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Pyridoxal kinase catalyzes the phosphorylation of pyridoxal (PL) to pyridoxal 50-phosphate (PLP). A
D235A variant shows 7-fold and 15-fold decreases in substrate affinity and activity, respectively. A
D235N variant shows �2-fold decrease in both PL affinity and activity. The crystal structure of D235A
(2.5 Å) shows bound ATP, PL and PLP, while D235N (2.3 Å) shows bound ATP and sulfate. These results
document the role of Asp235 in PL kinase activity. The observation that the active site of PL kinase can
accommodate both ATP and PLP suggests that formation of a ternary Enz�PLP�ATP complex could occur
in the wild-type enzyme, consistent with severe MgATP substrate inhibition of PL kinase in the presence
of PLP.

� 2009 Elsevier Inc. All rights reserved.
Pyridoxal 50-phospate (PLP) is the active form of vitamin B6

used by several apo-B6 enzymes as a co-factor to form the catalyt-
ically competent holo-enzymes serving vital roles in various trans-
amination, decarboxylation, and synthesis pathways involving
carbohydrates, sphingolipids, amino acids, heme and neurotrans-
mitters [1–2]. Mammals cannot synthesize PLP from small metab-
olites by a de novo pathway but require the dietary B6 vitamins;
pyridoxal (PL) or pyridoxine or pyridoxamine via a salvage path-
way. In the presence of MgATP, PL kinase catalyzes the addition
of phosphate to the 50 alcohol of pyridoxine, pyridoxamine and
PL to form pyridoxine 50-phosphate, pyridoxamine 50-phosphate
and PLP, respectively, [3]. Pyridoxine 50-phosphate and pyridox-
amine 50-phosphate are subsequently converted to PLP by pyridox-
ine 50-phosphate oxidase [3].

Disruption of the salvage pathway, due to mutation or inhibi-
tion of PL kinase or lack of vitamin B6 intake is known to result
in PLP deficiency, which is implicated in several pathologies, most
notably neurological disorders since syntheses of many neuro-
transmitters involve PLP-dependent enzymes [4–10]. An emerging
ll rights reserved.
health problem is the intake of too much vitamin B6. In various
studies, high doses of the highly reactive PLP in the cell also exhib-
its toxic effects, including sensory and motor neuropathies due to
its propensity to react with several nucleophiles [11].

The reaction mechanism of PL kinases involves random sequen-
tial substrate addition, with the metal ion tandem Mg2+ and K+

required for enzyme activity [12–14]. The crystal structures of
Escherichia coli, sheep and human PL kinases reveal a functional di-
meric structure, with one active site per each monomer [12–14]. PL
kinases are classified as members of the ribokinase superfamily,
since they show the same typical central core tertiary structures
of b-sheets surrounded by a-helices, as well as conserved ATP
and substrate binding site geometries [12–15]. Members of this
enzyme superfamily catalyze the phosphorylation of the C50-hy-
droxyl group of their respective substrates using ATP. In PL kinases
and in the ribokinase superfamily as a whole, a conserved Asp235
residue is observed to make a hydrogen-bond interaction with the
C50AOH group of the substrates, and the current working hypoth-
esis suggests this residue to be the base that deprotonates the
C50AOH group, with the resulting negatively charged O50 atom
making a direct nucleophilic attack on the ATP c-phosphate
(Scheme 1) [12–15]. Our goal is to determine if Asp235 plays a cat-
alytic role in PL kinase enzymatic activity.
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Scheme 1. Proposed reaction mechanism by PL kinase.

Table 2
Crystal information, data collection and refinement parameters.a

D235A D235N

Data collection statistics
Space group I222 I222
Cell dimensions (Å) 91.2 115.4 168.9 91.1 114.6 169.7
Resolution (Å) 32.69–2.5 (2.59–2.5) 32.54–2.30 (2.38–2.30)
No. of measurements 124056 133496
Unique reflections 31128 (2935) 39415(3745)
I/sigma I 10.9 (4.2) 15.5 (4.6)
Completeness (%) 99.7 (99.6) 99.0 (99.3)
Redundancy 3.99 (3.79) 3.39 (3.18)
Rmerge (%)b 8.3 (29.8) 4.9 (25.0)

Structure refinement
Resolution limit (Å) 29.93–2.5 (2.59–2.5) 29.36–2.30 (2.38–2.30)
No. of reflections 31124 (2935) 39410 (3745)
R-factor (%) 21.2 (38.9) 21.4 (38.2)
Rfree (%)c 26.2 (40.3) 26.1(43.8)

Rmsd standard geometry
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Materials and methods

Site-directed mutagenesis and enzyme production. The variants
were made on the wild-type construct pET22b(+) carrying the hu-
man pdxK gene insert [16] using the QuickChangeTM Site-Directed
Mutagenesis Kit from Stratagene (La Jolla, CA). The mutations were
confirmed by sequencing the cDNA inserts. The pdxK gene inserts
were then transferred into a pET28a(+) vector by use of NdeI and
XhoI unique restriction sites. The new constructs were then trans-
formed into E. coli Rosetta (kDE3) pLysS competent cells for protein
expression (Novagen, EMD Chemicals Inc., Merck KGaA, Darms-
tadt, Germany).

The Rosetta cells with the mutated genes were grown in 6L of
LB-kanamycin–chloramphenicol medium to an optimal density of
1.2 at 600 nm, and then induced with 0.5 mM IPTG. Cells were
grown for an additional 5 h at 32 �C and harvested by centrifuga-
tion. The cell pellets were resuspended in 250 ml of 50 mM sodium
phosphate buffer, pH 8.0, and disrupted by osmotic shock. Strepto-
mycin sulfate was added to a final concentration of 10 g/L to re-
move excess nucleic acids. The enzyme was dialyzed in 50 mM
sodium phosphate buffer, pH 8.0, and then purified using a Ni-
NTA column [14]. Fractions containing 95% purity, as judged by
SDS-Page were pooled and concentrated.

Determination of kinetic constants. Wild-type, and D235A and
D235N variant forms used in the kinetic experiments were dia-
lyzed overnight against 20 mM sodium BES buffer, pH 7.2. Kinetic
assays were performed at 37 �C in 1 cm thermostated cuvette. Ini-
tial velocity studies for the conversion of PL to PLP were followed
at 388 nm in an Agilant 8454 spectrophotometer in 20 mM sodium
BES buffer, pH 7.2, [14,16]. MgATP concentrations were varied be-
tween 100 to 800 lM, and PL concentrations between 20 to
300 lM. The Km and kcat values for PL and MgATP were determined
by double reciprocal plots constructed with Sigma Plot and the re-
sults shown in Table 1.

Crystallization and data collection. Crystallization drops were
composed of 2.5 mL of protein solution (with 2.5 mM MgATP
and/or 1 mM PL) and 2.5 mL of reservoir and equilibrated against
700 mL reservoir solution (100 mM Tris–HCl, pH 8.0, and 57%
MPD, 5 mM MgSO4). Crystals were cryoprotected in solution con-
taining 100 mM Tris–HCl buffer (pH 8.0) and 60% MPD with the
Table 1
Kinetic parameters for human PL kinase.

Enzyme Wild-type D235N D235A

Km, PL (lM) 24 58 170
Km, MgATP (lM) 190 180 170
kcat (min�1) 29 14 1.9
appropriate substrates before flash cooling. X-ray data were
collected at 100 K using a Molecular Structure Corporation (MSC)
X-Stream Cryogenic Crystal Cooler System and an R-Axis IV++ im-
age plate detector, a Rigaku MicroMax–007 X-ray source equipped
with MSC Varimax confocal optics operating at 40 kV and 20 mA.
The data were processed with the MSC d�trek software and the
CCP4 suite of programs [17]. The X-ray data from the D235N and
D235A are summarized in Table 2.

Structure refinement. The isomorphous human PL kinase struc-
ture (PDB code 2YXU), mutating Asp235 to Gly, and omitting
bound ATP, phosphate, water and MPD molecules was used as
the starting model for the refinements of the two variant struc-
tures. All refinements were performed with the CNS program
[18]. After rigid body refinement, conjugate gradient minimization
and simulated annealing using the diffraction data of D235A, dif-
ference density at residue 235 suggested an Ala consistent with
nucleotide sequencing result. Densities were also identified for
ATP, Mg2+ and Na+ in both active sites. We also observed bound
PLP and PL molecules in the active site of subunit B (Fig. 1A and
B), and bound PL and sulfate molecules in the active site of subunit
A.

In the D235N variant, after a similar refinement cycle, using a
model with residue 235 as Gly, we observed a density extending
from the a-carbon of residue 235 suggesting an Asn mutation
(Fig. 1C and D). We also observed in the active sites, bound ATP
and sulfate molecules. The two complexes were refined with alter-
nate cycles of conjugate gradient minimization, simulated anneal-
ing and B-factor refinements with intermittent model rebuilding
using both TOM [19] and COOT [20]. Addition of water, MPD and
sulfate molecules led to the final crystallographic Rfree/R-factors
of 21.2%/26.2% for the 2.5 Å resolution D235A structure; and
21.4%/26.1% for the 2.3 Å resolution D235N structure. The struc-
ture solution/refinement statistics are shown in Table 2. All figures
were drawn using PyMOL (Delano Scientific, 2007; http://www.py-
mol.org) and labels were added using Adobe� Photoshop. Atomic
coordinates and structure factors have been deposited in the RCSB
Protein Data Bank with codes 3FHX and 3FHY for D235A and
D235N, respectively.
Bond-lengths (Å)/-angles (�) 0.008/1.4 0.008/1.4
Most favored/allowed regions 93.6/5.7 93.9/5.3

B-factors
All atoms/protein atoms 43.8/43.2 44.2/43.4
ATP/metal ions 40.7/35.3 38.5/28.4
Sulfate/water/MPD 72.3/40.1/75.7 74.1/45.8/72.2

a Numbers in parenthesis refer to the outermost resolution bin.
b Rmerge = RhklRi j Ihkli � hIhklii j RhklRihIhklii.
c Rfree calculated with 5% of excluded reflection from the refinement.

http://www.pymol.org
http://www.pymol.org


Fig. 1. Crystal Structure of PL kinase. (A) A Fo–Fc map (contoured at 2.6r level) of
the D235A model calculated before Na+, Mg2+, PLP, PL, ATP and Ala235 side-chain
were added to the subunit B active site. (B) A 2Fo–Fc map (0.8r level) of the subunit
B active site of the D235A model. (C) A Fo–Fc map (2.6r level) of the D235N model
calculated before Na+, Mg2+, sulfate, and Asn235 side-chain were added to the
subunit B active site. (D) A 2Fo–Fc map (0.8r level) of the subunit B active site of the
D235N model. All maps are superimposed with the final refined models. (E) Stereo
view comparison of the active site of the wild-type structure in complex with ATP
(grey), D235N in complex with ATP and sulfate (cyan), and D235A in complex with
PLP, PL, ATP and the non-conserved water (magenta). Residue 235 is labeled as
X235. Also shown are the cation positions. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this paper.)
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Results and discussion

The variants D235A and D235N were constructed, expressed
and purified. The D235A variant showed a 15-fold decrease in cat-
alytic activity, as well as a 7-fold decrease in affinity for PL (Table
1). The D235N mutation resulted in a �2-fold decrease in activity
and PL affinity. The Km for MgATP did not change significantly be-
tween the wild-type and variant enzymes, consistent with the fact
that the carboxylate of Asp235 makes a hydrogen-bond interaction
with PL but not with ATP.
The D235A and D235N variant structures were refined to 2.5
and 2.3 Å, respectively, using the isomorphous wild-type struc-
ture (PDB code 2YXU). The D235A variant structure, co-crystal-
lized with PL and ATP, showed these two substrates, as well as
the product PLP bound simultaneously at the subunit B active
site (Fig. 1A and B). In subunit A, we also observed PL and
ATP, but instead of PLP, we found a bound sulfate molecule that
occupies the PLP phosphate position. The D235N variant, co-
crystallized with only ATP, shows bound ATP and the sulfate
molecule described above (Fig. 1C and D). The sulfate molecules
could be coming from MgSO4 used in the crystallization exper-
iment. However, we cannot rule out the possibility that this an-
ion is phosphate that results from spontaneous hydrolysis of
ATP c-phosphate, which is known to happen in PL kinase
[12]. The PLP phosphate moiety or the sulfate molecule lies
adjacent to the ATP c-phosphate, and are stabilized by a P-loop,
consisting of an anion hole formed by the highly conserved se-
quence motif GTGA (residues 231–234) and the N-terminus of
the helix formed by the residues 234–248. The PLP phosphate
or the sulfate molecule makes extensive hydrogen-bond interac-
tions with the backbone nitrogen atoms of the anion hole res-
idues, while the rest of the PLP molecule is located inside the
active site with very limited protein contacts, consistent with
a weaker PLP ring density. The ATP c-phosphate is further sta-
bilized by a bound Na+, while the b-phosphate is stabilized by
the P-loop and Mg2+.

Comparisons of the D235A, D235N and the wild-type struc-
tures show similar folds with root mean square deviations of
�0.2 Å. The ATP and PL binding site geometries, as well as their
associated interactions with the protein are also conserved
(Fig. 1E). In the D235N variant, the side-chain of Asn235 occupies
the same position as the wild-type Asp235 side chain and makes
a conserved hydrogen-bond interaction with the C50-OH group of
a modeled PL. In the D235A variant, there is a non-conserved
water molecule close to the Asp235 carboxylate oxygen atom
(Fig. 1E). The water is close to the amide nitrogen of Gly20
(�3 Å), as well as the C50AOH group of PL (�3 Å). The bound PL
makes conserved PL kinase interactions with the residues Ser12,
Thr47, Val19 and Tyr84.

This study suggests that Asp235 is the catalytic base involved in
PL kinase activity. The study, however, unexpectedly showed less
than the anticipated drop in variant catalytic activities, which
would be consistent with removal of an essential catalytic base.
Since the human PL kinase enzyme was purified with a His-tag
affinity column, significant contamination by wild-type enzyme
is ruled out. Most likely, the �7% activity of the D235A variant
could be attributed to the non-conserved water molecule de-
scribed above acting as a weak base. As noted above the ATP c-
phosphate is known to hydrolyze spontaneously, which suggests
that even a weak catalytic base could initiate the phosphorylation
reaction, consistent with the significant activity of the D235N mu-
tant. We propose that during the catalytic reaction, Asp235 forms a
strong H-bond with the 50AOH of PL to enhance the nucleophilicity
of the substrate. A subsequent nucleophilic attack by PL on the ATP
c-phosphate results in the transfer of the proton from the 50AOH
group to the Asp235 carboxyl group, and concomitant transfer of
the c-phosphate to PL.

The reduced rate of PL phosphorylation by the D235A variant
might have led to the trapping of ATP, PL and PLP at the active site.
The ability to trap a PLP in the presence of the MgATP substrate
suggests that PL kinase might use this mechanism to self-regulate
its activity. This is consistent with our previously published kinetic
study with E. coli PL kinase that showed severe MgATP inhibition of
the enzyme in the presence of PLP. [13] We speculate that this
inhibition is due to formation of a non-productive PL kina-
se�PLP�ATP complex.
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