-rabbit
IgG and AlexaFluor 568-conjugated goat anti-mouse IgG
(each diluted 1:200; both from Invitrogen-Molecular Probes,
Carlsbad, CA). Rinsed coverslips containing labeled cells
were mounted onto glass slides using Prolong Gold + 4¢-6-
diamidino-2-phenylindole (DAPI; Invitrogen-Molecular
Probes). Fluorescent images of labeled cells were captured
with an Olympus IX70 epifluorescence microscope (Olym-
pus America, Center Valley, PA) and a QICAM camera
controlled by QCapture software (QImaging, Surrey, British
Columbia, Canada). Exposure times for GGT images dif-
fered among the samples. The reduced levels of GGT2
proteins compared with hGGT1 required much longer ex-
posures to visulalize their subcellular localization. The ex-
posure time for calnexin and DAPI were held constant for all
samples. Figures were prepared by calibrating image scale,
exporting to Photoshop (Adobe, Mountain View, CA), and
adjusting brightness and contrast for each image individu-
ally to highlight specific labeling.
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