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Abstract Isocitrate  dehydrogenase [IDH; EC
1.1.1.42] from the thermoacidophilic archaecon Ther-
moplasma acidophilum (TalDH) showed high thermal
stability with an apparent melting temperature, Ty,, of
82.2 and 84.5°C at pH 7.5 and 5.8, respectively. Based
on structural alignment of TaIDH with IDH from
Aeropyrum pernix (ApIDH) and Archaeoglobus ful-
gidus (AfIDH) residues forming an aromatic cluster in
the clasp-domain thought to strengthen the dimer
interface in ApIDH and AfIDH were identified in the
former enzyme. Moreover, TaIDH had a shortened N-
terminus that may protect the enzyme from thermal
denaturation. The enzyme activity of TaIlDH was
highest at 70°C. The pH-activity profile was bell-
shaped with an optimum shifted to a lower pH com-
pared to AfIDH. The activity of 7TalDH was influenced
by changes in pH with a three-fold reduction in activity
when the pH was shifted from the pH-optimum at 7.5
to pH 5.8. However, the specific activity at pH 5.8 was
still high when compared with AfIDH. The reduction
in activity at pH 5.8 was not due to instability of the
enzyme as the Ty, of TalDH was higher at pH 5.8 than
at 7.5 and the enzyme retained 91% of its activity after
incubation at 1 h at pH 5 and 60°C. The difference in
the pH-profile of TalDH in comparison with AfIDH
may thus be related to the pK,s of their catalytic res-
idues involved in the initial proton abstraction and the
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final proton donation during the catalysis of oxidative
decarboxylation of isocitrate to 2-oxoglutarate and
reduced coenzyme.
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Abbreviations
IDH Isocitrate dehydrogenase

TalDH Thermoplasma acidophilum IDH
AfIDH  Archaeoglobus fulgidus IDH
PAIDH  Pyrococcus furiosus IDH
EcIDH  Escherichia coli IDH

DSC Differential scanning calorimetry
Tm Melting temperature

Isocitrate dehydrogenase (IDH) belongs to the metal-
dependent (Mg>* or Mn?>") p-decarboxylating dehy-
drogenases, an enzyme in the tricaboxylic acid cycle
which catalyses the oxidative decarboxylation and sub-
sequent dehydrogenation of p-isocitrate to a-ketoglu-
tarate and CO, using NAD*(EC 1.1.1.41) or
NADP*(EC 1.1.1.42) as cofactor (Hurley et al. 1991).
IDHs are broadly distributed throughout Bacteria,
Eukarya and Archaea (Steen et al. 2001) and based on
primary sequence identity, IDHs have previously been
divided into three distinct phylogenetic subfamilies,
subfamily T (NAD(P)"-IDHs from archaea and bacte-
ria), subfamily II (NAD(P)*-IDHs from eukarya and
bacteria) and subfamily ITT (NAD*-IDHs from eukarya)
(Steen et al. 2001). The crystal structures of NADP*-
dependent IDH from Escherichia coli (EcIDH) (Hurley
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et al.1989), Bacillus subtilis IDH (Singh et al. 2001),
Archaeoglobus fulgidus (AfIDH) (Stokke et al. unpub-
lished data) and Aeropyrum pernix (ApIDH) (Kar-
Istrom et al. 2005) have revealed a high structural
similarity between intra-family members of subfamily 1.
However, the thermal properties among these IDHs
vary significantly with ApIDH and AfIDH being most
thermostable with an apparent melting temperature
(Tw), of 109.9 and 98.5°C, respectively, in comparison
with the T, of 52.6°C of EcIDH. Structural comparisons
of ApIDH and AfIDH with EcIDH have revealed fixa-
tion of the N-terminus, shortening of surface loops, in-
ter-domain ionic networks and aromatic clusters for
stabilizing the dimer interface as putative major mech-
anisms for increasing the thermal stability of the two
former enzymes (Karlstrom et al. 2005; Stokke et al.
unpublished data).

Data regarding the thermal properties of IDH from
Thermoplasma acidophilum (TalDH) will provide
valuable information in the mid-range temperature
area between the IDHs from the hyperthermophilic A.
pernix and A. fulgidus and the IDH from the meso-
philic E. coli.

Wild-type T. acidophilum DSMZ 1728 cells were
cultivated aerobically at 59°C in medium 158 as de-
scribed by DSMZ. Genomic DNA was isolated using
AquaPure Genomic DNA Isolation Kit from BioRad
(Bio-Rad Laboratories Ltd., UK) according to the
manufacturer’s instructions. The putative idh gene
from T. acidophilum, as amplified by PCR using the
following primer sets: 5-CACCATGGCATATATTC
AAGTGAAGGAGG-3" and 5-AAGCCTTTAGT
GAACAGGTTTTTTCATCCTGTTG-3’, was found
to contain a high percentage of rare E. coli codons,
AGG and AGA, coding for arginine. Hence, expres-
sion of TalDH in E. coli BL21 was performed in the
presence of a plasmid (pSJS1240), which expressed the
argU and ileX genes encoding rare tRNAs (Kim et al.
1998). Twelve of the total 17 arginines in TalDH were
encoded by AGG, whereas none of the total 17 argi-
nines were encoded by AGG in EcIDH. The over-
expression of recombinant 7alDH in E. coli strain
BL21/pSJS1240 was performed by growing trans-
formed cells in LB broth containing ampicillin (100 pg/
ml) and spectinomycin (50 pg/ml) at 37°C to ODggg =
0.7-0.8 and subsequent expression (3-4 h) after

addition of 1.0 mM isopropyl-beta-p-thiogalactopyr-
anoside. The purification of recombinant 7alDH was
performed as previously described for other archaeal
IDHs (Steen et al. 2001) and resulted in a high yield
of purified enzyme (Table 1). However, the amount of
purified recombinant 7alDH of 3 mg pure protein/
liter culture was considerable lower than previously
obtained for other archaeal IDHs (Steen et al. 2001).
This result indicates a low expression level of TalDH
in E. coli despite the presence of the plasmid pSJS1240.
The enzyme was purified to homogeneity as assessed
by SDS-PAGE with Coomassie blue staining.

All amino acid residues involved in binding of iso-
citrate in EcIDH and ApIDH from subfamily I were
conserved in TaIDH (Fig. 1). Purified recombinant
TaIDH showed no activity when NAD™ was used as
cofactor in concentration up to 2 mM, but showed
preference for NADP™ with a K, of 111 pM. This re-
sult is supported by the conservation (Fig. 1) of amino
acids involved in cofactor specificity in the NADP™-
dependent EcIDH (Hurley et al. 1991; Dean and
Golding 1997). This result contradicts the data re-
ported on enzyme activity measurements in crude ex-
tract from 7. acidophilum indicating TaIDH as having
dual-cofactor spesificity (Potter 1993).

TalDH had highest specific activity at 70°C
(Fig. 2a), i.e., 11°C higher than the growth optimum of
the host organism (Table 2). At 70°C TalDH showed a
half-life (#;,) of 88 min, which decreased to 24 min
when the temperature was increased to 75°C (Fig. 2b).
The thermal stability of TaIDH was furthermore esti-
mated by differential scanning calorimetry (DSC). As
previously found for other IDHs (Steen et al. 2001),
the thermal unfolding of TalDH was found to be an
irreversible process. Hence, only an apparent midpoint
Ty, could be determined. At pH 7.5, a Ty, of 82.2°C was
found for TalDH and the value shows that TalDH has
a thermal stability midway between ApIDH and
AfIDH, respectively, and EcIDH (Table 2). Interest-
ingly, at pH 5.8, close to the reported intracellular pH
of the host organism (Searcy 1976), TalDH revealed a
T of 84.6°C, i.e., 2.3°C higher than at pH 7.5 (Fig. 2c¢).
The acid tolerance of TalDH, compared to AfIDH,
was further estimated by incubating the enzymes for
1h at pH 3, 4 and 5 and measuring the residual
activity. TalDH was found to be moderate acid toler-

Table 1 Purification of
recombinant TalDH
expressed in E. coli BL21

Total
activity (U)

Total protein/
liter culture (mg)

Specific Yield
activity (U/mg) (%)

(pSIS1240) Crude extract 1873 1836 27 100
Heat treatment (60°C) 140 1821.25 235 99.2
Red Sepharose affinity chromatograpy 3 1190 396.7 64.8

@ Springer



Extremophiles (2007) 11:397-402 399
Fig. 1 Sequence alignment of B a
AfIDH -_ —> — 00QQQ0000000000Q00000
IDH sequences from archaea; 1 10 20 30 40
AfIDH (CAB09535), TalDH AfIDH ........ MQYEKVKPPENGEKIRYENEKRE 1 VIJOND I[T] DARADKIG. . .
(NP_393595), ApIDH TAQIDH .. oovvvnennnn.|d MAY I QVKEDETHOVEIDRVTTCY IEgNe 1l oD IisK TTINyLNARL DI AYGG
— ’ ApIDH MQVMASPPCTTEELSPPPGGESLVEYSGESHRVEDNPVV €DEVVES DARVKKVY[GGS
(NP_147421) and Pyrococcus PEIDH ........... MSIRL[PQE/GKVIEVVNESHKIZNEP IVAYIE[ehleI[eREV I PAAIKMY \VETAY[KG
furiosus IDH (PfIDH:; ECIDH ......... MESKVVV[PAQGKK I TLONEKINVIZENP|T|Tply Tl 1 vipvIT PAMLKY VDAV EKAYKGE
o EcIDH - - 0000000000000000000
NP_577931), and bacterial B 2
EcIDH (NP_415654). The
sequence alignment was made A b c C d F
. AfIDH — 0000000 020000000009 ==—>
in clustalW qnd secondary so 70 8o 50 100 110
structure assignments were AfIDH EVVIJFOVIYAEEDRYKLY[E. . NYJDDTLNATKE FR{A LI L TES Ve cla Y ERE LRRy T
added in ESPript (Gouet TaIDH S[IEWKKILADERAYDKTE. . DRIBHOS|S LD ELKKCVYYS LIRS L TR T/E rlel r RS gy T

t al. 1999). Secondar ApIDH RIVUWELLAEHIAREKCE. . ELIBEKATLEGIRLARNALEQRIL Egav(e Te v Rl L Y
et al. - Secondary PEIDH RIVIWKLLAFKERALOKVE. . KLIBIEETVKGIAE VKA LISk IME sl 1 e le e 1)y
structure assignments was EcIDH KISQMEIYTEEKSTOVY{€ODVWIBEAETLDLIRE Y RYYA IiQeRy L T vigclel T h¥E LRy 0
5 LQ0Q0Q0QQ Q000000000 Q0000000Q
given the nomenclature as EcIDH T . . ? 1 F
implemented in EcIDH -E = L]
(Hurley et al. 1989), ApIDH G M e N
(Karlstrém et al. 2005) and AfIDH » QQQ —p Q200 => QQ0000000QQQQQ
A DH (Stokke et al 13(.) 14(.) 15(? 16(.) 17(.) 18(.) 19(?

f . . AfIDH YFUKGVESPI KHPEKVNFY IR T VEENk o R CHE ERLK T 1’ ... IREDS[EHCIEYT
unpublished data). Amino TaIDH RPF PG VRSPV VHPEYMNMV VISR TIIN L eNEAY R v DEDGIKK VR E . . LT/SDT[efdG I}8T
acids responsible for bindin ApIDH RMYG . QAPHKYADR VDMV IfRSANTIANvISXE#AY o 1 D P EMAR TR R . . IREDAIG VST

ds Tesp & PEIDH KpYG. VITVY BYADKVDL|T IiRSRY TrnvEgNeR#AE A VER EFNOR LR E ... IREDS[EMTLI$YT
of isocitrate and the EcIDH RpY QGTSV HPEL TDMV TiE¥eRy SERN T re BRI K A DA DINEK VT KI#MR EEMGVIKK I R F PEHClepiG IE$34C
discrimination of cofactor EcIDR » G ;/1' ;’
. €
NADP" in EcIDH are - -
marked with boxes and stars, £ I ol L ©
respectively AfIDH » —_— = 00000000
220 230 240 250 260
AfIDH [FE K SERIL VERELY T35 YR 8GR DG Y EVRYK QEFGE Y CITEDELWDKYGGKQ
TaIDH [ K NN L VESSER TN ViRt SL K B\ G Y EVINK TEJGNY TVTETEYLQDPE . KY
ApIDH [R TVNEN T MERER 1IN Y pRAeF NSV RINA YEVIAL EKFREHVVTEQEVQEKYGGVR
PEIDH [ KREQY T MESRER VISA FIRXI NI R NIUAFEVINEKEJSEYVS . . . . .. ... IGKP
EcIDH HE D SNANL VEESeR TS Fegotel B K DG Y Q LINR EE[JGGEL IDGGPWLKVKN . PN
ECIDH = 000000000000000000 b 0000000000000000 = —_
f I g L
=
J i E
AfIDH —0000000000 000 = 00000000000000 000 m—
289 290 300 319 320
AfIDH 130 QR Riweli 3Ry TIS#EIN LN G D YA S D ARVAAIM G G CH Al GEN
TaIDH 430 O TN R i)l viky TESMEIN 1. N G D i s D AMINA I G GGl ale
ApIDH (L4811 T P wiDF§Q VER v A PSSR IelRY TERFA A ST, vefe 1 felmEy
PEIDH W10 Ol R AT v B T\ N 1. N G D YIS DAV A ¢ o cllial
EcIDH 190 ORI RIFN v N 1)X®YN LN G D Yhis D A A G chichiald
EcIDH —P0000000000 000 =% 00000000000000Q
J h H i
] k 1
AfIDH QQQQQ0Q0000QQQ.Q0Q 2000000000000000 =+ 0000000 =»> 00000
34? 359 369 37? 38? 399 409
A£IDH GALMF . EY|I[KDASEMIKKAVEMTISSC IV YBIHJEMG . GTKVIG TREFA
TaIDH GEMML . |QHT/UNEAANI LDEATMQTYRDQKLIOM T ARLLN . VKALKCSEFG
ApIDH ASLLIGEFMEIREVKSIVEYAIRKAVOSKKVIMONLARHMPGVQPRLRTSEYT
PEIDH AALLL . EYLENVEAAELIRASLRKTIEKGKVIPBLARGEK . . . AL/STERFT
EcIDH AEMML . REMEQYTEAADL IVKGMEGA I NAKTIVEY VI F EfJLMDGAKLILKX C SEFG
EcIDH LQ0QQ00QQQQ0Q. QO 2000000000000000 ==$0000 > 00000
j k 1 m
AfIDH
AfIDH [EAVVENLOSL...........
TaIDH [EEIINRMKKPVH.........
ApIDH |ETLIAYIDEADLNEVLAGKRG
PEIDH (QEVIKEIEGE...........
ECIDH DAIIENM..............
EcIDH

ant with 81% residual activity remaining after 1 h at
pH 4.0. In comparison, AfIDH showed only 67%
residual activity. Both enzymes were inactive after 1 h
at pH 3.0 (not shown).

Structure analysis of homodimeric ApIDH and
AfIDH revealed a conserved aromatic cluster in the
clasp-domain formed by three aromatic residues from

each monomer (Karlstrom et al. 2005; Stokke et al.
unpublished data). This aromatic cluster is thought to
strengthen the subunit interactions and contribute to
the high thermal stability observed for these enzymes.
An aromatic cluster may also be formed in TalDH as
the residues involved are conserved in its primary
structure; Trp154, Phel67 and Phel72 (Fig. 1). The
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Fig. 2 a Temperature optimum for activity of 7alDH as
determined spectrophotometrically by monitoring the conver-
sion of NADP" to NADPH at 340 nm and varying temperatures
from 35 to 80°C in 50 mM Tricine/KOH pH 7.0. b Inactivation of
TalDH incubated in a glycerol bath at given temperatures; 60
(filled circle), 65 (open circle), 70 (filled inverted triangle) and
75°C (open inverted triangle). Aliquots were removed at given
time intervals, 0-120 min, snap-cooled on ice and residual
activity was determined at 60°C in 50 mM Tricine/KOH pH
7.5. ¢ Apparent Ty, of TalDH, as determined by DSC in 50 mM

Table 2 Thermal stability of IDH from mesophilic and
(hyper)thermophilic microorganisms

Organisms Torowmn (°C) Topt (°C) Tm (°C)*
P. furiosus 100 295 103.7°
A. pernix 90-95 >95 109.9°
A. fulgidus 83 90 98.5°
T. acidophilum 59 70 82.2
E. coli 37 50 52.6°

# 50 mM potassium phosphate pH 7.5, 0.1 M NaCl
b Steen et al. (2001)
¢ Karlstrom et al. (2005)

residues involved in a 4-membered ionic network from
the clasp-domain of one subunit to the small domain of
the adjacent subunit in AfIDH were however, not
conserved in the sequence of TalDH. However, the
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potassium-phosphate, 0.1 M NaCl, pH 5.8 and 7.5, respectively.
The calorimetric scans were carried out between 20 and 100°C
with a scan rate of 1 K/min. A second scan was run to estimate
reversibility. Apparent 7,,s were determined from the transition
midpoint upon unfolding, due to the irreversible nature of the
enzyme. d pH-profile for activity of TalDH with AfIDH as
control. The profiles were determined with two buffer systems;
20 mM sodium-phosphate pH 5.6-8.0 (filled circle, TaIDH and
filled triangle, AfIDH) and 50 mM Tricine/KOH pH 7.0-8.5
(filled square, TaIDH and circle inside filled square, AfIDH)

loop shortening observed between helix e and strand N
(Fig. 1) in the clasp-domain of AfIDH compared to
EcIDH was also observed in the sequence of TalDH.
One of the strategies of the hyperthermophilic IDHs to
maintain the integrity of the structure at high temper-
ature has been anchoring of the N-terminus. In
ApIDH, a disulfide bond at the N-terminus was con-
firmed by mutagenesis to be involved in the stability
above 100°C, as disruption of this interaction reduced
the Ty, from 109.9 to 100.3°C (Karlstrom et al. 2005).
In the structure of AfIDH, no disulfide bond was ob-
served. However, the N-terminus of AfIDH was shown
to be shorter than in ApIDH. Furthermore, an aro-
matic cluster in the N-terminus of AfIDH was sug-
gested to stabilize this region. The N-terminus of
TalDH was shown to be shorter than both the meso-
philic EcIDH and the hyperthermophilic PfIDH,
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AfIDH and ApIDH with 9, 7, 10 and 18 amino acids,
respectively (Fig. 1). Hence, a substantial shortening in
this area could protect the N-terminus and aid in the
protection of TalDH from thermal degradation. Pre-
vious studies on citrate synthase (CS) have shown no
extra interactions in the N-terminus of 7. acidophilum
CS to be essential for its thermal stability (Bell et al.
2002). In ApIDH, a seven-membered network was lo-
cated between the large and the small domain at the
opposite side of the active site (Karlstrom et al. 2005).
Analysis of AfIDH found three of these residues con-
served in an ionic network. Sequence comparisons re-
vealed the same three residues conserved in 7alDH
(Aspl12, Argl94 and Asp315). However, the three
residues were also conserved in EcIDH. A structure of
TalDH 1is being pursued in order to investigate the
molecular elements involved in the thermal stability of
this enzyme.

Thermoacidophiles are highly adapted to the high
temperature and the harsh environment of low pH
(0—4) by maintaining an intracellular pH close to neutral
(Darland et al. 1970; Searcy 1976; van de Vossenberg
et al. 1998; Macalady et al. 2004). Activity measure-
ments of TalDH at various pH-values revealed a bell
shaped pH-activity profile (Fig. 2d) with an optimum
shifted to a lower pH compared with AfIDH. At 60°C
TalDH showed the highest activity at pH 7.5. How-
ever, the activity in 20 mM sodium-phosphate revealed
large differences between pH 7.3-7.5. In comparison,
the pH-optimum for activity of AfIDH has previously
been found to be pH 8.6 (Steen et al. 1997). Further-
more, the pH-profile of TaIDH and AfIDH revealed
the activity of TalDH as highly buffer- and pH-
dependent compared to AfIDH (Fig. 2d). At pH 5.6,
close to the physiological intracellular pH of T. aci-
dophilum at pH 5.5 (Searcy 1976), TalDH still sus-
tained a high specific activity as compared to AfIDH.
The pH-optimum of activity for TaIDH is approxi-
mately 2 pH units above the intracellular pH of the
host organism (Searcy 1976). Similar observations have
also been found for glucose dehydrogenase from P.
torridus (Angelov et al. 2005). The decreased activity
at pH 5.6 compared to pH 7.5 is not ascribed to an
inactivation of TalDH since incubation at pH 5 and
60°C retained approx 91% initial activity of the en-
zyme. The bell shaped pH-activity profile of TalDH
could be explained by the ionization states of two
catalytic residues involved in the conversion of isoci-
trate to a-ketoglutarate. The oxidative decarboxylation
of isocitrate to a-ketoglutarate and NADPH proceeds
in two steps. In the initial step, isocitrate is oxidized to
oxalosuccinate by the removal of a proton from the
hydroxyl oxygen to a base and the transfer of a hydride

to NADP™. In EcIDH, the base was suggested to be
Asp283 (Hurley et al. 1991). However, in porcine IDH
and ApIDH an active-site water molecule was sug-
gested to accept this proton as part of a proton relay to
the solvent (Ceccarelli et al. 2002; Karlstrom et al.
2005). Second, the S-carboxylate of oxalosuccinate is
lost as CO, followed by the stereospecific protonation
of the f-carbon to form a-ketoglutarate. In EcIDH,
Tyr160 and Lys230” was shown to be hydrogen-bonded
to the f-carboxylate of isocitrate and acted as acid
catalyst that protonated C3 after decarboxylation
(Hurley et al. 1991). The observed shift in pH-optimum
in TalDH compared to AfIDH could be a result of a
pK. change of the two catalytic residues Asp283 and
Lys230 (EcIDH numbering). This was, however, not as
extreme as for extracellular acidophilic enzymes, but
rather in agreement with previously observed charac-
teristics for intracellular enzymes from acidophilic
organisms (Richter and Schafer 1992; Nemoto et al.
2003; Hansen et al. 2004; Angelov et al. 2005).
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