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ABSTRACT. Pyridoxal B-phosphate (PLP) is the biologically active form of vitamigid@hd is an important
cofactor for several of the enzymes involved in the metabolism of amine-containing natural products
such as amino acids and amino sugars. The PLP synthase holoenzyme consists of two subunits: YaaD
catalyzes the condensation of ribulose 5-phosphate, glyceraldehyde-3-phosphate, and ammonia, and YaaE
catalyzes the production of ammonia from glutamine. Here we describe the structure of the PLP synthase
complex (YaaD-YaaE) fromThermotoga maritimat 2.9 A resolution. This complex consists of a core

of 12 YaaD monomers with 12 noninteracting YaakE monomers attached to the core. Compared with the
previously published structure of PdxS (a YaaD ortholoG@obacillus stearothermophilyshe N-terminus

(1—18), which includes helxx0, the 52—a2 loop (46-56), which includes new helixi2a, and the
C-terminus (276-280) of YaaD are ordered in the complex but disordered in PdxS. A ribulose 5-phosphate

is bound to YaaD via an imine with Lys82. Previous studies have demonstrated a similar imine at Lys149
and not at Lys81 (equivalent to Lys150 and Lys82Tinmaritimg for the Bacillus subtilisenzyme
suggesting the possibility that two separate sites on YaaD are involved in PLP formation. A phosphate
from the crystallization solution is found bound to YaaD and also serves as a marker for a possible second
active site. An ammonia channel that connects the active site of YaaE with the ribulose 5-phosphate
binding site was identified. This channel is similar to one found in imidazole glycerol phosphate synthase;
however, when thg-barrels of the two complexes are superimposed, the glutaminase domains are rotated
by about 180 with respect to each other.

Pyridoxal 3-phosphate4, PLP} is the biologically active an unusually high degree of sequence conservation with
form of vitamin B and is an important cofactor for several approximately 28% of its residues (78/280) absolutely
of the enzymes involved in the metabolism of amine- conserved over 73 amino acid sequences. The structure of
containing natural products such as amino acids and aminoPdxS fromGeobacillus stearothermophildss been previ-
sugars {—4). There are two distinct PLP biosynthetic ously reportedZ2). This protein is a dodecamer with 622
pathways that have not yet been found to coexist in the samepoint symmetry. The monomers have a clasgiog fold
organism 9). The Escherichia coli pathway has been with the axis of eacl-barrel approximately perpendicular
extensively studiedd—12). In this pathway, PdxJ catalyzes to the molecular sixfold axis. YaaE is a class | amidotrans-
the formation of pyridoxine "sphosphate 3, PNP) from ferase 23, 24) characterized by a conserved Glu-His-Cys
3-phosphohydroxy-1-aminoacetohand 1-deoxys-xyulose (25). The structures of YaaE fromB. subtilis (17) and
5-phosphatel. This is then oxidized to PLR by PdxH Bacillus stearothermophilu¢PDB ID 1Q7R) have been
(Scheme 1). In the alternative pathway, PLP is formed from reported as well as the YaaE ortholog, Pdx2, flelasmo-
ribose 5-phosphat®&(R5P), glyceraldehyde 3-phosphae ( dium falciparum (26). YaakE has an ofa) three-layer
G3P), and ammonia formed by the hydrolysis of glutamine sandwich fold and a highly conserved glutamine binding site.
(13—18) (Scheme 1). The required genesBacillus subtilis YaaD and YaaE form a complet®) in which the ammonia
are YaaD and YaaE. Orthologs of YaaD (Snz, PdxS, and generated by hydrolysis of glutamine is channeled to the
Pdx1) and YaaE (Sno, PdxT, and Pdx2) are widely distrib- YaaD active site.

uted in bacteria, eukarya, and archab2-21). YaaD shows Here we report the three-dimensional structure of the

T This work was supported by National Institutes of Health Grants Thermotoga mamlm&)LP synthase complex (YaaD/YaaE)
DK44083 (T.P.B.) and DK67081 and RR015301 (S.E.E.). solved to a resolution of 2.9 A. The structure suggests a

¥ The Brookhaven Protein Data Bank code for PLP synthase is 2ISS. possible channel through which ammonia could travel from
oS e om0 1 site of generation on YasE 1o the PLP forming site on

I Abbreviations: PLP, pyridoxal'§hosphate; PNP, pyridoxiné-5 YaaD. Comparlson of the YaaD subunit with the structure
phosphate; DXP, deoxy-xylulose-5-phosphate; RBP, ribulose-5- of the prewously solved, unhganded PdxS fr@n stearo-
phosphate; R5P, ribose 5-phosphate; G3P, glyceraldehyde 3-phosphatehermophilugPDB ID 1ZNN) and the structure of the YaaE
DHAP, dihydroxyacetone phosphate; acivicimS5S)-a-amino-3- subunit with the structures of YaaE froB subtilis(PDB
chloro-4,5-dihydro-5-isoxazoleacetic acid; MPD, 2-methyl-2,4-pen- - o\
tanediol; APS, Advanced Photon Source; rmsd, root mean square/D 1R9G) and HisHF fromT. maritima (PDB ID 1JVN)
deviation. provides information about structural and functional changes
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and CaCJ, containing 50 mg/L of kanamycin. To induce

an early intermediate in the PLP synthase reaction. Thethe overexpression of proteins, isopropyb-thiogalacto-
identification of a new ribulose phosphate binding site on pyranoside was added to the culture when the optical density
YaaD suggests that PLP synthase may use two separatat 595 nm reached 0.5 to achieve a final concentration of 1
active sites to catalyze the complex chemistry involved in mM. Culture growth was continued f® h at 25°C, after

the formation of PLP.

METHODS AND MATERIALS

Molecular Cloning.Standard methods were used for DNA

restriction endonuclease digestion, ligation, and transforma-

tion of DNA. Genomic DNA and plasmid DNA were
purified with a Wizard Plus SV genomic DNA kit and a
DNA Miniprep kit (Promega), respectively. DNA fragments

which the cells were harvested and stored-a0 °C until
further use. The cell pellets from both YaaD and YaaE were
resuspended together, and the proteins copurified according
to a Qiagen protocol for the purification of His-tagged
proteins. The eluted protein complex was desalted into 20
mM Tris-HCI, pH 8, using a PD-10 column (Amersham
Pharmacia), concentrated, and stored aC4

Crystallization of the PLP Synthase Compléke PLP

were separated by agarose gel electrophoresis, excised, andynthase complex was crystallized at"22using the hanging

purified with the QiaExIl (Qiagen)k. coli strain DH&x was

drop vapor diffusion method. Each drop contained2of

used as a recipient for transformation during p|asm|d protein solution and ,?ll_ of reservoir solution. The protein

construction and for plasmid propagation and storggeol

solution in 20 mM Tris-HCI, pH 8.0, contained 7 mg/mL

Tuner (DE3) (Novagen) was used as a host strain for the PLP synthase, 4 mM RBP, 4 mM dihydroxyacetone phos-
overexpression of proteins. A Perkin-Elmer GeneAmp PCR phate (DHAP), and 4 mMoS59)-a-amino-3-chloro-4,5-
System 2400 apparatus and Platinum Pfx DNA po|ymerase dihydro-5-isoxazoleacetic acid (acivicin, an inhibitor of the
(Invitrogen) were used for PCRI. maritima DSM3109 glutaminase activity). The reservoir solution for the optimized
genomic DNA was used as a template for PCR. Primer conditions contained 0.8 M disodium hydrogen phosphate,
synthesis and DNA sequencing were performed by the 1.2 M potassium dihydrogen phosphate, and 0.2 M lithium
Bioresource Center at Cornell University. Primers introduced Sulfate at pH 6.1. Crystals appeared in 3 days and grew over

Ndd and Xhd restriction enzyme sites at the' &and
3 ends, respectively. For YaaE, '-BGA GGG
TGG TAA CAT ATG AAG ATA GGC GTT CTG GGT
G-3 (Ndd site is underlined) and'5ACC TGC CTC GAG
AAC GAT ACT GGC TAT TCG TTC ACG-3 (Xhd site
is underlined) were used as the primer pair. For Yadb, 5
AGT GAG GAG GTG AAC CAT ATG GAA ATC AAA
AAG GGT ACC-3 (Ndd site is underlined) and'8CAC
CAT GTC CAG CTG CTC GAG AAG TTT CAC TAT
CAG-3 (Xhd site is underlined) were used as the primer
pair. The PCR product was digested witldd and Xhd
and ligated into similarly digested pET-28a (Novagen) to
give pCLK1540 and pCLK1541, respectively.

Expression and PurificationFor the overexpression
and purification of T. maritima YaaD and YaaE, their

7 days to their maximum size (0.1 mm 0.1 mm x 0.1
mm). The crystals belong to the orthorhombic space group
1222 with unit cell dimensiona = 92.5 A, b = 204.1 A,
andc = 2213 A . This corresponds to a solvent content of
59% with three YaaD monomers and three YaaE monomers
per asymmetric unit.

X-ray Data Collection and Processing.he data were
collected on a flash frozen crystal at cryogenic temperatures.
The crystals were cryoprotected by a quick dip in a paratone
and paraffin mixture with a v/v ratio of 1:2 and then flash
frozen in liquid nitrogen. Monochromatic X-ray intensity data
were measured at the Advanced Photon Source on the NE-
CAT 24-ID-C beam line using a Quantum-315 CCD detector
(Area Detector Systems Corp.). Data were collected at a
wavelength of 0.979 A over a range of F30Qsing 2 s

corresponding overexpression plasmids (pCLK1540 and exposures for each 0.9®scillation at a crystal-to-detector

pCLK1541) were transformed into competé&ntcoli Tuner
(DE3) cells, and the transformed cells were grown atG7
in M9 minimal medium supplemented with glucose, MgSO

distance of 350 mm. The HKL2000 suit27j of programs
was used for integration and scaling of data. Details of the
data collection and processing are given in Table 1.
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Table 1: Summary of Crystallographic Data and X-ray Intensity
Data Collection

X-ray source

space group

unit cell parameters (A)
asymmetric unit
resolution limit (A)

APS (24-ID-C)
1222
a=92.5b=204.1c=221.3
3 YaaD, 3 YaaE
50-2.9 (3.0-2.9}

measured reflns 181201 (18229)
unique reflns 45755 (4579)
avgllo 14.33 (3.14
redundancy 4.0 (4.0)
completeness (%) 97.1 (98.6)
Reyn? (%0) 8.7 (45.6)

aThe numbers in parentheses are for the highest resolution shell.
b Rym = Y ¥illi — VYO0 whereUis the mean intensity of thil
reflections with intensitiesi and common indicebkl.

Structure Determination and Model Refinemeiihe
structure of the PLP synthase complex (YaaD/YaaE) was
determined by molecular replacement with the Crystal-
lography & NMR System (CNS) software packag@é)(using
the structure of PLP synthase PdxS fr@nstearothermo-
philus (PDB ID 1ZNN) as a search model. A solution with
a correlation coefficient of 0.3 was obtained using the data
between 10 amh 4 A resolution. An initial electron density

map clearly showed the presence of YaaE bound to each

YaaD subunit. The molecular model of YaaE was built
assisted by the structure of Yaak fr@n subtilis(PDB 1D
1R9G). The final model contains three YaaD/YaaE com-
plexes per asymmetric unit. The structure of YaaD/YaaE was

Table 2: Summary of Structure Refinement
506-2.9 (3.0-2.9%

resolution (A)
total no. of non-hydrogen atoms

no. of protein atoms 10813
no. of water molecules 38
no. of reflns in refinement 43430 (4055)
no. of reflns in test set 2178
R factor (%} 21.34
Riree (%0)° 23.60
rmsd from ideal geometry
bonds (A) 0.006
angles (deg) 1.29
Ramachandran plbt
most favored region (%) 92.5/85.9
additional allowed region (%) 7.4/13.5
generously allowed region (%) 0.1/0
disallowed region (%) 0/0.6
averageB factors (&)d 46.9/59.4

2The numbers in parentheses are for the highest resolution shell.
bR factor = S hul|Fobd — KIFcaid /3 nklFobd, WhereFops and Feac are
the observed and calculated structure factors, respectiVelye was
calculated using 5% of all reflections that were excluded from
refinementd The first number is for YaaD monomers, and the second
is for YaaE monomers.

RESULTS

Quality of the StructureThe crystal structure of the PLP
synthase complex (YaabraaE) was determined at a
resolution of 2.9 A. The asymmetric unit contains three
monomers of YaaD (denoted as A, B, and C) and three
monomers of YaaE (denoted as D, E, and F). The structure

refined by consecutive cycles of simulated annealing, energy gy, s a high overaB-factor consistent with the resolution

minimization, and temperature factor refinements using CNS
(28) and manual rebuilding by the programs 9) and
COOT @0). A total of 5% of the reflections were excluded
for the calculation oRqee Tight noncrystallographic sym-
metry (NCS) restraints were applied throughout the refine-
ments. NCS map averaging with RAVB1) and solvent
flattening with CNS 28) improved the electron density maps.
Water molecules were picked automatically using CRS (
and were manually inspected by QY and COOT 80).
The final model was assessed with PROCHEGR) (and
MolProbity (33). The refinement statistics of the final model
are summarized in Table 2.

Mutagenesis of B. subtilis YaaRys81 was mutated to
alanine from YaaD.281{) using the following primers: '5
(for)-ATC CCG GTA ATG GCA GCA GCG CGT ATC G-
GA CAT-3; 5'(rev)-ATG TCC GAT ACG CGC TGC TGC-
CAT TAC CGG GAT-3. Lys149 was mutated to alanine
using the following primers: 'Bor)-GGT GCT TCT AT-

G CTT CGC ACA GCA GGT GAG CCT GGA ACA GG-

3'; 5(rev)-CC TGT TCC AGG CTC ACC TGC TGT GC-

G AAG CAT AGA AGC ACC-3. A stratagene site-directed
mutagenesis kit was used to amplify the plasmid DNA.
Expression and purification proceeded as for wild-type YaaD.

PLP Synthase Actity. Mutant YaaD (30Q«g), YaaE (300
#9), 4 mM R5P, 4 mM DHAP, and 4 mM glutamine were
incubated for 16 h at 37C in 350uL of 50 mM phosphate,
pH 8. Activity was monitored by UVvis.

Pentose IsomerizatioMutant YaaD (50Q«g) was incu-
bated with 2.5 mM R5P in 50 mM phosphate, pH 8, isxCD
The reaction was monitored by 600 MHz NMR.

Figure PreparationMOLSCRIPT @34), RASTER3D 85),
and PyMOL 36) were used to prepare the figures.

of the diffraction pattern; however, the main structural
features including the R5P ligand bound at the active site of
each YaaD monomer are clear. Each monomer of YaaD is
complete except for residues 28293 at the C terminus.
The Ramachandran plot shows no residues in the disallowed
region. Each monomer of YaaE is complete except for
residues 8992, which are located in a loop betwegh and

6. Compared with the YaaD monomers, the YaaE mono-
mers show higheB-factors (59 & compared with 47 A

for YaaD) and show more residues in the additionally
allowed region of the Ramachandran plot (13.5% compared
with 7.4% for YaaD). The catalytic Cys78 residue of YaaE
is in the disallowed region for all three monomers. This is
typical for triad glutaminases.

Structure of the YaaD/YaaE Protomé&ie protomer of
the PLP synthase complex is the YaaD/YaaE heterodimer
(Figure 1a). The architecture of the YaaD monomer is based
on the classic f/a)s barrel fold (Figure 1b) and is very
similar to the PdxS monomer, which shares 71% sequence
identity with YaaD, in the recently published structure of
the PLP synthase corZ). Modifications to the §/a)s barrel
are an eight-residue N-terminal helix@), which caps the
bottom of thep-barrel, helixo2a in the2 and o2 loop,
helicesa6a anda6b inserted between helix6 and strand
B7, a 3o-helix precedinga8, and one additionad-helix
(a8a) following helixa8. Helix a4 (119-121) is a 3¢-helix,
but the designation4 is retained for consistency. The main
differences between the structure of YaaD in complex with
YaaE and the structure of PdxS are that the N-terminal tail
(1—7), helix a0 (8—16), residues 4656, including helix
a2a, in the connection betwe@2 anda2a, and part of the
C-terminal tail (276-280) are ordered in YaaD, whereas
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a)

Ficure 1: Structure of the YaaD/YaaE protomer. (a) Stereoview of the protomer. Red indicates regions of YaaD that are similar to PdxS.
Yellow indicates regions of YaaD that are disordered in PdxS. Blue indicates YaaE. (b) Topology diagram for YaaD. (c) Topology diagram

for YaaE. The secondary structural elements are labeled, and residue numbers for the beginning and end of each element are given. Red
lines indicate regions that form the interface of the YaaD/YaaE heterodimer.

these regions were disordered in PdxS. The ordered regionsThe class | amidotransferases contain a characteristic Glu-
are mostly involved in interactions with YaaE, although the His-Cys catalytic triad, which inT. maritima YaaE is
C-terminal tail bridges adjacent YaaD monomers (see below). Glu172-His170-Cys78. His170 and Glul72 are located at
YaaE is ana/f three-layer sandwich containing twelve the beginning of a 3-helix following 12, and Cys78 is
f-strands, six-helices, and three;ghelices (Figure 1c) and  located at the end of strag@ft. Of the many combinations
is characteristic of class | amidotransferases. The structureof YaaD, YaaE, substrates, products, and inhibitors tried,
of YaaE in complex with YaaD is similar to the structures crystals were obtained only in the presence of RBP, DHAP,
of YaaE fromB. subtilis(17), YaaE fromB. stearothermo-  and acivicin. Although acivicin, which is expected to
philus (PDB ID 1Q7R), and Pdx2 frorR. falciparum(26). covalently bind to Cys78, was present in the crystallization
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Twelve YaaE monomers decorate the surface of the YaaD
dodecamer. While there are extensive interactions between
YaaD and YaaE, there are no interactions between YaaE
monomers. A total of 3740 Zof surface area is buried in
each YaaD/YaaE interface. Regions of YaaD involved in
YaaD/YaaE interactions include the N-terminal tail, helix
00, loop a0—p1, the C-terminal end ofl1, loop al—f2,
the C-terminal end o&2, loopsa2—33, a3—f4, ad—f5,
and a6b—p47, a8, the a8—a8a loop, ando8a (Figures 1b
and 3). Regions of YaaE involved in the interface include
the f1—al loop, the N-terminus o1, loopsf2—a2 and
p3—a3, a3, the f6—3,¢ loop, the 3¢-helix precedings?,

B7, theff7—340 loop, the 3,—8 loop, 38, loopsB8—39 and
pL0—p11, and the g-helix following 512 (Figures 1c and

3). The interface involves 21 hydrogen bonds and salt bridges
between Lys5 (YaaD) and Glul1l3 (YaaE), Lys19 (YaaD)
and Glul4 (YaaE), Asp100 (YaaD) and Arg110 (YaaE), and
Lys250 (YaaD) and Glu57 (YaaE).

RBP Binding SiteFigure 4a shows the RBP site of YaaD.
Lys82 forms a Schiff base with the C2 carbonyl of RBP
and stretches across the bottom (N-terminal end of the
p-barrel). The amide nitrogen atoms of Gly215, Gly154,
Gly236, and Ser237, and the side chain of Ser237 form
hydrogen bonds with the phosphate oxygen atoms. Arg148
and Aspl03 are hydrogen bonded with the C1 hydroxyl
group, while Asp25 forms a hydrogen bond with the C3
hydroxyl group. Arg148 and Asp103 also form a salt bridge.
The remaining residues in the RBP binding site are mostly
hydrophobic and include Pro50, Val107, Leu46, Met44, and
Leul08. All of the RBP binding site residues are strictly
conserved. The RBP sites in adjacent YaaD monomers are
- about 30 A apart.

FIGURE2: Structure of the PLP synthase dodecamer. (a) View down Additional YaaD Phosphate Binding Sifephosphate ion

the molecular sixfold axis. (b) View perpendicular to the sixfold. from the crystallization solutions is bound in each YaaD
One YaaD/YaaE protomer is highlighted with YaaD shown in light monomer (Figure 4b). The residues surrounding this phos-
blue and YaaE shown in dark blue. For all other monomers, yellow phate site are His116 (logp#—a4), Arg131 (loop35—as5),

and red indicate the YaaD subunits in the two hexameric layers _
that join face-to-face to form the dodecamer. Green and orangeGIU135’ Arg138, and Arg13%), Lys150 f6—a6), and

represent the YaaE monomers for the yellow and red hexamers,LyS188 @6a from a YaaD monomer located at the opposite

respectively. The dimensions of the complex are about 160 A in hexamer). A similar phosphate binding site was observed in

the maximum dimension perpendicular to the sixfold axis and about the structure of PdxS2@). Although the phosphate site is

90 A thick in the direction parallel to the sixfold aX|sA The central mostly exposed, it may represent the phosphate binding site

channel along the sixfold axis is approximately 40 A in diameter. of the second substrate (DHAP), the product, or an inter-
mediate along the reaction coordinate.

solution, the inhibitor was not observed in the YaaE active ~Putatize Ammonia ChannelThe formation of PLP re-
site in the crystal structure. quires that the ammonia molecule generated in the YaaE

active site be channeled without exposure to bulk solvent to
Structure of the PLP Synthqse (YaaD/YaaE) Comiiles. the active site of YaaD. The most likely channel from YaaE
PLP synthase complex consists of 12 monomers of YaaD/

. . to YaaD is shown in Figure 5a and is approximately 26 A
YaaE heterodimers (Figure 2). The core of the PLP synthasej, jongth The channel was constructed by identifying interior
complex is formed by a dodecamer of YaaD monomers and

wHITMIS cavities that when connected together formed a continuous
is similar to the recently reported structure of the PdxS channel from the glutamine binding site of YaaE to the RBP
dodecamer fromG. stearothermophilug22). The YaaD  pinding site of YaaD. The interior side chains of fharrel
dodecamer has approximate dimensions 160 A in the anq side chains near Cys78 (YaaE) are shown in Figure 5b.
maximum dimension perpendicular to the sixfold axis and The channel originates at the YaaE active site where
about 90 A thick in the direction parallel to the sixfold axis. ammonia is generated by the hydro|ysis of g|utamine and
The top (C-terminal end of th@-barrel) of each YaaD  travels across the YaaE and YaaD interface where it enters
monomer is oriented to face the central channel. Ap- the bottom (N-terminal end) of theé-barrel of YaaD. Two
proximately 6040 A of surface area for each YaaD monomer absolutely conserved residues of YaaE, Glu47 and Arg135,
is buried in the formation of the PLP synthase dodecamer may serve as a gate. Parts of the channel at the YaaD/YaaE
core. The interactions responsible for stabilizing the core areinterface are formed by0 of YaaD, which is completely
essentially the same as those reported for the PdxS dodecanmerdered in the complex structure but disordered in the
er (22). structure of PdxS22). The residues of thg-barrel core are




14614 Biochemistry, Vol. 45, No. 49, 2006 Zein et al.

N-terminal tail

a) f.} , //(, > -1

C lcrmmm\b
(270-280)

N-terminal tail (
/
o

(|-7]} 1

b)

Helix ad

C-terminal tail
(270-280) —*

Ficure 3: Surface representation of the YaaD/YaaE protomer. (a) YaaD/YaaE heterodimer. YaaD is colored in pink, YaaE is colored in
light blue, and regions of YaaD corresponding to disordered regions of PdxS are colored in yellow and labeled. (b) Open book representation
of YaaD (left) and YaaE (right). The color coding is the same as panel a, except the interface region of YaaD is shown in red and the
interface region of YaaE is shown in blue. The yellow regions are also involved in mor@nogromer interactions.

mostly hydrophobic until the RBP binding site is reached. 1ZNN) (22) is most similar to YaaD. In addition to being
At that point RBP, Asp25, Asp103, and Arg148 block the structurally similar, all the predicted active site residues of
channel. YaaD are also conserved in PdxS. Interestingly, the structure

Mutagenesis StudieBys149 ofB. subtilisYaaD (equiva- of PdxS contains a molecule of 2-methyl-2,4-pentanediol
lent to Lys150 inT. maritimg was previously identified by ~ (MPD) and a nearby phosphate ion that superimpose closely
electrospray ionization Fourier transform mass spectrometrywith the RBP in YaaD (Figure 6). In YaaD, the RBP
(ESI-FTMS) to be involved in adduct formation with RBP  phosphate forms hydrogen bonds with the amide nitrogen
(15). In contrast, the structure described here shows that theatoms of Gly154, Gly215, Gly236, and Ser237 and the side
invariant residue Lys82 of th€. maritimaenzyme (equiva-  chain of Ser237, while the sulfate in PdxS forms hydrogen
lent to Lys81 inB. subtilig is covalently bound to RBP at bonds with the glycine amide nitrogen atoms of the
the C2 position. To determine the catalytic function of these absolutely conserved Gly153-Thr154-Gly155 loop, which
two residues, the K81A and the K149A mutants of e correspond to Gly154-Thr155-Gly156 in YaaD. After struc-
subtilisenzyme were constructed (Table 3). Neither mutant tural alignment of the protein atoms, the sulfate is displaced
catalyzed the formation of PLP. In addition, K81A does not from the RBP phosphate group by 2.6 A. These observations
catalyze the isomerization of R5P, while K149A catalyzes suggest two different phosphate binding sites that could
the isomerization of R5P three times faster than the wild- accommodate different intermediates or products along the
type enzyme. reaction coordinate.

The second most similar structure to YaaD is triosephos-
DISCUSSION phate isomerase (TIM, PDB ID 1HG33§), which catalyzes
Comparison with Other Structureg& DALI (37) com- the interconversion of DHAP and G3P during glycolysis.
parison of the YaaD monomer with other structures resulted Following TIM is thiamin phosphate synthase (TPS) (PDB
in a large number of hits. The most closely related eight ID 2TPS), which has thiamin phosphate bound in its active
structures are listed in Table 4. While these enzymes catalyzesite 39). TPS catalyzes the coupling of 2-methyl-4-amino-
a diverse set of chemical reactions, it is interesting to note 5-hydroxymethylpyrimidine pyrophosphate with 4-methyl-
that YaaD/PdxS, ThiG, PdxJ, and HisH all catalyze the 5-(3-hydroxyethyl)thiazole phosphate to obtain thiamine
formation of heterocyclic rings using imine forming, tau- phosphate. The next most closely related structure is ThiG
tomerization, and dehydration reactions. Not surprisingly, the (PDB ID ITYG) (40). ThiG is a thiazole synthase that
YaaD ortholog PdxS fron®. stearothermophiluPDB 1D catalyzes the formation of the thiamin thiazole from deoxy-
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Ficure 4: Ligand binding sites in YaaD. (a) Schematic diagram

of the RBP binding site showing key hydrogen bonds. (b) Schematic
diagram showing key hydrogen bonds of the phosphate binding
site. Lys188comes from the adjacent YaaD monomer. The length
of each hydrogen bond, shown with dotted lines, is given in A.

D-xyulose 5-phosphate (DXP). Following ThiG is PNP
synthase (PdxJ) (PDB ID 1HO1311). The YaaD (PdxS),
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Conformational Changes upon Complex FormatiGom-
pared with the structure of PdxS, YaaD shows several
changes upon complex formation (Figures 1 and 3). PdxS,
which lacks bound substrates, products, or glutaminase
(PdxT), differs from YaaD by being disordered at three
regions: the N-terminus (118), thef2—a2 active site loop
(46—56), and the C-terminus (2#280). These regions are
all clearly visible in the YaaD/YaaE complex, which also
includes a new secondary structural elemext, (8—16).
Helix a0 is involved in extensive interactions with YaaE
and helps form one side of the proposed ammonia channel.
Comparing YaaD with PdxS, a series of smaller conforma-
tional changes in the;ghelix (237-240), the6—a6 loop,

08, andaBa connect adjacent active sites within the PLP
synthase complex. In the structure of YaaD, residues 46
56 form an active site loop. Residues in PdxS equivalent to
50—-56 are disordered and form helia in YaaD. Gly57
and Gly58, which are seen in a different conformation in
PdxS, follow this helix. The coil to helix transition and the
GG switch provide a structural link between monomers
related by the sixfold axis. Residues4&2 of the active
site loop in one monomer are in close contact with the 3
helix and thef6—a6 loop. The ordered C-terminus (270
280) is in close contact with th86—a6 loop, a8a, and
residues 5759 of the active site loop of the adjacent
monomer.

Comparison of the YaaD/YaaE Complex to the HisF/HisH
ComplexYaaD is structurally homologous to HisF and YaaE
is structurally homologous to HisHIg, 43). Together HisF
and HisH make up the components of imidazole glycerol
phosphate synthase. In some organisms HisF and HisH are
fused to form a bienzyme complex, whereas in other
organisms HisF and HisH are separate genes and the protein
complex forms after protein synthesis. In either case, the
HisH/HisF interface is very similard@, 43). In an earlier
paper, we attempted to model the YaaD/YaaE complex using
HisF/HisH as a templately). While the contact surfaces
were correctly predicted, the relative orientation of YaaE
relative to YaaD was not. A model of the PdxS/PdxT

TIM, TPS, ThiG, and PdxJ enzymes all have a phosphate complex was also proposed?).

ion corresponding to the phosphate of RBP bound in similar

Figure 8 shows a superposition of the imidazole glycerol

locations in the structures (Figure 7). This suggests that thephosphate synthase bienzyme (HisHF) and one protomer of
phosphate binding site was conserved even while the activeYaaD/YaaE using only the atoms of YaaD and Yaak for
site was evolving to generate a diverse set of enzymaticthe overlay. While in both structures the active site of the
activities. glutaminase domain is docked to the bottom (N-terminal end)

PNP synthase catalyzes the condensation reaction betweenf the -barrel, the orientations of the two glutaminases are
1-deoxyp-xyulose 5-phosphate and 1-aminoacetone 3-phos-entirely different. Compared with YaaE, HisH is rotated
phate to form PNP. This structural similarity is remarkable about thes-barrel axis by about 180 Another important
because closely related mechanisms can be formulated fodifference is the presence of a four-residue gate at the
the YaaD and the PdxJ catalyzed reactions. However, thisN-terminal end of theg-barrel in HisF. YaaD lacks a gate,
mechanistic similarity is not evident when the active sites although conserved residues Glu47 and Argl35 in YaaE
of the two proteins are compared. When the structure of PNP (Figure 5) may serve as a gate for PLP synthase.
synthase with bound PNP is superimposed on YaaD, atoms Mechanistic ImplicationsA mechanistic proposal for the
corresponding to C4, C5, and phosphate of RBP align with formation of PLP4 from the lysine imine of RBF7 and
the triose derived]@) atoms C5, C5 and phosphate of PNP, G3P6 is outlined in Scheme 2. In this proposal, the RBP
and there is no overlap between the RBP atoms and the DXPimine 7 undergoes a transimination with ammonia followed
derived atoms. This suggests that the PNP forming site onby dehydration and a tautomerization to gil@ This then
PdxJ is distinct from the PLP forming site on YaaD. reacts with G3m to give 11. Tautomerization, followed by

A DALI search to obtain similar structures to that of YaaE cyclization and loss of phosphate, givéd. A second
produced a large number of hits. All of the top hits are class dehydration tautomerization sequence gilés which is
| amidotransferases with a conserved Glu-His-Cys catalytic converted to PLP by a final dehydration/tautomerization.
triad. While the details of this complex condensation reaction
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Ficure 5: Putative ammonia channel. (a) Stereoview of a ribbons diagram of the-Yéa&E protomer. The red mesh indicates the path

of the proposed ammonia channel. YaaD is color coded by secondary structure-kétites shown in dark blue arstrands in dark

green. YaakE is color coded by secondary structure wittelices shown in light blue angtstrands in light green. (b) Stereoview of amino

acid residues that line the channel. Residues from YaaE are designated by asterisks. Ammonia is formed at the active site of YaaE (Cys78*)
and travels across the YaalYaaE interface. The ammonia enters YaaD at the N-terminal end gkbierel (shown as gray ribbons). The

channel is mostly hydrophobic until the RBP binding site is encountered.

Table 3: Properties dB. subtilis YaaD Mutants constant features of any mechanistic proposal.

K81A K149A The RBP binding site of YaaD places the imine carbon
PLP formation no no of 7 at the end of the ammonia channel and suggests that
ga'Z'Ffogﬁ]f;?tgﬂon ”é) yss Asp25 is the base involved in the conversioBab 9 (Figure
IS 1zatl S S
adduct copurification 148 o 4a). The structure also suggests that Asp103 and Arg148

are involved in the dehydration convertings to 17.
However, the functionality in the vicinity of Lys82 appears
to be inadequate for the effective catalysis of the complex
remain to be elucidated, the use of imine formation followed chemistry shown in Scheme 2. For example, the acid required
by a sequence of dehydration/tautomerization reactions forto catalyze the dehydration convertiBgo 9 could not be

the formation of the pyridine heterocycle are likely to be identified, and the phosphate binding site involving hydrogen

aThree times faster than WT as determined by NMR analy€6%
adduct formation when given extra ribose 5-phosphate.
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Table 4: Comparison of YaaD with Known Protein Structures
Using DALI (44)

protein Z* RMSDP(A) LALI® LSEQZ %IDE®
PdxS (1ZNN) ~ 37.4 0.9 245 245 71
TIM (1HG3)  16.4 2.6 185 224 20
TPS (2TPS)  15.8 2.6 177 226 19
ThiG (ITYG) 15.2 2.6 183 242 20
PdxJ (IHO1)  15.1 2.9 182 235 11
Tenl (LIYAD) 145 25 168 190 15
HisHF (1JVN) 12.7 2.8 176 537 13

aZ-score (strength of structural similarity in standard deviations
above expectedy.Positional root-mean-square deviation of superim-
posed CA atoms in AcTotal number of equivalenced residues.
d Length of the entire chain of the equivalenced structtiRercentage
of sequence identity over equivalenced positions.

Gly154 Gly154

Gly153
50, 225 %er236

4

w W

RBP REP,
MPD o . MFD % -
Arg148 A$24 Arg148 Asp24
Arg147 2 Arg147 Lys82
A4\ A \T
Ser105 Ser10
Ser104 Ser104
Asp103 Asp103
Asp102 Asp102

Ficure 6: Stereoview of the superposition of the RBP site of YaaD
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tional change or that the RBP imirigis transferred to a
different site for PLP formation. Studies on tBe subtilis
PLP synthase described below lend support to this two-site
model.

Previous ESI-FTMS studies on tBe subtilisPLP synthase
localized a covalent R5P adduct to Lys149 (Lys150Tin
maritima) (15), while the crystal structure shows an imine
between RBP and Lys82 (Lys81 B subtilig. To determine
the function of these two lysine residues, the biochemical
properties of the K81A and K149A mutants of tBesubtilis
enzyme were analyzed. Both mutants were unable to catalyze
the formation of PLP, demonstrating that each of these lysine
residues plays an essential role in PLP formation. In addition,
while the K81A mutant was unable to isomerize R5P to RBP,
the K149A mutant catalyzed this isomerization at a rate that
was three times faster than that of the native enzyme. These
observations are consistent with a model in which the Lys81
containing site catalyzes the formation of the RBP imine from
R5P. This imine is then transferred to the Lys149 containing
site by a transimination reaction. The Lys149 site contains
a cluster of conserved residues in a shallow cleft. The site
also contains a phosphate ion in fhemaritimaYaaD and
a sulfate ion in PdxS2R). Although in the present structure
Lys150 points away from the RBP binding site, modeling
studies show that by side chain rotation and an approximately
1 A shift of the main chain of Lys150 and conserved Gly151,
the NZ atom can approach closely enough to RBP for the
proposed transimination reaction to occur (Figure 9). Using
Lys150 as a swinging arm allows the RBP to be repositioned

and green carbon atoms. PdxS is shown with black labels and graygita

carbon atoms. RBP, MPD, and sulfate are shown.

bonding interactions with the amide NH of Gly215, Gly154,

The location of the ammonia channel suggests that access
of ammonia to the Lys150 site is blocked by Asp25 and

Ser237, and Gly236 and the hydroxyl of Ser237 is not ideal Arg148 (Figure 5). While this suggests that the ammonia
for the stabilization of phosphate as a leaving group. In molecule is utilized at the Lys82 active site, a result that

addition, there is no obvious binding site for GBRr any

would be inconsistent with the two-site model, the possibility

clear constellation of acid/base residues required for its that Asp25 and Argl48 form a gate that only opens after

incorporation into PLRL. This suggests that the assembly

the transfer of RBP from Lys82 to Lys150 cannot be

of the PLP forming active site requires a major conforma- eliminated.

related to YaaD, while catalyzing different chemical reactions (except for PdxS). All atoms of RBP in YaaD are shown, but only the
phosphate/sulfate groups for other substrates are pictured. The protein loops are white fasulahés are colored by protein. The color
coding is YaaD (RBP)green, PdxS (sulfate; 1ZNNplue, triose phosphate isomerase (2-carboxyethylphosphonic acid; Hd@&S),

thiamin phosphate synthase (thiamin phosphate; 2FR&), thiazole synthase (phosphate; 1TY¥@®&)agenta, and pyridoxiné-phosphate

synthase (PNP; 1HO4)ellow.
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Ficure 8: Superposition of HisHF and YaaD/YaaE. Only YaaD and HisF were used for the superposition. YaaD is shown in green; YaaE
is shown in blue. HisF is shown in yellow, and HisH is shown in red. The covalently bound RBP ligand of YaaD is shown in ball-and-stick
representation. The N-termini of YaaE and HisH are labeled, illustrating that the two glutaminase domains are rotated by alwiht 180

respect to each other.
Gly215 {G]yls-is Ser233 Gly215 { Gl)'154$8er233

Asp25

RBP

Lys150

Ser105

Aspl03

Ficure 9: Model of a proposed Lys82/Lys150/RBP tetrahedral intermediate. The model shows how RBP could be transferred after
isomerization between the Lys82 and Lys150 active sites.

oP ~OP
P%aLHO OH 3 XL X OH PO | OH
So N~ oHN \OHQN
6 | OH OH

Scheme 2

6 10 OH
Lys 7
o)
PO )
H
”al\ 3‘I\ ° r°
NS —_—
N . N
11 14 H oH

HO, o) o)
OH PO\\JIOH PO?IOH PO?IOH
I () (e () (e
15N 17 N 4 N
OH H oH H
In conclusion, the structure of the PLP synthase complex binding site nor the binding sites of key reaction intermedi-
suggests two YaaD active sites: one near Lys82 and oneates. The actual order of events in PLP biosynthesis and their
near Lys150. A cluster of conserved residues connects thestructural localization will require further site-directed mu-
two active sites, and either site can accommodate RBP andagenesis, biochemical analysis, and structural studies on
other intermediates. An ammonia channel runs through theenzyme intermediate and product complexes.
YaaD S-barrel and connects the Lys82 active site to the
glutamﬁinase site of YaaE. While the PLP synthase complex ACKNOWLEDGMENT
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