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Abstract Glyoxalase I (GLO1), together with glyoxalase

II and the co-factor GSH, comprise the glyoxalase system,

which is responsible for the detoxification of the cytotoxic

glycolytic-derived metabolite methylglyoxal (MG). We,

and others, have previously reported that GLO1 is sub-

jected to several post-translational modifications, including

a NO-mediated modification and phosphorylation. In this

study, we demonstrate that GLO1 is a substrate for cal-

cium, calmodulin-dependent protein kinase II (CaMKII).

Site-directed mutagenesis of several serine and threonine

residues revealed that CaMKII induced phosphorylation of

GLO1 at a single site Thr-106. Mutagenesis of Thr-106 to

Ala in GLO1 completely abolished the CaMKII-mediated

phosphorylation. A phosphopeptide bracketing phospho-

threonine-106 in GLO1 was used as an antigen to generate

polyclonal antibodies against phosphothreonine-106. By

using this phospho-specific antibody, we demonstrated that

TNF induces phosphorylation of GLO1 on Thr-106. Fur-

thermore, we investigated the role of NO-mediated

modification and phosphorylation of GLO1 in the TNF-

induced transcriptional activity of NF-jB. Overexpression

of WT GLO1 suppressed TNF-induced NF-jB-dependent

reporter gene expression. Suppression of the basal and

TNF-induced NF-jB activity was significantly stronger

upon expression of a GLO1 mutant that was either deficient

for the NO-mediated modification or phosphorylation on

Thr-106. However, upon overexpression of a GLO1 mutant

that was deficient for both types of modification, the sup-

pressive effect of GLO1 on TNF-induced NF-jB activity

was completely abolished. These results suggest that NO-

modification and phosphorylation of GLO1 contribute to

the suppression of TNF-induced NF-jB-dependent reporter

gene expression. In line with this, knock-down of GLO1 by

siRNA significantly increased TNF-induced NF-jB-

dependent reporter gene expression. These findings suggest

that phosphorylation and NO-modification of glyoxalase I

provides another control mechanism for modulating the

basal and TNF-induced expression of NF-kappaB-respon-

sive genes.
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Abbreviations

2-DE 2-Dimensional gel electrophoresis

GLO1 Glyoxalase I

MG Methylglyoxal

TNF Tumour necrosis factor

GSNO S-nitrosogluthathione

IEF Isoelectro focusing

CaM Calmodulin

Introduction

The glyoxalase system, consisting of the enzymes glyox-

alase I (GLO1) and II, is an integral component of cellular

metabolism. A major function of the glyoxalase sys-

tem is the detoxification of a-ketoaldehydes, especially
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methylglyoxal (MG) (reviewed by [1]). Although the sys-

tem was discovered in 1913, its full biological function has

never been elucidated. The ubiquitous nature of the gly-

oxalase pathway suggests an important cellular function

that is conserved through evolutionary selection. The work

of the Nobel laureate Szent-Györgyi suggests that GLO1

and its substrate methylglyoxal are involved in the regu-

lation of cellular growth, but a direct mechanistic link has

yet to be identified.

MG is a cytotoxic metabolite primarily produced by

non-enzymatic phosphate elimination from the glycolytic

intermediates glyceraldehyde-3-phosphate and dihydroxy-

acetone phosphate [2]. Increased production of methyl-

glyoxal can lead to the formation of Advanced Glycation

End products (AGEs), which are involved in a number of

pathological conditions, including diabetes and ageing-

related diseases such as Alzheimer’s disease [3]. Increased

production of MG can also be induced by tumour necrosis

factor [4].

Overexpression of GLO1 has been linked to a number of

diseases, including diabetes mellitus [5], Alzheimer’s dis-

ease [6], high anxiety-like behaviour in mice [7] and, most

particularly, to cellular proliferative disorders including

breast [8], prostate [9] and colon cancer [10]. Furthermore,

overexpression of GLO1 is involved in the resistance of

human leukemia cells to anti-tumour agent-induced apop-

tosis [11]. Methylglyoxal has long been regarded as a

natural anti-cancer agent, and therefore GLO1 inhibitors

have been developed as potential anti-cancer agents

[12, 13].

We have previously described the protein kinase A

(PKA)-mediated phosphorylation of GLO1, which plays an

essential role in TNF-induced necrosis in the fibrosarcoma

cell line L929 [4]. Phosphorylated GLO1 is not involved in

the detoxification pathway of MG, but instead mediates the

cytotoxic effects of MG via a pathway that leads to MG-

modification of specific target molecules (formation of

MG-derived AGEs) [4]. In addition, we have shown that

TNF induces phosphorylation of GLO1 primarily on the

NO-responsive form of GLO1, but is not exclusive for this

form [14]. However, the real biological function of phos-

phorylated and NO-modified GLO1 remains to be

determined. The purpose of this study was to identify the

phosphorylation site and potential kinases involved in the

phosphorylation of GLO1.

Materials and methods

Reagents

TNF was obtained from Roche Diagnostics (Mannheim,

Germany). [32P] Orthophosphate was from GE Healthcare.

Hexylglutathion was from Sigma. The NO-donor GSNO

(S-nitrosoglutathione) was from Invitrogen.

Cell culture

HEK-293 cells were cultured in Dulbecco’s modified

Eagle’s medium with glutamax (Invitrogen) supplemented

with heat-inactivated FCS (10% v/v) (Cambrex), penicillin

(100 units/ml) and streptomycin (0.1 mg/ml) and were

cultured at 37�C in a humidified incubator under an 8%

CO2 atmosphere.

Plasmids

The cDNA encoding WT GLO1 was a generous gift from

Dr. K. Tew (Medical University of South Carolina,

Charleston, SC, US) and was subcloned into the pcDNA4/

HisMax�-TOPO� Vector (Invitrogen, Inc.) that contained

an N-terminal polyhistidine region using the following

primers: 50-GCAGAACCGCAGCCCCCGTC-30 and 50-CA

GCACTACATTAAGGTTGCCATTT-30. The threonine

and serine to alanine mutants were generated using the

QuickChange� Site-Directed Mutagenesis Kit (Stratagene)

according to the manufacturer’s instructions with the

pcDNA4-wtGLO1 vector as template. The forward primer

50-TCTAGTATAAAAATCCAGTGCCTTCTTAGGGTCC

TTCACTCG-30 and the reversed primer 50-CGAGTGAA

GGACCCTAAGAAGGCACTGGATTTTTATACTAGA

G-30 were used to generate the S44A mutant. The forward

primer 50-GATTTTCCCATTATGAAGTTTGCACTCTA

CTTCTTGGCTTATG-30 and the reverse primer 50-CAT

AAGCCAAGAAGTAGAGTGCAAACTTCATAATGGG

AAAATC-30 were used to generate the S68A mutant. The

forward primer 50-CTCCAGTGTAGCTTTTCTGGCGAG

CGCCCAGGC-30 and the reverse primer 50-GCCTGGG

CGCTCGCCAGAAAAGCTACACTGGAG-30 were used

to generate the S93A mutant. The forward primer 50-GTG

TGTCAGCTCAAGTGCAGCTTTTCTAGAGAGCGCC

C-30 and the reverse primer 50-GGGCGCTCTCTAGA

AAAGCTGCACTTGAGCTGACACAC-30 were used to

generate the T97A mutant. The forward primer 50-GC

TACACTTGAGCTGGCACACAATTGGGGCACTG-30

and the reverse primer 50-CAGTGCCCCAATTGTGT

GCCAGCTCAAGTGTAGC-30 were used to generate the

T101A mutant. The forward primer 50-GGGTCTCA

TCATCCTCAGCGCCCCAATTGTGTGTCAG-30 and the

reverse primer 50-CTGACACACAATTGGGGCGCTGAG

GATGATGAGACCC-30 were used to generate the T106A

mutant. The generation of the triple cysteine mutant C18A/

C19A/C138A of GLO1 has been described previously [14].

The quadruple mutant C18/19/138A/T106A was generated

using the same primer sets as for the T106A mutants

but using the pcDNA4-GLO1-C18/18/138A vector as
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template. The sequence of all inserts and the presence of

mutations was confirmed by DNA sequencing using the

BigDye Terminator sequencing kit (Applied Biosystems).

The construct expressing the N-terminal catalytic domain

of rat CaMKIIa (residues 1 to 290 CaMKII1-290) was a

generous gift from Dr. R. Maurer [15]. pFC-PKA, encod-

ing the mouse PKAa catalytic subunit was a generous gift

from Dr. G. Mills (Anderson Cancer center).

2-Dimensional gel electrophoresis

Isoelectric focusing was carried out on 18 cm IPG strips,

pH 4–7 (GE Healthcare) according to the manufacturer’s

instructions. For the second dimension, proteins were

separated by SDS-polyacrylamide gel electrophoresis

(PAGE, 12%).

In vivo 32P-labelling

3 9 105 HEK-293 cells were seeded in 60-mm dishes 24 h

before transfection. The cells were transfected with 2.5 lg

total DNA amount using the calcium phosphate method.

Twenty-four hours after transfection, cells were first rinsed

and then starved for 30 min with phosphate-free DMEM

supplemented with GlutaMAXTM-I (Gibco, Invitrogen) and

2% dialyzed FCS (Gibco, Invitrogen) and consequently

labelled with 0.25 mCi/ml of [32P] orthophosphate during

3 h. After labelling, the cells were washed three times with

PBS and then lysed in 300 ll of cytosol extraction buffer

supplemented with phosphatase inhibitors [CEB: 10 mM

Tris/HCl, pH4.7, 50 mM EDTA, 25 mM NaCl, 2%

CHAPS, CompleteTM protease inhibitor cocktail (Roche)

and the phosphatase inhibitors b-glycerophosphate

(40 mM), NaF (10 mM), Na3VO4 (1 mM)]. GLO1 was

purified from the cell lysates as described below.

Purification of endogenous and His-tagged Glyoxalase I

from HEK-293 Cells

Endogenous GLO1 was affinity-purified using hexylgluta-

thion. HEK-293 cells were seeded 24 h prior to the

experiment. After stimulation with TNF, the cells were

rinsed three times with ice-cold PBS buffer, and cell

lysates (300 ll) were prepared in a CHAPS-containing

cytosol extraction buffer (CEB, see above). Cell lysates

were applied two times to a micro spin column (Mobicol

spin column, 35 lm pore size filters, Mo Bi Tech) con-

taining 100 ll of S-hexylglutathione-agarose beads

(Sigma) that were, prior to the incubation, washed with

CEB. The column was then washed three times with 600 ll

cytosol extraction buffer and GLO1 was eluted with 40 ll

of an ureum-containing buffer (7 M ureum, 2 M thio-ure-

um, 10 mM DTT, 2% CHAPS). His-tagged GLO1 was

purified with the His Spin Trap kit (GE Healthcare),

according to the manufacturer’s instruction.

Western blotting

Proteins were separated by SDS-PAGE (12% polyacryl-

amide) and transferred to a PVDF membrane (Hybond-P;

GE Healthcare). The blots were incubated with the anti-

GLO1 polyclonal antibody [14] or the anti-P-GLO1-T106

antibody followed by ECL� (enhanced chemilumines-

cence)-based detection (GE Healthcare). The phospho-

specific antibodies were generated in rabbits by Twentyfirst

Century Biochemicals, Inc. (Marlboro, MA, USA). Two

peptides bracketing phospho-T106 and representing resi-

dues 100–112 and 100–113 of GLO1, Ac-CLTHNWGp

TEDDETQ-amide and Ac-LTHNWGpTEDDETQSC-

amide, respectively, (sequence identical for human, rat and

mouse GLO1) were used as antigen. An additional Cys

residue, not present in GLO1, was incorporated at the

N-terminus of the first peptide and at the C-terminus of the

second peptide. The antiserum was first immunodepleted

for antibodies that cross-react with the non-phospho form

of the peptide by passing it over an affinity column made

using the non-phospho form of the peptide. The phospho-

specific antibodies were than purified using a phospho-

peptide affinity column.

NF-jB-dependent reporter gene expression assay

3 9 105 HEK-293 cells were seeded in 10-mm dishes 24 h

before transfection. The cells were transfected with the

synthetic reporter construct (IL-6)3-50IL6P-luc? and the

vector pPGKbGeobpA (encoding a [neo]r-b-galactosidase

fusion protein conferring constitutive b-galactosidase

enzymatic activity). These constructs were described pre-

viously by [16]. The (IL6-jB)3-50IL6P-luc? plasmid

contains a concatenated trimer of the IL6-jB motif at-

gtGGGATTTTCCCatg (capitals indicating the IL6-jB

core sequence) in front of a minimal IL6 promotor in the

pGL3 reporter vector (Promega Biotec, Madison, WI),

which encodes a luciferase reporter gene. Luciferase assays

were carried out according to the manufacturer’s instruc-

tions (Promega Biotec). Cells were lysed in a buffer

(400 ll) containing 25 mM Tris phosphate (pH 7.8), 2 mM

DTT, 2 mM cyclohexanediaminetetraacetic acid, 10%

glycerol and 1% Triton X-100 for 15 min at room tem-

perature. From the cell extracts, 50 ll was transferred into

a 96-well plate together with 35 ll of the luciferase

assay reagent (20 mM Tricine, 1.07 mM [(MgCO3)4

Mg(OH)2 � 5H2O], 2.67 mM MgSO4, 0.1 mM EDTA,

33.3 mM DTT, 270 lM coenzymeA, 470 lM D-luciferin,

530 lM ATP). This mixture was then analysed in a lumi-

nescence microplate counter (TopCount; Packard, Meriden,
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Conn.) Luciferase activity, expressed in arbitrary light units,

was corrected for the protein concentration in the sample by

normalization to the coexpressed b-galactosidase levels and

corrected for b-galactosidase activity (Gatacto-StarTM

System; Tropix, Bedford, MA).

Knock-down of glyoxalase I by siRNA

HEK-293 cells were seeded at a density of 3 9 104 cells/

cm2 and transfected the day after with Lipofectamine 2000

(Invitrogen) according to the manufacturers protocol.

Transfection mixtures contained 0.8 lg/ml of the NF-jB

reporter plasmid (IL60-jB)3-50IL6P-luc? and the internal

control plasmid pPGKbGeobpA each, 200 nM human

glyoxalaseI siGENOME SMARTpool siRNA or a pool of

siGENOME Non-Targeting siRNA #3–5 (Dharmacon) and

were removed after 4 h. Three days after transfection cells

were treated with TNF or left untreated and subsequently

assessed for NF-jB transcriptional activity as described

above.

Results

Glyoxalase I is phosphorylated by co-expression

with the catalytic subunit of CaMKII

We have previously shown that TNF induces phosphory-

lation of GLO1 in L929 cells, which can be inhibited by the

PKA inhibitor H89 [4]. Furthermore, the TNF-induced

multiple phosphorylation of GLO1 occurs primarily on the

NO-responsive form of GLO1, but is not exclusive for this

form [14]. It has also been reported that plant GLO1 is a

calcium/calmodulin (Ca2?/CaM)-stimulated enzyme [17].

Our NetPhosK search revealed that human GLO1 contains

several potential phosphorylation sites that satisfy con-

sensus motifs for phosphorylation by PKA (i.e. R/K-X-S/T,

Ser-44, Ser-68 and Thr-97, numbering refers to the mature

protein, thus not including the N-terminal Met residue) and

CaMKII (i.e. R-X-X-S/T, Thr-97). In addition, Rangana-

than and co-workers indicated that Ser-7, Ser-20, Ser-25

and Thr-106 are also potential phosphorylation sites [18].

To identify which kinase was directly involved in the

phosphorylation of GLO1, we co-expressed His-tagged

human GLO1 with the catalytic subunit of PKAa and

CaMKII1–290, respectively, in HEK-293 cells and per-

formed an in vivo cell labelling with 32P-orthophosphate as

described in ‘Materials and methods’ section. After the

labelling, cells were washed and lysed in a CHAPS-con-

taining cytosol extraction buffer [19] and His-tagged GLO1

was purified from the lysate using a Ni-affinity column (see

Materials and methods section). The purified fraction was

separated by SDS-PAGE and the phosphorylation of GLO1

was detected by autoradiography. This revealed that GLO1

was phosphorylated only when co-expressed with CaMKII

and not PKA (Fig. 1a). The radiolabelled 25-kDa band

corresponds to the M.W. of His-tagged GLO1 as further

verified by Western blotting using an anti-human GLO1

antibody (Fig. 1a). When the overexpression of GLO1 was

high, we observed a second protein band by western just

below the band corresponding to the M.W. of His-tagged

GLO1. Only the upper band was phosphorylated, and the

lower band is probably a truncated form of GLO1. Also,

phosphorylation of untagged GLO1 was observed when

co-expressed with CaMKII (data not shown). These results

indicate that GLO1 is readily phosphorylated by overex-

pression of CaMKII and not by PKA.

We have previously described the isoform pattern of

GLO1 by high-resolution 2-dimensional gelelectrophoresis

(2-DE, gradient pH 4–7), and phosphorylation as well as

NO-modification of GLO1 can be detected by this method

[14]. Therefore, we wanted to know whether overexpres-

sion of CaMKII only resulted in phosphorylation or

whether NO-modification of endogenous GLO1 was also

affected. As we showed previously [14], the NO-mediated

modification of GLO1 can also be easily induced by the

NO-donor GSNO and this results in the appearance of a

more basic isoform of GLO1 (indicated by an arrow in

Fig. 1b). GSNO treatment of cells can also be accompanied

by a limited phosphorylation of the NO-responsive form

which results in a small shift to the acidic side (indicated

by an arrowhead in Fig. 1b; [14]). We previously desig-

nated the non-NO-responsive form of GLO1 the a-isoform

[14]. Overexpression of CaMKII resulted not only in

phosphorylation of GLO1alpha, but also in a significant

increase of the NO-responsive form of GLO1 (Fig. 1b,

NO-responsive form of GLO1 is indicated by an arrow,

phosphorylated forms of GLO1 are indicated by arrow-

heads). Phosphorylation occurred on the NO-responsive

form as well as on the non-NO-responsive form. These

results indicate that CaMKII not only induces phosphory-

lation of GLO1, but also induces the NO-responsive form

of GLO1. This may be explained by the fact that CaMKII

can activate eNOS [20], which may lead to increased

production of NO.

CaMKII1–290 phosphorylates human GLO1

on Threonine-106

To identify the residue(s) that was phosphorylated by

CaMKII and based on the predicted potential-phosphory-

lation sites mentioned above, a number of Ser/Thr-to-Ala

point mutants of His-tagged GLO1 were constructed and

the phosphorylation of these mutants was examined by co-

expression with CaMKII in HEK-293 cells as described

above for the WT His-tagged-GLO1. As shown in Fig. 2a,

172 Mol Cell Biochem (2009) 325:169–178

123



WT GLO1, as well as the single GLO1 mutants S44A,

S68A, S93A, T97A, T101A were extensively phosphory-

lated when co-expressed with CaMKII. However,

phosphorylation of GLO1 T106A was completely abol-

ished when co-expressed with CaMKII. To confirm that

equal amounts of the GLO1 mutants were expressed and

purified, a fraction of the purified proteins was analysed by

Western blotting using the anti-GLO1 antibody (Fig. 1b,

bottom line). These data indicate that CaMKII induces

phosphorylation on a single site in GLO1, namely Thr-106.

It is noteworthy that the sequence surrounding Thr-106 in

GLO1 is well conserved among different species, including

human, mouse, rat and yeast (see Table 1).

Next, antiserum was produced in rabbits against a pep-

tide bracketing phosphothreonin-106 in GLO1 (described

in ‘Materials and methods’ section). Affinity purified

antibodies were used for Western blotting of purified His-

tagged GLO1 that was expressed and co-expressed with

CaMKII in HEK-293 cells. As shown in Fig. 2b, the

P-GLO1-T106-specific antibody recognized the 25 kDa

WT His-tagged GLO1 only when it was co-expressed with

CaMKII. By contrast, His-tagged GLO1 T106A that was

co-expressed with CaMKII was not recognized by this

phospho-specific antibody. Western blotting with anti-

GLO1 indicated that similar amounts of WT GLO1 and the

T106A mutant were purified when co-expressed with

CaMKII. In several independent experiments, we noted

that we always purified more GLO1 (WT and mutants),

when it was co-expressed with CaMKII. This was the case

for His-tagged GLO1 as well as for endogenous GLO1

purified with hexylglutathion, which indicates that this

phenomenon is not related to the type of purification. This

suggests that CaMKII may induce a stabilization of GLO1.

Fig. 1 Phosphorylation and NO-modification of GLO1 induced by

co-expression with CaMKII. a Phosphorylation of GLO1 induced by

co-expression with CaMKII in HEK-293 cells. His-tagged GLO1 was

transfected and co-transfected with the catalytic subunit of CaMKII

and PKAa, respectively, in HEK-293 cells. Affinity-purified GLO1

from [32Pi] biosynthetically labelled cells was analysed by autoradi-

ography (top panel) and a fraction of the sample by immunoblotting

with an anti-GLO1 antibody (bottom panel). Note that only

phosphorylation of GLO1 is observed when co-expressed with

CaMKII. The 32P-labelled band corresponds to the expected M.W.

of His-tagged GLO1, which is the upper band detected with the anti-

GLO1 antibody (lower panel). The lower band represents presumably

a truncated form of overexpressed GLO1. b Overexpression of

CaMKII induces NO-modification and phosphorylation of endoge-

nous GLO1 in HEK-293 cells. Western blot with anti-GLO1 of 2-DE

gels on total cell lysates derived from control HEK-293 cells, cells

transfected with CaMKII and cells treated with GSNO (250 lM, 1 h),

respectively. The 2-DE isoform pattern of GLO1 has been previously

described in [14]. Note the appearance of two NO-modified forms of

GLO1 to the right of a-isoform upon overexpression of CaMKII

(indicated by arrowheads) or treatment with GSNO (indicated by

arrows). Phosphorylated forms of GLO1alpha and the NO-responsive

form of GLO1 are all indicated by arrowheads

Fig. 2 GLO1 is phosphorylated by CaMKII on Thr-106. a HEK-293

cells were transfected with, respectively wild type GLO1 and several

Ser/Thr to Ala mutants together with CaMKII. Affinity-purified

GLO1 from [32Pi] biosynthetically labeled cells was analysed by

autoradiography (top panel) and a fraction of the sample by

immunoblotting with an anti-GLO1 antibody (bottom panel). Note

that phosphorylation of GLO1 cannot be induced when Thr-106 is

mutated to an Ala residue. b HEK-293 cells were transfected with

wild type GLO1 and the T106 A mutant together with CaMKII1–290

and treated under similar conditions as above. GLO1 was purified

from cell extracts and subjected to SDS-PAGE followed by western

blotting using an anti-P-GLO1 Thr-106 (top panel). A fraction of the

sample was analysed by western blotting using the anti-GLO1

polyclonal antibody
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TNF induces phosphorylation of GLO1

on Threonine-106

We have previously described that TNF induces multiple

phosphorylation of GLO1 in L929 cells and that the

phosphorylation is required for cell death. Furthermore, we

have also previously investigated the TNF-induced phos-

phorylation of GLO1 by 2-DE in other cell types, such as

endothelial cells and HEK-293 (our unpublished results), in

which the default pathway is not cell death but gene

induction that is mediated via the transcription factor NF-

jB. Therefore, we investigated whether the TNF-induced

phosphorylation of GLO1 in HEK-293 cells involved Thr-

106. For this purpose, GLO1 was affinity-purified by

hexylgluthation from control and TNF treated HEK-293

cells and analysed by Western blotting using the anti-P-

GLO1-T106 antibody. As shown in Fig. 3, phosphorylation

of GLO1 on Thr-106 was already induced after 10 min of

TNF treatment and lasted for at least an hour (Fig. 3).

These data indicate that phosphorylation of GLO1 on Thr-

106 is induced by TNF and suggest that this phosphory-

lation may play a functional role in TNF-induced

signalization.

Phosphorylation and NO-modification of GLO1

suppress the TNF-induced NF-jB-dependent reporter

gene expression

One of the most important signalling pathways induced by

TNF is the induction of gene transcription by NF-jB. TNF-

induced NF-jB activation is initiated from the recruitment

of TRADD, TRAF2 and RIP1 to TNFR1 [21], leading to

the activation of the IjBa kinase (IKK complex) and the

subsequent degradation of IjBa. This, in turn, results in

liberation and nuclear translocation of the transcription

factor NF-jB. However, the transcriptional activity of NF-

jB is further regulated by a number of known and

unknown trans-activation events. Among others are phos-

phorylation of NF-jB itself and the association of NF-jB

with a number of co-activator proteins such as CBP and

p300 (reviewed in [22] and [23]). The final gene-regulatory

activity of NF-jB induced by TNF is further determined by

an intricate and time-dependent interplay with the TNF-

induced cell death pathway and the TNF-induced activa-

tion of JNK, p44/42 MAPK and p38 MAPK pathways

[24, 25].

We investigated whether phosphorylation and/or NO-

modification of GLO1 played a role in regulating TNF-

induced transcriptional activity of NF-jB. This was done

by measuring the effect of overexpression of mutants of

GLO1 that were deficient for NO-modification (GLO1-

C18/19/138A) [14], phosphorylation (GLO1-T106A) and

NO-modification and phosphorylation combined (GLO1-

C18/19/138A/T106A). The latter mutant was made

because we have previously reported that there is an inti-

mate relationship between the phosphorylation and NO-

modification of GLO1 [14]. As shown in Fig. 4a, all these

mutants of GLO1 are expressed to a level similar to that of

WT GLO1 in HEK-293 cells. WT GLO1 and mutants were

co-transfected with the NF-jB-driven reporter gene con-

struct (IL6-jB)3-50IL6P-luc, which contains multiple NF-

jB responsive elements coupled to a minimal IL-6

promotor in front of the luciferase reporter gene [16]. In

addition, an internal control plasmid pPGKbGeobpA for

the constitutive expression of the (neo)r-b-galactosidase

fusion protein was co-transfected [16]. Twenty-four hours

after transfection, cells were stimulated with TNF for 6 h.

Cell lysates were assayed for corresponding reporter-gene

activity and the expression of the internal control protein

b-galactosidase. Overexpression of GLO1, WT and

mutants had no effect on the expression of the internal

Table 1 The sequence surrounding Thr-106 in GLO1 is highly

conserved among different species

T106

LGUL_RAT 95-KATLELTHNWGTEDDETQSYHNGNS-119

LGUL_MOUSE 95-KATLELTHNWGTEDDETQSYHNGNS-119

LGUL_HUMAN 95-KATLELTHNWGTEDDETQSYHNGNS-119

LGUL_YEAST_c 237-ESVLELTHNWGTENDPNFHYHNGNS-261

LGUL_YEAST_n 84-HGVLELTHNWGTEKNPDYKINNGNE-108

The above GLO1 protein amino acid sequences were obtained from

the ExPASy Proteomics Server: human (accession number Q04760);

mouse (accession number Q9CPU60); rat (accession number

Q6P7Q4); yeast (accession number P50107). The sequences were

aligned by Clustal W (www.ebi.ac.uk/clustalw/). The numbering at

the top of the sequences corresponds to the identified phosphorylation

site in human GLO1. Conserved residues are in italics. Yeast GLO1 is

a monomeric enzyme with two active sites contained in one poly-

peptide, c refers to the C-terminal half and n refers to the N-terminal

half of the molecule

Fig. 3 TNF induced phosphorylation of GLO1 on the Thr106

residue. Endogenous GLO1 was purified with hexylglutathion-

sepharose from control and TNF-treated (1000 IU/ml) HEK-293

cells. T10, T30 and T90 indicate TNF-treated cells for 10, 30 and

90 min, respectively. Purified GLO1 was analysed by western

blotting using the anti-P-GLO1 Thr-106 antibody (upper panel). To

confirm that equal amounts of GLO1 were present in the different

samples, a fraction of purified GLO1 was analysed by western

blotting using the anti-GLO1 antibody (lower panel). Note the

appearance of phosphorylated GLO1 already after 10 min of TNF

treatment
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control protein (data not shown). The effect of overex-

pression of WT and mutants of GLO1 on the NF-jB-

regulated reporter gene expression in control and

TNF-treated cells is shown in Fig. 4a. Similar results were

obtained in at least four independent experiments, and a

representative experiment is shown. Overexpression of

WT GLO1 resulted in a 20% decrease, on average, of the

NF-jB-dependent reporter gene expression in control as

well as in TNF-treated HEK-293 cells. Overexpression of

the GLO1-C18/19/138A and the GLO1-T106A mutant

suppressed the NF-jB-dependent reporter gene expression

in control and in TNF-treated cells more significantly than

WT GLO1: on average, 70% and 50%, respectively.

These data may suggest that NO-modification and

Fig. 4 Involvement of modified GLO1 in the TNF-induced NF-jB-

dependent reporter gene expression. a HEK-293 were transiently

transfected with cDNAs encoding WT and different mutants of

GLO1. 24 h after transfection the cells were left untreated or treated

with 1000 IU/ml TNF for 6 h, followed by assaying the lysates for

luciferase activity as described in the ‘materials and methods’ section.

The expression level of WT GLO1 and mutants was examined by

Western blotting using the anti-GLO1 antibody. Endogenous levels of

GLO1 in mock-transfected cells were not detected for the amount of

cell lysate analysed. TNF-induced NF-jB-dependent reporter gene

expression of mock-transfected cells was set to 100%. Black bars,

mock-transfected cells; white bars, WT GLO1-transfected cells;

dotted bars, C18A/C19A/C138A-transfected cells; grey bars, GLO1

T106A transfected cells; striped bars, C18A/C19A/C138A/T106A

transfected cells. Note the strong inhibition of NF-jB activation in

cells overexpressing the multiple cysteine mutant and the increase of

NF-jB-activity in the combined cysteine and threonine mutant.

A representative experiment of three independent experiments is

shown. The values indicate the means of three independent measures

normalised to the coexpressed b-galactosidase levels and the error

bars are ±S.D. (Results are means ± S.D. for triplicate measures of

the same sample, *P \ 0.005, **P \ 0.001). b Knock-down of

GLO1 increases TNF-induced NF-jB-dependent reporter gene

expression in HEK-293 cells. Downregulation of GLO1 was exam-

ined by Western blotting using the anti-GLO1 antibody. b-actin was

used as a loading control. TNF-induced NF-jB-dependent reporter

gene expression of non-targeting siRNA-transfected cells was set to

100%
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phosphorylation of GLO1 may increase NF-jB-dependent

reporter gene expression. However, if this were true, then

we would expect that the GLO1 mutant deficient for both

modifications would also decrease NF-jB-dependent

reporter gene expression. However, this was not at all the

case and overexpression of the GLO1-C18/19/138A/

T106A mutant never reduced, but even enhanced, the TNF-

induced NF-jB-dependent reporter gene expression as

compared to overexpression of WT GLO1 (Fig. 4a). These

data thus suggest that NO-modification and phosphoryla-

tion of GLO1 can both suppress NF-jB-dependent reporter

gene expression in control as well as in TNF-treated cells.

We have previously shown that TNF induces phosphory-

lation of GLO1 primarily on the NO-responsive form of

GLO1 and that the NO-modification of GLO1 is not

required for the TNF-induced phosphorylation of GLO1.

Furthermore, in the presence of the iNOS inhibitor,

1400W, TNF induces phosphorylation of the non-NO-

responsive form (a-isoform) of GLO1. This fact, together

with the fact that the NO-deficient mutant of GLO1 is more

powerful than the GLO1-T106A in suppressing the TNF-

induced NF-jB-dependent reporter gene expression sug-

gests that phosphorylation of GLO1 is more powerful than

NO-modification in suppressing the TNF-induced NF-jB-

dependent reporter gene expression.

A role for GLO1 in the regulation of the TNF-induced

transcriptional activity of NF-jB was further confirmed by a

knockdown experiment of GLO1 by siRNA. As shown in

Fig. 4b, we obtained a 70% reduction (determined by densi-

tometric analysis) of GLO1 at the protein level by transfection

of a human GLO1-specific siRNA in HEK-293 cells. The

TNF-induced NF-jB-dependent reporter gene expression was

significantly increased in cells with a knockdown of GLO1,

while NF-jB-activity was not affected in untreated cells.

A non-targeting siRNA was used as control.

Discussion

Phosphorylation of GLO1 has been reported in several

species, including mammalian [4, 14], yeast [26] and plant

GLO1 [27], but the sites of phosphorylation have not yet

been identified.

In this study, we identified Thr-106 in GLO1 as a resi-

due that becomes phosphorylated upon TNF stimulation of

HEK-293 cells. In addition, we provide evidence that the

post-translational modifications of GLO1—namely, NO-

modification and phosphorylation—play a functional role

in regulation of the TNF-induced transcriptional activity of

the transcription factor NF-jB.

GLO1 was found to be significantly phosphorylated

when co-expressed with CaMKII and not by co-expression

with PKA, which suggests that CaMKII, and not PKA, may

be a direct kinase involved in phosphorylation of GLO1.

Previously, we have shown that the TNF-induced phos-

phorylation of GLO1 can be inhibited by the PKA inhibitor

H89. However, it is well known that PKA phosphorylates

key components of calcium handling which may subse-

quently lead to an increase in the intracellular concen-

tration of Ca2? which, in turn, can activate CaMKII [28].

Therefore, it may be that PKA is upstream of CaMKII and

that the latter directly phosphorylates GLO1. Another

reason why phosphorylation of GLO1 could not induced by

co-expression with PKA may be that multiple phosphory-

lation of GLO1, as induced by TNF [14], may occur in a

certain hierarchical order and that the PKA-induced phos-

phorylation may be dependent on another priming kinase.

The phosphorylation of GLO1 by CaMKII was studied

by incorporation of 32P into GLO1 in cultured HEK-293

cells biosynthetically labelled with [32Pi]. Substitution of

Thr-106 to Ala of GLO1 completely prevented phosphor-

ylation of GLO1 induced by co-expression with CaMKII.

This indicates that Thr-106 in GLO1 is the major site that is

phosphorylated by CaMKII. Co-expression of GLO1 with

CaMKII not only resulted in phosphorylation of GLO1 but

also in a strong induction of the NO-responsive form of

GLO1 (Fig. 1b). This may be explained by the fact that the

endothelial isoform of NO synthase (eNOS) is a Ca2?/

calmodulin-regulated enzyme [29] and that it has been

shown that CaMKII is involved in the induction of eNOS

gene expression [30]. Therefore, overexpression of CaM-

KII may not only phosphorylate GLO1 but may also result

in the induction of NO synthesis and the consequent

NO-modification of GLO1.

Thr-106 in GLO1 is located in a region that is highly

conserved in GLO1 among different species (see Table 1).

It is surprising that the sequence surrounding Thr-106 is

not a typical consensus site for CaMKII, but that it is in fact

a consensus site for the ubiquitously expressed kinase CK2

(casein kinase 2)—that is, a Ser or Thr residue followed by

a stretch of acidic residues, of which the acidic residue on

position n ? 3 is the most crucial [31]. Remarkably, CK2

can regulate indirectly, via phosphorylation of CaM, the

activity of eNOS [20]. Also, it has been shown that GLO1

is a CaM-binding protein. For the moment, we cannot

exclude the possibility that phosphorylation of GLO1

induced by overexpression of CaMKII is, in fact, mediated

by CK2. It may be that overexpression of CaMKII induces

a signalling cascade that also leads to the activation of

CK2. However, some preliminary data indicate that

CaMKII can also phosphorylate recombinant GLO1 (data

not shown), which suggests that GLO1 may be a direct

substrate for CaMKII.

The biological function of phosphorylated GLO1 is not

yet known, but it is not involved in the detoxification

pathway of MG [4]. In its active form, human GLO1 is a
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dimeric enzyme and each monomer is composed of two

structurally similar domains [32]. 3-D domain swapping

has caused the active site to be situated in the dimer

interface and the essential zinc ion interacts with side

chains from both sub-units. Thr-106 in GLO1 is positioned

at the end of the N-terminal structural domain and at the

beginning of the interdomain region [32]. Therefore, it

could be that phosphorylation of Thr-106 may affect the

3-dimensional structure of GLO1 and thus affect the active

site of the enzyme.

By using phosphospecific anti-P-GLO1-T106 antibodies,

we could demonstrate that TNF induces phosphorylation of

Thr-106 of GLO1. This suggested that phosphorylated

GLO1 might play a functional role in TNF-induced sig-

nalling. The role of modified-GLO1 (NO-modification and

phosphorylation) was investigated with regard to TNF-

induced activity of the transcription factor NF-jB, one of

the most important pathways induced by TNF. Overex-

pression of the phosphonull mutant GLO1-T106A and the

mutant deficient for NO-modification GLO1-C18/19/138A

both resulted in a significant decrease (50% and 70%,

respectively) in the TNF-induced NF-jB-dependent repor-

ter gene expression relative to overexpression of WT

GLO1. When we consider phosphorylation and NO-modi-

fication of GLO1 separately, these data than suggest that

NO-modification and/or phosphorylation of GLO1 may

stimulate TNF-induced NF-jB-dependent reporter gene

expression, because the mutants deficient for these modifi-

cations reduce TNF-induced NF-jB activity relative to WT

GLO1. If this were true, then we would expect that the

mutant of GLO1 that is deficient for both modifications

would also significantly reduce the TNF-induced NF-jB-

dependent reporter gene expression. However, this was not

at all the case, and overexpression of the GLO1 mutant

deficient for NO-modification and phosphorylation even

increased the TNF-induced NF-jB-dependent reporter gene

expression relative to overexpressed WT GLO1. These data

indicate that phosphorylation, as well as NO-modification

of GLO1, can suppress the TNF-induced NF-jB-dependent

reporter gene expression. We have previously shown that

NO-modification is not a requirement for phosphorylation

and phosphorylation of GLO1 can also occur on the non-

NO-responsive form [14]. So, when GLO1 is deficient for

only the NO-modification, phosphorylation can still be

induced by TNF; and when GLO1 is deficient for only

phosphorylation, NO modification of GLO1 can still occur;

and both modifications result in suppression of NF-jB

activity. When GLO1 is deficient for both modifications,

suppression of NF-jB activity can no longer occur, and

overexpression of this mutant even increases the TNF-

induced NF-jB activity, probably due to a dominant neg-

ative interaction with endogenous GLO1 (Fig. 4a). This

latter idea is further supported by our observation that

down-regulation of endogenous GLO1 also results in an

increase in the TNF-induced NF-jB activity when com-

pared to control cells (Fig. 4b).

In conclusion, we have identified here for the first time a

phosphorylation site in GLO1—namely, Thr-106–which is

a site involved in TNF-induced signalling and is also a site

that becomes readily phosphorylated upon activation of

CaMKII. Furthermore, we provide evidence for the first

time that modified GLO1 is a powerful regular of TNF-

induced NF-jB-dependent reporter gene expression.

Therefore, the relative balance between non-phosphory-

lated GLO1, phosphorylated GLO1 and/or NO-modified

GLO1 may fine-tune NF-jB-regulated gene expression.
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