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The purified glutamate dehydrogenase (GDH) from
Sulfolobus solfataricusshowed remarkable thermo-
stability and retained 90-95% of the initial activity
after incubation at —20°C, 4°C, and 25C for up to 6
months. Unlike mammalian GDHSs, the activity of GDH
from Sulfolobus solfataricuswas not significantly
affected by the presence of various allosteric effectors
such as ADP, GTP, and leucine. Incubation of GDH
with increasing concentration of o-phthalaldehyde
resulted in a progressive decrease in enzyme activity,
suggesting that the o-phthalaldehyde-modified lysine or
cysteine is directly involved in catalysis. The inhibition
was competitive with respect to both 2-oxoglutarate
(K; =30uM) and NADH (K; =100uM), further
supporting a possibility that the o-phthalaldehyde-
modified residues may be directly involved at the
catalytic site. The modification of GDH by the arginine-
specific dicarbonyl reagent phenylglyoxal was also
examined with the view that arginine residues might
play a general role in the binding of coenzyme
throughout the family of pyridine nucleotide-dependent
dehydro-genases. The purified GDH was inactivated in
a dose-dependent manner by phenylglyoxal. Either
NADH or 2-oxoglutarate did not gave any protection
against the inactivation caused by a phenylglyoxal. This
result indicates that GDH saturated with NADH or 2-
oxoglutarate is still open to attack by phenylglyoxal.
Phenylglyoxal was an uncompetitive inhibitor
(K; = 5uM) with respect to 2-oxoglutarate and a
noncompetitive inhibitor (K; = 6 uM) with respect to
NADH. The above results suggests that the
phenylglyoxal-modified arginine residues are not
located at the catalytic site and the inactivation of GDH

*To whom correspondence should be addressed.
Tel: 82-2-2224-4278; Fax: 82-2-2224-4278
E-mail: swcho@www.amc.seoul.kr

by phenylglyoxal might be due to a steric hindrance or
a conformational change affected by the interaction of
the enzyme with its inhibitor.
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Introduction

Glutamate dehydrogenase (GDH) (EC 1.4.1.2-4) is a
family of enzymes that catalyze the reversible deamination
of L-glutamate to 2-oxoglutarate using NADNADP™ or

both as coenzymes (Fisher, 1985). Depending on the
coenzyme involved in the reaction, GDH is classified into
two distinct classes; the NADRdependent enzyme which

is involved in ammonia assimilation and the NAD
dependent enzyme which takes part in glutamate
catabolism. The enzymes purified from vertebrates are able
to use both the coenzymes, whereas the enzymes from
microorganisms are specific for one of the pyridine
nucleotides (Smittet al, 1975). An important difference
among GDHs is the sensitivity to regulation exerted by
purine nucleotides. GDHs from microorganisms are
subjected to a rigid control of their cellular levels by
induction-repression mechanisms and are relatively
insensitive to allosteric control of their activity, whereas
those from higher sources are finely tuned by a number of
allosteric modulators, mainly purine nucleotides (Cho and
Yoon, 1999; Cheet al, 1996; 1998b; Smitlet al, 1975).
Several authors have suggested similar conformations for
GDHs (Blumenthalet al., 1975) and a common
evolutionary origin (Wooton, 1974). Whereas, other GDHs
such as those NADdependent enzymes isolated from
Saccharomyces cerevisiagd Neurospora crassdave a

Abbreviations: GDH, glutamate dehydrogenaSe;solfataricus
Sulfolobus solfataricus.
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tetrameric assembly with subunits of 116 kDa. (éhal, three-dimensional structures of GDH from microorganisms
1984; Veroneset al, 1974). It is noteworthy that GDHs (Baker et al, 1992; Yipet al, 1995) and mammalian
purified from various sources have showed complexsources (Petersoat al, 1997) are available, there are
regulations and allosteric interactions between subunitsincertainties regarding the catalytic mechanism and the
(Consalviet al, 1991; Syed and Engel, 1984). role played by the various effectors on the enzyme.

The discovery of extremely thermophilic archaebacteria In the present study, characterization and chemical
gives rise to the hope that the enzyme proteins of thesmodification studies of the specifi. solfataricusGDH
organisms could show the structural requisites forhave been undertaken with the aim of contributing to the
thermophilic behavior more clearly than the proteins of thestudy of structure-function and evolutionary relationships
rather moderately thermophilic eubateria and eukaryotebetween various types of GDHs.
investigated up to now. The enzymes from thermophilic
bacteria have aroused interest from researchers. This
growing interest is basically justified by two reasons.Materials and Methods
Firstly, these molecules may contribute to a better

derstandi f th hani f th tabilit ‘Materials  Sulfolobus solfataricysstrain MT-4 was purchased
understanding of the mechanisms of thermostabllity:,, arcc (american Type Culture Collection). NADH, ADP,
secondly, their chemical physical

) ) . pr_Opert'eS areGTP, ammonium acetate, and 2-mercaptoethanol, L-leucine, 2-
particularly suitable for many biotechnological processesgxoglutarate, L-glutamate, phenylmethylsulfonyl fluoride, o-
Sulfolobus solfataricusa hyperthermophilic, sulfur-  phthalaldehyde, phenylglyoxal, diethylpyrocarbonate, and EDTA
dependent microorganism living optimally at’89 is one  were purchased from Sigma Chemical Co. (St. Louis, Mo, USA).
of the well-studied archaebacteria (Marieb al, 1988; Q-Sepharose and Blue Sepharose were purchased from
Rellaet al, 1987) and a large biomass is easily obtainedPharmacia. Hydroxyapatite was obtained from Bio-Rad. Matrix
BecauseS. solfataricusgrows at very high temperatures, it gel red-A and ultrafiltration Diaflo membranes were from
should provide a source of enzymes with unusualAmicon Corp. Pre-cast gels for SDS-polyacrylamide gel
physicochemical properties. In addition to its growth in electrophoresis were purchased from NOVEX. Low molecular-
extreme environments, the study 8f solfataricusas a mass standards for SDS/PAGE were purchased from Bio-Rad. All

. . . . other chemicals and solvents were reagent grade or better.
member of the third primary kingdom of organisms gentg

(V\/_oeseet_al., 1977) is interesting from a phylogenetic Growth conditions of S. solfataricus Briefly, S. solfataricus

point of view. strain MT-4 was grown aerobically at €7 and pH 3.5 as
Since the nitrogen metabolism &. solfataricusis  previously described (Rosa al, 1984) using 0.2% yeast extract

completely unknown (Jonext al, 1987), the abundance of as nutrient. Minimal growth media contained 1% casamino acid.

GDH and its putative involvement in amino group Cells were harvested in the stationary growth phase by

metabolism motivated us to study this enzyme. It has beegontinuous shaking using Lab-line orbit environ-shaker.

shown thatS. solfataricus5DH might be the first enzyme

involved in the biosynthesis of amino group by conversionEnzyme purification and assay GDH was purified fromS.

of 2-oxoglutarate and ammonia to glutamate (Consalvfolfataricusby the method described by Consatvial (1991)

etal, 1991). The GDH fron®. solfataricupresents some and tested for homogeneity using Coomassie-stained gradient

. . S ... .. SDS-polyacrylamide gel electrophoresis. Glutamate dehydro-
interesting properties; it has a double coenzyme Specmc'tygenase activity was measured spectrophotometrically in the

!S strictly specific fo_rL-gI_utamate an_d 2-oxoglutarate and direction of reductive amination of 2-oxoglutarate by following
its thermal stability is a function of the enzyme e decrease in absorbance at 340 nm &€ 68Il assays were
concentration. Further interest stems from potentialperformed twice, and initial velocity data were correlated with a
biotechnological applications and from a more directstandard assay mixture containing 50 mM triethanolamine, pH
approach toward the problem of protein thermostability,8.0, 100 MM ammonium acetate, 0.1 mM NADH, and 2.6 mM
and evolutionary consideration. We recently investigatedEDTA. GDH concentrations were adjusted to give a measured
different types of GDH isoproteins from bovine brain (Cho rate of less than 0.04 absorbance units/min. The reaction was
et al, 1995) and reported the molecular properties of theStarted py adding 2-oxoglutarat§ to final concentration of 10 mM.
GDH isoproteins (Cho and Lee, 1996; Géioal, 1998a; One unit of enzyme was defined as the amount of enzyme

1999: Leeet al, 1998). Our work led to the finding that required to oxidize umol of NADH per min under the standard
GDH’iS presen.t, in bovine brain in “heat-labile” andg“heat- assay conditions described above. Unless otherwise specified,

N ; . ~ 7 highly purified GDH fractions were used for this study.
stable” forms (Chet al, 1995). The reactive amino acids Stimulation or inhibition studies with ADP, L-leucine, and GTP

involved in catalysis of brain GDH have also been reporteqyere performed at various concentrations in assay buffer as
(Ahn et al, 1999; Cho and Yoon, 1999; Clkob al, 1996; described in the table legends.

1998hb; 1999; Kimet al, 1997). There is a relatively low

homology between microbial and mammalian GDHs andChemical modification of GDH with o-phthalaldehyde or

the comparison of the detailed structure and function of th@henylglyoxal Solutions of o-phthalaldehyde were freshly
various GDH species has rarely been reported. AlthougRrepared daily as described by Akb al (1999) and Huynh
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(1990). Solution of phenylglyoxal was prepared by dissolving the
solid in a minimum volume of methanol and then adding water
to give a 20 mM solution. The concentration of phenylglyoxal
was determined from the absorbance in methasag} (,,=
11300 M'cm™) as described elsewhere (Kohlbrenner and Cross,
1978). The modification was carried out at®0by incubating

the enzyme (1fiM) with o-phthalaldehyde or phenylglyoxal in
0.1 M potassium phosphate buffer, pH 7.4. The final
concentration of methanol in the incubation mixture was no more
than 1% (v/v) and was found to have no effect on enzyme
activity. For inactivation studies, the enzymes were incubated
with different concentrations of o-phthalaldehyde. At different
time intervals, aliquots were withdrawn from the mixture to
determine the remaining activity. Controls without inhibitor were
included and the remaining activity is expressed as percentage of
each control activity. For protection experiments, the enzymed-ig. 1. Sodium dodecyl sulfate-polyacrylamide gel electro-
were preincubated with varying concentrations of 2-oxoglutaratephoresis of purified GDH fronB. Solfataricus 1, molecular
or NADH prior to the addition of phenylglyoxal. Aliquots were weight marker proteins (Bio-Rad); 2, GDH.

withdrawn from the mixture to determine the remaining activity.

For kinetic studies, the assays were carried out by varying the

substrate under investigation while keeping the other substratgaple 1. Effects of several effectors on the activity of GDH from
and reagents at the optimal concentration indicated above. Initiay solfataricusThe enzyme assay was carried out as described in
velocity data were fitted by a least-squares method to the doubl@yaterials and Methods. The values are expressed as a percentage

@ - 45kDa

svay Wl |-

reciprocal plots. of the control and calculated at the highest effector concentration.
Effectors Concentration Relative activity

Results and Discussion (mM) (%)
The specific activity of the purified GDH frons.  Control 100
solfataricus was 83 units/mg, 166-fold that of the crude ADPP 0.10-10.0 90
extract, and the molecular mass of the enzyme subunit we@TP_ 0.01-0.10 98
45 kDa as estimated by sodium dodecyl sulfate pon—lé%”TcAne 01'1000_1100'00 110003
acrylamide gel electrophoresis (Fig. 1), which is in good_. Pt

t with . | red val Consdlui Diethylpyrocarbonate 0.05-10.0 98
agreement with previously reported va ue.;( ons#llel,  ppihalaldehyde 0.05 40
1991). The purified GDH at 1 mg/ml protein concentration ppenyiglyoxal 4.0 25

showed remarkable thermostability and retained more than

95% of the initial activity after incubation at20°C, 4°C,

and 28C for up to 6 months. Unlike GDH from bovine

brain (Choet al, 1995), GDH fronS. solfataricuglid not  archaebacterial protein from the two groups of vertebrate
suffer a considerable loss of activity upon freezing oron one side and eubacterial and low eukaryote enzymes on
lyophilizations and retained more than 90% of the initialthe other side (Marast al, 1992). This seems to confirm
activity. It has been documented that there are bighe presence of different evolutionary pathways in the
differences between GDHs from mammilla and GDH class, probably due to the appearance of enzymes
microorganisms in their regulation by allosteric effectorscharacterized by a less stringent requirement for the type of
such as ADP, GTP, and leucine (Cho and Yoon, 1999; Chpyridine coenzyme and by the lack of regulation of purine
et al, 1996; 1998b; Fisher, 1985; Smi#t al, 1975). nucleotides and other reagents. Three-dimensional
Therefore, we undertook the task of accounting for thestructural determination is obviously necessary to
regulatory properties of GDH fror®. solfataricus The  unequivocally determine the specific contribution to the
activity of GDH from S. solfataricus unlike GDH from  regulatory site of amino acid and the understanding of the
bovine brain, was not significantly affected by the presenceature about the enzymes.

of various effectors such as ADP, GTP, and leucine Chemical modification studies can make a useful
(Table 1). These results are consistent with previousontribution, by providing insight on what is likely to be in
reports that GDHs from microorganisms are relativelythe highly conserved region of the sequence, and by
insensitive to allosteric control of their activity (Smith, providing a means of detecting substrate binding through
1975). It should be noted that comparison of the amingrotection studies. A modification of histidine residues of
acid sequence of GDH fror8. solfataricuswith those the purified GDH by diethylpyrocarbonate did not affect
from different sources gives an overall identity of 9.2%the enzyme activity (Table 1), suggesting that histidine
and shows a symmetrical evolutionary distance of thigesidues are not directly involved in the catalysis of this
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enzyme. o-Phthalaldehyde, a homobifunctional crossresidue in mammallian GDH reaction (Chen and Engel,
linking reagent, has been used as an active-site inhibitor af975; Kim et al, 1997; McPhersort al, 1988). Using
many enzymes containing SH and Ngroups about 3A  trinitrobenzene sulfonic acid, however, it was reported that
apart (Huynh, 1990; Rideet al, 1989). Most previous Lys-422 is involved in the catalytic activity, as well as the
work suggests that o-phthalaldehyde forms an isoindolgegulation and maintenance of quaternary structure, while
adduct by cross-linking the-amino group and the |ys-419 only has a structural role (Coffee al, 1971;
sulfhydryl group of the active site lysine and cysteineGoldin et al, 1971). Talboet al (1977) showed evidence
residues, respectively (Ahat al, 1999; Pandeyet al,  for the existence of two pyridoxal'phosphate binding
1996). The effect of o-phthalaldehyde on the reaction rateites, Lys-126 and Lys-333. Recently, Pandegl. (1996)

of GDH has been investigated. The purified GDH wasreported that bovine liver GDH is inactivated by o-
inactivated by o-phthalaldehyde at°@0 Incubation of  phthalaldehyde and that cysteine and lysine residues are
GDH with increasing concentration of o-phthalaldehydepresent at the active site. Very recently we proposed (Ahn
resulted in a progressive decrease in enzyme activitgt al, 1999) that Lys-306 of the bovine brain GDH is the
(Fig. 2). After 5min of incubation with 100M  site of o-phthalaldehyde modification in the peptide
o-phthalaldehyde, more than 98% of the original activity ofbackbone between Leu-296 and Lys-308. It was also
the GDH was lost, suggesting that the o-phthalaldehydeuggested (Ahret al, 1999) that the o-phthalaldehyde-
modified lysine or cysteine residue is directly involved in modified lysine residue is different from the previously
catalysis. A more detailed analysis of the effect ofreported reactive lysine residues such as Lys-126, Lys-419,
o-phthalaldehyde on GDH showed that the inhibition was

competitive with respect to 2-oxoglutarake € 30 uM) at

a fixed concentration of NADH, and o-phthalaldehyde also A 100 -
behaved as a competitive inhibitor with respect to NADH
(K; = 100puM) at fixed 2-oxoglutarate (Fig.3). These = 80 -
results further support a possibility that the E
o-phthalaldehyde modified residues may be involved at the E 60 -
catalytic, although the three-dimensional structure of GDH =
from S. solfataricuss not available yet. E
Chemical modification studies have shown the existence g 40+
of the essential lysines of GDH from various sources. 2
Particularly, several lysines have been shown to have = 20~
specific roles. Many of the studies have shown the Lys-126 % o n

labeled with pyridoxal 5phosphate is the essential lysine 0.0 05 1.0 L5 2.0 2.5
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Fig. 2. Time-dependent inactivation of GDH by o- 1/[NADH] (mM?)

phthalaldehyde. GDH was incubated with the indicated

concentrations of o-phthalaldehyde in the assay mixture°@. 60 Fig. 3. Inhibition of GDH activity by o-phthalaldehydé. The
After 2 min, aliquots were withdrawn and the activity was concentration of NADH (10QM) was kept constant and that of
assayed by the addition of the standard assay mixture. Remainirgzoxoglutarate was varieB. The concentration of 2-oxoglutarate
activities are expressed as a percentage of each control. TH&0uM) was kept constant and that of NADH was varied. Results
concentrations of o-phthalaldehyde used wepdi0(e), 25uM were obtained at concentrations of o-phthalaldehydeudi Qe),

(@), 50pM (m), and 10QUM (©). 50puM (O), 100pM (m), and 15QM (0) at pH 8.0.
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and Lys-422 by other labeling studies (Cofégeal, 1971;  oxoglutarate (data not shown). This result indicates that
Goldin et al, 1971; Kimet al, 1997). The three- GDH saturated with NADH or 2-oxoglutarate is still open
dimensional structure of GDH fronClostridium to attack by phenylglyoxal. The data presented in Fig.5
symbiosurnsuggests that Lys-306 would appear to be in andicate that phenylglyoxal is an uncompetitive inhibitor
loop joining3-j and3-k, some distance from the coenzyme (K; = 5 mM) with respect to 2-oxoglutarate at fixed
binding surface of the NAD-domain and still further from  concentrations of NADH and a noncompetitive inhibitor
the sites for catalysis and glutamate binding. A comparisortK; = 6 mM) with respect to NADH at fixed concen-
of the detailed structure and function of the various GDHtrations of 2-oxoglutarate. The above results suggest that
species rarely has been reported. The detailed primarhe phenylglyoxal-modified arginine residues are not
structure of the o-phthalaldehyde-modified residue in thdocated at the coenzyme or the substrate binding site and
overall sequence of GDH froi@. solfataricusemains to  the inactivation of GDH by phenylglyoxal may be due to
be determined. a steric hindrance or a conformational change effected by
The modification of GDH by the arginine-specific the interaction of the enzyme with its inhibitor.
dicarbonyl reagent phenylglyoxal was examined with the To our knowledge, this is the first report showing an
view that arginine residues might play a general role in thenvolvement of reactive lysine or cysteine residues in the
binding of coenzyme throughout the family of pyridine catalysis ofS. solfataricusGDH. GDH protein may
nucleoide-dependent dehydrogenases (Foster and Harrisgmovide an explanation for nitrogen metabolism in
1974; Langeet al, 1974; Yang and Schwert, 1972). The archaebacteria and offer new perspectives in understanding
common feature of the enzymes for which arginine isenzyme thermostability, and may reveal more information
essential seems to be the catalysis of a reaction involving
a negatively charged substrate or coenzyme. Since GDH
has negatively charged substrates and coenzymes, it has A 100
several regions that might be postulated to include
arginine. Actually, it was reported that functional arginine
residues are involved in coenzyme bindingNsurospora
GDH (Blumenthal and Smith, 1975). The purified GDH
from S. solfataricuswas inactivated in a dose-dependent
manner by phenylglyoxal at 680 as shown in Fig. 4.
Either NADH or 2-oxoglutarate did not gave any
protection against the inactivation caused by a
phenylglyoxal (Fig.4). No significant protection was
observed by the combined addition of NADH and 2- I B

-
<
]

1~ (umol/min/mg)
[~
<
L

[
<
|

i\

0.0 05 1015 20 25
1/[2-Oxoglutarate] (mM™)

100

75 B 100

80
50
60

25

0 I | | § 20
0 1 2 3 4 5 /
I I ] 1 I 1

[Phenylglyoxal] (mM) 0 10 20 30 40
Fig. 4. Dose-dependent inactivation of GDH by phenylglyoxal. 1/[NADH] (mM?1)
GDH was incubated with the indicated concentrations of
phenylglyoxal in the presence of NADH or 2-oxoglutarate atFig. 5. Inhibition of GDH activity by phenylglyoxalA. The
60°C. After 5 min, aliquots were withdrawn and the activity was concentration of NADH (10pM) was kept constant and 2-
assayed by the addition of the standard assay mixture. Remainimgxoglutarate was varie®. The concentration of 2-oxoglutarate
activities are expressed as percentage of each camt(@DH + (10 mM) was kept constant and NADH was varied. Results were
phenylglyoxal);0, (GDH + NADH + phenylglyoxal)m, (GDH + obtained at concentrations of phenylglyoxal of 1 mi, @ mM
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about the evolution of this enzyme during the progression (1971) Identification of the sites of modification of bovine
towards the eukaryotes. This information is needed to !lver glutamate dehydrogenase reacted with trinitro-

. . . . . benzenesulfonatdBiochemistryl0, 3516—3526.
establish the possible evolutionary relationship betwien Consalvi, V., Chiaraluce. R., Politi, L., Gambacorta, A., Rosa, M.,

solfataricusGDH and other well-known eukaryotic GDH.  anq Scandurra, R. (1991) Glutamate dehydrogenase from the
Therefore, further studies are required to elucidate the thermoacidophilic archaebacteriuBulfolobus solfataricus
physiological roles of various types of the GDH proteins.  Eur. J. Biochem196, 459-467. o _
Further sequence characterizationSofsolfataricusGDH DeEROZEr‘{ dMéu%ﬁ?cboarceort\? f\iésNigogﬂséoié ?nlae;ggg'is?ﬁ Tno‘i[:g’
Is in progress in our laboratory. extreme thermoacidophilic archaebacteri8nlfolobus
solfataricus Biochem. J224, 407-414.
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