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ABSTRACT: The isocitrate dehydrogenase kinase/phosphatase (IDHK/P) ofE. coli is a bifunctional enzyme
responsible for the reversible phosphorylation of isocitrate dehydrogenase (IDH) on a seryl residue. As
such, it belongs to the serine/threonine protein kinase family. However, only a very limited homology
with the well-characterized eukaryotic members of that family was identified so far in its primary structure.
In this report, a new region of amino acids including three putative residues involved in the kinase activity
of IDHK/P was identified by sequence comparison with eukaryotic protein kinases. In IDHK/P, these
residues are Asp-371, Asn-377, and Asp-403. Their counterpart eukaryotic residues have been shown to
be involved in either catalysis (former residue) or magnesium binding (the two latter residues). Site-
directed mutagenesis was performed on these three IDHK/P residues, and also on the Glu-439 residue
equivalent to that of the Ala-Pro-Glu motif found in the eukaryotic protein kinases. Mutations of Asp-
371 into either Ala, Glu, or Gln residues drastically lowered the yield and the quality of the purification.
Nevertheless, the recovered mutant enzymes were barely able to phosphorylate IDH either in vitro or
after expression in anaceK- mutant strain. In contrast, mutation of either Asn-377, Asp-403, or Glu-439
into an Ala residue altered neither the yield of purification nor the maximal phosphorylating capacity of
the enzyme. However, when IDH was phosphorylated in the presence of increasing concentrations of
magnesium ions, the two former mutants displayed a much lower affinity for this cation, with aKm value
of 0.6 or 0.8 mM, respectively, as compared to 0.1 mM for the wild-type enzyme. On the other hand, the
Glu439Ala mutant has an affinity for magnesium essentially unaffected. Therefore, and in contrast to the
current opinion, our results suggest that the catalytic mechanism of IDHK/P exhibits some similarities
with that found in the eukaryotic members of the protein kinase family.

Protein phosphorylation is known to play a crucial role in
the metabolism and signal transduction of living organisms.
In bacteria, three types of protein phosphorylation systems
have been identified which are mechanistically unrelated (2).
The first mechanism is the well-characterized phospho-
enolpyruvate-dependent phosphotransferase system, which
permits the selective entry of sugar by phosphoryl transfer
to protein histidyl and cysteinyl residues (3, 4). The second
system concerns the ATP-dependent sensor kinase that
responds to environmental stimuli by autophosphorylation
onto a histidyl residue, followed by transfer of the phosphate
group to an aspartyl residue belonging to a response regulator
(5, 6). The third system involves an ATP-dependent kinase
that modulates the activity of its target protein(s) by
phosphorylation on either seryl, threonyl, or tyrosyl residues
(7).

Despite the sudden awareness in the late 70’s that the latter
mechanism of phosphorylation occurred in many bacterial
species, purification of the involved protein kinases was
tedious (8), and only a few examples have been reported so
far (9, 10). One of the first members characterized in this
group phosphorylates the Krebs-cycle enzyme isocitrate
dehydrogenase (IDH)1 at a single seryl residue (Ser-113),
thereby leading to inactivation of the enzyme (11, 12). This
regulatory mechanism enables the bacteria to bypass the
Krebs cycle via the glyoxylate shunt, when bacteria are
grown on acetate or ethanol as the sole carbon source
(13, 14). In fact, the reversible phosphorylation of IDH is
catalyzed by an unusual single bifunctional enzyme respon-
sible for both the phosphorylation and dephosphorylation
activities, which is therefore called isocitrate dehydrogenase
kinase/phosphatase (IDHK/P) (15). This enzyme also pos-
sesses a high ATPase activity, even in the absence of its
natural substrate IDH (16), and it has been proposed that* To whom correspondence should be addressed at the Institut de
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both kinase, phosphatase and ATPase activities occur at a
single catalytic site (17).

In contrast, protein phosphorylation in eukaryotes mainly
involves ATP-dependent serine/threonine/tyrosine protein
kinases (ePKs), and all members of this well-defined
superfamily exhibit extensive sequence similarity (18).
Consistently, crystal structures of several eukaryotic proteine
kinases have revealed that their catalytic cores share a similar
fold (19). The overall structure consists of two domains, with
anN-terminal lobe providing some residues for ATP binding,
and aC-terminal lobe containing a catalytic loop and the
protein substrate binding site; the catalysis occurs at the cleft
between the two lobes (20, 21). Several residues highly
conserved among these ePKs are scattered throughout the
catalytic core (22): in the N-terminal lobe, these are
essentially the glycine-rich motif (50-GlyXGlyXXGly-552),
involved both in nucleotide binding and in catalysis (23, 24),
and a lysine residue (Lys-72) found invariably and known
to interact with theR- andâ-phosphates of bound MgATP
(1). In theC-terminal lobe, the most conserved residues are
an aspartate residue (Asp-166), presumed to act as a catalytic
base (25, 26), and two other residues, one asparagine (Asn-
171) and one aspartate (Asp-184), each involved in chelating
one of the two ATP-liganded Mg2+ ions in PKA (27, 28).
This cluster of three residues forms a “catalytic” triad which
is invariably found in all members of the ePK family.
Recently, genome sequencing programs have allowed iden-
tification of several putative bacterial members belonging
to this family, since they display most, if not all, of the
conserved residues mentioned above (29, 30). In contrast,
E. coli IDHK/P has long been considered as an orphan in
the kinase world (5, 31). Indeed, its structural relationship
with ePKs was restricted only to a stretch of about 25 amino
acids, encompassing a glycine rich-like motif (315-APGIRG-
320) and a critical lysine residue (Lys-336) proposed to be
equivalent to Lys-72 of the cAPK (17, 32).

The recently determined structure of a bacterial amino-
glycoside kinase revealed a three-dimensional fold strikingly
similar to that of ePKs, despite a virtually complete lack of
sequence homology but allowing, nonetheless, the strategic
location of conserved key residues (33). This prompted us
to reexamine the sequence of IDHK/P: a faint, but signifi-
cant, homology with ePKs was detected, possibly including
a “catalytic triad” of IDHK/P. These newly identified putative
critical residues of IDHK/P were put to the test by site-
directed mutagenesis, and the kinetic parameters of the
corresponding mutants are reported here. The results suggest
that the kinase activity of IDHK/P is relevant to the catalytic
mechanism occurring in ePKs. From a general viewpoint,
this would imply an evolutionary link between ePKs andE.
coli IDHK/P.

EXPERIMENTAL PROCEDURES

Materials. Unless specified, all the reagents were from
Sigma, and the enzymes used for molecular biology tech-
niques were from Promega.

Bacterial Strains.The strains used in this study were the
following: E. coli strains JM109 (endA1, gyrA96, hsdR17,

mcrB+, recA1, relA1, supE44, thi-1, ∆(lac-proAB), F′-
[traD36,proAB, lacIqZ∆M15]) (17) and BMH 71-18 (supE,
thi-1, ∆(lac-proAB), F′[proAB+, lacIqZ∆M15], mutS:: Tn10).
IL2 was anE. coli mutant strain (∆aceK and lacIq) obtained
as previously described (32).

Purification of IDHK/P. Recombinant wild-type IDHK/
P, fused with 6×His at itsN-terminal end, was prepared from
E. coli JM109 cells harboring the overproducing plasmid
pJCD4, as previously described (34). Mutant IDHK/Ps were
purified under the same conditions as the wild-type enzyme.

DNA Manipulation.Routine DNA manipulations and site-
directed mutagenesis were performed as previously described
(35). The oligonucleotide primers used for the respective
changes (underlined) were the following:

The mutations introduced were confirmed by DNA
sequencing using the Sequenase Version 2.0 DNA Sequenc-
ing Kit (United States Biochemical) according to (36).

Purification of IDH and in Vitro Phosphorylation.The
recombinant IDH, fused with 6×His at itsN-terminal end,
was prepared as previously reported (37). Phosphorylation
of purified IDH was routinely performed at 37°C using a
20-µL assay mixture containing 7µCi of [γ-32P]ATP (3000
Ci/mmol), 15µM ATP, 25 mM Mops-HCl, pH 7.5, 1 mM
EDTA, 1 mM DTT, 5 mM MgCl2, 100 mM NaCl, 10µg of
IDH, and 1 µg of IDHK/P. The reaction mixture was
incubated for the time specified in the figure legends. When
the apparentKm for ligands was determined, the incubation
period was only 30 s. This time interval was chosen to
maintain the initial rate of phosphorylation throughout the
experiments, as checked on separate kinetic experiments.
When the phosphorylation activities were measured in the
presence of increasing concentrations of magnesium, EDTA
was omitted from the reaction mixture, and the ATP
concentration was set at 50µM. The phosphorylation assays
were stopped by adding the gel-electrophoresis loading buffer
(31.2 mM Tris-HCl, pH 6.8, 75 mMâ-mercaptoethanol,
0.5% sodium dodecyl sulfate, 2.5% glycerol, and 0.005%
bromophenol blue) and heating immediately for 5 min at
100°C. Samples were then submitted to 10% polyacrylamide
gel electrophoresis in the presence of sodium dodecyl sulfate
(SDS-PAGE), and the dried gels were autoradiographed at
-80 °C on a Kodak MS film. Quantification of the
phosphorylation spots obtained by autoradiography was
performed with a Personal Densitometer SI (Molecular

2 The numbering of mouse cAMP-dependent protein kinase (PKA)
was taken as a reference for the eukaryotic protein kinases throughout
the manuscript [cf. (1)].

Asp371Ala, 5′-GGCCGAATGGCGGCTACCCAGGA-
GTTTGAAA-3′

Asp371Gln, 5′-GGCCGAATGGCGCAGACCCAGGA-
GTTTGAAA-3′

Asp371Glu, 5′-GGCCGAATGGCGGAAACCCAGGA-
GTTTGAAA-3′

Asn377Ala, 5′-CAGGAGTTTGAAGCTTTTGTGCTG-
GAG-3′

Asp403Ala, 5′-GAAAAAATCACCGCTCTCGGCGA-
ACAA-3′

Glu439Ala, 5′-CGCGACGCCATTGCTGAATACGGT-
AAC-3′
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Dynamics), and curve fitting of the data was performed by
using the MacCurvefit 1.0.8 software.

Phosphorylation of Purified IDH by a Crude Cellular
Extract.The host strain IL2 harboring either plasmid pJCD4
[a pQE30 derivative encoding the wild-type IDHK/P (34)]
or plasmid pCOD (the same as pJCD4 but encoding an
Asp371Ala mutant of IDHK/P) was grown in 2×TY medium
at 37 °C. When the OD600 nm reached a value of 0.7-0.8,
isopropyl â-thiogalactopyranoside (2 mM) was added and
the incubation was continued for 3 h. Cells were harvested
by low-speed centrifugation (14 000 rpm) and disrupted by
sonication. A 5-mL fraction of the crude cellular extract was
then submitted again to low-speed centrifugation, and a 8-µL
aliquot of the recovered supernatant, containing about 10µg
of protein, was used to phosphorylate 5µg of purified
recombinant IDH.

RESULTS

Partial Sequence Alignment of E. coli IDHK/P and
Members of ePKs.When the full-length sequence of IDHK/P
was compared to various ePKs sequences, the only similarity
detected by the clustal W program was that described
previously (17, 32), dealing with a glycine-rich-like motif
of IDHK/P (315-APGIRG-320) and a lysine residue (Lys-
336) proposed to be equivalent to Lys-72 of the cAPK (17,
32). In most ePKs members, the invariant Lys residue (Lys-
72) is distant from the putative catalytic base (Asp-166) by
about 100 residues (22). However, these two critical residues
lie on different subdomains of ePKs [subdomains II and VI
based on Hanks’s nomenclature for Lys-72 and Asp-166,
respectively (18, 22)] and, as such, might be separated by a
variable length in the primary sequence, depending on
whether insertion or deletion occurred during evolution. For
instance, an insertion of 58 residues is found between the 2
equivalent residues of an antibiotic kinase, which otherwise
adopts a tertiary fold very similar to that of ePKs (33). In
such a case, global alignment programs may overlook some
local similarity between sequences (38), especially if the
overall sequence identity is low. Therefore, we used truncated
sequences of IDHK/P, free from the previously detected
homologous region, and we compared them with the
complete sequences of different ePKs. A partial sequence
alignment was thus obtained by the clustal W program,
between residues Ala-343 and Arg-411 of IDHK/P, which
is shown in Figure 1 (residues 1-81 in the alignment). The
right side of Figure 1 (residues 81-140) was aligned
manually by using the MPSA program, which allows a better
fitting of the alignment by computer-generated gaps (39).
The most noticeable difference between these sequences
concerns one additional residue between Asp-371 and Asn-
377 in IDHK/P. However, the recent crystal structure of an
atypical ePK, the actin-fragmin kinase, has shown that,
despite an insertion of nine residues between the Asp and
Asn residues, these two residues occupy a similar spatial
position as the equivalent residues of PKA (40). The
AspPheGly (Asp-184) and AlaProGlu (Glu-208) motifs
which are highly conserved in all ePKs [in 87% and 70% of
the 390 sequences registered in the Protein Kinase Resource
(41), respectively] are, however, sometimes replaced by
AspLeuGly (in 5.6% of the sequences) and AlaIleGlu (in
2%) as reported here for IDHK/P. In the only other IDHK/P
sequence found in the Swiss-Prot database (42), from

Salmonella typhimurium, the residues highlighted in this
partial alignment are totally conserved (43).

The availability of the crystallographic coordinates from
several ePKs allowed us to estimate, by using the dssp
program, their secondary structure for the sequence stretches
used in Figure 1. This was done for 14 different kinases
found in the PDB (1KOB chain A, 1TKI chain A, 1PHK,
1ERK, 1P38, 1HCK, 1BI8 chain A, 1A6O, 3LCK, 1AGW
chain A, 1IR3 chain A, 2CPK chain E, 1CKI chain A, and
1CSN). The results obtained, shown for only five of them
in Figure 1, indicated that the juxtaposition of secondary
structures is conserved among all the ePKs. The secondary
structures of the 14 kinases were then compared with those
predicted by different methods including PHD (44), SOPMA
(45), DSC (46), GOR IV (47), Predator (48), and SIMPA
96 (49). The best prediction was obtained by the SOPMA
algorithm (67.7%), followed by SIMPA 96 (66.9%), PHD
(66.1%), Predator (65%), DSC (59.3%), and GOR IV
(46.2%). When only the serine/threonine subfamily of ePKs
was considered, the level of prediction was slightly increased
for each method except Predator (63.9%), SOPMA still
giving the best prediction (71.6%), as compared to SIMPA
96 (68.5%) and PHD (66.9%). Therefore, SOPMA was
chosen for the secondary structure prediction of all sequence
stretches shown in Figure 1.

The comparison of the consensual secondary elements
found by dssp and SOPMA predictions gave the following
structural information: a longR-helix (residues 2-26) is
predicted for all sequences including IDHK/P, but KYK1.
Asp-166 is located in a coil for 13 sequences, including
IDHK/P, out of a total of 18. Asn-171 is at the end of a
short 3-10 helix and precedes aâ-strand. This residue is
predicted 5 times in anR-helix (including IDHK/P) but also
10 times in a turn, and the followingâ-strand (at least two
residues) is rather well predicted for all sequences but INSR
and 7LESS. Asp-184 is in a coil preceded by aâ-strand.
This is not predicted for either IDHK/P, or FGFR, FRK,
SME1, and KYK1. Glu-208 is located in anR-helix which
is only predicted 8 times (including IDHK/P) out of 18
sequences. The last longR-helix (residues 125-140) is more
or less well-predicted for most sequences but is not detected
in IDHK/P.

Mutation of the Predicted “Catalytic” Triad of IDHK/P.
The partial alignment of Figure 1 suggested that Asp-371,
Asn-377, Asp-403, and Glu-439 residues of IDHK/P might
play a role similar to that of their counterpart residues in
ePKs (Asp-166, Asn-171, Asp-184, and Glu-208, respec-
tively). In ePKs, the former residue has been proposed to be
the catalytic base responsible for hydrolysis of theγ-phos-
phate of ATP (20, 26, 50) whereas Asn-171 and Asp-184
interact with ATP-chelated magnesium ion(s), present as
either a single (51-53) or two different ions (26, 27, 50) in
the different crystallized enzymes. Because crystallographic
data show that Glu-208 lies away from the nucleotide binding
site (25), this residue is unlikely to play a direct role in
catalysis. Nevertheless, its substitution by an alanine residue
in yeast PKA seems to greatly reduce the affinity for a
pseudo-substrate peptide (54).

To investigate the functional role of Asp-371, Asn-377,
Asp-403, and Glu-439 residues in the phosphorylating
activity of IDHK/P, site-directed mutagenesis experiments
were carried out on these residues. Asp-371 was replaced

Critical Residues for the Kinase Activity of IDHK/P Biochemistry, Vol. 40, No. 10, 20013049
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by either Ala, Gln, or Glu residues whereas Asn-377, Asp-
403, and Glu-439 residues were replaced by an Ala residue.
Each mutant was expressed and purified by the same
procedure as that described for the wild-type enzyme.
However, the amounts of protein recovered from the Asp-
371 mutants were much lower as compared to the wild-
type: about a few hundred micrograms instead of a few
milligrams starting from 4 L of culture medium. This low
yield of purification led to a substantial contamination of
the Asp371Ala and the Asp371Gln mutant preparations
(Figure 2, left panel) by a 25-kDa protein which was
identified, by sequencing, as the WHP protein. This histidine-
rich protein has been described as a common contaminant
of proteins purified by nickel-agarose chromatography (55),
and is also detected with the wild-type IDHK/P when high
amounts of enzyme are loaded on the gel. The Asp371Glu
mutant was even more contaminated by the WHP protein
after purification, and two additional bands at about 60 and
40 kDa were detected on the gel after electrophoresis. An
additional anion-exchange chromatography was performed
for the Asp371Gln mutant, allowing elimination of the WHP
protein, but considerably lowering the amount of purified
protein recovered (data not shown).

In contrast, the purification yield and the electrophoretic
pattern of the other three mutants, Asn377Ala, Asp403Ala,
and Glu439Ala, were quite similar to that obtained for the
wild-type enzyme (Figure 2, right panel).

Is the Asp-371 Residue Critical for IDHK/P Phosphory-
lating ActiVity? Despite the presence of some contaminant-
(s) in the Asp-371 mutant preparations, the phosphorylating
capacity of each mutant was compared to that of the wild-
type by adding a similar amount of wild-type or mutant
IDHK/P to the phosphorylation mixture, as estimated from
the electrophoretic pattern (see in Figure 2 the band intensi-
ties at about 60 kDa in the respective lanes). Figure 3 shows
that the phosphorylating capacity, measured during a 30-
min incubation period, was greatly impaired for each IDHK/P
mutant, the Asp371Ala mutant retaining the highest residual
activity among them (lane 2). When this experiment was
repeated with the Asp371Gln mutant further purified by
anion-exchange chromatography, identical results were ob-
tained (data not shown), indicating that the presence ofFI
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FIGURE 2: SDS-PAGE of IDHK/P from wild-type or mutant
strains. Wild-type and mutant proteins were purified by one-step
affinity chromatography on a nickel-agarose column and analyzed
by SDS-PAGE. All samples were mixed with an electrophoresis
loading buffer and heated for 5 min at 100°C prior to electro-
phoresis. After electrophoresis, the gel was stained with R250
Coomassie blue. The proteins, wild-type or mutants, loaded onto
the gel are indicated on the figure.
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contaminant(s) did not alter the phosphorylation measure-
ments. The incubation period used in this assay was
deliberately long so as to detect whether the mutants were
capable of any phosphorylating activity. Indeed, a kinetic
experiment performed with the wild-type enzyme showed
that an initial rate of phosphorylation was maintained during
about 2 min, and then the phosphorylating activity reached
a saturating level. The phosphorylating activity of the
Asp371Ala mutant was barely detectable when the incubation
lasted less than 2 min, and, therefore, we could only estimate
that its activity represents much less than a few percent of
that of the wild-type enzyme (data not shown). A possible
explanation for the lack of activity of the Asp-371 mutants
is that the corresponding proteins were less stable than the
wild-type enzyme, and therefore became partially denatured
during the purification procedure. To investigate this pos-
siblity, theE. coli IL2 strain devoided of IDHK/P was used
(32). It was complemented with either the wild-type IDHK/P
or the Asp371Ala mutant, and phosphorylation experiments
were performed with each crude cellular extract. Figure 4
shows that the wild-type complemented strain was capable
of phosphorylating exogenous IDH to a significant and
sustained level, whereas the phosphorylating activity of the
strain complemented with the Asp371Ala-mutated IDHK/P
was hardly detectable. No phosphorylation occurred when a

control was performed by using directly the IL2 strain.
Assuming a similar level of expression of the wild-type
IDHK/P and the Asp371Ala mutant for the IL2 strain
transformation, this would suggest that the Asp371Ala
mutant is intrinsically much less active and/or less stable
than the wild-type.

The Asn-377 and Asp-403 Residues of IDHK/P Are
InVolVed in Magnesium Binding.Phosphorylation experi-
ments were also performed on the other three mutants,
Asn377Ala, Asp403Ala, and Glu439Ala. First, their affinity
for ATP was compared to that of the wild-type enzyme. As
shown in Figure 5A, the same amount of enzyme (IDH and
IDHK/P) was used in each set of experiments, and the
phosphorylation of IDH gradually increased when the ATP
concentration was raised (Figure 5B). From the phosphory-
lation intensities reported in Figure 5C, the apparent fitted
Km for ATP was calculated to be 6.9( 1.5µM for the wild-
type IDHK/P and was nearly identical for the Asp403Ala
(8.7 ( 1.9 µM) and the Glu439Ala mutants (9.8( 4 µM).
In contrast, the apparent fittedKm for ATP was about 2-fold
higher for the Asn377Ala mutant (14.7( 3 µM, see Table
1). Since these three mutants did not show a marked decrease
in affinity, this implies that their overall structure was
unaffected by the newly introduced mutation.

In another set of experiments, the affinity for magnesium
during the phosphorylating activity was assessed (Figure 6).
It was found that, at saturating concentrations of IDH and
ATP, the wild-type IDHK/P had an apparent fittedKm for
magnesium of about 0.1( 0.02 mM and it was essentially
unaffected by the mutation Glu439Ala (0.2( 0.05 mM). In
contrast, it was much higher for either Asn377Ala or
Glu403Ala mutants, with respective values of 0.6( 0.2 and
0.8 ( 0.3 mM (Table 1). Therefore, these results suggest
that both Asn-377 and Asp-403 of IDHK/P are somehow
involved in the binding of magnesium ion(s).

DISCUSSION

The results reported in this paper shed new light on the
catalytic mechanism of theE. coli isocitrate dehydrogenase
kinase/phosphatase, especially on the residues involved in
its kinase activity. Up to now, the structure of IDHK/P was
supposed to be unique and unrelated to that of ePKs (5, 31,
56), except for a short stretch of amino acid residues
encompassing a glycine-rich loop and a lysine residue (17,
32). In ePKs, these residues belong to subdomains I and II,
respectively, as defined by Hanks et al. (18, 22), and interact
with the polyphosphate moiety of the bound nucleotide.
Inactivation of different members of the ePKs family by the
ATP analogue 5′-[p-(fluorosulfonyl)benzoyl]adenosine in-
variably labeled the conserved lysine residue of subdomain
II (57-60). Surprisingly, we found that the equivalent lysine
residue of IDHK/P, Lys-336, could not be labeled by the
same ATP analogue, suggesting that this residue was less
reactive and/or less accessible than in ePKs (35). In the
primary structure of IDHK/P, Lys-336 is much closer to the
“catalytic triad” (about 35 residues) than in the ePKs (about
100 residues). In the tertiary structure of ePKs, these two
elements belong to two different lobes of the protein, and
the nucleotide is nestled in the cleft between them (19-21).
It is therefore conceivable that the shorter length in the
IDHK/P sequence between these two elements might impose

FIGURE 3: Phosphorylating activity of wild-type and Asp371
mutants of IDHK/P. Phosphorylation of purified IDH was per-
formed in the presence of purified IDHK/P from either wild-type,
Asp371Ala mutant, Asp371Glu mutant, or Asp371Gln mutant for
30 min at 37°C, as described under Experimental Procedures. After
SDS-PAGE, the gel was submitted to autoradiography. The
position of phosphorylated IDH is shown on the figure.

FIGURE 4: Phosphorylation of purified IDH by a cellular extract
containing either the wild-type IDHK/P or the Asp371Ala mutant.
The host strain IL2 either nontransformed (control) or harboring
the plasmid pJCD4 (expressing the wild-type IDHK/P) or the
plasmid pCOD (expressing the Asp371Ala-mutated IDHK/P) was
used. After induction by isopropylâ-thiogalactopyranoside, cellular
extracts from each culture were prepared and used to phosphorylate
purified IDH, as described under Experimental Procedures. After
the time specified, samples were withdrawn, mixed with electro-
phoresis loading buffer, and heated for 5 min at 100°C prior to
SDS-PAGE. The gel was then submitted to autoradiography; the
position of the phosphorylated recombinant IDH is shown on the
left side.
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some structural constraints on the binding of either ATP or
its alkylating analogue, thus preventing the labeling of Lys-
336 by 5′-[p-(fluorosulfonyl)benzoyl]adenosine.

The results obtained here with the Asp-371 mutants raise
the possibility that this residue might be the catalytic base
in IDHK/P. However, we cannot draw definite conclusions
about its role in catalysis since the purification of each mutant
was unsatisfactory, probably due to some intrinsic structural
instability. The corresponding putative catalytic base of the
protein tyrosine kinase Csk has also been mutated into Ala,
Asn, and Glu residues, and the former two mutants were
reported to be poorly expressed (61). In contrast, the Glu

mutant was purified and shown to be essentially devoided
of activity. On the other hand, the mutation into an Ala
residue of the equivalent Asp residue in the EGF protein
tyrosine kinase allowed the purification of the mutated,
though inactive, protein (62). Clearly, depending on the
nature of the protein kinase, mutation of the putative catalytic
base produces a more or less drastic effect on the stability
of the protein, even if the same amino acid substitution is
made. It is important to mention that the participation of a
catalytic base in the phosphorylation mechanism of ePKs is
still a matter of debate (63, 64). Hence, it has been recently
proposed that in PKA, Asp-166 does not act as a catalytic
base, but instead maintains the conformation of the active
site (65). Asp-166 notably interacts, either directly through
a salt bridge in PKA (65) or indirectly through a network of
hydrogen bonding in phosphorylase kinase (64), with its
neighboring Lys-168. This critical residue is totally conserved
in the serine/threonine ePKs where it contacts theγ-phos-
phate of ATP, presumably to stabilize the intermediate
reaction steps (21). It is noteworthy that, in the partial

FIGURE 5: Kinase activity of wild-type and mutant IDHK/P, in the presence of increasing concentrations of ATP. Purified recombinant
IDH was incubated for 30 s at 37°C in a phosphorylation mixture containing 5 mM MgCl2 and either wild-type IDHK/P, Asn377Ala, or
Asp403Ala mutants, in the presence of increasing concentrations of ATP as indicated. For the Asn377Ala mutant, four additional ATP
concentrations were tested (60, 80, 100, and 150µΜ), but the results for these higher concentrations are not shown in the upper part of the
figure. (A) The incubation medium was analyzed by SDS-PAGE, and the stained gel is shown. The enzyme used is indicated on the left
side of each panel, the lower band corresponding to the IDH substrate. (B) Autoradiogram of the gel shown in (A), with the position of
phospho-IDH indicated. (C) The intensities of phosphorylation obtained in (B) were analyzed by densitometry, and the values were fitted
as a function of ATP concentration by using the MacCurveFit (version 1.0.8) software. (O) Wild-type IDHK/P; (b) Asn377Ala mutant; (0)
Asp403Ala mutant; (9) Glu439Ala mutant. Three independent experiments were performed, and the typical results obtained for one experiment
are shown here.

Table 1: Apparent FittedKm for ATP and Magnesium of
Wild-Type and Mutants IDHK/Pa

Km for ATP (µM) Km for Mg2+ (mM)

wild-type 6.9( 1.5 0.1( 0.02
Asn377Ala mutant 14.7( 3 0.6( 0.2
Asp403Ala mutant 8.7( 1.9 0.8( 0.3
Glu439Ala mutant 9.8( 4 0.2( 0.05

a Values were obtained from Figures 5 and 6.
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sequence alignement shown in Figure 1, Lys-168 of PKA is
aligned with Gln-373 of IDHK/P. A spontaneous mutation
of the latter into an Arg residue provoked a marked decrease
of the phosphatase activity without affecting the kinase
activity of the IDHK/P mutant (66, 67). This observation
led the authors to suggest that the Gln-373 residue is
somehow involved in the switch between the kinase and
phosphatase activities of IDHK/P, a proposal in agreement
with our new sequence alignment.

The putative catalytic base is part of a loop, known as the
“catalytic loop” in ePKs (1, 21). In this loop, Asp-166 is
separated by four residues from the invariant Asn-171
involved in the ligation of one of the two magnesium ions
in PKA. Although a similar spacing is found in most of the
ePKs (18, 22), insertion is permitted in this loop without
affecting the overall positioning of the critical residues (40).
Also, in the structure of a phosphoinositide kinase which
adopts a nucleotide-binding fold similar to ePKs, a deletion
is observed in this loop including in particular the invariant
Asn residue (68). Therefore, the insertion of one residue in
the equivalent loop of IDHK/P without affecting the overall
structure of the loop seems quite possible.

The involvement of Asn-171 and Asp-184 residues in the
binding of magnesium ions has been emphasized by the
crystal structure of several ePKs. However, depending on
the nature of the enzyme, one or two magnesium (or
manganese) ion(s) is (are) bound in the structure. Hence, a
high-affinity ion interacts with theâ- andγ-phosphates of
nucleotide and is chelated by Asp-184, whereas a second
ion interacts, with low affinity, with theR- andγ-phosphates
of nucleotide and is chelated by both Asn-171 and Asp-184
in either PKA, phosphorylase kinase, or mitogen-activated
protein kinase (26, 50, 69). In contrast, only one magnesium
ion is found in the structure of either casein kinase 1 or casein

kinase 2, and it corresponds to the second, low-affinity, site
of the former class of ePKs (51, 53). The reason for this
difference is currently unknown (21), but might be related
to the diversity in catalytic efficiency of each enzyme. For
instance, while magnesium binding to the high-affinity site
is required for the catalysis of PKA, binding to the low-
affinity site is associated with enzyme inhibition (70). Since
Asp-184 is the only residue that chelates the magnesium ion
bound to the high-affinity site, this might explain why its
substitution by an Ala residue totally abolished the activity
of the yeast PKA (54). Here, the putatively equivalent Asp
residue of IDHK/P was replaced by an Ala residue which
resulted essentially in a decreased affinity for magnesium.
Therefore, it might be argued that this residue is not the only
one to be involved in magnesium binding in IDHK/P; this
would rather be in favor of a binding site where both
equivalent residues of Asn-171 and Asp-184 might chelate
the magnesium ion.

In conclusion, the results presented here suggest that the
catalytic mechanism of phosphorylation by IDHK/P bears
some resemblance with that of ePKs. On the other hand,
IDHK/P recognizes the tertiary structure of its IDH substrate
for the phosphorylation to occur (71), in contrast to ePKs
where the primary structure is the key element for the
recognition of the protein substrate (72), allowing the latter
to phosphorylate even small peptides (73). For this reason,
it seems likely that the structure of the protein substrate
binding site of IDHK/P is going to be somewhat different
from that in ePKs. The molecular basis for this apparent
dilemma will have to await for the 3-D structure of the
IDHK/P to be understood. However, crystallization attempts
of IDHK/P have been so far unsuccessful (74), and site-
directed mutagenesis remains a useful approach to unravel
the functioning of this complex bifunctional enzyme.
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