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Uroporphyrinogen decarboxylase (UROD) is a branch point enzyme in the biosynthesis of the tetra-
pyrroles. It catalyzes the decarboxylation of four acetate groups of uroporphyrinogen III to yield copro-
porphyrinogen III, leading to heme and chlorophyll biosynthesis. UROD is a special type of nonoxidative
decarboxylase, since no cofactor is essential for catalysis. In this work, the first crystal structure of a
bacterial UROD, Bacillus subtilis UROD (URODy,), has been determined at a 2.3 A resolution. The
biological unit of UROD, was determined by dynamic light scattering measurements to be a homodimer
in solution. There are four molecules in the crystallographic asymmetric unit, corresponding to two
homodimers. Structural comparison of UROD, with eukaryotic URODs reveals a variation of two loops,
which possibly affect the binding of substrates and release of products. Structural comparison with the
human UROD-coproporphyrinogen III complex discloses a similar active cleft, with five invariant polar
residues (Arg29, Arg33, Asp78, Tyrl154, and His322) and three invariant hydrophobic residues (Ile79,
Phel44, and Phe207), in URODy.. Among them, Asp78 may interact with the pyrrole NH groups of the
substrate, and Arg29 is a candidate for positioning the acetate groups of the substrate. Both residues may

also play catalytic roles.

Tetrapyrroles, including heme, chlorophyll, siroheme, and
vitamin B,,, are a family of structurally related cofactors and
prosthetic groups with different central metal ion insertions.
The common pathways in tetrapyrrole biosynthesis start from
the first precursor 5-aminolevulinate. Two molecules of this
compound are condensed to generate porphobilinogen (PBG).
Four molecules of PBG are further condensed by PBG deami-
nase (PBGD) to generate hydroxymethylbilane, which is sub-
sequently cyclized to generate either uroporphyrinogen III
(urogen III), by urogen III synthase with inversion of the D
pyrrole ring, or isomer urogen I, by nonenzyme catalysis. uro-
gen III is the last common precursor of all tetrapyrroles in
living cells, at which major branching of the biosynthetic path-
ways happens. Bismethylation of urogen III by urogen meth-
yltransferase (UPMT) generates procorrin-2, an intermediate
in the biosynthesis of siroheme and vitamin B;,. Alternatively,
decarboxylation of urogen III at C-2, C-7, C-12, and C-18 by
urogen decarboxylase (UROD; EC 4.1.1.37) forms copropor-
phyrinogen III (coprogen III). This compound can then be
converted to proporphyrinogen IX by coprogen III oxidase
(CPOX), leading to the biosynthesis of heme and chlorophyll
(8). The pathways of polymerization of PBG by PBGD and
modification of porphyrinogen’s side chains by the enzymes
UROD, UPMT, and CPOX are shown in Fig. 1.

UROD is the first nonoxidative decarboxylase that is inde-
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pendent of cofactors or prosthetic groups (6, 32). The pyrrole
rings of urogen III are thought to function as an electron sink
that promotes electron withdrawal in a way similar to that of
the pyridine ring of pyridoxyl phosphate (2). Biochemical as-
says demonstrate the existence of one or more active sites in
the enzyme (2, 6). Under physiological conditions, the sequen-
tial decarboxylation initiates at the acetate side chain of the
pyrrole ring D, followed by rings A, B, and C. However, with
surplus substrates, decarboxylation tends to happen in a ran-
dom order (20). UROD has a relatively broad substrate spec-
ificity, including urogen III, its isomer urogen I, and their
partially decarboxylated intermediates. The selective inhibition
of one or more decarboxylation steps by heating, porphyrino-
gens, or porphyrins has been observed for URODs from dif-
ferent sources (7). A deficiency of UROD has been found in
patients with sporadic porphyria cutanea tarda and hepato-
erythropoietic porphyria (7). In Escherichia coli and Salmo-
nella enterica serovar Typhimurium, the natural mutations of
URODs cause the cellular accumulation of the oxidative sub-
strate uroporphyrin III and the retardation of colony growth
(30, 37).

The crystal structures of human UROD (hUROD) and to-
bacco UROD (tUROD) reveal that the enzyme is a ho-
modimer, each monomer comprising a single domain contain-
ing an o/B-barrel with a deep active-site cleft (21, 35). Based on
the structures of the hUROD-product complex, Arg37 and
Arg41 have been proposed to interact with propionate groups
of products, and Asp86 has been thought to interact with
pyrrole NH groups and likely promotes the catalysis by stabi-
lizing a positive charge on a reaction intermediate (28).

Compared with eukaryotic URODs, bacterial UROD is less
understood, with only one report which describes the charac-
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FIG. 1. Pathway for polymerization of PBG and modification of porphyrinogen’s side chain in the biosynthesis of tetrapyrroles. The acetate,
propionate, and vinyl groups are denoted A, P, and V, respectively. Without the inversion of the D-ring, hydroxymethylbilane cyclizes to form
symmetric urogen I. The enzymes responsible for the polymerization of PBG and modification of porphyrinogen’s side chains, PBGD, UROD,
UPMT, and CPOX, are described in the text. The enzyme UROD, which is the focus of this study, is underlined. The figure was generated using

ChemWindow 6.0.

terization of a UROD from Rhodobacter sphaeroides (16). In
the gram-positive bacterium Bacillus subtilis, the genes for en-
zymes catalyzing the biosynthesis of heme and siroheme are
organized in four independent operons (11, 12, 13, 15). UROD
is encoded by the hemE gene in the hemEYH operon (11). Two
other genes encode the enzymes responsible for the terminal
pathway of heme biosynthesis. These two enzymes have been
well studied and display a few special characteristics (8). How-
ever, little is known for the B. subtilis UROD (URODy;), a
branch-point enzyme that plays a regulatory role in the meta-
bolic flux through the branched pathway of heme biosynthesis.
Here, we present the three-dimensional crystal structure of
URODy;, to understand the molecular mechanism of heme
biosynthesis in B. subtilis.

MATERIALS AND METHODS

Purification, molecular weight determination, and activity assay of URODg,.
The complete hemE gene encoding URODg, was amplified from B. subtilis
genomic DNA and cloned into the Ndel/BamHI sites of the expression vector
pET-15b (Novagen, United States). The recombinant hexahistidine-tagged
URODg, was overproduced as a soluble protein in E. coli strain BL21(DE3) with
isopropyl-B-D-thiogalactopyranoside induction and purified to homogeneity by
using a Ni-nitriloacetic acid column (QIAGEN, Germany). The protein samples
were concentrated to about 7 mg/ml by ultrafiltration through a YM-10 mem-
brane (Amicon, United States) with 10 mM Tris-HCI buffer, pH 8.0, containing
10 mM B-mercaptoethanol and 200 mM NaCl and were stored at —70°C.

The expression level, enzyme purity, and molecular weight of URODg, were
determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) on 15% polyacrylamide gels. Dynamic light scattering (DLS) measure-
ments were performed at 20°C with a DynaPro-MS800 (Proterion, United
States). The molecular weight of URODyg, was calculated by assuming a globular
conformation model, using the software supplied by the manufacturer.

Urogen IIT was prepared by the reduction of uroporphyrin IIT with sodium
amalgam (16). The enzymatic activity was analyzed spectroscopically at 400 nm
(e = 489 mM~! cm™'), monitoring the concentration of coproporphyrin III
extracted with 1 ml ether from the reaction mixture (6). One unit of UROD
activity is defined as the amount of enzyme that catalyzes the formation of 1 nM

coprogen III in 30 min. Protein concentrations were determined with Coomassie
brilliant blue G-250, using bovine serum albumin as the standard.

Crystallization and data collection. The hexahistidine-tagged URODyg was
crystallized by the hanging-drop method at 20°C. The reservoir solution con-
tained 25% polyethylene glycol-monomethyl ether 2000 and 160 mM sodium
acetate in 100 mM citrate, pH 5.6. The hanging-drop solution was made by
mixing 1 ul reservoir solution with 2 ul protein solution of 7 mg/ml URODygq.
Crystals as large as 0.4 by 0.3 by 0.1 mm were obtained in 1 week.

The diffraction data were collected from one crystal at BSRF (Beijing, China)
under cryogenic protection at 100 K. A total of 320 images were recorded on a
MarCCD detector. The raw image data were integrated in the MOSFLM pro-
gram and merged in the SCALA program after rejecting unreliable diffractions
(5). The data collection, reduction, and crystallographic statistics are listed in
Table 1.

Structure determination and refinement. The structure of URODg, was
solved by the molecular replacement method implemented in the AMoRe pro-
gram (26). The hUROD model (PDB identification number 1TURO) was mod-
ified before molecular replacement. The amino acid side chains that differed
between hUROD and URODg, were mutated to glycine residues. Loops with a
high B-factor were cropped from the search model. Four clear solutions were
obtained from the rotational search using the data between 10 and 3.0 A,
corresponding to four molecules in the crystallographic asymmetric unit of the P,
cell. In the P; space group, the translational vector for the first peak was
randomly assigned and fixed during the subsequent translational searching for
the other three molecules. The coefficient of correlation increased steadily when
more molecules were included for the translational searches. The final coefficient
of correlation for the four-molecule model in the asymmetric unit is about 60%.

The model was then subjected to 20 cycles of rigid-body and restraint refine-
ments in the REFMAC program (25). The model phases were improved by
density modification with noncrystallographic symmetry averaging before the
model building. The averaged density map came from density-modification
phases and is a good-quality map for rebuilding the URODg, model, including
the parts where the structures of hUROD and URODyg; are different. The strict
noncrystallographic-symmetry constraints were used during the iterative model
building in the O program and the refinements in the CNS program (4). When
the model was completed, the constraints were removed and water molecules
were added. Subsequent refinements of URODg, by REFMAC resulted in an R
factor and Ry, factor of 19.7% and 25.1%), respectively (see Table 1 footnotes).

Protein structure accession number. The atomic coordinates and diffraction
data have been deposited in the Protein Data Bank (http://www.pdb.org/) under
the identification number 2INF.
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TABLE 1. Crystallographic data collection, reduction, and
refinement statistics

Type of measurement Value

Collection .
Cell dimensions (A) .. .a=158.612, b = 80.410, c = 90.940
Cell dimensions (°).... .a = 68.681, B = 89.638, y = 80.817
Space group............ .P1
Resolution (A)....
Wavelength (A) ..
Distance (Mm) ........ccceevveenerecnnee. 140
Mosaicity.................

Unique reflections. ..61,284

MultipliCity .c.coceuemeiiciiciccnes 2.4

lo 7.3 (1.6)

LS (7 L 6.3 (40.6)

Completeness (%) .....cooeeevveneeee 96.2
Refinement

R factor (%0)°....cccoevvevvicccuninace.
Ry factor (%)°......... .
No. of protein atoms .
No. of water molecules.............. 256

Ramachandran plot

Core 94.1%

Allowed......ccoeeneccerireccrreeaene 5.6%

Generally allowed.. .

Disallowed ... 0.1%
RMS deviations

Bond lengths (A) ..o 0.012

Bond angles (°) cooeereerecrennenee 1.290

“ Values in parentheses are from the highest resolution shell.

? Rierge = 2|1 — <I>|/2I, where I is the integrated intensity of a given reflec-
tion.

¢ R = 3||[Fobs| — |Fcalc||/S|Fobs |. Ry... was calculated using 5% of data ex-
cluded from refinement.

RESULTS

Dimerization of the purified URODg,.. DNA sequencing
confirms the cloned sequence of B. subtilis hemE (11), with the
exchange of four bases. Two base changes result in the replace-
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ment of Ile156 and Glu198 by Thr156 and Lys198, respectively.
Both residues are less conserved in UROD. The base changes
are probably attributable to a difference in the B. subtilis strain
used in this study. The specific activity of URODy, is about 560
U/mg protein, suggesting that the 2-amino-acid residue re-
placement does not cause the loss of activity. The final yield of
purified URODy;, after ultrafiltration is about 10 mg per liter
of cell culture.

SDS-PAGE showed that the monomer size of URODy; is
about 40 kDa (Fig. 2A), corresponding to the analysis of the
transcription-translation of B. subtilis hemE in vitro (11) and
close to the molecular mass (41,797.04 Da) deduced from the
sequence of hexahistidine-tagged URODy, by the Compute
pI/MW tool (http://www.expasy.org). Assuming a globular pro-
tein shape, the DLS data were consistent with a homodimer of
about 81 kDa (Fig. 2B). The dimerization of URODy, in
solution is identical with the formation of the dimers of hU-
ROD and tUROD (22, 27).

The overall structure of URODg,. The structure of the
URODy, monomer includes amino acid residues 6 to 88 and
101 to 349. The residues 1 to 5, 89 to 100, and 350 to 353 are
not visible in the electron density map. The URODg, mono-
mer comprises a single domain which consists of a (B/a)g barrel
fold. Eight parallel B-strands form a circular B-barrel sur-
rounded by eight a-helices. The core of the URODg, barrel,
with a diameter of about 15 A, is built up with four stacked
layers containing hydrophobic residues (Fig. 3A). Secondary
structure assignments (Fig. 4A) were used as defined in the
program ESPript (10), with the exception that residues 24 to 27
were defined as a strand (31). Strands and helices of the (B/a)g
barrel are named B1 to B8 and a1 to a8. All other helices have
been given the alphabetical designations oA to ol (Fig. 4A and
B). Helices aC, aH, and oI adopt 3,, conformations, as do the
last three residues of helix a4 and the first three residues of
helix o5. The loops between the C-terminal end of each barrel
strand and the subsequent barrel helix are numbered L1 to L8
(Fig. 4B). In loop L1, the small loops at both sides of aB are
named Lla, including residues 26 to 36, and L1b, including

010 1.00 10.00 10000 1.00E+03 1.00E+04
Radius (nm)

FIG. 2. Determination of molecular mass of URODy, by SDS-PAGE (A) and DLS measurements (B). (A) Lanes 1 and 2, total protein from
the uninduced and induced cells, respectively; lane 3, soluble protein from the induced cell; lane 4, purified hexahistidine-tagged URODy, (20 p.g).
Protein markers are indicated on the left. (B) The protein samples were dissolved in 10 mM Tris-HCI, 100 mM NaCl, and 10 mM B-mercapto-

ethanol, pH 7.0, at a concentration of 2 mg/ml.
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FIG. 3. (A) The URODg, dimer in the asymmetric unit. (B) Rib-
bon diagram of the URODy, monomer. (C) Superposition of C,
atoms for the monomer of UROD from B. subtilis (red), humans
(blue), and tobacco (green), respectively. The L1 and L2 loops are
marked. (D) Molecular surface colored (blue, positive; red, nega-
tive) according to the electrostatic potentials of the URODg, mono-
mer. The areas of the L1 and L2 loops are denoted. The active-site
cleft is located in the B-barrel. All colored images in this paper were
generated in PYMOL (http://www.pymol.org).

residues 50 to 54. In loop L2, four small loops between the
helices are named L2a, including residues 75 to 83; L2b, in-
cluding residues 87 to 107; L2c, including residues 111 to 118;
and L2d, including residues 121 to 123.

Four molecules are observed in the crystallographic asym-
metric unit. The root mean square (RMS) deviation in the C,
positions among the various dimers is calculated to be in the
range from 0.274 to 0.456 A. According to the calculation done
with CNS, monomer A’s solvent-accessible surface area buried
at the dimer interface is 2,341 A (Fig. 3B). The dimer forma-
tion corresponds with the molecular weight by DLS measure-
ments. The UROD dimer is essential for catalysis, since the
Y311C mutant of hUROD retains 60% of the enzyme activity
of the wild type, due to some disruption of the dimer interface
(24). The crystal structures of hUROD and tUROD reveal one
molecule in the asymmetric unit. The dimer in the URODg,
lattice is analogous to the interasymmetric-unit homodimers of
the eukaryotic structures (21, 35). The area buried at the dimer
interface of URODy, is similar to that of hUROD and
tUROD. The dimer interface is remarkably flat and extensive,
consisting of a small loop between oF and oG and the five
loops L4, LS, L6, L7, and LS.

The amino acid sequence of URODy, shows about 36% and
38% identity with tUROD and hUROD, respectively (Fig.
4A). Despite low sequence identity among URODg, and two
eukaryotic URODs, the overall folding of URODy; is similar
to that of eukaryotic homologous enzymes (Fig. 3C). The RMS
deviation of the C_ positions of 322 structurally equivalent
residues of URODy, is 1,457 A for hUROD and 1,500 A for
tUROD. The structural similarity between URODy, and
hUROD is higher, corresponding to identity of the two en-
zymes. The main differences in the URODs from the three

J. BACTERIOL.

organisms are in the L1 and L2 loops (Fig. 3C). The presence
of several positively charged residues, including the L1 loop,
effect an obvious charge polarity on the electrostatic surface of
the URODy, monomer (Fig. 3D).

There are a large number of proteins containing (B/a)g
barrel folds with different functions. For bacterial enzymes
catalyzing nonoxidative decarboxylation, the (B/a)g fold in
a cofactor-free orotidine 5'-monophosphate decarboxylase
was determined (1). However, this enzyme shows little
structural similarity to URODg,. Recently, a metal-depen-
dent a-amino-B-carboxymuconic-g-semialdehyde decarbox-
ylase has also been identified as possessing the (B/a)g fold
(19, 23).

Active-site structure of URODy,. The active-site structure in
URODy, monomer A is similar to that in hUROD and
tUROD. It is a deep cleft in a single domain surrounded by
several flexible loops, including L1, L2, L3, L4, and L8, at the
C-terminal end of the B-barrel. Aligning with the active-site
structure of the hUROD-coprogen III complex, 18 amino acid
residues in URODy,, contacting at least one atom of the
product ligand within 4.0 A of the product, are displayed
(Fig. 5A). They are Arg29 to Arg33, Ile74 to Asp78, Tyr3§,
Leud7, Phel44, Tyr154, Prol60, Phe207, Ser209, and H322.
Among them, six residues are different from those in h(UROD.
The residues Tyr38, Leud7, Leu77, Tyr78, Lys79, and Pro160
in URODy, are replaced with Phe46, Phe55 1le84, PheS85,
Ser86, and Gly170, respectively, in hUROD. I1e92 and Pro98,
equivalent to Met100 and Pro106 in hUROD, are not visible in
the electron density map. In the active site, the residues are
divided into three categories according to their function in
substrate recognition and decarboxylation.

The first category contains Asp78 (Fig. SA and B), which is
involved in binding the pyrrole NH groups of the catalytic
products and is precisely oriented by the formation of a hy-
drogen bond between its 032 atom and the main-chain N atom
of Met80. Two equivalent residues in hUROD are Asp86 and
Leu88. The central coordination of the geometry of Asp86
allows substrates to be bound with equivalent activating inter-
actions, which makes the partially decarboxylated intermedi-
ates bind and rebind in orientations of 90° about the contact
point (28).

The second category includes a number of polar residues in
the active cleft (Fig. 5B). An alignment of 39 sequences shows
that four polar residues, Arg29, Arg33, Tyr154, and His322, are
invariant (28). They may function in substrate binding and
recognition through interactions with proporphyrinogen’s side
chains. Arg29 and Arg33 in URODy, are coordinated with
carboxylate groups of the product, from the modeling of the
hUROD-urogen III structure. Tyr154 seems not to be the key
catalytic group in the decarboxylation reaction. An identical
tyrosine in tUROD is proposed to protonate the a-position of
the pyrrole ring in catalysis (21), but in hUROD, this role is not
favored by site-directed mutagenesis studies and the determi-
nation of the complex structures (28). His322 is not crucial for
decarboxylation, since the mutational analysis suggests that the
analogous residue in hUROD is likely involved in the orien-
tation of partially decarboxylated substrates (36).

The third category encompasses several hydrophobic amino
acid residues (Fig. 5A and B). Their solvent-exposed hydro-
phobic side chains in the active-site cleft are proposed to be
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FIG. 4. (A) Structure-based sequence alignment of URODy, (bsUROD) with the human and tobacco enzymes. The secondary structure of

URODyg; is shown above its sequence. The image was produced using the

program ESPript. Sequence alignment was performed using ClustalW.

(B) Topological diagram of URODy, with the secondary structure elements indicated. Helices and strands are shown as bars and arrows,
respectively. The first and last residues of each secondary structural element are numbered.

candidates for participation in substrate binding in a hydro-
phobic environment, contributing to catalysis by destabiliza-
tion of the charged substrate with respect to the carbon dioxide
product (28). Ala31l in URODy, is identical to Ala39 in
hUROD that interacts with the C-ring propionate of the prod-
uct via the apparent hydrogen bond in hUROD’s complex
structure, indicating that this carboxylate is protonated (28).
Among the seven hydrophobic residues in URODy,, 11e79,
Phel44, and Phe207 are invariant (Fig. 5SB).

Comparison of the secondary structure with those of
hUROD and tUROD. There are some small differences in the
lengths and positions of the secondary structural elements
of bsUROD compared with those of tUROD and hUROD
(Fig. 4A). In tUROD, the presence of Pro26 disrupts the
first B sheet and thus forms the (Ba), barrel fold, which has
been found in several organisms by amino acid sequence
alignments (21, 35). In URODg, and hUROD, a threonine
is substituted at this position. Two helices, oE and a6, are
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FIG. 5. A stereo view of the active sites from the URODy, monomer. (A) Eighteen amino acid residues within 4 A of coprogen III are shown
as sticks in URODy;, (red) and in hUROD in complex with coprogen III (green). Ile79 is not labeled since it is not distinguished from other
residues in the site. The residue numbering of URODy,, from the first amino acid, methionine, is shown. (B) The invariant residues in the active
site of URODy, modelled with coprogen III from the enzyme-product structure of hUROD.

one residue shorter in URODg, than in hUROD, and a4 is
four residues shorter. On the contrary, a7 is one residue
longer in URODpg,. The intervening loops between a2-f3
and a4-B5 in URODyg, are one and three residues shorter,
respectively. In hUROD, the identical L1 loop contains two
short helices, and the identical L2 loop contains three short
helices and two short B-sheets, whereas in URODyg, a helix
in the L1 loop and three helices in the L2 loop are displayed
(Fig. 4B), suggesting that two loops as part of the active site
are more flexible in URODygg.

DISCUSSION

In this work, we report the first crystal structure of a bacte-
rial UROD and its structural comparison with the human and
tobacco homologues. However, based on the structures of
URODs, the catalytic residues are not explained clearly and
information about several special characteristics of UROD is
not known. Therefore, we speculate on the possible functions
of URODy, by extrapolation from the structural data.

Possible functional residues commonly existed in four des-
ignated enzymes. Since PBG and porphyrinogen, including
urogen III and coprogen III, contain negatively charged car-
boxylate groups, the positively charged residues in the enzymes
are essential for substrate recognition through hydrophilic in-
teractions. In proteins, arginine residues are prime candidates.
It was proposed that two arginine residues in E. coli UPMT

(33), four arginine residues in human CPOX (18), and three
arginine residues in human PBGD (17) might be involved in
the binding of the respective substrates.

Anion coordination by the pyrrole nitrogen can create a
cone conformation for the macrocycle (18). An aspartate in-
teracting with a pyrrole NH group is proposed for E. coli
PBGD and yeast and human CPOX (17, 18, 29). The central
geometry of pyrrole’s coordination by an aspartate, except in
hUROD, is not identified in UPMT and CPOX, due mainly to
the lack of the complex structures with a substrate or product.
In the presence of an excess of UPMT, trimethyl and tetra-
methyl products are generated (31). The tetramethylation of
urogen III at positions 2, 7, 12, and 18 is catalyzed by UPMT.
At the same position on the side chains, decarboxylation is
catalyzed by UROD. An aspartate in UPMT is proposed to
interact with urogen III (33, 34). For two branch-point en-
zymes sharing common initial substrates, the urogen III bind-
ing site is a big trough in UPMT and a deep cleft in URODy,,
mainly due to the difference in the reactions catalyzed by the
two respective enzymes.

It is thought that the catalytic mechanism of an aspartate in
hUROD is analogous to that in PBGD (28). However, muta-
tion of the equivalent aspartate in human PBGD to glycine
results in the production of the first intermediate bound with
the enzyme (17), suggesting that this residue may not play a
key role in the initial reaction, and polymerization of PBG
requires the aspartate to function in coordination with three
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arginine residues. For Pseudomonas denitrificans UPMT, some
residues, including Asp47 and Leu49, are proposed to contrib-
ute to the binding of urogen III. The Asp47Asn and Leu49Ala
mutants generate the first methylated intermediate, pre-
corrin-1 (34). As the exact urogen III binding site in UPMT is
not determined, we envisage that the possible roles of two
amino acid residues in UPMT are similar to the roles of Asp78
and Met80 in URODyg,. Leu49 in the UPMT may precisely
orient Asp47, analogous to the role of Met80 in URODy,.

Possible functions of two loops in URODyg,. The binding of
substrates and release of products may be necessary for the
coordinating function of the L1 and L2 loops in URODyg,. In
the L1 loop, the small loop Lla includes Tyr27 to Asn36.
Among them, four residues are invariant. Mutation of the
invariant residue glycine in this small loop inactivates yeast
UROD completely (9), possibly resulting from the change in
this loop in which three amino acid residues associate with side
chains of urogen III. The minor shift of two arginine residues
is observed in the enzyme-product structures of hUROD li-
ganded with coprogen III and isomer I (28). The symmetric
nature of the urogen I structure suggests the active-site re-
quirements of four decarboxylation reactions are essentially
the same. Charge-charge interactions of the enzyme with uro-
gen III may involve the attraction and binding of extra urogen
III at high concentrations and induce the minor shift of Lla.
Under these conditions, the restriction of the cleft on the
asymmetric nature of the urogen III structure may be invali-
dated and a random sequence of decarboxylation occurs. In
addition, the carboxylate groups of the substrate and the sub-
sequent products might associate with the positively charged
area and affect the binding of the substrate and release of the
product.

The L2 loop comprises four small loops and three helices in
URODg,. The small loop L2a includes Asp78 and Met80. The
absence of significant electron density for a dozen amino acid
residues suggests real disorder in the small loop L2b in
URODy,. Comparison of UROD, with hUROD and tUROD
shows that equivalent loops in the latter two structures also
appear to have substantial flexibility, with high B values and
broken electron density. The small loop L2b partially covers
the opening to the active site. That the identical loop adopts
the same conformation in the unliganded and product-bound
structure of hUROD is thought to result in the binding of
substrate and release of product with minimal change (28).
Because the reaction proceeds through intermediate porphy-
rinogens with seven, six, and five carboxyl groups, the product-
bound structures alone are not enough to provide information
on the mobility of L2b. The minor shift of L2a, possibly caused
by the mobility of L2b, affects the central coordination geom-
etry of Asp78 in URODyg,. Observed alterations in the pattern
of accumulation of intermediates might mainly reflect the mo-
bility of L2b. For this reason, the first intermediate for UROD
from R. sphaeroides is accumulated upon heating (16).

Amino acid residues possibly involved in catalysis. Based on
the elucidation of the role of Asp86 in hUROD, we favor the
idea that the preferred role of Asp78 in URODyg, may be to
participate in orienting urogen III for the sequential decarbox-
ylation reactions. The protonated intermediate is promoted
and generates Asp78, which delocalizes the positive charge on
the pyrrole nitrogen. Because of the high m-electron density of
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the C, atom of the pyrrole ring, the sequential decarboxylation
route occurring via the sole residue Asp78 with the coordina-
tion of the pyrrole NH groups seems hardly credible. However,
the exact location of the decarboxylation site is elusive with the
available structural information. A complex structure of
URODy, with the initial substrate would help to identify the
catalytic residues. Unfortunately, attempts to obtain the coc-
rystal complex have been unsuccessful. The soaking experi-
ments with 5 to 20 wM uroporphyrin III or isomer I also failed,
since both oxidized substrates caused the destruction of the
crystals.

More evidence, especially the failure to discover point mu-
tations or chemical modifications that inactivate only one part
of the decarboxylation process, suggests all decarboxylation
happens at a unique site in the active cleft. According to the
finding of sequentially clockwise decarboxylation, the first po-
tential decarboxylation site may be occupied by the C ring
pyrrole of the product. At this location, several hydrophobic
residues orient the acetate side chain of the product, observed
from the modeling of urogen III in the active site of URODg,
(Fig. 5B). It is proposed that a ground-state destabilization of
the energy of substrate binding may be dependent on the
hydrophobic residues in hUROD (28), analogous to the mech-
anisms of other decarboxylases, including orotodine-5'-phos-
phate decarboxylase (1). However, the carboxylate binding
sites of these decarboxylases contain hydrophobic and nega-
tively charged residues. The cofactor-free nonoxidative oroto-
dine-5'-phosphate decarboxylase contains an aspartate in close
proximity to the carboxylate binding site, and the role of this
residue has been disputed (1, 14). In URODy, and hUROD,
no negatively charged residue is positioned in the carboxylate
binding site (Fig. SA). Obviously, the precise location of the
substrate in URODy; is not the same as that of the product.
Modification of URODs from rat livers and R. sphaeroides with
the different arginine-selective reagents results in the complete
inactivation of the enzyme (3, 16). Thus, Arg29 near the prod-
uct’s C-ring is recommended as a candidate for the binding of
the acetate group of the substrate (Fig. 5B).

It is speculated that Arg29 in URODy, has dual roles. First,
it could assist Asp78 in stabilizing a positive charge on a reac-
tion intermediate. Second, it could position the acetate groups
of the substrate to produce the scissile bond between the o-
and B-positions. The decarboxylation of urogen III occurs
through a tautomeric form of the pyrrole ring, as depicted for
eukaryotic homologous enzymes (21, 28). When CO, is re-
leased from the substrate, the aromatic hydrogen of Phel44
and/or Phe207 might capture the CO, molecule. The proposed
catalytic mechanism of URODy, is somewhat analogous to
that of tUROD (21), but the functional residues in URODy,
are different.
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