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Isocitrate dehydrogenase from Aeropyrum pernix (ApIDH) is a homodimeric
enzyme that belongs to the B-decarboxylating dehydrogenase family and is
the most thermostable IDH identified. It catalyzes the NADP* and metal-
dependent oxidative decarboxylation of isocitrate to o-ketoglutarate.
We have solved the crystal structures of a native ApIDH at 22 A, a
pseudo-native ApIDH at 2.1 A, and of ApIDH in complex with NADP™,
Ca®" and d-isocitrate at 2.3 A. The pseudo-native ApIDH is in complex
with etheno-NADP* which was located at the surface instead of in the
active site revealing a novel adenine-nucleotide binding site in ApIDH. The
native and the pseudo-native ApIDHs were found in an open confor-
mation, whereas one of the subunits of the ternary complex was closed
upon substrate binding. The closed subunit showed a domain rotation of
19° compared to the open subunit. The binding of isocitrate in the closed
subunit was identical with that of the binary complex of porcine
mitochondrial IDH, whereas the binding of NADP* was similar to that of
the ternary complex of IDH from Escherichia coli. The reaction mechanism is
likely to be conserved in the different IDHs. A proton relay chain involving
at least five solvent molecules, the 5’-phosphate group of the nicotinamide-
ribose and a coupled lysine-tyrosine pair in the active site, is postulated as
essential in both the initial and the final steps of the catalytic reaction of
IDH. ApIDH was found to be highly homologous to the mesophilic IDHs
and was subjected to a comparative analysis in order to find differences
that could explain the large difference in thermostability. Mutational
studies revealed that a disulfide bond at the N terminus and a seven-
membered inter-domain ionic network at the surface are major determin-
ants for the higher thermostability of ApIDH compared to EcIDH.
Furthermore, the total number of ion pairs was dramatically higher in
ApIDH compared to the mesophilic IDHs if a cutoff of 4.2 A was used.
A calculated net charge of only +1 compared to —19 and —25 in EcIDH
and BsIDH, respectively, suggested a high degree of electrostatic
optimization, which is known to be an important determinant for increased
thermostability.
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Introduction

Abbreviations used: IDH, isocitrate dehydrogenase;

IPMDH, isopropylmalate dehydrogenase; ApIDH,
Aeropyrum pernix IDH; EcIDH, Escherichia coli IDH;

Enzymes from hyperthermophiles are often

BsIDH, Bacillus subtilis IDH; TmIDH, Thermotoga maritima highly homolggous to_ their mes.ophﬂic counter-
IDH; AfIDH, Archaeoglobus fulgidus IDH; PfIDH, parts and their catalytic mechanisms are usually

Pyrococcus furiosus IDH.

identical. They must be stable enough to withstand
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simultaneously maintain the flexibility required
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for enzymatic activity. There appears to be no single
mechanism or structural feature that is responsible
for the high thermotolerance of hyperthermostable
proteins. The major reason for this is the relatively
small free energy difference between the folded and
the unfolded state of a protein and the complex way
in which the small number of weak forces, deter-
mining protein stability, interplay with each other.
Upon comparison with the mesophilic homologs,
the most common determinants for hyperthermo-
stability are in the first line a statistical prevalence of
ionic interactions at the protein surface, increased
formation of large ionic networks, electrostatic opti-
misation and the reduction of repulsive charge—
charge interactions.'™ Furthermore, a reduction of
the hydrophobic accessible surface area, increased
hydrogen bonding and structural compactness has
been observed.’* The elucidation of the mechan-
isms and structural determinants responsible for
the extreme thermostability of proteins from
hyperthermophiles is of importance for under-
standing the question of why hyperthermophilic
proteins show very high thermotolerance in spite of
a relatively small gain of free stabilization energy
compared to the mesophilic homologs. It is
expected that hyperthermostable enzymes will
have a great potential in biotechnological and
industrial applications in processes at elevated
temperatures.

Isocitrate dehydrogenase (IDH) is a metal-
dependent (Mg>" or Mn®*) enzyme that catalyses
the subsequent dehydrogenation and decarboxyla-
tion of isocitrate to a-ketoglutarate using NAD™
or NADP™" as cofactor.”’ a-Ketoglutarate is an
intermediate in the citric acid cycle as well as the
skeletal carbon source in the biosynthesis of certain
amino acid residues. These pathways are among the
first to have evolved in the history of life.”
Consequently, IDH is distributed broadly through-
out the three domains of life, Archaea, Bacteria and
Eukarya, with diverse primary structures and
different oligomeric states.®

The IDHs have been distinguished into three
subfamilies based on sequence comparisons.®® All
of the archaeal and most of the bacterial IDHs are
grouped together into subfamily I, eukaryotic
homodimeric IDHs and some bacterial IDHs con-
stitute subfamily II, whereas eukaryotic hetero-
oligomeric IDHs form a third subfamily. The
members of subfamily II show very little sequence
identity with those of subfamilies I and III. There
are also monomeric IDHs that show no significant
sequence similarity to the other subfamilies.

The crystal structures of IDH from E. coli'°
(EcIDH, PDB code 3ICD) and Bacillus subtilis'!
(BsIDH, PDB code 1HQS) in subfamily I and of
porcine heart mitochondrial IDH'? (denoted below
as porcine IDH, PDB code 1LWD) in subfamily II
are all NADP "-dependent homodimers and have
revealed a common fold, shared also by the crystal
structures of the NAD™-dependent isopropyl-
malate dehydrogenases (IPMDH), which belong to
thesame family of B-decarboxylating dehydrogenases

using a substrate that is structurally related to
isocitrate.”>° The crystal structure of monomeric
IDH from Azotobacter vinelandii (PDB code 1ITW)'®
is also topologically related to homodimeric IDHs.
This appears to have been accomplished by a partial
gene duplication, which resulted in a pseudo 2-fold
symmetry in one domain corresponding to the
other subunit of the dimeric IDHs. IDH and IPMDH
share a unique cofactor binding site that is different
from the well-known Rossmann fold found in many
other dehydrogenases.'”'*!” Only a few amino acid
residues appear to be responsible for the discrimin-
ation between NAD* and NADP* '8!

The reaction mechanism of IDH has been
extensively studied in EcIDH.*** In the proposed
mechanism, a proton is removed from the a-hydroxyl
group of isocitrate. Subsequently, a hydride ion is
transferred in a stereospecific way from the a-carbon
atom of the substrate to C-4 of the nicotinamide rin
of NADP ™, oxidizing isocitrate to oxalosuccinate.**
In a second step, the B-carboxylate group of
oxalosuccinate is lost as CO,,* and is replaced by a
proton in a stereospecific way to form a-ketogluta-
rate.”” During both transition states the negative
charge on the hydroxyl oxygen atom of isocitrate is
stabilised by a magnesium ion. However, the initial
proton abstraction mechanism as well as the final
proton donation are still matters of debate (see
section The active site).

The regulation of the activity of the different
IDHs is diverse. The NAD *-dependent eukaryotic
heterooligomeric IDHs are allosterically regulated
by the activators AMP*® or ADP,*’ whereas EcIDH
is regulated by the IDH kinase/phosphatase-
mediated phosphorylation of Ser113, which inacti-
vates the enzyme by sterically hindering the
binding of isocitrate and by electrostatic repul-
sion.”*™ Recently, a self-regulating mechanism of
activity was postulated in human cytosolic
NADP *-dependent IDH.**

The structural homology across the different
species in this enzyme family makes them very
suitable for comparative studies. We have chosen to
study IDH from the strictly aerobic hyperthermo-
philic archaeon Aeropyrum pernix (ApIDH). Pre-
viously, we have described ApIDH as the most
thermostable IDH characterized, with an affarent
melting temperature of 110 °C.° It is a Mg” " - and
NADP *-dependent dimer with identical subunits
of 479 kDa and belongs to subfamily I. A short
structure notice of ApIDH was published recently>”
where a disulfide-bond at the N terminus and a
seven-membered ion pair network at the surface
were related to increased thermotolerance, but no
stability data were given. The mechanism of
regulation of ApIDH has remained unknown. To
our knowledge, no gene encoding IDH kinase/
phosphatase has been found in the genome of
A. pernix.>®

In order to gain more information about the
catalytic mechanism and the large domain move-
ments presumably involved in catalysis, we have
solved the structure of a ternary complex of ApIDH
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with Ca®*-isocitrate-NADP™". The structure was
compared with the structure of the ternary complex
of EcIDH and with the binary complex of porcine
IDH from subfamily II, which has a conserved
isocitrate binding site.'? It is likely that the reaction
mechanisms are identical in ApIDH, EcIDH and
porcine IDH, since the isocitrate binding sites are
conserved both structurally and by sequence.

In order to perform a more thorough analysis of
the factors responsible for the high thermotolerance
of this enzyme, we have started a mutational
approach based on our refined crystal structure of
wild-type ApIDH. The structure is reported
together with apparent melting temperatures of
the mutants and is primarily compared to the
structure of EcIDH but to some extent also to
BsIDH.

Results and Discussion

Quality and description of the models

In this work, three different ApIDH structures are
reported: a native ApIDH solved at 2.2 A (PDB code
1XGV), a pseudo-native ApIDH solved at 2.1 A
(ITYO) and a ternary complex solved at 2.3 A
(IXKD). The ternary complex was formed in a
soaking solution where citrate and Mg®* were
exchanged with d-isocitrate, Ca®>* and NADP™.
The pseudo-native ApIDH was soaked with etheno-
NADP™ but the etheno-NADP " molecule did not
bind to the active site. However, the etheno-adenine
moiety of etheno-NADP' was located at the
surface of ApIDH, making contact also with a
symmetry-related molecule, which resulted in a
unit cell with the c axis elongated by 8.7 A. This
complex is designated as “pseudo-native” because
of the unusual binding of etheno-NADP™ outside
of the active site and because it is basically identical
with native ApIDH and has the same overall
conformation. The 2|F,|—|F.| and |F,|—|F.| differ-
ence density maps of native ApIDH and pseudo-
native ApIDH contained uninterpretable density in
the isocitrate binding site. Most likely, the density
originated from citrate, since 0.1 M citrate was
present in the crystallization buffer.

ApIDH was crystallized as a dimer in the
asymmetric unit with a solvent content of 52%
corresponding to a Matthews coefficient of
2.6 A’Da~'. The two subunits are referred to as
subunit A and subunit B. The space group was
P4;2,2. Table 1 summarizes the quality of the
different models. The quality of the B subunits is
somewhat reduced in all models, since the densities
of the large domain suffered from disorder, which
was probably caused by the few crystal contacts this
domain is involved in. Accordingly, less solvent
molecules were built into subunit B as compared to
the number in subunit A. Argl03 in subunit B of
native ApIDH is found in a disallowed confor-
mation, which can be explained by its location in a
sharp turn between helix ¢ and strand C. In the

ternary complex, Ser120 in subunit A is also found
in a disallowed conformation; this is explained by
its location at the end of a loop, which is disordered.

Overall fold

In contrast to many other hyperthermophilic
enzymes, ApIDH is larger than its mesophilic
homologs. Each subunit contains 435 residues,
whereas EcIDH and BsIDH have only 416 and 423
residues, respectively. In ApIDH, residues 1-131
and 322-435 belong to the large domain, 132-163
and 206-321 form the small domain and the
remaining residues 164-205 form the clasp domain
through the subunit interface between two anti-
parallel o-helices beneath a four-stranded inter-
subunit anti-parallel B-sheet. The large domain is
connected to the small domain by a flexible hinge
region. Figure 1 shows the final model of the ternary
complex of ApIDH.

An alignment based on secondary structural
assignment (Figure 2) revealed that most elements
of secondary structure were conserved within
subfamily I. The superimposed C* traces showed
that the overall topology of ApIDH was almost
identical with that of EcIDH and BsIDH (Figure 3).
The main differences are the extensions at both
termini of ApIDH and the replacement of strand K
and the preceding loop in the small domain of
EcIDH by helix g2 in ApIDH. In this region, BsIDH
has two helices, g2 and g3, which are located in the
vicinity of the active site of the neighbouring
subunit in the dimer, restricting the access to the
phosphorylation site.”” Strand L in this region
seems to be conserved in ApIDH, EcIDH and
BsIDH, but goes in the opposite direction in
ApIDH and BsIDH compared to EcIDH. BsIDH
has an insertion of 13 residues in this region with
respect to EcIDH, whereas ApIDH has only one
more residue. The RMS difference between the large
domain of native ApIDH versus that of EcIDH and
BsIDH was 1.49 A (using 211 C* atoms) and 1.74 A
(211 C* atoms), respectively. For the small domain
together with the clasp domain, the RMS difference
between ApIDH wversus EcIDH and BsIDH was
3.28 A (188 C* atoms) and 1.43 A (192 C* atoms),
respectively. The large difference between ApIDH
and EcIDH is mainly due to the unique structural
feature in the region of helix g2 in ApIDH. When
residues 258-276 in this region were removed from
the comparison, the RMS difference between the
small and clasp domains of ApIDH versus EcIDH
and BsIDH was only 0.82 A (171 C* atoms) and
0.80 A (173 C* atoms), respectively.

In total there are 15 a-helices in ApIDH (39.3%
of the residues), of which 13 are conserved, and 15
B-strands (16.3%), of which all are conserved. There
are also seven 31 helices (5.1%). The total secondary
structure content of 60.7% is only slightly higher
than that of EcIDH (57.2%) and reflects the
formation of helices g2, n and three additional 3,9
helices as well as a few loop deletions (described in
the thermostability section) in ApIDH.



562

Structure and Thermal Stability of A. pernix IDH

Table 1. Data collection and refinement statistics

Native ApIDH Pseudo-native ApIDH Ternary ApIDH
PDB code | 1IXGV 1TYO 1XKD
Wavelength (A) | 0.996 0.9089 1.089
Resolution limits (A) 2.2-39.8 (2.20-2.24) 2.1-39.9 (2.15-2.19) 2.3-39.7 (2.30-2.34)
Mosaicity 0.5 0.5 0.6
Unit cell parameters a=b=107.57, c=171.14 a=b=107.01, c=179.82, a=b=107.57, c=171.04,
a=R=vy=90° a=R=y=90° a=B=vy=90°

No. observed reflections
No. unique reflections

242,940 (10,181)
51,805 (2522)

Redundancy 47 (4.0
Completeness (%) 99.9 (100)
I/o (I) 17.97 (2.91)
Rinerge (%) 5.5 (49.7)
Wilson B-factor 40.1
Space group P432,2
Refinement

Non-hydrogen atoms 6689
Non-hydrogen substrate atoms 0
Non-hydrogen ion atoms 0

Missing residues A1-5, B1-6, B114-9, B433-5
Solvent molecules _ 161
Resolution range (A) 2.20-39.8 (2.20-2.26)
Reryst overall (%) 22.5(25.2)

Réree (%) 25.1 (28.3)
Ramachandran plot (excl Gly and Pro) in subunit A/B

Most favourable region (%) 89.3/88.8

Allowed regions (%) 10.7/10.9

Disallowed regions (%) 0/0.3
RMS deviation from ideal values

Bond lengths (A) 0.011

Bond angles (deg.) 1.261
Average B-factors (A%

Total 19.5

Isocitrate (A/B)
NADP* (A/B)
Etheno-NADP™*

351,456 (13,556)
57,596 (2836)

375,551 (16,016)
45,289 (2259)

6.1 (4.8) 8.3(7.1)
100 (100) 99.9 (100)
17.62 (3.44) 25.42 (5.53)
7.6 (52.6) 5.1 (36.7)
30.3 45.7
P432,2 P432,2
6788 6789
32 (etheno-NADP) 122 (isocitrate, NADP)
0 2 (Ca*™")
A1-5, A433-5, B1-6, B431-5 A1-4, A115-8, B1-5, B66-7
B427-35
200 195
2.15-39.9 (2.15-2.21) 2.30-35.0 (2.30-2.36)
22.3 (23.0) 22.6 (23.9)
249 (24.4) 24.8 (29.9)
92.0 /91.1 90.0/86.7
8.0 /8.9 9.7/13.3
0/0 0.3/0
0.012 0.013
1.336 1.928
20.8 27.3
29.6/25.0
31.7/31.0
29.8

Values in parentheses refer to data in the highest-resolution shell.

Domain movements and differences in orientation
between the subunits

Subunit B of the ternary complex had undergone
a dramatic closure of the large domain, enclosing
the substrate and the cofactor in the active site,
which is formed by the domain interface. Subunit A
was found still in an open conformation. The
relative difference in the orientation of the large
domain between subunit A and subunit B was 19°.
The domain rotation axis in ApIDH was located in
parallel with strand E and strand F (Figure 1a and
b). It coincides with the domain definitions and
approximately with the pivot points of the domain
movements defined for EcIDH and BsIDH." The
hinge loops in EcIDH defined by Doyle et al. were
not adopted as hinge region.’

The RMS difference between the small domains
together with the clasp domains of the two subunits
of the ternary complex was 0.57 A for 190 C* atoms,
whereas the RMS difference between the large
domains was 1.1 A using 215 C* atoms, indicating
differences other than just a rigid body movement
of the large domain. Three major differences were
identified when the domains of both subunits were
superimposed; the C* traces of two NADP-binding

loops (residues 322-327 and 343-357) were trans-
lated 1.6 A and 3.2 A, respectively, and helix [
(residues 396-400), which is also involved in NADP
binding, was translated 2.3 A.

Both subunits of native and pseudo-native
ApIDH were found to be in an open conformation.
The relative difference in the rotation of the large
domain between the subunits was 2-3° in each
dimer. In comparison, the difference between the
closed subunits of BsIDH is 2.9°. In EcIDH, the
subunits are related by a crystallographic 2-fold
axis, thus no differences between the subunits can
be observed. However, two different crystal forms
of EcIDH have revealed an open and a closed
conformation with a relative difference in the
rotation of the large domain of 16°.* The confor-
mation of native and pseudo-native ApIDH was
similar to the open form of EcIDH (Figure 3).

An investigation of the crystal contacts revealed
why the conformations of the subunits were so
different in the ternary complex. Whereas the large
domain of subunit B almost had no crystal contacts,
the large domain of subunit A was involved in
several contacts that made the closure of the large
domain impossible upon substrate binding. It has
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Figure 1. Ribbon representation of the ternary complex of ApIDH showing colour-coded domain definitions and the
position of the domain rotation axis (a and b) and a stereoview of an alignment of the open (green) and the closed (blue)
subunits of the ternary complex of ApIDH (c). Subunit A was found in an open conformation, whereas subunit B was
closed due to a rotation of the large domain towards the small domain upon substrate binding. The difference in rotation
of the large domain between the subunits was 19°.
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Figure 2. Structure-based sequence alignment of native ApIDH with E. coli IDH (EcIDH, PDB code 1CW?), B. subtilis

IDH (BsIDH, PDB code 1HQS) and porcine IDH (PcIDH, PDB code 1LWD). The residues occurring within structurally
equivalent regions are boxed. Helices and strands appear as cylinders and arrows. Conserved residues are coloured
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The "phosphorylation loop”

been postulated that EcIDH does not undergo a
conformational change upon substrate or cofactor
binding but possibly upon product formation.*’ In
the case of ApIDH, the crystals easily cracked upon
soaking with isocitrate, cofactor and Ca?", which
suggested a conformational change upon substrate
binding. It appears that this conformational change
was possible only in subunit B, where the lattice
packing was weaker, allowing the large domain to
move more freely. However, the possibility that the
conformational change related to the formation of
an ordered ternary complex in one of the subunits
effects the same conformational change in the other,
cannot be excluded. This raises the question about
positive or negative cooperativity. However,
whether one of these mechanisms exists, will be
investigated in a forthcoming study.

The crystal contacts were also responsible for
other differences between the subunits. Especially,
the C* positions of helix g2 (residues 264-269) and

ApIDH (closed)
BslIDH closed

= Helix n at C-terminus

Helix g2

EcIDH open

Figure 3. Overlay of native
ApIDH (grey) and the open form
of E.coli IDH (blue, PDB code
1S]S) and of the closed subunit of
the ternary complex of ApIDH
(green) and B. subtilis IDH (red,
PDB code THQS).

the following loop, which forms the unique
structural feature in ApIDH mentioned above,
were shifted up to 3 A when the subunits were
compared in each dimer. Small differences up
to 1.0 A that might be caused by crystal contacts
were found in the loop preceding helix a (42—46), in
one of the NADP-binding loops (343-357) and in
the C terminus end (408—430).

Local differences between the subunits not
caused by crystal contacts were found in the so-
called “phosphorylation loop” (108-119) preceding
the conserved Serl20, equivalent to Serll3 in
EcIDH, which is phosphorylated upon inactivation.
ApIDH is probably not regulated by phosphoryl-
ation, since an IDH kinase/phosphatase has not
been found in A. pernix. However, the phosphoryl-
ation loop is important for the binding of isocitrate
in the closed subunit of the ternary complex of
ApIDH (see below). In the open subunit, a part of
the loop was disordered (see Table 1 for missing

green, positions showing conservation of polar or charged character are in bold, those showing conservation of
hydrophobic character are in yellow and residues showing a conservation of small size have smaller font. Sequence
numbering according to ApIDH is red. Loops and helices involved in binding of NADP* are underlined by orange bars.
The phosphorylation loop is marked by the grey bar, whereas residues involved in binding of isocitrate are indicated by

red dots.
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residues). In pseudo-native ApIDH, the phos-
phorylation loop exhibited different conformations
when the subunits were compared and was shifted
up to 5 A, whereas in native ApIDH, the phos-
phorylation loop was disordered in subunit B.

Dimer association

The interface in ApIDH was found to be similar to
that of EcIDH and BsIDH. Except for the formation
of the clasp domain, the dimer associates through
helices i and i in both subunits to form a stable four-
helix bundle.

The active site

The conformational differences between the
subunits of the ternary complex of ApIDH provided
a unique possibility to study two different states of
isocitrate and cofactor binding in one structure. The
active site is located in the cleft between the large
and the small domains, and is formed by residues
from both of these domains and from both subunits.
Thus, the dimer is required for a catalytically active
enzyme.

Isocitrate binding

In subunit B of the ternary complex, the a-carboxyl
group of isocitrate was bound to three positively
charged arginine residues, Argl26, Argl36 and
Argl59. The B-carboxylate group was bound by
Arg136, Tyr166 and Lys233’ (the prime indicates the
neighbouring subunit of the dimer), while Thr112,
Ser120 and Asnl22 made interactions with the
y-carboxyl group of isocitrate (Figure 4). All of these
residues are conserved in other IDHs and the
interactions are completely conserved in porcine
IDH and mostly in EcIDH. The interaction between
isocitrate and the equivalent of Thrll2 is not
observed in EcIDH.

In subunit A (the open conformation), however,
the residues from the large domain, i.e. Thrl12,
Ser120, Asn122 and Argl26, were all between 6.7
and 7.3 A away from the substrate, compared to
2.4-3.4 A in subunit B (Figure 4). Instead, the y-
carboxylate group of isocitrate made interactions
with Lys233" and Asn235'. The remaining inter-
actions with isocitrate were the same as in subunit
B. Thr112 and Ser120 belong to the so-called
phosphorylation loop and are responsible for
substrate specificity, since they interact with the
y-carboxyl group of isocitrate that is replaced by an
isopropyl group in isopropylmalate (the substrate
for IPMDH). Most likely, the closed conformation is
favoured by binding of the correct substrate. The
closure was, however, not possible in subunit A due
to crystal contacts.

Another difference between the subunits con-
cerning isocitrate binding is that Tyr166 was 4.3 A
away from the substrate in subunit A in contrast
to 2.7 A in subunit B. This residue might be
involved in the initial dehydrogenation step as

i
Thr 112 }
Asn 235"
L29A
-
.
|

Figure 4. Superposition of bound isocitrate in the open
(grey residues) and the closed (green residues) subunits
of the ternary complex of ApIDH. The interactions made
by Thr112, Ser120 and Asn122 (of the large domain) with
the y-carboxylate group of isocitrate, are responsible for
substrate specificity.

well as in the final protonation of the B-carbanion of
oxalosuccinate produced in the decarboxylation
step gsee below).
, which had the strongest density in the map
(106 in subunit A, 6o in subunit B in a |F,|—|F|
density map), was coordinated by eight oxygen
ligands in subunit A and six oxygen ligands in
subunit B (Figure 5(a) and (b), respectively). The
coordination in subunit B is in an octahedral
blpyramidal arrangement identical with how
* is bound in the binary isocitrate—porcine
IDH complex. In ApIDH, Asp287', a water
molecule (w2 or y4), the oa-carboxylate group
and the o-hydroxyl group of isocitrate, are the
equatorial ligands and Asp311 and another water
molecule (w1 or y2) are the axial ligands. However,
in subunit A of fIDH Asp315 was, only 24 A
away from the Ca® (compared to 3.7 A in subunit
B) and is part of the Ca®"-coordination in a way
similar to that in the ternary complex of EcIDH
where the equivalent aspartate residue is described
by the authors as one of the axial hgands together
with the a-hydroxyl group of isocitrate. gpar—
ently, the axial plane in the coordination of Mn? "
porcine IDH is mterpreted as the equatorial plane in
the coordination of Ca®** in EcIDH, which seems
possible, since the equatorial water molecule in
porcine IDH is absent in EcIDH and an additional
water molecule in the axial plane of porcine IDH is
present in EcIDH. The coordination of Ca** in
EcIDH is described as octahedral with six ligands
but has seven possible ligand candidates if the o-
carboxylate group of isocitrate is included.

Cofactor binding

In subunit A, NADP™ was bound exclusively to
the large domain, without any interaction with
isocitrate, which was bound to the small domain
(Figure 6a). In subunit B, however, NADP™ also
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Figure 5. Coordination of Ca>* in subunit A (a) and B
(b) of the ternary complex of ApIDH. In subunit A, Ca®*
has eight ligands. The water y3 and Asp315 are 2.6 A and
2.4 A away, respectively. In subunit B, Ca®* has six
ligands, the water corresponding to y3 is absent and
Asp315 has moved by 1.3 A to 3.7 A from Ca’™.

made interactions with the small domain of the
other subunit and with isocitrate, and was closer to
the small domain than NADP™ is in the ternary
complex of EcIDH (Figures 6b and 7). The residues
that interact with the 2'-phosphate group of
NADP™ are responsible for the discrimination
between NAD"/NADP™*. All of the residues
involved in binding of the 2’-phosphate group in
EcIDH were conserved in ApIDH except a tyrosine
residue (Tyr391 in EcIDH). This tyrosine residue is
replaced by GIn396 in ApIDH but did not make any
interaction with the 2’-phosphate group. In subunit
A of ApIDH, only Tyr349 and Arg400 made
conserved 2'-phosphate interactions. In subunit B,
the density was poorly defined for Arg400 and the
density for Tyr349 was only partially observable.
The only clear interaction with the 2'-phosphate
group in subunit B was with GIn292’ and Arg296’
from the small domain, 3.0 A and 3.4 A away,
respectively. In subunit A, these residues were 8-
10 A away because of the open conformation.
Lys348 (equivalent to the 2'-phosphate binding
Lys344 in EcIDH) was located close to the 2'-
phosphate group of NADP ™ in subunit A but did

not make any interaction, whereas in subunit B, the
density for the side-chain was unclear.

Otherwise, the binding of the adenine-ribose
moiety of NADP™ in subunit B of ApIDH was very
similar to EcIDH, with the adenine ring in the anti
conformation with respect to ribose; the ring was
lying between the side-chains of His343, Ala346,
I1e355, Asp397 and the main chain of Gly325 and
Asn356, whereas the adenine ribose moiety was
close to Ile324 and Ala346. The 5'-phosphate group
of the adenine ribose made interactions with the
main chain of residues 344-346 as in EcIDH.
The nicotinamide-ribose interacted with the v-
carboxylate group of isocitrate and with the
carbonyl group of Thr112 of the phosphorylation
loop. In EcIDH, this ribose interacts with the side-
chain of the corresponding threonine residue
(Thr104). The nicotinamide ring itself was, however,
poorly defined. Only an approximate positioning of
the nicotinamide was possible. In subunit A, the
density of the nicotinamide was also ambiguous,
but it is presumably located between Asnl22,
Glu340 and the carbonyl group of His343. The
nicotinamide-ribose interacted with Thr112 as in
subunit B.

The catalytic mechanism

Studies on mutants of porcine IDH have revealed
that the positively charged Argll0, Argl33 and
Lys212’ (equivalent to Arg136, Argl59 and Lys233’
in ApIDH) lower the pK, of the metal-bound
hydroxyl group of isocitrate, promoting the initial
proton removal.*'** Several base candidates (i.e.
aspartate residues) in the enzyme responsible for
the initial proton abstraction have been proposed in
studies on EcIDH and porcine IDH.>* However, it
has also been suggested that two nearby conserved
active-site water molecules (w6 and w8) accept this
proton as part of a proton relay to solvent where w8
is described as solvent accessible.'> This was
supported by Huang et al.,** who concluded that
none of the aspartate residues functions as a base,
since the pH-dependence of V,,.x of porcine IDH
cannot be attributed to the ionization of an
enzymatic carboxyl group.

The two conserved water molecules are con-
served also in subunit B of the ternary complex of
ApIDH (w3 and w4, Figure 7). However, w4 in
ApIDH, which is equivalent to w8 of the binary
porcine IDH complex, is not solvent accessible,
since it is covered by the NADP* molecule. It
interacts with the 5-phosphate group of the
nicotinamide-ribose and Asp287’ which is coordi-
nating Ca®*. Moreover, the other conserved water
molecule (w3), which is located close to the
hydroxyl group of isocitrate, interacts with the
strictly conserved Lys233’, which is close to Tyr166
(also strictly conserved).

The mutational studies on porcine IDH have
shown that Lys212’ (equivalent to Lys233’ in
ApIDH) is essential for decarboxylation of the
intermediate oxalosuccinate and that Tyr140
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Figure 6. Binding of the 2’-phosphate group of NADP ™" in the open form (6a) and in the closed form (6b) of the ternary
complex of ApIDH. In the open form, the NADP* molecule makes interactions with the large domain of subunit A only,
whereas in the closed form, the NADP* molecule makes interactions with the large domain of subunit B and the small
domain of subunit A. The distance between the 2'-phosphate group and Arg296” and GIn292' of the small domain is

about 10 A in the open subunit (A).

(equivalent to Tyrl66 in ApIDH) most probably is
the acid that Erotonates the substrate after
decarboxylation.® Studies on EcIDH where the
equivalent lysine in EcIDH was mutated have
also shown that this lysine residue is vital for
decarboxylation, whereas a mutant of the equiva-
lent tyrosine in EcIDH was found to have a strong
effect on the initial dehydrogenation step.*

The results of the studies on EcIDH and porcine
IDH may appear as contradictory, but can be
explained with the help of the ternary complex of
ApIDH by assuming the two conserved water
molecules as part of a longer proton relay chain,
involving at least five well-defined water mol-
ecules, the Lys233'/Tyrl66 couple and the
NADP™ molecule. Presumably, this chain transfers
the proton out to the bulk solvent from the hydroxyl
group of isocitrate via the water molecules w3 and
w4, the 5'-phosphate group of the nicotinamide—
ribose, w5, w1l and either of w7 and w8, as well as
back to the carbanion of the intermediate oxalosuc-
cinate the same way including Lys233’ and Tyr166
(Figure 7). There are also more water molecules (w1,
w6 and w10) that might be part of the chain. In
Drosophila alcohol dehydrogenase, a coupled tyro-
sine and lysine pair is part of a proton relay that
mediates the dehydrogenation of the alcohol.*
However, in ApIDH, the lysine/tyrosine pair is
presumably part of the proton relay chain in the
final proton donation step but is most likely also
involved in the initial dehydrogenation step by
affecting the pK, of the hydroxyl group of isocitrate
together with the metal ion (Mg”>*or Mn*") and
the arginine residues mentioned above (Argl26,
Argl136 and Argl59). The ligands of the first two

water molecules (w3 and w4) in the chain are
completely conserved, the third water molecule
(w5) interacts with the 5'-phosphate group, the
main chain of I1e285’, which is also conserved, and
Asn288’. The end of the chain is very close to the
region of helix g2 which is different in the IDH
structures. However, a similar chain can be found at
the same location in the ternary complex of EcIDH
(PDB code 1AI2) formed by the water molecules
w769, w780, w603, w787 and w793, but since the
conformation of the ternary complex of EcIDH is
slightly more open and the NADP™ molecule is
further away from the small domain compared to
ApIDH, the environment is slightly different.

Conclusions regarding the active site

Basically, the conserved residues and water
molecules involved in binding of the substrates
made the same interactions in ApIDH as seen
previously in EcIDH and porcine IDH. Thus, the
reaction mechanism is very likely to be conserved in
these three IDHs. The separate binding of NADP™
to the large domain and of isocitrate to the small
domain in the open conformation of ApIDH
suggests a random binding order. In EcIDH, the
binding order has indeed been shown to be random
and the binding of each substrate, isocitrate or
NADP™, does not influence the binding of the
other.”>* The formation of a productive Michaelis—
Menten complex, where NADP™ is in position to
accept the hydride from isocitrate, appears to be
related to the domain rotation observed. The
closure of the large domain seems to take place
only if the correct substrates have bound, since only
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Figure 7. View of the active site of subunit B showing Ca?*, isocitrate, NADP ™+, bound water molecules and conserved
residues. The water molecules and the NADP™ molecule presumably constitute a proton relay chain that might be
important for proton translocation. The initial proton abstraction is postulated to occur through a proton transfer from
the hydroxyl group of isocitrate vin the conserved water molecules w3 and w4 to the 5-phosphate group of the
nicotinamide nucleotide, water molecules w5 and w11, which are found close to the bulk solvent. The final proton
donation step is assumed to occur via the same chain and the coupled lysine/tyrosine pair (Tyrl66 and Lys233).
Asp283’, 11e285’ and 287’ are conserved and might be important for the conservation of the water structure in the region.
The F,—F. omit map (NADP', Ca®™, isocitrate and water molecules omitted) is contoured at 2c.

the unique part of the isocitrate molecule interacts
with the large domain. It appears also that all of
the residues involved in cofactor specificity, making
interactions with the 2’-phosphate group, not
necessarily have to interact with the 2’-phosphate
group of NADP" simultaneously in the closed
form. The initial dehydrogenation and final proton
donation are postulated to occur via a proton relay
to the solvent involving several water molecules,
the 5'-phosphate group of the nicotinamide ribose
and the coupled residues Lys233’ and Tyr160.

Binding of etheno-NADP™* in pseudo-native
ApIDH

The binding of the etheno-adenine moiety of
etheno-NADP™ at the surface of the large domain
of pseudo-native ApIDH involved two loops that

might be part of a novel adenine-nucleotide
binding site. The first loop is located between
helix a and strand A and the second loop between
helices l and k. The 2'-phosphate group of etheno-
NADP™ was bound to Tyr66, Arg70 and the main
chain of Gly373, Arg375 and Glu376 in subunit A.
The etheno-adenine ring made an aromatic stacking
interaction involving Tyr66, Arg70 and Trp374 of
subunit A, and Trp298 and Tyr149 of subunit B of a
symmetry-related molecule. The 5’-phosphate
group of the nicotinamide-ribosyl interacted with
Thr226 and Arg274 of subunit B of the symmetry-
related molecule. The nicotinamide-ribosyl moiety
itself was not included in the model. All of the
residues building up this binding site in subunit A,
except Ser69 and Arg375, are conserved or very
similar in many IDHs within subfamily I, suggesting
a biological function of this binding site. However,
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the etheno-NADP ' molecule could not be found at
the equivalent site on subunit B.

Thermostability

By sequence comparison, EcIDH and BsIDH
are 48% and 45% identical with ApIDH, respec-
tively. Nevertheless, these enzymes are extremely
homologous structurally and are therefore good
candidates for a comparison with respect to
thermostability. The apparent melting temperature
(T,) of EcIDH was determined as 52.6 °C, i.e
57.3 deg.C lower than the apparent T,, of ApIDH.
There is no obvious relation between an apparent
T and the thermodynamic stability of a protein.
However, we intend to relate the large T, difference
of 57.3 deg.C to structural determinants that pre-
sumably cause this highly increased thermotoler-
ance of ApIDH. The comparison was made

Table 2. Characteristics of ApIDH, EcIDH and BsIDH

primarily between ApIDH and EcIDH, although
data for BsIDH are included in Table 2

Accessible surface area

There is a clear statistical trend showing that
proteins from hyperthermophiles have an increased
polar or charged accessible surface area, but a
decreased hydrophobic accessible surface area.'™
4849 ApIDH was found to have a significant increase
of accessible surface area contributed by polar
residues and a slight decrease of surface area
contributed by hydrophobic residues compared to
EcIDH. The percentage of surface area contributed
by charged surface residues was, however, slightly
lower in ApIDH. The distribution of charged, polar
and hydrophobic surface area of ApIDH, EcIDH
and BsIDH is shown in Table 2. The dlmer interface
of ApIDH buried 2481 A2 of the 19,913 A2 accessible

ApIDH EcIDH BsIDH
PDB code 1TYO 3ICD 1HQS
Apparent melting temperature (°C) 109.9 52.6 Not determined
No. amino acid residues per subunit 435 416 423
Hydrophobic re51dues (%) 46.2 444 43.2
Polar residues® (%) 27.6 28.4 30.3
Charged residues® (%) 26.2 27.2 26.5
Resolution (A) 2.1 25 1.55
RMSD of C* versus ApIDH (large/small and clasp domain) (A) - 1.49/0.82 1.74/0.80
Secondary structure contents (%) 60.7 57.2 64.7
a-Helix content (%) 39.3 36.3 449
B-Strand content (%) 14.7 18.0 17.0
310-Helices content (%) 5.1 29 2.8
No. hydrogen bonds 733 666 844
No. hydrogen bonds (89)¢ per residue 0.085 0.054 0.089
No. hydrogen bonds (SM)e per residue 0.16 0.16 0.21
No. hydrogen bonds (MM)' per residue 0.61 0.59 0.68
No. inter-subunit hydrogen bonds 27 24 34
No. ion pairs (6)8 73 58 66
No. ion pairs per residue (6)® 0.084 0.070 0.078
% of charged residues forming ion pairs (6)® 50 42 47
% of ion pairs formed by Arg/Lys/His (6)® 63/26/11 41/45/14 47/45/8
% of ion pairs formed by Asp/Glu (6)® 45/55 48/52 42/58
% of all Arg forming ion pairs (6)8 55 71 89
% of all Lys forming ion pairs (6)® 32 32 37
% of all His forming ion pairs (6)® 43 60 40
% of all Asp forming ion pairs (6)® 79 56 57
% of all Glu forming ion pairs (6)® 50 40 46
No. residues forming two ion pairs (6)% 23 20 22
No. residues forming three ion pairs (6)® 4 0 0
No. 2/3/4 member networks (6)8 29/7/1 20/16/2 28/13/1
No. 5/6/7/15 member networks (6)8 1/1/3 0/0/0 1/1/0/0
No. inter-subunit ion pairs (6)® 7 9 10
Net charge +1 -19 —25
Accessible surface area of dimer (Az) 34812 32465 32974
Buried inter-subunit surface (% of monomer) 12.5 15.4 16.9
Distribution of hydrophobic/polar/charged residues at 23.3/28.8/47.9 26.7/23.1/50.2 22.0/27.5/50.5

accessible surface (%)

Distribution of hydro-phobic/polar/charged residues at 48.8/26.5/24.7 48.6/19.5/31.9 44.8/25.8/29.4

interface (%)

2 Hydrophoblc residues: A, V, L, W, F, P, M.
b Polar residues: G, S, T, Y, N, Q, C.

¢ Charged residues: R, K, H, D, E.

4 S8, side-chain-side-chain hydrogen bonds.

¢ SM, side-chain-main-chain hydrogen bonds.
MM main-chain-main-chain hydrogen bonds.

8 42 A cutoff.
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surface of the monomer, giving a solvent-accessible
surface area of 34,864 A2 for the dlmer In compari-
son, EcIDH dimer buries 2954 A? of the 19,237 A% of
the monomer with a total solvent-accessible surface
of 32,566 AZ. In other words, 12.5% of the monomer
of ApIDH was buried at the interface compared to
15.4% of the monomer of EcIDH. In BsIDH, 16.9% of
the monomer is buried at the interface.

Charged residues and ionic interactions

The total number of charged residues per dimer
was basically the same in ApIDH compared to
EcIDH: 228 (26.3%) and 226 (27.2%), respectively.
Data from genome sequencing shows that the
A. pernix protein pool actually contains fewer
charged residues than do the mesophiles.”® The
charged residues in ApIDH formed about the same
total number of ion pairs when a cutoff distance of
4 A was used. This was surprising, since hyperther-
mophilic proteins often contain more ion pairs than
their mesophilic counterparts do.! However, using
a cut off of 4.2 A, resulted in a dramatic increase of
ion pairs: 73 ion pairs in ApIDH compared to 58 in
EcIDH (see Table 2).

In order to compare the ion pairs qualitatively,
the ion pairs were evaluated with respect to
involved secondary structure elements. Ion pairs
formed by residues that are located on the same
secondary structure element (intra-helical, intra-
strand or intra-loop ion pairs) probably have a
smaller effect on thermostabilization, whereas ion
pairs that connect different elements, especially
loops, are expected to contribute more to enhanced
thermostability.”! It is, however, also important for
the stability of proteins that charged residues have a
partner with the opposite charge, and that repulswe
or unfavourable contacts are minimized.’

In ApIDH, 34 of 115 residues involved in ion
pairing in the dimer were located on loops. Eight of
them made intra-loop interactions, whereas the
remaining residues made interactions with other
loops or secondary structure elements. In EcIDH, 34
of 96 residues were located on loops of which none
made intra-loop interactions. The number of ion
pair residues located on helices or strands was 81 in
ApIDH of which 28 were intra-helical or intra-
strand. In EcIDH, 63 residues were located on
helices or strands of which six were found on the
same helix. Thus, there was no significant qualitat-
ive difference between the ionic interactions in
ApIDH and EcIDH with respect to involved
secondary structural elements, that could explain
the difference in thermostability.

However, the stabilising contribution of ion pairs
is increasing at higher temperatures, since the
desolvation penalty is decreased with higher
temperature, partially as a result of the decrease of
the dielectric constant of water at higher tempera-
tures, 15052

Moreover, when ionic networks were considered,
another significant difference between ApIDH and
EcIDH emerged. Ionic networks are assumed to be

energetically more favourable than the equivalent
number of isolated ion pairs.* Due to increased
multiplicity the entropic penalty in an ionic net-
work is smaller than for pairwise interactions.
Whereas EcIDH contained 16 three-membered and
two four-membered networks per dimer, ApIDH
contained seven three-membered, one four-
membered, one five-membered, one six-membered
and three seven-membered networks (Table 2). One
ionic network in BsIDH contained six members.
Two of the seven-membered networks in ApIDH
consisted of Asp130, Arg211, Glu2l4, Arg215,
Glu218, Lys255 and Asp334 in each dimer. The
third seven-membered network contained Argl39,
Aspl54, Arg386, Glu370, Arg375, Lys378 and
Glu382 in subunit A. All three networks were
located between the large and the small domains at
the opposite side of the active site. Using a cut off of
6 A, resulted in a dramatic extension of one of the
seven-membered networks into a network of
23 members in subunit B and the equivalent
network in subunit A into 15 members, whereas
in EcIDH, a 6 A cut off resulted in two seven-
membered networks only. This result suggests that
the cooperation of weaker ionic interactions in
networks might also be important for
thermostabilization.

In order to make a rough estimation of the degree
of electrostatic optimization of the charged resi-
dues, the net charge of the dimer was calculated
without respect to any cutoff distance. Assuming
50% of the histidine residues as charged at neutral
pH resulted in a net charge of +1 in ApIDH,
suggesting that excess charges were minimized. In
EcIDH, BsIDH and porcine IDH, the respective net
charges were determined to —19, —25 and +20,
indicating a large fraction of excess charges in the
mesophilic IDHs. Most likely, a high content of
excess charges is a destabilising factor at neutral pH
and normal salt concentration. To confirm this
result, the net charges of other hyperthermostable
IDHs, with known apparent T, values, were
calculated with the following results Pyrococcus
furiosus IDH, +1 (T, =103.7 °C) Thermotoga mari-
tima IDH, +6 (T,n=98.3°C);® and Archaeoglobus
fulgidus TIDH, —9 (T, =98.5 °C).® These results show
a trend towards a zero net charge in the IDHs with
the highest apparent T,, values (i.e. ApIDH and
PAIDH) and a decrease of excess charges in TmIDH
and AfIDH compared to EcIDH, BsIDH and porcine
IDH.

Single-site mutations in the ionic network and at the
subunit interface

The mutations D130N, D344N, R211Q and R211M
were introduced with the aim of disrupting the
seven-membered ionic network. Kinetic character-
ization of the mutants indicated that they were
catalytically active (Table 3). The cofactor affinities
were similar to the wild-type recombinant ApIDH,
suggesting that the mutations did not cause any
large overall structural changes. All of the four
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Table 3. Kinetic parameters

ATm Km Vmax Kcat/Km
kDa Tm (°C)  (deg. Q) (uM NADP) (umol/min/mg) Kt (571 (x10°M~ts™Y)
ApIDHyatIvE 479 109.9 - 10.0 226 181.25 1.81
E188/Q 108.5 —14 18.3 262 210.1 1.15
E188/A 107.6 -23 16.9 263 210.6 1.25
D130/N 106.4 -35 329 324 259.6 0.79
D334/N 104.4 —55 12.9 200 160.1 1.24
R211/Q 101.2 —87 342 307 246.2 0.72
R211/M 98.6 -11.3 19.0 277 2221 1.17
C87/s 100.3 -9.6 259 241 193.1 0.75

mutants had lower apparent melting temperatures
compared to the wild-type enzyme (Table 3). R211M
and R211Q had the largest effects on the stability of
the enzyme with apparent melting temperatures of
98.6 °C and 101.2 °C, i.e. 11.3 deg. and 8.7 deg. C less
then the wild-type enzyme. R211 is located on helix
fon the small domain and seems to be a key residue
in the seven-membered network, since it is respon-
sible for an inter-domain interaction where both

Figure 8. (a) Mutants of the seven-membered ionic
network and (b) the disulfide bond at the N terminus end
revealed that these features are major determinants of
increased thermostability in ApIDH. The mutants R211M
and R211Q decreased the apparent melting temperature
(Tym) of ApIDH by 11.3 deg. C and 8.7 deg. C, respectively,
whereas D334N and D130N decreased the apparent T,
by 5.5 deg. C and 3.5 deg. C, respectively. A mutant of the
disulfide, C87S, decreased the Ty, by 9.6 deg. C.

Asp130 and Asp334 of the large domain are
involved (Figure 8(a)). The aspartate residues are
located on two loops that are stabilized through the
ionic interactions. The slightly higher T, value of
the R211Q mutant can be explained by the ability of
the glutamine residue to form a hydrogen bond
with one of the aspartate residues. An inter-subunit
ion pair between R180 and E188 was detected in the
clasp domain where two mutations, E188Q and
E188A, were introduced with the aim of disrupting
this connection. These mutations resulted in appar-
ent melting temperatures close to that of the wild-
type enzyme; 108.5 °C and 107.6 °C, respectively,
and the conclusion that the inter-subunit ion pair
has a minor contribution to the thermostabilization
of ApIDH. Taken together, these data prove that the
seven-membered network is involved in thermo-
stabilization of ApIDH.

Disulfide bond

ApIDH has a disulfide bridge between Cys9 and
Cys87 which is likely to anchor the N terminus and
prevent it from thermal unfolding. This disulfide is
conserved in IDH from Caldococcus noboribetus.™
A mutation Cys87Ser was introduced in order to
disrupt the disulfide bond and was found to decrease
the apparent melting temperature by 9.6 deg. C
(Table 3 and Figure 8(b)), which shows that the
disulfide bridge is a major contributing factor to the
thermostability of ApIDH.

Disulfides as stabilising and catalytic structure
elements seem to be more abundant in proteins
from hyperthermophiles than generally accepted.
Among the more recent examples found in Archaea
are the two catalytic disulfides in P. furiosus protein
disulfide oxidoreductase® and the stabilising di-
sulfide in Sulfolobus acidocaldarius Rieske iron—
sulfur protein.>> There are also other examples of
disulfides found in crystal structures of intracellular
proteins.”®>® According to a recent study, the
abundance of intracellular disulfide bonds is
unusually high in A. pernix and might be related
to the ox;/gen-tolerant aerobic nature of this
organism.”

Hydrogen bonds

A small increase in the fraction of hydrogen
bonds per residue was observed in AplDH
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compared to EcIDH; a 2.0% increase in main-chain-
main-chain hydrogen bond interactions and a 3.1%
increase of side-chain-side-chain hydrogen bond
interactions (Table 2). However, the determination
of hydrogen bonds is highly resolution-dependent,
which is reflected by the high content of hydrogen
bonds in BsIDH, determined at a resolution of
1.55 A. Therefore, no conclusions could be made
about increased hydrogen bonding as a thermo-
stabilising factor in ApIDH.

Dimer association

A strengthened dimer association is often found
in hyperthermophilic proteins. In the clasp domain
of AplDH, the conserved aromatic interaction
between Phel84 and Phel84’ on helix e was
extended to an aromatic cluster by Phel89 and
Phe189’, which also involved Trp171 and Trp171’ on
strand M. This cluster may provide additional
stabilization of the interface. Compared to EcIDH,
the intersubunit surface was slightly more polar in
ApIDH but less charged (see Table 2). In BsIDH, the
interface surface was more charged but less
hydrophobic compared to ApIDH.

Loop deletions

Shortening of loop regions is commonly seen in
hyperthermostable proteins® and is sometimes
reflected by a higher content of secondary structure.
Three small loop deletions were observed in ApIDH
as compared to EcIDH: Tyr78-Gly79, Aspl35,
Lys187-Argl89 in EcIDH (E. coli numbering). In
addition, helix g2 replaces the loop between strand
L and strand K in EcIDH.

Conclusions regarding thermostability

Two major determinants conferring the increased
thermostability in ApIDH were confirmed by
mutational studies; a disulfide bridge at the N
terminus and a seven-membered inter-domain
ionic network with many neighbouring charged
residues extending the network to 23 or 15 members
if a cutoff of 6 A instead of 4.2 A was used. As a
general conclusion, the total number of ion pairs
and the size of the ionic networks increased
dramatically in ApIDH compared to EcIDH. A
further important difference was found in the
reduced net charge of only +1 in ApIDH, a factor
that presumably contributes to improved electro-
static optimization.

Materials and Methods

Mutations and protein purification

Mutations in ApIDH were introduced by PCR-based
mutagenesis using the QuickChange Site-Directed Muta-
genesis Kit (Stratagene). The primers used are listed in
Table 4 and the mutation sites are underlined.

Incorporation of the mutation at the desired position
was confirmed by DNA sequence analysis of the entire
idh-coding region using an ABI 3700 DNA sequencer.
Mutated enzyme was produced in E. coli strain BL21-
Codon-Plus (DE3)-RIL (Stratagene) as described for the
wild-type enzyme and purified using heat treatment and
Red-Sepharose chromatography.®

Differential scanning microcalorimetric
measurements

Differential scanning calorimetry (DSC) was carried out
with a MicroCal MCS calorimeter controlled by the MCS
OBSERVER program (MicroCal). The samples were
dialysed against the reference buffer used in the experi-
ment (50 mM potassium phosphate buffer (pH 7.5), 0.1 M
NaCl) and degassed for 20 minutes prior to the calori-
metric analysis. A protein concentration of 1.3 mg/ml
was used. The calorimetric scans were carried out
between 20 °C and 120 °C using a scan rate of 1 K/minute.
A constant pressure of 2 bar was applied in order to avoid
boiling at high temperatures. Each sample was scanned a
second time after the actual calorimetric scan to estimate
the reversibility of the unfolding transition.

Crystallization

Crystals of native ApIDH were grown as reported.®’
Crystals were soaked in two different solutions: (1) 11%
(w/v) PEG 6000, 100 mM d-isocitrate-buffer pH 5.6 (Ds-
(+)-threo-isocitric acid monopotassium salt, FLUKA
58790), 50 mM CaCl, and 5 mM NADP™*. (2) The original
mother solution with 10 mM etheno-NADP™ (nicotin-
amide 1,N®-ethenoadenine dinucleotide phosphate,
SIGMA N-3630) added. Soaking proceeded for about
48 hours prior to the data collection.

Data collection, processing and characterization of
crystals

All datasets were collected at the synchrotron beamline
1711 at MAXLAB, Lund, Sweden, except a dataset of a
native ApIDH crystal that was collected as described®
and used in the beginning of the refinement. All other
crystals were flash-frozen with boiling nitrogen at 100 K
in their respective mother or soaking solution containing
20% (v/v) ethylene glycol as cryoprotectant. An MarCCD

Table 4. Primer sequences

ApIDH
Primer sequence mutant
5-TTTGCAACTAGGATGCTTATGGAGAGG-3' R211/M
5'-CCTCTCCATAAGCATCCTAGTTGCAAA-3/
5-TTTGCAACTAGGCAGCTTATGGAGAGG-3’ R211/Q
5'-CCTCTCCATAAGCTGCCTAGTTGCAAA-3/
5-CCAGGCGCTAAACCTCTACGCTAAC-3' D130/N
5-GTTAGCGTAGAGGTTTAGCGCCTGG-3/
5-TGAACATGGGCAACGGCATAGC-3' D334/N
5'-GCTATGCCGTTGCCCATGTTCA-3/
5-CCTCGCAGAGCAGTTCGGGATAT-3' E188/Q
5'-ATATCCCGAACTGCTCTGCGAGG-3'
5-CCTCGCAGAGGCTTTCGGGATAT-3' E188/A
5'-ATATCCCGAAAGCCTCTGCGAGG-3/
5-CTCGCCCGGGAGAAGAGCGGCGAGCT C87/S
GCTTCCC-3'
5-GGGAAGCAGCTCGCCGCTCTTCTCCC
GGGCGAG-3'
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165 detector and MarCCD v0.5.33 software were used for
data collection. The data were indexed and scaled with
the HKL package.®’ The datasets were completed
by including all possible ikl and Rge. columns using
UNIQUE.®? Care was taken to keep the same Ry, flags in
all datasets. Structure factors were calculated with the
program TRUNCATE.®* Data collection parameters and
processing statistics are dggiven in Table 1. The Matthews
coefficient (V) was 2.6 A”/Da, suggesting a dimer in the
asymmetric unit.

Molecular replacement

Molecular replacement was done with the 2.6 A dataset
of the native ApDIH collected.®® A trimmed model of the
structure of EcIDH (PDB code: 3ICD) was used as search
model. The sequence identity between IDH from A. pernix
and E. coli is 48%. The orientation of the search model was
determined by a fast rotation function calculated in CNS®
using data between 15 A and 4 A. In order to allow for
different domain orientations in the model, Patterson
correlation refinement in CNS®® was invoked both before
and after the translation search with five groups selected
as rigid bodies. The best solution from the cross-rotation
search scored 2.29c above the mean. This peak gave a
clear solution in the translation search in space group
P432,2. The monomer was fixed while searching for the
second subunit. The highest translation score for the
second subunit was found by the 11th cross-rotation
solution, which scored only 0.98c above the mean. This
suggested already that the two subunits may show
different domain orientations. Later on, a refined dimer
of the native ApIDH was used as model in molecular
replacement searches for native ApIDH (where the
rotation function scored 3.79c above the mean), pseudo-
native ApIDH(4.485) and the ternary complex (3.370),
The same parameters as in the initial search were used.

Crystallographic refinement, density modification and
model building

The initial R-factor of the native ApIDH was 50.6%
(Rfree 51.0%). The orientations of the two subunits and the
domains were refined with rigid body refinement but the
R-factor was not improved much, since the domains were
refined during the Patterson correlation refinement.
Simulated annealing in CNS®® was applied using torsion
angles. The starting temperature was 3000 K and was
decreased in steps of 25 K. The best results were obtained
using tight NCS restraints (300 kcal/(mol/ A?)) between
the small domains and between the clasp domains and
loose restraints (50 kcal/(mol/A?)) between the large
domains. After grouped B-factor refinement, using one B-
factor for each main chain and one for each side-chain, the
R-factor dropped to 41.6% (Rgree 45.0%).

Density modification and averaging according to the
2-fold non-crystallographic symmetry was initially done
within CNS® and revealed continuous density for most
of the dimer, showing several of the deleted parts of the
native ApIDH model. Additional density showed up
gradually during model building and refinement aided by
2-fold averaging in RAVE.®* NCS operators were improved
with the program IMP®* the mask was generated
by MAMA®* and edited manually in the regions
surrounding the missing parts of the model.

Model building was performed with the program 0.%°
Each model building session was followed by molecular
dynamics refinement in CNS®® at constant temperature.
When subunit A was built, it was rotated over subunit B

and adjusted according to the averaged map. However,
the refined B-factors were alarmingly high, many above
100 A% The R-factor at this stage was 26.3% (Reree 31.4%).
The average B-factor for the large domain of subunit B
was 42.8 A”, compared with 22.2 A? in subunit A. At this
stage, a new dataset of native ApIDH with resolution to
220 A as well as data for the pseudo-native ApIDH
(2.15 A) and the ternary complex (2.3 A) were collected
and used in molecular replacement as described.

The initial R-factors of the native ApIDH, pseudo-
native ApIDH and the ternary ApIDH complex were
37.6% (Riree 38.2%), 38.2% (Reree 38.2%) and 45.4% (Reree
46.4%), respectively. The models were refined with rigid
body refinement, simulated annealing and grouped B-
factor refinement using the same protocol as described
above, before adjustments of the models were made in
0.°> The NCS restraints were optimized, taking into
account differences due to crystal contacts and averaged
maps. The final refinement was done in REFMAC®* with
individual isotropic B-factor refinement and parameters
for anisotropic thermal motion of rigid groups (TLS
refinement), which were defined according to the
domains of ApIDH

In the case of the ternary complex, the binding of the
cofactor and substrate caused a dramatic closure of the
large domain in subunit B. This domain was adjusted or
rebuilt residue by residue from 135 to 70 and from 321 to
350. Since the density of the remaining part of this domain
was poorly defined, residues 6-69 and 351426 were
added from the large domain of subunit A after a rotation
of the whole domain over the newly built residues of
subunit B. NCS restraints for the large domains were not
applied for the ternary complex. Density modification
and averaging of the ternary complex was performed with
DMMULTI®® using one rotation matrix for each domain.

Water molecules were added using the program
ARP_WARP®* and kept only if density was present in
both 2|F,| —|F.| (if above 1 o) and |F,| — |F.| maps (if above
3.0 o), if a suitable hydrogen bond donor/acceptor was
present and if the temperature factor was below 60 A%
Some water molecules were added manually. The active
site water molecules were confirmed by excluding them
one by one followed by investigation of |F,|—I|F|
difference density maps. In the native and the pseudo-
native ApIDH, the water molecules were divided into two
separate TLS groups according to the subunits. In the
ternary complex, the water molecules on subunit A
formed one TLS group, whereas water molecules belong-
ing to subunit B were divided into two TLS groups
according to the domains. In addition, the active site
water molecules on each subunit were grouped together
with the respective isocitrate molecules and Ca®* ions.

Stereochemical quality of the models was checked with
the program PROCHECK®® as implemented in CCP4.%>
Superposition and determination of RMS differences
between subunits, domains and homologous structures
were done in O.%°

Domains were considered as rigid bodies. Domain
rotations were defined as the rotation angle required to
superimpose the large domain in subunit A on the same
domain in subunit B, with the small domains of subunit A
and B remaining in a fixed superimposed position. Axis
direction and rotation angle were calculated from the O
rotation matrix by CONVROT (Winfried Meining,
unpublished program). No significant translation com-
ponent was detected.

Sequence alignment was performed with the program
STAMP®” and was based on secondary structural assign-
ments made using the program DSSP.*®
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Surface calculations and analysis of non-covalent
interactions

Ion pairs and ionic networks were analysed using the
programs CONTACT®? and IONSTAT (Winfried Meining,
unpublished program) with a maximum distance of
42 A% or 6 A. Accessible surface areas were calculated
using CNS with Ala, Ile, Leu, Met, Phe, Pro, Trp and Val
defined as hydrophobic residues, Asn, Gln, Ser, Thr, Tyr,
Cys and Gly treated as polar residues and Asp, Glu, Arg,
Lys and His as charged residues. The water probe radius
was 1.4 A and the accuracy of the numerical integration
was set to 0.12. Water was excluded from the model.

Net charges were calculated by summing the total
number of positive (Arg, Lys and His) and negative (Asp,
Glu) charges, assuming 50% of the histidine residues as
charged at neutral pH due to the neutral pK, value of this
residue.

Hydrogen bonds were calculated using HBPLUS”’ v3.15
and the following default parameters: maximum distances
for D-A, 39 A and for H-A, 2.5 A; minimum angles for
D-H-A, D-A-AA and H-A-AA was 90°.”" Ton pairs that
were counted as hydrogen bonds by the program were
excluded.

Figure preparations

Figure 1a and b were generated using the programs
MOLSCRIPT’?> and RASTER3D v2.7b.”® Figures 1c, 3-8
were made using PYMOL.”* Figure 2 was prepared using
the program ALSCRIPT.”?
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