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Multiple Turnovers of the Nicotino-Enzyme PdxB Require o-Keto Acids as Cosubstrates
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ABSTRACT: PdxB catalyzes the second step in the biosynthesis of pyridoxal phosphate by oxidizing 4-phospho-
p-erythronate (4PE) to 2-oxo-3-hydroxy-4-phosphobutanoate (OHPB) with concomitant reduction of
NAD™ to NADH. PdxB is a nicotino-enzyme wherein the NAD(H) cofactor remains tightly bound to PdxB. It
has been a mystery how PdxB performs multiple turnovers since addition of free NAD™ does not reoxidize the
enzyme-bound NADH following conversion of 4PE to OHPB. We have solved this mystery by demonstrating that a
variety of physiologically available a-keto acids serve as oxidants of PdxB to sustain multiple turnovers. In a coupled
assay using the next two enzymes of the biosynthetic pathway for pyridoxal phosphate (SerC and PdxA), we have
found that a-ketoglutarate, oxaloacetic acid, and pyruvate are equally good substrates for PdxB (k¢.i/ K
values ~1 x 10* M ™' s71). The kinetic parameters for the substrate 4PE include a ke of 1.4s7', a K., of
2.9 uM, and a ke, /Ky, of 6.7 X 10° M~ s7'. Additionally, we have characterized the stereochemistry of
o-ketoglutarate reduction by showing that p-2-HGA, but not L-2-HGA, is a competitive inhibitor vs 4PE
and a noncompetitive inhibitor vs a-ketoglutarate.
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Vitamin By (pyridoxal, pyridoxine, pyridoxamine) is an essential
metabolite in all known organisms. Pyridoxal phosphate (PLP)' is
required for >100 enzymatic reactions mostly related to amino
acid metabolism (e.g., transamination, decarboxylation, -elimina-
tion or -substitution, y-elimination or -substitution). There exist
three routes by which organisms acquire vitamin B6 (/). In animals
vitamin B6 is acquired through the diet and is modified by salvage
enzymes including transaminases, phosphatases, and kinases.
Vitamin B6 deficiency in humans leads to a wide range of symp-
toms including increased excretion of xanthurenic acid, epileptic
convulsions, dermatitis, and decreased lymphocyte counts, reflect-
ing the many diverse functions of PLP-dependent enzymes (2). In
most microorganisms and plants, PLP is synthesized from gluta-
mine, ribose 5-phosphate, and glyceraldehyde 3-phosphate by the
enzyme complex Pdx1/Pdx2 (3—)5).

Surprisingly, PLP biosynthesis in Escherichia coli is quite
different from the more widely used Pdx1/Pdx2-dependent path-
way (/). E. coli uses seven enzymes in a bifurcated pathway that
converts pyruvate, glyceraldehyde-3-phosphate, and erythrose
4-phosphate to PLP via the intermediates [-deoxy-p-xylulose
5-phosphate and 1-amino-propan-2-one 3-phosphate (Figure 1).
This pathway is the only biosynthetic route to PLP in the
y-proteobacteria, and a variant of this pathway is found in some
a-proteobacteria such as Sinorhizobium meliloti. It seems that the
y-proteobacteria lost the ancestral and more universal Pdx1/Pdx2-
dependent pathway at some point. The more recent acquisition of
a PLP biosynthetic pathway in these bacteria appears to have
occurred by recruitment of enzymes from other pathways. For
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example, the first enzyme in the pathway, Epd, is closely related
to GapB (>40% identity), the glyceraldehyde-3-phosphate
dehydrogenase found in glycolysis. The third enzyme in the
pathway, SerC, functions as a glutamate-dependent transami-
nase in both the serine and PLP biosynthetic pathways.

PdxB catalyzes the second step of the PLP biosynthetic path-
way in E. coli, converting 4-phospho-p-erythronate (4PE) to
2-0x0-3-hydroxy-4-phosphobutanoate (OHPB). PdxB has been
studied with some difficulty by Winkler and co-workers (6). PdxB
contains tightly bound NAD™ and/or NADH that cannot be
removed by extensive dialysis. Although single turnover reactions
in the presence of 4PE can be detected by formation of NADH
bound to PdxB, sustained multiple turnovers in the presence of
exogenous NAD™ have not been observed. Addition of SerC to
drive the thermodynamically unfavored reaction forward leads to
a modest increase in formation of bound NADH, still without
multiple turnovers. The lack of sustained catalytic activity was
postulated to be due to strong product inhibition, a missing
protein subunit, suboptimal reaction conditions, or interference
by the Hisq tag used to purify the protein (6).

We have further characterized PdxB and solved the conundrum
of an enzyme that can apparently only perform a single turnover.
Specifically, we have achieved multiple turnover activity by addi-
tion of various a-keto acids. Using a coupled assay with the
enzymes SerC and PdxA, we have characterized the kinetic proper-
ties of o-ketoglutarate (aKG), oxaloacetic acid (OAA), and
pyruvate as cosubstrates of PdxB. Surprisingly, all three are likely
to be equally effective cosubstrates in vivo. Additionally, we have
characterized the stereochemistry of the reaction with the cosub-
strate aKG.

MATERIALS AND METHODS

Materials. Bugbuster, benzonase, and the expression plasmids
pET21b and pET45b were obtained from EMD Biosciences. IPTG
was obtained from Research Products International. Lysozyme,
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FIGURE 1: Theinitial stages of the biosynthetic pathway toward PLP in E. coli. OAA and pyruvate also serve to regenerate the NAD™ form of PdxB.

NAD", NADH, guanidine hydrochloride, urea, 2,6-dichloroindole
phenol (DCIP), N-nitrosodimethylamine (NDMA), methylene
blue, potassium ferricyanide, pyruvate, OAA, aKG, p-2-hydro-
xyglutarate, and L-2-hydroxyglutarate were obtained from Sigma-
Aldrich. 4PE was synthesized by Yehor Novikov (procedure to be
published elsewhere) and was characterized by '"H NMR (500
MHz, D,0): 64.08 (1H, d,J = 5.0Hz),3.97 (1H,m), 3.84 (1 H, m),
3.78 (1H, m). aKG was characterized by "H NMR (500 MHz,
D,0): 2.96 (2H, 1), 2.39 (2H, t). p-2-HGA was characterized by 'H
NMR (500 MHz, D,0): 1.82 (1H, m), 1.95 (1H, m), 2.23 (2H, m),
3.99 (1H, dd).

Purification of Enzymes. The genes encoding PdxB and
PdxA from E. coli strain JW2317 were cloned into pET45b using
the restriction enzymes Kpnl and BamHI to generate expression
clones with a Hisg tag at the N-terminus. The gene encoding SerC
was cloned into pET21b using the restriction enzymes Ndel and
Xhol to generate an expression clone with a Hisg tag at the
C-terminus. All clones were verified by DNA sequencing.

PdxB, SerC, and PdxA were expressed in E. coli BL21(DE3). A
single colony from a fresh transformation was used to inoculate a
10 mL culture that was grown overnight at 37 °C in Luria broth
supplemented with 50 ug/mL ampicillin. The starter culture was
then transferred to 1 L of Luria broth and grown to midlog phase
(0.5—0.7 at ODg(y) at room temperature. Protein expression was
induced by addition of IPTG to a final concentration of 0.2 mM,
and the culture was shaken at 200 rpm at room temperature for
an additional 4 h. Cells were harvested by centrifugation at 3500g
at 4 °C for 20 min, and cell pellets were stored at —80 °C.

For purification of the enzymes, cell pellets were resuspended
and incubated for 20 min at room temperature in Bugbuster (5 mL/g
of cell paste) with added benzonase (20 units/mL) and lysozyme
(I mg/mL). The extract was then centrifuged for 30 min at 4 °C at
20000g. The supernatant was loaded onto a 5 mL Ni-agarose
column (Amersham Biosciences) that had been equilibrated with
50 mM potassium phosphate (pH 6.8) containing 0.5 M KCI and
20 mM imidazole. The column was washed with 200 mL of the
same buffer at I mL/min using an AKTA FPLC. Proteins were
eluted with a linear gradient from 0 to 500 mM imidazole in the
same buffer. Fractions were collected and analyzed by SDS—
PAGE. The purest fractions were pooled and concentrated using a
centrifugal ultrafiltration unit (Millipore, 30 kDa cutoff). Enzymes
were exchanged into 50 mM Tris-HCI (pH 8.0) containing 50 mM
NaCl (TN buffer) by extensive dilution and reconcentration.
Purified enzymes were stored at —80 °C following addition of gly-
cerol to 20% (v/v). Protein concentrations were determined by Bio-
Rad protein assay using bovine serum albumin as a standard. No
contaminating bands were observed for PdxB. SerC and PdxA

were judged to be >85% pure by SDS—PAGE and shown to be
free of 4PE dehydrogenase activity.

Extraction and Identification of the NAD"[NADH Co-
factor from PdxB. The tightly bound NAD"/NADH cofactor
was extracted from PdxB using three different methods. First, heat
treatment (120 °C, 20 s) of PdxB (5 mg/mL in TN buffer) was
followed by centrifugation to remove the precipitated protein
(20000g for 3 min). Second, PdxB (39 mg/mL) was brought to
5.5 M guanidine hydrochloride by addition of solid guanidine hydro-
chloride under constant stirring for 20 min at room temperature.
The samples were then diluted 10—30-fold into TN buffer and
centrifuged to remove the precipitated protein as above. Third, PdxB
(39 mg/mL) was brought to 7.8 M urea by addition of solid urea
under constant stirring for 20 min at room temperature. The samples
were then diluted 10-fold into ethanol and centrifuged to remove the
precipitated protein as above. All three methods yielded a protein-
free preparation of the cofactor as monitored by UV—vis spectros-
copy (absorbance maxima at 260 and/or 340 nm, but not 280 nm).

To confirm the identity of heat-extracted NAD™ and NADH,
comigration with authentic samples was demonstrated using
HPLC. Injection of samples onto a Microsorb-MV 300-5 C18
(Varian) column (40 x 4.6 mm) with isocratic elution using 100 mM
potassium phosphate buffer (pH 6.5) yielded retention times of
5.2—5.4 and 9.0—9.3 min for NAD"* and NADH, respectively.
Authentic NAD' and NADH samples remained intact through
the brief heat treatment used to extract the cofactor from PdxB.

Attempts to exchange NAD™ for the enzyme-bound NADH
were attempted by partially denaturing PdxB. PdxB (~5 mg/mL)
was incubated with varying concentrations of guanidine hydro-
chloride (0.5—4 M), urea (4.5—7.5 M), or 3.5 M MgCl, in the
presence of 1 mM NAD™ at 4 °C for 1 hin TND buffer (TN buffer
containing | mM DTT). The samples were then twice diluted 2-fold
in TND buffer containing | mM NAD™, with 30 min incubations
between dilutions. The denaturant and free NAD" were then
removed by successive dilution (>10-fold) and reconcentration
using a centrifugal ultrafiltration unit until the denaturant and
NAD" concentrations were below 10 mM and 1 «M, respectively.
Samples were evaluated by monitoring the absorbance of protein
(€230 0f 28420 M~ em ™! for PdxB; ProtParam tool at ExPASy) and
NADH (g349 of 6220 M~ " em ™).

Assay of PdxB with Artificial Oxidants. Assays of PdxB
(20 nM—100 uM) with artificial oxidants were performed in
TN buffer at room temperature in the presence or absence of
1 mM 4PE. Concentrations and extinction coefficients of the
oxidants were as follows: DCIP (0. lmM €00 = 16100M ™ 'em™),
NDMA (35 uM, €449 = 35400 M~ cm™!), methylene blue
(36 uM, £¢60="71547 M~ cm ™), and potassium ferricyanide
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(1.2 mM, e450=1020 M~ 'em ™). Reactions were followed by
monitoring the time-dependent change in absorbance of the
oxidant at its A, using a HP8452 spectrophotometer.

Coupled Assays of PdxB Activity. PdxB was assayed using
the coupling enzymes SerC and PdxA. Standard reaction condi-
tions contained in 500 uL 4PE (100 uM), aKG (2 mM), 1-Glu
(2 mM), NAD" (1 mM), SerC (2.6 uM), PdxA (2.0 uM), and
PdxB (20 nM) in TND buffer. All components were incubated
for 20 min at room temperature prior to initiation of the reaction
by addition of PdxB. Background rates in the absence of 4PE,
aKG, or PdxB were <10% of rates for reactions containing all
components. For determinations of K;s, assays were performed
in triplicate using at least seven different substrate concentrations:
4PE (0.8—50 uM), aK G (5—2000 uM), pyruvate (10—1000 uM),
and OAA (5—400 uM). The concentration of 4PE was held
constant at 29 uM for the determinations of the K,;s for various
o-keto acids, and the concentration of aK G was held constant at
2 mM for the determination of the K, for 4PE. The concentra-
tion of 4PE was quantitated by an end-point assay. Inhibition
experiments with p-2-HGA were performed at varying concen-
trations of 4PE (4—75 uM) at a fixed concentration of aKG
(250 uM) or varying concentrations of oKG (15—300 uM) at a
fixed concentration of 4PE (6 uM). All reactions were monitored
using an HP8452 spectrophotometer by following formation of
NADH (349 = 6220 M~ ! cm™!) over 1-3 min. Observed
reaction rates were linear with respect to time and not limited
by the coupling enzymes SerC or PdxA. Observed reaction rates
depended linearly on the concentration of PdxB. Data fitting to
the Michaelis—Menten equation was performed using weighted
least squares in Excel using the Solver module.

RESULTS

PdxB Contains a Tightly Bound NADH. PdxB was over-
expressed with a Hisg tag in E. coli and purified to > 95% purity by
nickel affinity chromatography. The protein migrated as an
apparent dimer by gel filtration chromatography, in agreement
with the dimeric form observed in the crystal structure of the PdxB
homologue from Pseudomonas aeruginosa (7). As purified, the
enzyme exhibits a prominent spectral signal at 322 nm (Figure 2),
suggestive of a nicotino-protein in the reduced state wherein the
typical 340 nm absorbance of NADH is significantly blue shifted in
the apolar environment of the protein (§). This blue shift is
comparable to that of other nicotino-proteins for which A, varies
from 320 to 330 nm (9—11). The bound cofactor could be extracted
from PdxB by treatment with heat, guanidine hydrochloride, or
urea to yield a protein-free preparation with absorbance maxima at
260 and 340 nm but not 280 nm. After heat treatment to extract the
cofactor, the ratio of Ayse/A349 Of 2.5—2.7 suggests that the sample
contained primarily NADH (e550 = 16900 M ™' ecm™; 349 = 6220
M~ em ™! ratio Asse/Asug = 2.7 (12)). The released cofactor was
shown to be 10% NAD™ and 90% NADH by HPLC analysis,
consistent with the absorbance spectrum (Table 1). Assuming an
€250 0f 28420 M ™" em ™" for PdxB and using an &5s of 16900 M~
em” ' for NAD(H) (12), there exists 0.75—0.9 equiv of cofactor per
subunit of PdxB. Thus PdxB, as isolated, exists primarily with
bound cofactor in the reduced state.

Addition of the substrate 4PE to PdxB caused a significant
change in the absorbance properties of PdxB, with a 10 nm red shift
and an apparent increase in absorbance at 340 nm (Figure 2).
However, heat extraction and HPLC analysis of the cofactor
following incubation with 4PE revealed no additional NADH

Biochemistry, Vol. 49, No. 43, 2010 9251

0.9 A1

0.8 A1

0.7

0.6 A

Q59

0.4 1

abosrbance units

0.3 1

0.2 1

0.1 1

290 310 330 350 370 390

wavelength (nm)

FiGURre 2: UV—visabsorbance spectra of PdxB (130 «M). Black line:
as isolated containing tightly bound NADH. Red line: after addition
of 4PE (0.32 mM). Blue line: after addition of aKG (0.58 mM).

Table 1: Spectroscopic Properties of PdxB and Its Tightly Bound Cofactor

Amax (nm) after heat

PdxB Jmax (0m)  extraction and protein  ratio NADH:NAD™

treatment  on protein precipitation (by HPLC)
as isolated 280, 322 260, 340 90:10
+4PE 280, 333 260, 340 90:10
+oKG 280 260 2:98

formation; the sample still contained 90% NADH (Table 1). This
suggests the formation of a nonproductive PdxB/4PE/NADH
complex that has a less shielded protein environment for the bound
NADH.

We attempted to exchange the bound NADH on PdxB for
NAD" in order to study the forward enzymatic reaction with the
substrate 4PE. Partial denaturation in the presence of NAD™ has
been used previously to replace varying levels of reduced NADH
on nicotino-proteins such as UDP-galactose 4-epimerase (13).
However, in the presence of high concentrations of denaturant
(guanidine hydrochloride, urea, or MgCl,) and after extended
incubation with NAD™, PdxB was always recovered with a signif-
icant fraction of bound NADH (0.4—0.9 equiv; see Materials and
Methods). We conclude that NADH is very tightly bound to PdxB.

The NADH Bound to PdxB Is Highly Unreactive with a
Variety of External Oxidants. Because some nicotino-pro-
teins have been shown to use external NAD™ to reoxidize tightly
bound NADH (74, 15), we attempted to assay PdxB in the
presence of NAD™. Incubation of 4PE and NAD™" (each at
1 mM) with PdxB (20 nM—100 uM) did not lead to accumulation
of NADH, as measured spectroscopically at 340 nm. This lack of
catalytic turnover has been previously described (6). Similarly,
NADP™ was not reduced in the presence of PdxB and 4PE.
Further, in the presence or absence of 4PE, the tightly bound
NADH could not be reoxidized in a single turnover experiment
by addition of NAD' or NADP™,
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Because some nicotino-enzymes have been shown to use
artificial oxidants to reoxidize tightly bound NADH and allow
multiple turnovers (10, 16—18), we attempted to achieve multiple
turnovers of PdxB using 2,6-dichloroindole phenol (DCIP),
N-nitrosodimethylamine (NDMA), methylene blue, and potassium
ferricyanide. DCIP, NDMA, and methylene blue could not be
reduced in the presence of PdxB and 4PE. Neither could any of
these reagents oxidize the tightly bound NADH in the absence of
4PE in a single turnover experiment. NADH extracted from PdxB
using urea denaturation did react with DCIP, and quantitation
indicated 0.9 equiv of NADH/subunit, consistent with the HPLC
results described above. Potassium ferricyanide could be used to
oxidize PdxB in a single turnover, albeit slowly. Over the course of
~30 min, 1.0—1.2 enzyme equivalents of ferricyanide could be
reduced to ferrocyanide as detected by the loss of absorbance at
420 nm (data not shown). Addition of 4PE to the reaction had no
effect, indicating that multiple turnovers could not be sustained by
addition of this oxidant. Thus, the tightly bound NADH is highly
protected and unreactive within its binding pocket on PdxB.

Tightly Bound NADH on PdxB Can Be Oxidized by
aKG, but by Itself o KG Does Not Promote Multiple
Turnovers. Based on the reported ability of SerA, the closest
characterized homologue of PdxB, to reduce aK G (79), we tested
the ability of PdxB to reduce oK G to 2-hydroxyglutarate (2-HGA).
Addition of aKG to PdxB leads to a rapid (<5 s) loss in
absorbance at 322 nm (Figure 2), suggesting oxidation of the
bound NADH to NAD™. Given the lack of reactivity of reduced
PdxB to numerous other external oxidants (see above), this suggests
a specific interaction between PdxB and o KG. Heat extraction of
the cofactor confirmed the loss of absorbance at 340 nm compared
to that of cofactor derived from untreated enzyme. Additionally,
HPLC analysis of the extracted cofactor showed the presence of
95—-98% NAD™ (Table 1). The reactivity of PdxB with oK G is
perhaps not surprising, as 4PE closely resembles the reduced product
2-HGA, particularly in the spacing of the negative charges at
the extremities of the molecule. It is also interesting to note that
oK G is generated as a product of SerC, the next enzyme in the
biosynthetic pathway of PLP (Figure 1).

We next used NMR to test whether incubation of PdxB with
4PE and oK G could yield successive cycles of oxidation of 4PE to
form OHPB and reduction of K G to form 2-HGA. Despite using
high concentrations of enzyme (4—40 uM) and substrates (0.5—
2 mM) and extended incubation (1 min to overnight), only 4PE and
oKG could be detected by NMR. Specifically, the doublet repre-
senting the proton on C-2 of 4PE at 4.08 ppm remained at equal
intensity compared to the other proton signals of 4PE. Additionally,
no new signals at 3.99 ppm due to the C-2 proton of 2-HGA or
below 2.0 ppm due to the C-3 or C-4 protons could be detected.
These results suggest that the reaction catalyzed by PdxB, like the
very similar reaction catalyzed by SerA (oxidation of 3-phospho-
glycerate to 3-phosphohydroxypyruvate), is thermodynamically
unfavorable (20, 21). We were unable to probe the reaction in the
reverse direction because OHPB is not readily available.

PdxB Can Be Made To Perform Multiple Turnovers by
Coupling with SerC and PdxA. We next coupled the PdxB
reaction to the next two enzymes in the PLP biosynthetic path-
way, SerC and PdxA (Figure 1). This allowed convenient
monitoring of the progress of the reaction by following at
340 nm the reduction of NADH catalyzed by PdxA. (The cycling
of NAD*/NADH on PdxB is expected to be spectroscopically
silent.) NADH formation was observed only in the presence of
all the following components: 4PE and oKG as substrates of
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FIGURE 3: Representative K, and k¢, determinations for PdxB of
4PE (A) and oKG (B) performed in triplicate with error bars
indicated for each data point and the lines representing best fits to
the Michaelis—Menten equation.

PdxB, L-Glu as a substrate for SerC, and NAD™ as a substrate for
PdxA. Using this coupled assay, we determined the kinetic
parameters for 4PE and o KG (Figure 3, Table 2). The K, of
2.9 uM and key/Kyy of 6.7 x 10° M ™" s™! for 4PE suggest a well-
evolved enzyme—substrate interaction. The K, for aKG of
93 uM is below expected intracellular concentrations (22),
suggesting that aKG is a physiologically relevant substrate. The
keat/Km of 1.1 X 10* M~ s7! for oK G is within the range
expected for typical metabolic enzymes.

To establish the stereochemistry of aK G reduction, we used p-
2-HGA and L-2-HGA as inhibitors of PdxB in the coupled assay.
D-2-HGA yielded an 1Csq of 102 uM, whereas for L-2HGA the
ICsq was greater than 2 mM (Figure 4). These results suggest that
oKG is reduced to p-2-HGA, which is consistent with the
stereochemistry of the 4PE substrate for the forward reaction.
Further kinetic investigations showed that p-2-HGA was com-
petitive with respect to 4PE (K; = 30 uM) and noncompetitive
with respect to aKG (Kj. = 17 uM, K;, = 208 uM) (Figure 5).

PdxB Utilizes Multiple Small Molecule Oxidants. We
tested other a-keto acids for their ability to reoxidize PdxB and
support multiple turnovers in the coupled assay. Despite their
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Table 2: Kinetic Parameters for PdxB Using the Coupled Assay

intracellular

(kcaI/Km) X

substrate keat (571 K (uM) keat/Kn M7 187 concn (mM) (intracellular concn) (s ')
4PE 1.440.32 29413 (6.7 £2.8) x 10° na na

aKG 1.0+0.24 93+ 19 (1.1 £0.24) x 10* 0.1-0.9¢ 1.1-9.9

OAA 1.1+£0.31 86 + 19 (1.3 +0.21) x 10* 0.15-0.25" 2.0-3.3
pyruvate 1.3+0.14 128 + 20 (9.9 £0.16) x 10° 0.4 4.0

“Reference 22. “Reference 23. ‘Reference 24.
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£
=
5
e
S 60 A
C
[
g
8 40
20 1
0 . . . .
0.01 0.1 1 10 100
inhibitor concentration (uM)

FIGURE 4: Inhibition of PdxB by L-2-HGA (triangles) and p-2-HGA
(circles) using 4PE (6 uM) and aKG (250 uM) as substrates. The
curve for inhibition by D-2-HGA is the best fit using the equation
percent activity = 100/(1 + [1]/ICs).

shorter length, OAA and pyruvate were also able to support
multiple turnovers of PdxB in the coupled assay with SerC and
PdxA. Kinetic characterization yielded k¢, /K, values for OAA
and pyruvate that were essentially identical to that for aKG
(Table 2). Given intracellular concentrations for aKG of
100—900 uM (22), OAA of 150—250 uM (23), and pyruvate of
400 uM (24), it appears that all of these compounds can serve as
physiological reoxidants of PdxB.

DISCUSSION

Nicotino-enzymes contain tightly bound NAD(P)(H) that does
not dissociate to exchange with the pool of free NAD(P)(H) in
solution. Nicotino-enzymes are not only involved in oxidation of
alcohols (18) but can also perform redox-silent reactions such as
epimerizations (e.g., UDP-galactose epimerase) and more com-
plex reactions (e.g., dehydroquinate synthase). Thus, the NAD-
(P)(H) bound to a nicotino-protein can be thought of as a cofactor
(analogous to flavin or PLP) instead of as a coenzyme (ana-
logous to acetyl-CoA). The tightly bound NAD(P)(H) cofactor in
nicotino-enzymes often exists in a highly buried protein environ-
ment (25). The crystal structure of PdxB from P. aeruginosa (7)
(45% identity with PdxB from E. coli) yields some insight into the
nature of the tight binding interaction between PdxB and NAD™.
NAD™ binds in an extended conformation in the nucleotide
binding domain using numerous specific interactions with PdxB
and is completely shielded from the surface. The nicotinamide ring
is in a pocket containing both hydrophobic and hydrophilic
residues, but no water. The two different subunits in the dimer
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FIGURE 5: Lineweaver—Burke plots demonstrating the inhibition of
PdxB by p-2-HGA. (A) 1/observed rate vs. 1/[4PE] at p-2-HGA
concentrations of 0 uM (open triangles), 50 uM (open circles), 70 uM
(open squares), 300 #M (solid triangles), and 1 mM (solid circles). (B)
1/observed rate vs. 1/[aKG] at D-2-HGA concentrations of 0 uM
(open triangles), 70 uM (open squares), 300 uM (solid triangles), and
1 mM (solid circles).

have slightly different conformations in the active site cleft, with
subunit A being more closed than subunit B. The more buried
NAD™ in subunit A has an inorganic phosphate bound nearby, but
there is no room for a carbohydrate substrate. This closed con-
formation in subunit A is likely responsible for the blue-shifted
NADH-bound form of PdxB (Figure 2). In subunit B of the crystal
structure the active site is opened to allow the substrate analogue
L-(+4)-tartrate to bind next to the nicotinamide ring. The more open
conformation is consistent with the red shift in absorbance seen
upon addition of 4PE to the isolated enzyme (Figure 2).
Nicotino-proteins that perform a net oxidation reaction gen-
erally fall into four categories in terms of the mechanism by which
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the bound NADH is reoxidized. Most simply, enzymes such as
mammalian acetaldehyde dehydrogenase (15) catalyze their
reactions in the presence of external NAD™ that is capable of
reoxidizing the tightly bound NADH. SerA, the closest homo-
logue to PdxB, may fall into this first category, although it is not
clear whether SerA is a nicotino-enzyme (19, 20, 26, 27). In a
variation of this first case, hydride transfer from external NADH
to the enzyme-bound NAD™ in methanol dehydogenase from
Bacillus methanolicus is facilitated by another protein (27).
Enzymes such as carveol dehydrogenase from Rhodococcus erythro-
polis (10) and alcohol dehydrogenase from Amycolatopsis
methanolica (16) instead use artificial external oxidants such as
DCIP and NDMA. In a physiological setting it is thought that
these enzymes transfer their reducing equivalents directly to the
electron transport chain, as no other small-molecule oxidants
have been discovered. Enzymes such as formaldehyde dismu-
tase (/1) generate a mixture of methanol and formic acid from
formaldehyde in the absence of any other external oxidant or
reductant. That is, enzyme-bound NADH formed by oxidation
of formaldehyde can be oxidized by reaction with a second
formaldehyde to yield methanol and NAD™. Finally, enzymes
such as malate—lactate transhydrogenase (28, 29) and glucose—
fructose oxidoreductase (30) exchange reducing equivalents between
a variety of small molecules via the tightly bound NAD(P)H
cofactor. Our observation that PdxB can utilize a number of physio-
logically available a-keto acids suggests that PdxB belongs to this
fourth type of nicotino-enzyme.

By knowing the intramolecular concentrations of aKG, OAA,
and pyruvate, it is possible to compare the relative fluxes of these
three o-keto acids through PdxB (Table 2). In vivo, all three are
likely to contribute to regeneration of the NAD™ form of PdxB
that is required to oxidize 4PE. By comparison, SerA has been
reported to have low activity with OAA (5% compared to aKG)
and no activity with pyruvate (/9). Although low levels of
promiscuous activity are quite common for many enzymes, most
metabolic enzymes show much greater specificity for their
physiological substrates (3/). That is, broad specificity for a
variety of substrates, while common for house-keeping enzymes
such as cytochrome P450s and transaminases, is rare among
enzymes in biosynthetic or metabolic pathways. It is unclear
whether this broad specificity toward a-keto acids in PdxB
evolved to fulfill some physiological need for versatility or instead
is an unrefined practical solution. Also, it is unclear what benefit
the cell derives by having PdxB depend on a-keto acids instead of
NAD™ for catalytic activity. Perhaps low ratios of NAD™ vs
NADH during conditions that favor growth and biosynthetic
processes mean that a-keto acids are more readily available than
NAD™ to provide oxidizing equivalents.

Based on the inhibition data with p-2-HGA (Figures 3 and 4),
the products of the PdxB-dependent reduction of aKG, OAA,
and pyruvate are most likely the less common p-enantiomers that
are not part of normal metabolic processes such as the citric acid
cycle. So how does the cell recycle these unusual metabolites?
E. coli has p-lactate and decarboxylating p-malate specific dehy-
drogenases that both generate pyruvate (32, 33). In the case of
2-HGA, only an L-specific 2-HGA oxidase has been reported in
E. coli (34). Thus, for E. coli to recycle p-2-HGA, it must rely on
some as yet unknown p-2-HGA dehydrogenase or use the activity
of a different dehydrogenase such as SerA (ko /Ky, for p-2-HGA
is 1.9 x 10° M~ 57! (19)). Alternatively, p-2-HGA could be a
waste byproduct given the relatively low requirement for PLP
(5.5 uM/h; Kim et al., Molecular Systems Biology, in press).

Rudolph et al.

It seems likely that the highly homologous PdxBs from other
y-proteobacteria (>40% identity) also use a-keto acids to ensure
multiple turnovers. How catalysis is effected in PdxR, the functional
equivalent of PdxB in S. meliloti, is less certain (35). PdxR contains a
tightly bound flavin instead of NAD(H). Although PdxR is not
homologous to PdxB, belonging to a family of flavin-dependent
oxidoreductases, it does complement the pdxB knockout in E. coli.
PdxR has been shown to perform multiple turnovers of the substrate
4PE in the presence of artificial electron acceptors such as DCIP,
ferricyanide, or cytochrome ¢ from equine heart, but not NAD(P)*.
Thus, no physiological oxidant has been discovered for PdxR. It is
interesting to speculate that PdxR and other flavo- or nicotino-
proteins depend on as yet undiscovered cosubstrates to support the
multiple turnovers required for true enzymatic catalysis.
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