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ABSTRACT. The function of the mIr6791 gene fromesorhizobium IotMAFF303099 has been identified.

This gene encodes 3-hydroxy-2-methylpyridine-4,5-dicarboxylate decarboxylase (HMPDdc), an enzyme
involved in the catabolism of pyridoxal-phosphate (Vitamin B. This enzyme was overexpressed in
Escherichia coliand characterized. HMPDdc is a 26 kDa protein that catalyzes the decarboxylation of
3-hydroxy-2-methylpyridine-4,5-dicarboxylate to 3-hydroxy-2-methylpyridine-5-carboxylateKfrend

keat Were found to be 36@M and 0.6 s?, respectively. The structure of this enzyme was determined at
1.9 A resolution using SAD phasing and belongs to the class Il aldolase/adducin superfamily. While the
decarboxylation of hydroxy-substituted benzene rings is a common maotif in biosynthesis, the mechanism
of this reaction is still poorly characterized. The structural studies described here suggest that catalysis of
such decarboxylations proceeds by an aldolase-like mechanism.

In contrast to our understanding of cofactor biosynthetic 4-pyridoxic acid dehydrogenasé)(These genes are not part
pathways, very little is known about cofactor catabolism. of an operon but are all close to each other onkhdoti
Cofactor catabolism is likely to be rare because cofactors chromosome, Figure 1. This suggested that other!PLP
are trace metabolites and therefore not good food sourcescatabolic genes might also be found in this region. In
for bacteria. Pyridoxinel( vitamin Bs) catabolism is the best  particular, we felt that the mlIr6791gene, annotated as
understood cofactor catabolic pathway, and a small numberribulose-5-phosphate 4-epimera8g (vas a likely candidate
of bacteria that can grow on vitaminsBs the sole source for the decarboxylase gene because the epimerase- and
of carbon and nitrogen have been identifiet). (Two decarboxylase-catalyzed reactions both proceed via enzyme-
catabolic pathways have been propos@ll (n the first stabilized enolate intermediates. In this paper, we report the
pathway (Figure 1, pathway A), found Pseudomonas sp. cloning and overexpression of mir6791, demonstrate that the
MA-1, vitamin Bg is degraded in eight steps to form succinic purified gene product catalyzes the decarboxylation of
semialdehyde9, while in the second pathway (pathway B), 3-hydroxy-2-methylpyridine-4,5-dicarboxylaté, and de-
observed inPseudomonasA and in Arthrobacter Cr-7, scribe the structure of this enzyme. While the decarboxylation
vitamin Bg is catabolized in seven steps to 2-(hydroxym- of hydroxy-substituted benzene rings is a common motif in
ethyl)-4-oxobutanoatel4. A related catabolic pathway in  biosynthesis, the mechanism of this reaction is still poorly
Mesorhizobium lotMAFF303099, which is very similar to  characterized. The structural studies described here suggest
the degradative pathway A, has recently been discovered.that catalysis of such decarboxylations proceeds by an
3-Hydroxy-2-methylpyridine-5-carboxylat&, is an inter- aldolase-like mechanism.
mediate in this catabolic pathway. The gene coding for the
enzyme producing this metabolite has not previously been EXPERIMENTAL PROCEDURES
discovered and is the subject of this paper.

Previously, the genes encoding pyridoxine-4-oxidase
(mll6785), 4-pyridoxolactonase (mIr6805), pyridoxal-4-de-
hydrogenase (mIr6807), and the 2-methyl-3-hydroxypyridine-
5-carboxylic acid oxygenase (mIr6788) were identified in
Mesorhizobium IotMAFF303099 8—6). Recently we have
reported the identification of a fifth gene (mIr6793), encoding

Materials.A dehydrated form of Luria:Bertani (LB) broth
was purchased from EMB Chemicals (Gibbstown, NJ).
Ampicillin and isopropyl5-p-thiogalactopyranoside (IPTG)
were obtained from Lab Scientific Inc. (Livingston, NJ).
4-Pyridoxic acid, NAD, Tris hydrochloride, DTT, and M9
minimal salts were from Sigma (St. Louis, MO.). Triethy-
lamine was from Fisher (Fairlawn, NJ). Trifluoroacetic acid
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Ficure 1: The vitamin B catabolic pathways. The pathway A is observed in Pseudomonas sp. )Awhi(e the pathway B is observed

in Pseudomona$A and in ArthrobacterCr-7. A minor variation of pathway A is seen Mesorhizobium IotMAFF303099 where the
formation of5 is not seen. The reaction shown in the box is catalyzed by HMPDdc. The bottom figure shows the gene organidation in
loti. The genes that have been identified to participate in PLP degradation are identified in catabolic pathwayidoxine;2, pyridoxal;

3, 4-pyridoxolactone4, 4-pyridoxic acid;5, 5-formyl-3-hydroxy-2-methylpyridine-4-carboxylat®; 3-hydroxy-2-methylpyridine-4,5-
dicarboxylate, 3-hydroxy-2-methylpyridine-5-carboxylat®, 2-(acetamidomethylene)succina@esuccinic semialdehydép, isopyridoxal;

11, 5-pyridoxolactonel2, 3-hydroxy-4-hydroxymethyl-2-methylpyridine-5-carboxylale, 2-(acetamidomethylene)-3-(hydroxymethyl)-
succinate;14, 2-(hydroxymethyl)-4-oxobutanoaté&5b, pyridoxamine;16, pyridoxamine-5-phosphaté7 pyridoxal-5-phosphate.

(TFA), methanol (HPLC grade), sodium chloride, imidazole, were from Mallinckrodt Baker Inc. (Phillipsburg, NJ).
2-mercaptoethanol, and(+)-selenomethionine were from Deuterium oxide (RO) was purchased from Cambridge
Acros Organics (Morris Plains, NJ). Sodium dihydrogen Isotope Laboratories Inc. (Andover, MA). Microcon YM-
phosphate monohydrate, calcium chloride, ferrous sulfate 10 centrifugal filter devices (10 000 MWCO) and the Amicon
heptahydrate, manganese chloride, and magnesium sulfatélltra centrifugal filter device (10 000 MWCO) were obtained
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from Millipore (Billerica, MA). The Supelcosil LC-18-T
column for HPLC was from Supelco (Bellefonte, PA). MEM
vitamin solution, E. coli strain Machl, and the Gateway
system were from Invitrogen (Carlsbad, CA). Nucleospin
Purification kit, Phusion DNA polymeras&,. coli BL21-
(DE3), and the Ni-NTA superflow resin were obtained from
Macherey-Nagel (Easton, PA), New England Biolabs (Ip-
swich, MA), Novagen (San Diego, CA), and Qiagen (Va-
lencia, CA), respectively.

Molecular Cloning.Standard methods were used for DNA
manipulations g, 10). Plasmid DNA was purified with the

protein overexpression was induced with 0.5 mM IPTG.
Cells were harvested after 18 h by centrifugation at 500
for 15 min. Cells were lysed by sonication, and the cell lysate
was cleared by centrifugation at 40@D@r 45 min at 4°C.
SelMet-HMPDdc was purified using an Ni-NTA affinity
chromatography column. The sample was loaded in buffer
A spiked with 10 mM imidazole, which contains 50 mM
NaH,PQ,, 300 mM NaCl, and 3 mMB-mercaptoethanol to
prevent oxidation of the selenomethionine. The column was
then washed with 10 column volumes of buffer A with 30
mM imidazole, and the sample was eluted from the column
Qiagen Miniprep kit, and DNA fragments were purified from  with buffer A containing 250 mM imidazole. Protein was
agarose gel with the Nucleospin Purification Escherichia buffer exchanged into 10 mM Tris-HCI pH 7.7, 20 mM
coli strain Mach1 was used as a recipient for transformations NaCl, and 1 mM DTT using an Econo-Pac 10 DG desalting
during plasmid construction and for plasmid propagation. column (BioRad). SelMet-HMPDdc was judged to be greater
Phusion DNA polymerase was used for PCR following the than 95% pure by SDS-PAGE gel analysis (results not
manufacturer's recommendations. The pENTR-TEV-D- shown). The yield of SelMet-HMPDdc was comparable to
TOPO and the Gateway system were used following the native protein at 20 mg/L. The protein sample was concen-

manufacturer’s instructions with slight modifications.
Cloning of M. loti mlr6791 TheM. loti mIr6791 gene was
amplified from genomic DNA by PCR with the following
primer pair: 3-CAC CAT GCG TCG GAA GGT CTT CGA
AGA G-3 and 3-TCA GGC GAG GCC TGC TTG CCT
GAG G-3. The PCR product was purified and used in a
topoisomerase-mediated reaction with pENTR-TEV-D-
TOPO essentially following the manufacturer’s instructions.
Clones were screened by PCR and verified by sequencing
In initial sequencing, no clones were found with a completely

correct sequence. One clone was subjected to standard site-

directed mutagenesis with the following complementary
primer pair: 5GGA TAC GTT CGG GCA CAT ATC TGC
CCG TGA CCC CGA G-3and 3-CTC GGG GTC ACG
GGC ACA TAT GTG CCC GAA CGT ATC C-3 Colonies

from the mutagenesis were screened with the M13-reverse

primer and the mutant specific primet-GAT ACG TTC
GGG CAC ATA TC-3. PCR positive clones were se-

guenced, and a correct clone was used in an LR recombina

tion reaction with the plasmid pDESTF1, which is a
Gateway-adapted vector based on the pET-system. Th
plasmid pDESTF1 encodes an N-terminal 6xHis tag and is
under the control of the T7/lac /promoter. Clones were
screened by restriction digestion. A correct clone was name
pMI5335.XF1.

Overexpression and Purificatiohe plasmid pMI5335.XF1
was used to transforr&. coli BL21(DE3). The cells were
grown in 1L LB medium, containing 10@8g/mL of ampi-
cillin, at 37 °C with agitation until the culture reached an
ODggo 0f 0.6, at which point overexpression was induced by
adding IPTG to a final concentration of 0.5 mM. The
temperature was lowered to 16, and the cells were allowed
to grow for a further 12 h before being harvested. HMPDdc
was purified as described below. The yield of the purified
protein was 20 mg/L.

For selenomethionine (SelMet) protein, the plasmid
pMI5335.XF1 was transformed int®. coli B834(DE3) cells,

a strain auxotrophic for methionine. Cells were grown at
37 °C with shaking in minimal M9 media which was
supplemented with 20 mg/L of all amino acids except
methionine, 1X MEM vitamin mix, 0.4% glucose, 50 mg/L
L-selenomethionine, 2 mM MgS£0.1 mM CaC}, 25 mg/L
FeSQ, and 100 mg/L ampicillin. When cells reached an
ODggo Of 0.6, the temperature was lowered to 45 and

€

trated to 10 mg/mL as determined by Bradford assay using
bovine serum albumin as a standatd)(

HPLC AnalysisHPLC analysis of the enzymatic reaction
mixture was performed on a Hewlett-Packard 1100 instru-
ment using a Supelcosil LC-18-T (15 cm 4.6 mm, 3.0
uM) column. Solution A contained water, solution B
contained 100 mM sodium phosphate buffer at pH 6.6, and
solution C contained methanol. The following linear gradient

‘was used: 0% to 10% solution A and 100% to 90% solution

B for 0 to 5 min, 10% to 48% solution A, 90% to 40% of
solution B and 0% to 12% of solution C from 5 to 12 min,
48% to 50% solution A, 40% to 30% of solution B and 12%
to 20% of solution C in 1214 min, 50% to 30% solution
A, 30% to 10% of solution B and 20% to 60% of solution
C in 14—18 min, 30% to 0% solution A, 10% to 100% of
solution B and 60% to 0% of solution C in 20 min and
0% of solution A, 100% of solution B and 0% of solution C
in 20—25 min. The flow rate was 1 mL/min, and the absor-

bance was measured at 254 nm (characteristic for NAD,
3-hydroxy-2-methylpyridine-5-carboxylatéd and 320 nm
(characteristic of 4-pyridoxic acid, 3-hydroxy-2-methylpy-
ridine-4,5-dicarboxylaté, and 3-hydroxy-2-methylpyridine-

OI5—carboxylate7,). Under these conditions the following com-

pounds were readily separated (retention time in parenthe-
sis): 4-pyridoxic acidd (17.8 min), 3-hydroxy-2-methylpy-
ridine-4,5-dicarboxylat® (2.8 min), 3-hydroxy-2-methylpy-
ridine-5-carboxylateZ (5.5 min), and NAD (12.9 min).
Enzymatic Synthesis of the Substrégedydroxy-2-me-
thylpyridine-4,5-dicarboxylaté was enzymatically synthe-
sized from 4-pyridoxic acid. The 5 mL enzymatic reaction
mixture containing 12 mM NAD, 6 mM 4-pyridoxic acidl
and 10QuM freshly purified 4-pyridoxic acid dehydrogenase
(7) in 100 mM sodium phosphate buffer at pH 8.0 was
incubated overnight at room temperature. It was subsequently
concentrated by lyophilizing and redissolving in a minimum
volume of water. It was then filtered through YM-10
Microcon centrifugal filter at 140apfor 30 min to remove
the protein, and the filtrate was purified by HPLC. Am-
monium acetate (100 mM, pH 6.6) was used instead of 100
mM sodium phosphate buffer at pH 6.6 as solution B, to
facilitate removal of the buffer salts from the isolated
3-hydroxy-2-methylpyridine-4,5-dicarboxylaeduring lyo-
philization. Compound is a stable white solidH NMR
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Ficure 2: (a) HPLC trace showing the disappearance of 3-hydroxy-2-methylpyridine-4,5-dicarbogy(atention time of 2.8 min), and

the appearance of 3-hydroxy-2-methylpyridine-5-carboxylafestention time of 5.5 min). (b) UV visible spectra of the enzymatic reaction
mixture (500uL) containing 1.58 mM of 3-hydroxy-2-methylpyridine-4,5-dicarboxyld@g4 uM MnCl,, and 780 nM of the HMPDdc in

100 mM Tris HCI at pH 8.0 containing 100 mM NaCl and 2 mM DTT were taken at 1 min intervals over 20 min. (c) The steady-state
kinetic parameters for HMPDdc were determined by monitoring the absorbance at 265 nm over time.

(300 MHz, D,O) 6 2.69 (s, 3H, CH) and 8.42 (s, 1H, &
H).

Reaction Time Coursé time course was determined with
a reaction mixture (1 mL) containing 1.58 mM 3-hydroxy-
2-methylpyridine-4,5-dicarboxylat&, 2 uM pure enzyme
and 10uM MnCl; in 100 mM Tris HCI at pH 8.0 containing
100 mM NaCl and 2 mM DTTX1). At various time points,
100uL of the reaction mixture was quenched by addition to
100 uL of 10% TFA. This mixture was filtered through
Microcon YM-10, and 10QuL of the filtrate was analyzed
by HPLC, Figure 2(a).

Product Purification and CharacterizatiorA reaction
mixture (10.0 mL) containing 12 mM NAD, 6 mM 4-pyri-
doxic acid,4, 100uM 4-pyridoxic acid dehydrogenase, 100

ylpyridine-4,5-dicarboxylatef. The rate of formation of
3-hydroxy-2-methylpyridine-5-carboxylaté, was monitored
over 3 min at 265 nm for each concentration of the substrate.
The Ky andk., for the enzyme were determined by fitting
the rate of product formation as a function of substrate
concentration using nonlinear regression to the Michaelis
Menten equation using Grafit 5.0.11 (Erithacus Software
Ltd., Surray, UK). All solutions were made in 100 mM
Tris HCI at pH 8.0 containing 100 mM NaCl and 2 mM
DTT.

Protein CrystallizationThe hanging drop vapor diffusion
method was used with 4L of SelMet protein solution and
1 uL of reservoir solution at 22C. Sparse matrix screens
were used to determine initial hits (Crystal Screen and Crystal
uM of HMPDdc, and 1 mM MnCJin 100 mM Tris HCI at Screen 2, Hampton Research). Optimized crystallization
pH 8.0 containing 100 mM NaCl and 2 mM DTT was conditions consisted of-69% polyethylene glycol 8000 and
incubated overnight at room temperature. It was then filtered 100 mM Tris buffer with a pH ranging from 7.0 to 7.5.
through an YM-10 Microcon centrifugal filter at 140§ or Crystals grew in a conical shape to a size of approximately
30 min. The desired enzymatic product (retention time 5.5 0.3 mmx 0.1 mm in roughly one week and were cryopro-
min) was purified by HPLC over multiple injections. tected by a quick transfer into crystallization conditions with
Methanol was removed by rotary evaporation; TFA and an additional 17% glycerol. SelMet-HMPDdc crystals were
water were removed under high vacuum overnight. The then flash frozen by plunging in liquid nitrogen and stored
resulting white powder was characterized by NMR and ESI- frozen until data collection. Crystals belong to the space

MS. IH NMR (300 MHz, D;O) 6 2.46 (s, 3H, CH), 7.68

(s, 1H, C4-H), and 8.12 (s, 1H, C6-H). ESI-MS (Esquire-

LC_00146 instrument, Bruker, negative ion moaey =

152 (monoanionic 3-hydroxy-2-methylpyridine-5-carboxylate

7). Fragmentation analysis resulted in the formation of a

species withm/z = 108 (M — 44, decarboxylation of).
Steady-State Kinetic Parametefihe steady-state kinetic

groupl4 with unit cell parametera = 72.0 A andc = 90.4
A. The unit cell contains one monomer per asymmetric unit
with a solvent content of 45% and a Matthews coefficient
of 2.24 A/Da (12).

X-ray Data Collection and Processing single wave-
length anomalous diffraction dataset was collected on a
SelMet-HMPDdc crystal at the NE-CAT 24-ID-C beamline

parameters for HMPDdc were determined by monitoring the at the Advanced Photon Source using a Quantum315 detector
change in absorbance at 265 nm over time. To a reaction(Area Detector Systems Corp). The dataset was collected at
mixture (500uL) containing 1M enzyme and xM MnCl, the maximum ' for selenium as determined using a
were added varying concentrations of 3-hydroxy-2-meth- fluorescence scan of the SelMet-HMPDdc crystal. The crystal
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Table 1: Summary of Data Collection Statistics for RESULTS

SelMet-HMPDdc

Product Purification and Characterizatiorthe product

bearln”tf‘e A f‘gg NE-CAT 24-IDC of the enzymatic reaction was purified as a stable white
ij\?elfe'r?gﬂ(] ()A) 097918 powder. It was identified as 3-hydroxy-2-methylpyridine-5-
space group 14 carboxylatey, by NMR and ESI-MS analysis. The presence
a(A) 72.0 of a singlet at 7.68 ppm in the aromatic region, corresponding
::e(flagctions 9%%301 to the C-4 hydrogen o7, indicated a clean conversion of
unique reflections 34563 (2646) substrates to product?. The time course for the HMPE_)o!c-
average I/s 27.0 (4.0) catalyzed decarboxylation of 3-hydroxy-2-methylpyridine-
redundancy 3.9(2.0 4,5-dicarboxylate,6, to 3-hydroxy-2-methylpyridine-5-
completeness (%) 96.9 (75.1) carboxylate,7, as analyzed by HPLC is shown in Figure
Rsym (%) 5.6 (14.8) 2(a)

8 Rgyym = 23j|li — <I>|/Z<I>, where<|> is the mean intensity of

Steady-State Kinetic ParameterdV visible spectra of
the enzymatic reaction mixture (5Q£.), containing 1.58
mM of 3-hydroxy-2-methylpyridine-4,5-dicarboxylate, 4
UM MnCl,, and 780 nM of the HMPDdc in 100 mM Tris
HCI at pH 8.0 containing 100 mM NaCl and 2 mM DTT,

the N reflections with intensitie$ and common indiceh k.

Table 2: Summary of Data Refinement Statistics for
SelMet-HMPDdc

resolution (A) 50.06-1.90 taken at various time points, Figure 2(b), showed an increase
no: 8; pmrgttg;r;?otrc;rgs 1852 in absorbance at 265 nm. Both 3-hydroxy-2-methylpyridine-
no. of water atoms 205 4,5-dicarboxylatés and 3-hydroxy-2-methylpyridine-5-car-
reflections in working set 16904 boxylate7 absorb at this wavelength. The extinction coef-
reflections in test set 906 ficients of 3-hydroxy-2-methylpyridine-4,5-dicarboxylaée,
Rfaftﬂ.’/'a (%) %2-? and 3-hydroxy-2-methylpyridine-5-carboxylafe at 265 nm

e o ideals Bonds (&) t s in 100 mM Tris HCl at pH 8.0 containing 100 mM NaCl
angles (deg) 1.1 and 2 mM DTT were determined to be 1017 Mm* and

avg B factor (&) 30.3 3623 Mt cm! respectively. The rate of product formation
Ramachandran plot most favored (%) 88.8 was determined using the difference in molar extinction
Sggggﬂly :||||8VV\\,’:§ ((0//;’)) 109'57 coefficients AAzes = 2615 M! cm™?). Steady-state kinetic
disallowed (%) 0.0 parameters were obtained from the concentration dependence

#Rfactor = 3 nllFobd — K|Fcall/XnlFobd WhereFobs and Fea are of the rate of formation of 3-hydroxy-2-methylpyr|d|ne-5-
observed and calculated structure factors, respecti¥@lgr Ryee the carboxylate7, at constant concentration of HMPDdc under
sum is extended over a subset of reflections (10%) excluded from all saturating concentration of MnLIThe enzymatic reaction
stages of refinement. exhibited Michealis Menten kinetics witky andke,: of 366

uM and 0.6 s, respectively. Théc./Ky for HMPDdc was

diffracted to 1.9 A resolution and data was collected over determined to be 1530 Ms™* [Figure 2(c)].

360° using a 2 oscillation range. The HKL2000 suite of Monomeric Structure of HMPDdcThe structure of
programs was used to index, integrate, and scale the datdiMPDdc was determined at 1.9 A resolution using SAD
(13). The data collection statistics are given in Table 1. ~ phasing. All 234 residues of the protein and 3 residues from

Structure Determination, Model Building, and Refinement. the 6X N-terminal His tag were modeled into the final

The computer program hkl2map was used to determine thestructure of the monomer, as well as 205 water moIeches
" ) and a manganese ion. The monomer is composed of a single
positions of the Se atoms using data cut off at 2.2 A

lution t imize th | iared)( Th f domain with anoSa fold (Figure 3). The central 7 stranded
resolution to maximiz€ the anomalous sig )(Three o mixed -sheet is mostly antiparallel with a strand order of
the possible five selenium atoms were located. The programﬂSTﬁ6Tﬁ7lﬁ4Tﬁllﬁ2Tﬁ3l where only5 and6 run parallel
autoSHARP was used for refinement of the heavy atom y, each other as seen in Figure 3B. Fhsheet forms a half-

positions, phasing, calculation of residual maps, density pare| with foura-helices flanking one side of thé-sheet
modification, and automated model buildirig). Automated  5nq twoa-helices flanking the opposite side. Three of the
model building built 222 of 234 residues with the correct a-helices,al, o4, anda6, are unusually long with 19, 24,

side chain. Examination of the density-modified maps gnd 18 amino acids, respectively. There are also thige 3
allowed the manual building of residues 13P41, 209- helices.

216, and 234 using COOTLE). Refinement of the HMPDdc Tetrameric Structure of HMPDd@he quaternary structure
model was then performed using CNEJ. A metal binding  of HMPDdc is a tetramer formed by using the four-fold
site was identified and modeled as a manganese ion, basedystallographic axis of the space groipand is shown in

on the magnitude of the electron density, coordination Figyre 4. The tetramer is roughly 65 A wide, 45 A tall, and
geometry, and the results of a fluorescence scan performedg A across the diagonal. A channel with a diameter of 10
(results not shown). Water molecules were added as refine-A runs through the tetramen-Heliceso 1, a4, ando6 face
ment continued also using CNS. The data refinement the channel, and it is composed mostly of hydrophilic side
statistics are given in Table 2. The HMPDdc structure was chains and backbone carbonyl groups. The opening is much
verified using PROCHECK, and no residues were located wider on the top, near the N and C termini, and nearly closed
in disallowed regions of the Ramachandran pl@)(Figures on the bottom by the last turn of4 and the side chain of
were generated using Pymdl9). Lys194. The subunit interface is formed by interactions
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195 172

Ficure 3: Monomeric structure oMIHMPDdc. A. Ribbon diagram of HMPDdc at two orientations® 90tated from each other. The
secondary structure is labelagkhelices are colored in blug-strands are colored in green, and loop regions are yellow. The manganese
ion is shown as a nonbonded red sphere. B. Topology diagram of HMPDdc.

FiGurRE 4: Stereoview diagram of the tetrameric structure of HMPDdc. The tetramer has been color coded by subunit. The manganese ion
is shown in magenta.

between the C-terminal end of one HMPDdc subua#,( Approximately 3000 A of surface area is buried at the

a5, 06, and the connecting loops) and the loops between interface between subunit2d). The residues lining the

B2 andp3, p6 andf7, and the loop between the thirdp3  subunit interface are mostly hydrophobic, including a patch

helix anda3 from a neighboring subunit. The firs{ghelix rich in aromatic residues, including Phe25, Phel77, Phel80,
also contributes to the interface between subunits. and Tyrl181. There are two sets of salt bridges at the interface,
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Y71 Y71

H2

Ho94

Ficure 5: Stereoview diagram of the metal binding site. Composite omit density is shown around the manganese ion at a contour level of
1.0 0 and is shown in blue. The manganese ion is magenta. Residues shown in green are from one subunit, and the residues shown in
yellow are from the neighboring subunit.

one between Arg128 and Glu205 and the second betweerdatabase revealed a large cluster of proteins with sequence
Argl62 and Glul26. The arginine residues are found close identities to HMPDdc ranging from 20 to 40%. Most of these
to each other and there also appears to be some stackingroteins are annotated as class Il aldolases/adducins or
between these side chains. The interface is also stabilizechypothetical proteins. Alignment of the top hits identified
by five hydrogen bonds: Asp23 and Thr24 both hydrogen five strictly conserved residues and several highly conserved
bonding to Tyr181, Ser48 to His223, and Asp105 to Asn197. residues, as shown in Supporting Information Figur@2, (
Three backbone carbonyl groups form hydrogen bonds: the23). Pro47 is strictly conserved and is found at the interface
carbonyl group from 11€195 to the side chain of Thr106, the between monomers as the first residue ofia f&lix in
carbonyl group of Asp133 to the hydroxyl group of Ser202, HMPDdc. Two of the residues coordinating to the manganese
and the carbonyl oxygen atom of Glu134 to the oxygen of ion, Glu73 and His94, are also absolutely conserved. The
the Thr208 side chain. two other histidine residues, His92 and His163, are mostly
Metal Binding SiteA cleft 13 A long 8 A wide, and 10 conserved among the proteins, with His92 being replaced
A deep forms near the hydrophobic patch at the interface by an arginine and His163 being replaced by asparagine in
between two subunits. The cleft is found in the middle of a class Il aldolase fromNocardioides sp. JS61His77 is
the tetramer and lies closer to the external solvent than tostrictly conserved and is one of the six histidine residues
the channel that runs through the tetramer. This cleft containsfound near the putative active site cleft at the interface. The
six histidine residues in close proximity to each other: His27, final conserved residue, Gly164, is adjacent to His163, which
His92, His94, His163, and His177 from one subunit and coordinates to the manganese ion and is the first residue of
His113* from the neighboring subunit. a f3-strand.

In addition to the histidine residues, a large unexpected A BLAST search was then conducted on a class Il
peak in the electron density was found in this cleft and was aldolase/adducin-like protein frorBurkholderia sp. 383
modeled as a manganese ion. No metal was added duringvhich had the highest sequence similaritptHMPDdc in
purification, and treatment of the protein sample with EDTA the initial BLAST search. Most of the sequences with
was unsuccessful in removing the metal, showing that the significant alignments were the same class Il aldolases/
metal is tightly bound irMIHMPDdc. A fluorescence scan  adducins and hypothetical proteins identified using HMPDdc
identified the metal as a manganese ion. The metal has aas a search subject; however, at a lower similarity level
tetrahedral coordination to His92, His94, His163, and Glu73 several 3,4-dihydroxyphthalate 2-decarboxylase (DHPdc)
(Figure 5). The bonding distance between the manganesesequences were identified. DHPdc is found in the phthalate
ion and His92 is 2.2 A, while the distances to the other catabolism pathway of Gram-positive bacteria and catalyzes
residues coordinated to the metal are longer than expectedh decarboxylation reaction of an aromatic ring very similar
with a distance of 2.7 A for His94, His163, and Glu73. tg the reaction catalyzed by HMPDd24 25). Alignment
Adjacent to the bound metal is a po¢i&A long and 7 A of these DHPdc sequences with the sequence of HMPDdc
wide, which could potentially accommodate 3-hydroxy-2- and the nearest class Il aldolase identified several residues
methylpyridine-4,5-dicarboxylaté. Hydrophobic residues  that are conserve®8). The sequence alignment prepared
that protrude into and line the cleft include Phe25, Phe28, ysing ESPriptZ2) is shown in Supporting Information Figure
and Tyr71 and hydrophilic residues in the pocket include 2. All metal-coordinating residues are conserved, and His77

His113*, GIn216*, and Arg219*. and His27, two histidine residues found near the cleft
between subunits, are also conserved. The aromatic residues
DISCUSSION near the active site, Phe25, Tyr71, His113, and Phel38, are

Characterization of the mIr6791Gerighe mIr6791 gene  not conserved in DHPdc but are replaced by hydrophobic
product was shown to catalyze the decarboxylation of residues. GIn216 in HMPDdc is found to be an asparagine
3-hydroxy-2-methylpyridine-4,5-dicarboxylaté to 3-hy- residue in DHPdc and Arg219 is replaced by a threonine
droxy-2-methylpyridine-5-carboxylaté. The product was  residue.
purified by HPLC and characterized by NMR and ESI-MS.  The MIHMPDdc monomer was submitted to DALI to

Comparison of HMPDdc to Other Protein&n iterative identify structurally related proteing6). Five proteins were
BLAST (21) search using the nonredundant protein sequenceidentified as being structurally similar to HMPDdc with



3-Hydroxy-2-methylpyridine-4,5-dicarboxylate Decarboxylase Biochemistry, Vol. 46, No. 47, 200713613

Ficure 6: Stereoview diagram of the superposition of the top four DALI hits on HMPDdc. HMPDdc is shown in red, 1-ribulose-5-
phosphate-4-epimerase is shown is blue, rhamnulose-1-phosphate aldolase is in cyan, 1-fuculose-1-phosphate alHoleseisrgraen,
and 1-fuculose-1-phosphate aldolase frBnthetaiotaomicroris colored yellow.

Ficure 7: Stereoview diagram of the active sites of HMPDdc and 1-fuculose-1-phosphate aldolase. HMPDdc is colored in green and
1-fuculose-1-phosphate aldolase is colored in pink. The phosphoglycolohydroxamate ligand is abbreviated as PGH.

Z-score greater than 10; all other proteins hZwseores less  1-phosphate aldolase froln coliis only 15%. The zinc ion
than 4. Top hits included two-fuculose 1-phosphate aldo- is found in the same cleft and coordinated by three conserved
lases, one-ribulose 5-phosphate epimerase, a rhamnulose histidine residues. The fourth residue coordinated to the metal
1-phosphate aldolase, and the C terminal fragment of phos-ion is a glutamate residue in HMPDdc and the three
phomethylpyrimidine kinase froyrococcus furiosu@7— aldolases, and an aspartate residue in the epimerase. Several
29). The aldolases and epimerase belong to the superfamilyglycine and proline residues are conserved, most likely
of AraD-like proteins and class Il aldolases:Fuculose playing roles in positioning structural elements. His77 is
1-phosphate aldolase fror&. coli showed the highest conserved, as is Ser29, which is hydrogen bonded to His
structural similarity with aZ score of 24.4 and an rmsd of 77. Arg31, Arg84, Pro85, and Asp86 are all structurally
2.4 A for 205 of a possible 210 residues. The sequenceconserved and are found in turns directly exposed to solvent.
identity between HMPDdc and the aldolase is about 20%. Glu183 is conserved and is found withia# and faces the
The Z score forE. coli L-ribulose 5-phosphate epimerase channel that runs through the tetramer.
was 22.5 with an rmsd of 2.4 A for 207 of 223 residues. Active Site ComparisonThe structure ofL-fuculose
The structures of the-fuculose 1-phosphate aldolases, 1-phosphate aldolase froB coli with an inhibitor bound
L-ribulose 5-phosphate epimerase, and the rhamnulosgPDB ID: 4FUA) was used to compare the active sites of
1-phosphate aldolase superimpose well on the structure ofthe class Il aldolase and HMPDdc (Figure 2Y). The zinc
HMPDdc, as seen in Figure 6. The topology of the long ion is located closer to the coordinating residues in the
B-sheet is conserved for each of the aldolases and HMPDdc;aldolase structure, only 2.0 A from His94 and His 155 and
however, HMPDdc has a C-terminathelix not observed 2.1 A from His 92. The corresponding distances in HMPDdc
in the other structures. Rhamnulose 1-phosphate aldolase igo the manganese ion are 2.7 A for His 94 and His163 and
the least similar to HMPDdc and has two exfiestrands 2.2 A for His92. With the inhibitor phosphoglycolohydrox-
and four extrax-helices. All of the enzymes shown in Figure amate bound Glu73 has been pushed out of position for
6 adopt a tetrameric oligomeric state. coordination to the zinc ion, suggesting the same could occur
Despite the strong structural similarity between HMPDdc upon binding of 3-hydroxy-2-methylpyridine-4,5-dicarboxy-
and the class Il aldolase family, there is low sequence late6. His113* is replaced by Tyr113*, which points toward
conservation and apart from the coordination of the metal the zinc ion. The adjacent residue, Met114*, is found in both
ion few of the putative active site residues are conserved. structures. His27 is replaced by Asn29. Phel138 is conserved,
The class Il aldolase superfamily members each bind a zincalthough adopting a different side-chain orientation. Gly28
ion in the active site, while HMPDdc has a manganese ion still composes the floor of the binding pocket, and the pocket
bound.L-Fuculose 1-phosphate aldolase fr@&acterosides is roughly the same size in both structures. No other residues
thetaiotaomicrorhas the highest sequence identity at 20% are conserved within the binding pocket, unsurprising given
and the sequence identity between HMPDdc and rhamnulosehat the substrates are very different.
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Ficure 8: (a) The retroaldol condensation reaction catalyzed by fuculose aldolase. (b) The proposed mechanism for the decarboxylation
of 3-hydroxy-2-methylpyridine-4,5-dicarboxylaté,

Structural Implications for MechanisrEnzyme-catalyzed  active site zinc ion. Protonation of this enolate by Glu73
decarboxylations constitute a well-studied family of reactions, followed by product release completes the reaction. In the
and the role of pyridoxal phosphate, the pyruvoyl cofactor, resting state of the enzyme, Glu73 is coordinated to the zinc
imine formation with lysine, and metal ions in the catalysis ion and is released from the metal upon substrate binding.
of these reactions is now well established. The general ruleOn the basis of this proposal, we suggest an analogous
for the catalysis of such decarboxylations is that the enzyme mechanism for HMPDdc. In this mechanism, binding of the
provides a mechanism for the stabilization of an enolate substrate displaces Glu73 from the manganese ion, replacing
intermediate by charge delocalizatia30). The decarboxy- it with the substrate hydroxyl. Glu73 then provides the proton
lation of orotidine monophopshate that occurs during pyri- for the kete-enol tautomerization to give3, Figure 8(b).
midine biosynthesis is a well-known exceptiodl). The The decarboxylation reaction is analogous to the retroaldol
decarboxylation of hydroxy-substituted benzene rings is a reaction except that is does not need a base as the carboxylate
common motif in polyketide biosynthesis. It is generally is likely to be deprotonated under the reaction conditions.
assumed that this reaction proceeds by initial tautomerizationDisplacement of the product from the manganese ion by
of the phenol, followed by decarboxylation of the resulting Glu73 followed by product dissociation completes the
keto-acid. However, this proposal has not been experimen-reaction. The testing of this mechanistic proposal is in
tally validated, and only one structure of a hydroxybenzoic progress and will require additional structural and mecha-
acid decarboxylase has been reported (PDB ID: 2DVX). nistic studies.

The Protein Data Bank contains three zinc-dependent

decarboxylases: 2,6-dihydroxybenzoate decarboxylase (PDBACKNOWLEDGMENT

ID: 2DVX), a-aminof-carboxymuconate-semialdehyde We thank Dr. Yasunobu Ohkawa, National Institute of
decarboxylase (PDB ID: 2HBV), and a protein of unknown Agrobiological Sciences, Ibaraki, Japan for providing us with
function similar toa-acetolactate decarboxylase (PDB ID: theM. loti/MAFF303090 strain, the NE-CAT beamline staff
1XV2) (32); however, none of these are structurally similar for assistance during the collection and processing of the
to HMPDdc. In contrast several members of the class Il X-ray diffraction data, Cynthia Kinsland for preparing of the
aldolase/adducin family were revealed by a DALI search. overexpression plasmid, and Leslie Kinsland for assisting
The structural similarity between fuculose aldolase and in manuscript preparation.

HMPDdc suggests that the two reactions share common

mechanistic feature88). For the aldolase catalyzed reaction, SUPPORTING INFORMATION AVAILABLE
Tyrl13 initiates the retroaldol reaction by alcohol deproto-  The sequence alignment of proteins identified through
nation, Figure 8(a). The resulting enolate is stabilized by the BLAST to be similar to MIHMPDdc and the sequence
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alignment of decarboxylase proteins identified through 17
BLAST with HMPDdc and the aldolase submitted to
BLAST. This material is available free of charge via the
Internet at http://pubs.acs.org.

REFERENCES

1

10.

11.

12.

13.

14.

15.

16.

. Rodwell, V. W., Volcani, B. E., Ikawa, M., and Snell, E. E. (1958)

Bacterial oxidation of vitamin B6. I. Isopyridoxal and 5-pyridoxic
acid, J. Biol. Chem. 2331548-1554.

. Snell, E. E., and Haskell, B. E. (1971) The Metabolism of Vitamin

B6, in Comprehensie BiochemistryVol. 21, pp 4771, Elsevier/
North Holland, New York.

. Yuan, B., Yoshikane, Y., Yokochi, N., Ohnishi, K., and Yagi, T.

(2004) The nitrogen-fixing symbiotic bacterium Mesorhizobium
loti has and expresses the gene encoding pyridoxine 4-oxidase
involved in the degradation of vitamin BEEMS Microbiol. Lett.

234, 225-230.

. Funami, J., Yoshikane, Y., Kobayashi, H., Yokochi, N., Yuan,

B., lwasaki, K., Ohnishi, K., and Yagi, T. (2005) 4-Pyridoxolac-
tonase from a symbiotic nitrogen-fixing bacterium Mesorhizobium
loti: cloning, expression, and characterizatiBigchim. Biophys.
Acta 1753 234-239.

. Yokochi, N., Nishimura, S., Yoshikane, Y., Ohnishi, K., and Yagi,

T. (2006) Identification of a new tetrameric pyridoxal 4-dehy-

drogenase as the second enzyme in the degradation pathway for

pyridoxine in a nitrogen-fixing symbiotic bacterium, Mesorhizo-
bium loti, Arch. Biochem. Biophys. 452—8.

. Yuan, B., Yokochi, N., Yoshikane, Y., Ohnishi, K., and Yagi, T.

(2006) Molecular cloning, identification and characterization of
2-methyl-3-hydroxypyridine-5-carboxylic-acid-dioxygenase-cod-
ing gene from the nitrogen-fixing symbiotic bacterium Mesorhizo-
bium loti, J. Biosci. Bioeng. 102504-510.

. Mukherjee, T., Kinsland, C., and Begley, T. P. (2007) PLP

catabolism: Identification of the 4-Pyridoxic acid Dehydrogenase
gene in Mesorhizobium loti MAFF303098ioorg. Chem.DOI:
10.1016/j.bioorg.2007.07.003.

. http://theseed.uchicago.edu/FIG/protein.cgi?pfigi 266835.1.

peg.5335&user&48hr_job=new_framewor k0.

.Ausubel, F. M., and Brent, F. (198Turrent Protocols in

Molecular Biology John Wiley and Sons, New York.

Sambrook, J., Fritsch, G. F., and Maniatis, T. (198@)ecular
Cloning: A Laboratory GuideCold Spring Harbor Laboratory
Press, Plainview, New York.

Snell, E. E., Smucker, A. A., Ringelmann, E., and Lynen, F. (1964)
[Bacterial Oxidation Of Vitamin B6. Iv. Enzymatic Decarboxy-
lation Of 2-Methyl-3-Hydroxypyridine-4,5-Dicarboxylic Acid.],
Biochem. Z 341109-119.

Matthews, B. W. (1968) Solvent content of protein crystals,
Mol. Biol. 33 491-497.

Otwinowski, Z., and Minor, W. (1997) Processing of x-ray
diffraction data collected in oscillation modglethods Enzymol.
276, 307-326.

Pape, T., and Schneider, T. R. (2004) HKL2MAP: a graphical
user interface for phasing with SHELX programi, Appl.
Crystallogr. 37 843-844.

Vonrhein, C., Blanc, E., Roversi, P., and Bricogne, G. (2006)
Automated Structure Solution With autoSHAR®ethods Mol.
Biol. 364 215-230.

Cowtan, P. E. a. K. (2004) Coot: Model-Building Tools for
Molecular GraphicsActa Crystallogr. D 602126-2132.

18.

19.

N

N

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

0.

1.

Biochemistry, Vol. 46, No. 47, 2007.3615

. Bringer, A. T., Adams, P. D., Clore, G. M., DeLano, W. L., Gros,
P., Grosse-Kunstleve, R. W., Jiang, J. S., Kuszewski, J., Nilges,
M., Pannu, N. S., Read, R. J., Rice, L. M., Simonson, T., and
Warren, G. L. (1998) Crystallography & NMR system: A new
software suite for macromolecular structure determinataia
Crystallogr. D 54 905-921.

Laskowski, R. A., MacArthur, M. W., Moss, D. S., and Thornton,

J. M. (1993) PROCHECK: a program to check the stereochemical

quality of protein structuresl. Appl. Crystallogr. 26283-291.

DelLano, W. L. (2002)The PyMOL Molecular Graphics Systems,

DeLano Scientific, San Carlos, CA.

Hasel, W., Hendrickson, T. F., and Still, W. C. (1988) A rapid

approximation to the solvent-accessible surface areas of atoms,

Tetrahedron Comput. Methodol, 103-16.

Altschul, S. F., Madden, T. L., Schaffer, A. A., Zhang, J., Zhang,

Z., Miller, W., and Lipman, D. J. (1997) Gapped BLAST and

PSI-BLAST: a new generation of protein database search

programs Nucleic Acids Res. 28389-3402.

. Gouet, P., Courcelle, E., Stuart, D. I, and Metoz, F. (1999)
ESPript: analysis of multiple sequence alignments in PostScript,
Bioinformatics 15 305-308.

. Thompson, J. D., Higgins, D. G., and Gibson, T. J. (1994)

CLUSTAL W: improving the sensitivity of progressive multiple

sequence alignment through sequence weighting, position-specific

gap penalties and weight matrix choidéycleic Acids Res. 22

4673-4680.

Habe, H., Miyakoshi, M., Chung, J., Kasuga, K., Yoshida, T.,

Nojiri, H., and Omori, T. (2003) Phthalate catabolic gene cluster

is linked to the angular dioxygenase gene in Terrabacter sp. strain

DBF63, Appl. Microbiol. Biotechnol. 6144—54.

Eaton, R. W. (2001) Plasmid-encoded phthalate catabolic pathway

in Arthrobacter keyseri 12B]. Bacteriol. 183 3689-3703.

Holm, L., and Sander, C. (1998) Touring protein fold space with

Dali/FSSP,Nucleic Acids Res. 2816—319.

Dreyer, M. K., and Schulz, G. E. (1996) Catalytic mechanism of

the metal-dependent fuculose aldolase from Escherichia coli as

derived from the structure]. Mol. Biol. 259 458-466.

Luo, Y., Samuel, J., Mosimann, S. C., Lee, J. E., Tanner, M. E.,

and Strynadka, N. C. (2001) The structure 6fibulose-5-

phosphate 4-epimerase: an aldolase-like platform for epimeriza-

tion, Biochemistry 4014763-14771.

Kroemer, M., and Schulz, G. E. (2002) The structure of L-rham-

nulose-1-phosphate aldolase (class 1) solved by low-resolution

SIR phasing and 20-fold NCS averagidgita Crystallogr D. Biol.

Crystallogr. 58 824-832.

Begley, T. P., and Ealick, S. E. (2004) Enzymatic reactions

involving novel mechanisms of carbanion stabilizati&yrr.

Opin. Chem. Biol. 8508-515.

Miller, B. G., and Wolfenden, R. (2002) Catalytic proficiency:

the unusual case of OMP decarboxyladenu. Re. Biochem.

71, 847-885.

Berman, H. M., Westbrook, J., Feng, Z., Gillland, G., Bhat, T.

N., Weissig, H., Shindyalov, I. N., and Bourne, P. E. (2000) The

Protein Data BankNucleic Acids Res. 2835-242.

Samuel, J., Luo, Y., Morgan, P. M., Strynadka, N. C., and Tanner,

M. E. (2001) Catalysis and binding in-ribulose-5-phosphate

4-epimerase: a comparison witHuculose-1-phosphate aldolase,

Biochemistry 4014772-14780.

BI701439J



