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Hereditary coproporphyria is an autosomal dominant disorder
resulting from the half-normal activity of coproporphyrinogen
oxidase (CPO), a mitochondrial enzyme catalyzing the antepenul-
timate step in heme biosynthesis. The mechanism by which CPO
catalyzes oxidative decarboxylation, in an extraordinary metal-
and cofactor-independent manner, is poorly understood. Here, we
report the crystal structure of human CPO at 1.58-A resolution. The
structure reveals a previously uncharacterized tertiary topology
comprising an unusually flat seven-stranded B-sheet sandwiched
by a-helices. In the biologically active dimer (Kp =5 x 10-7 M), one
monomer rotates relative to the second by ~40° to create an
intersubunit interface in close proximity to two independent en-
zymatic sites. The unexpected finding of citrate at the active site
allows us to assign Ser-244, His-258, Asn-260, Arg-262, Asp-282,
and Arg-332 as residues mediating substrate recognition and
decarboxylation. We favor a mechanism in which oxygen serves as
the immediate electron acceptor, and a substrate radical or a
carbanion with substantial radical character participates in catal-
ysis. Although several mutations in the CPO gene have been
described, the molecular basis for how these alterations diminish
enzyme activity is unknown. We show that deletion of residues
(392-418) encoded by exon six disrupts dimerization. Conversely,
harderoporphyria-causing K404E mutation precludes a type |
B-turn from retaining the substrate for the second decarboxylation
cycle. Together, these findings resolve several questions regarding
CPO catalysis and provide insights into hereditary coproporphyria.

coproporphyrinogen oxidase | oxidative decarboxylation |
mitochondria | x-ray crystallography

he terminal three steps of heme biosynthesis occur within the

mitochondria (1, 2). First, coproporphyrinogen I1I is converted
to protoporphyrinogen IX in the intermembrane space (3, 4) by
coproporphyrinogen oxidase (CPO) (5, 6). Thus, CPO contains an
unusually long (110 residues) N-terminal targeting sequence, re-
quired for its import into the mitochondria (7, 8). The substrate for
CPO is generated in the cytosol (9) by uroporphyrinogen decar-
boxylase, and the precise mechanism by which it enters the mito-
chondria remains to be elucidated. Second, protoporphyrinogen
oxidase mediates the six electron oxidation of protoporphyrinogen
to protoporphyrin IX. This enzyme is localized to the cytoplasmic
side of the inner mitochondrial membrane. Third, ferrochelatase
inserts the ferrous iron to generate heme within the matrix of the
mitochondria. Hence, the heme biosynthetic pathway is not only
partitioned between mitochondria and cytosol, but the last three
enzymes are compartmentalized within the mitochondria.

Partial deficiency of CPO leads to hereditary coproporphyria
(HCP), an acute hepatic porphyria inherited in an autosomal
dominant fashion (10-12). The disease is characterized by abdom-
inal pain, neuropsychiatric symptoms, and/or cutaneous photosen-
sitivity (13). If diagnosed early, HCP can be treated with a high
carbohydrate diet and i.v. administration of heme in the form of
heme arginate (14). In the majority of heterozygous HCP patients,
CPO activity is reduced to ~50% (15-17), resulting in the excretion
of coproporphyrin in urine and stool. In rare homozygous cases,
enzyme activity decreases to <10% (18-20). Other factors, includ-
ing drugs, alcohol, stress, or infection, can precipitate HCP in
susceptible individuals (21). Since the cloning of human CPO gene
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(22, 23), several mutations that diminish enzyme activity have been
identified (24).

CPO is an extraordinary enzyme of particular interest to chem-
istry and medicine. As a homodimer (295), it catalyzes the oxidative
decarboxylation of propionic acid side chains of rings A and B of
coproporphyrinogen III (refs. 26-29 and Fig. 14) without using
metals (25, 27, 35), reducing agents, thiols, prosthetic groups,
organic cofactors, or modified amino acids (36). Whereas the
stereochemistry of this reaction has been worked out (31, 32), the
molecular oxygen consumption presents an interesting mechanistic
puzzle. From a clinical standpoint, a well defined correlation
between the genotype and severity of disease is lacking (34). Thus,
unlike other hepatic porphyrias, heterozygotes carrying mutations
known to cause HCP in homozygotes have the propensity to
develop disease.

Here, we describe the high-resolution crystal structure of human
CPO and provide molecular mechanisms to explain how disease-
causing mutations suppress enzyme activity. We also offer a
detailed picture of the active site residues and elaborate on catalytic
mechanism(s).

Materials and Methods

Protein Preparation, Crystallization, and Structure Determination.
Human CPO was expressed and purified as described (25). Several
attempts to crystallize this protein failed because of time-dependent
proteolytic cleavage (Fig. 1B). Therefore, we devised a cross-
seeding strategy to obtain diffraction-quality crystals, details of
which are described in Supporting Text, which is published as
supporting information on the PNAS web site. The structure was
determined by experimental phasing using selenomethionine-
substituted crystals. The crystallographic data statistics are shown
in Table 1, which is published as supporting information on the
PNAS web site.

Equilibrium Analytical Ultracentrifugation. One hundred twenty mi-
croliters of wild-type human CPO was sedimented to equilibrium at
two different loading concentrations (Aasy of 0.32 and 0.4), five
different speeds (18.0, 22.1, 23.4, 26.2, and 28.0 krpm), and at 4°C
in a double-sector, epon-filled centerpieces by using an AN60 TI
rotor in a Beckman Optima XL-A analytical ultracentrifuge. Scans
were taken at 280 nm, once equilibrium was established, by
scanning with 20 averages at a 0.001-cm radial step size setting. A
detailed account of the methods used in data analysis is provided
in Supporting Text.

This work was presented at the Gordon Conference on Chemistry and Biology of Tetra-
pyrroles, July 25-30, 2004, Salve Regina University, Newport, Rl, and also in part at the
Porphyrins and Porphyrias Meeting, September 21-24, 2003, Prague, Czech Republic
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Hurman NKQ. LNQEMAVHFERTLKEACDQHGPOLIPKFK
Mouse NTH. LNQEMAVHFERTLKEACDQHGPD| BIPKFK
Fufferfish SRQ. NKDBAFLFENTLKEACDQHHPQYRIPDF K
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LW S T T i T e R Rt b i MPAPQDPRLF R w
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.corevisioe | ROGMEALI ARRKMAEI TOQGLESI DT. v. KHART T 8GN D TS X *Rw W E
E.coli DAHOVKQFLLNLWSDTI CQQLTAYV éi..AE VEMSEOE. EA RS Human PSS PLYKKHCDDSFTPQEKL QL LY T K F
1 Mouse PS@VPI VKKHCDDSYTPRDKL WEQL LY T K F
Pufierfish PCRLPI VYKHLNDPFTQEEKA WSOV v Y VK A
o3 2 PS@VPLVAKHKNREYGNNERQWEL L 1Y TK Y
p1 f A'thaliana  PAQN PI VEKAKDMEFTEQHKAWSOL v Y TT K
C.einharcti E AQMCP| | KKHMNDFYTPEEKE WEQ! v Y TT K
Eoare DRMLEI VERRKRNAVEEREARFELY v Wit | G
A 210 220 m‘ 35 r
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Fig. 1. CPO chemistry and sequence conservation. (A) Reaction catalyzed by CPO involves both oxidation and decarboxylation (5). CPO sequentially

decarboxylates (26, 30) the propionates attached to A and B rings without affecting those on C and D rings. A hydrogen atom from the p-position of the
propionate side chain also is removed at each step (31, 32). The chemical identity of the oxidation end product(s) remains to be elucidated. M = CHz and P =
CH,.CH,.COO. (B) Sequence alignment, secondary structure, and location of HCP-causing mutations in human CPO. The first 110 amino acids are absent in the
mature enzyme, for they are part of a mitochondrial targeting signal that is cleaved upon import. In the alignment (generated by using amps and ALscripT) red
represents absolute identity over all sequences present in that part of the alignment. Database of Secondary Structure of Proteins-derived (33) secondary
structural assignments are shown directly below the alignment with cylinders indicating a-helices and arrows denoting B-strands. Mutations known to cause HCP
are indicated by one letter codes above the human sequence. The enzymatic activity of these variants (24, 34) are shown in blue (% relative to native enzyme).
An asterisk denotes residues that affect the second decarboxylation step. Residues that make contact with citrate are indicated by diamonds. ®, proteolytic
cleavage site.
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Results and Discussion

Quality of the Crystal Structure. The electron density for the CPO
structure is continuous and well defined. The real space correlation
coefficient (37) is excellent, and there are no residues in disallowed
regions of the Ramachandran plot. An example electron-density
map is shown in Fig. 24. Some indicators of model quality are
detailed in Table 1.

The Protein Fold. CPO assumes a previously unknown tertiary
topology characterized by a large seven-stranded B-sheet that is

Lee et al.

flanked on both sides by a-helices (Fig. 2B). The up-and-down
B-strands are similar to porins, but the B-sheet in CPO is flat (Fig.
2C) and does not form a barrel. The T fold, which was predicted to
share structural similarities with CPO (38), also has some resem-
blance to porins because of the long B-strands, but the B-sheet in
the T fold is curved as in porin. Moreover, the T fold has helices on
one side of the sheet, but these helices are in a long collapsed
hairpin B-a-a-B motif, whereas the connectivity is completely
different in CPO.

The flatness of the up-and-down B-sheet in CPO is striking (Fig.

PNAS | October4,2005 | vol. 102 | no.40 | 14233



Fig. 2.
shown on the right. (B) Topology diagram illustrating the organization of secondary structural elements in human CPO. Filled circles and triangles represent
a-helices and B-strands, respectively. (C) Tertiary topology and quaternary structure. (D) Dimer interface.

2C). In contrast, seven-stranded B-sheet-containing enzymes usu-
ally contain a twisted (TauD; ref. 39) or highly curved (thiol ester
dehydrase; ref. 40) B-sheet whose convex or the apolar concave
side, respectively, is flanked by helices. Furthermore, in the dehy-
drase, eight B-bulges contribute effectively toward introducing
strong curvature into the sheet. There are only three B-bulges in
CPO. The flatness of the CPO sheet is very likely enabled by the
abundance of Gly residues found within the B-strands (2, B3, 54,
6, and B7). In this regard, Richardson and Richardson (41) have
noted that high glycine content helps allow either very high or very
low curl or twist of B-sheets.

CPO Functions as a Homodimer. The dimensions of the dimer are
~80 X 60 X 60 A. The two subunits of the CPO homodimer are
related by an ~40° rotation of one monomer relative to another
(Fig. 2D). This rotation is a hinge-like motion about the crystallo-
graphic 2-fold axis located roughly parallel to the B-sheet. A dimeric
protein the size of CPO (M, 78,000) is expected to have an
accessible surface area (ASA) of ~28,000 A% on the basis of a
survey of water-soluble oligomeric proteins (42). Consistent with
this prediction, calculations with a 1.4-A probe reveal that the CPO
dimer has an ASA of 28,800 A% Roughly 1,300 A? per subunit are
buried in the dimer interface that is relatively flat (planarity, rms =
2.4 A) and circular-shaped (length/breadth ratio = 0.92). Twenty-
two residues (70% evolutionarily conserved) that comprise this
interface hail from five different segments of the polypeptide chain
(see Fig. 6, which is published as supporting information on the
PNAS web site). Interestingly, B8 is not part of the flat -sheet, but
instead pairs up in an antiparallel fashion, with the corresponding
B-strand from the second subunit to generate key contacts at the
dimer interface (Fig. 2D). Overall, the interface is made up of 64%
nonpolar atoms and 36% polar atoms. Ten intersubunit H bonds
also contribute to the dimer stability (Fig. 6). Salt bridges and
water-bridged interactions are absent. Taken together, the inter-

14234 | www.pnas.org/cgi/doi/10.1073/pnas.0506557102

Structure of human CPO. (A) 2F, — F. electron density map (contoured at 1.5 o) at 1.58 A with a final model in place. The identity of the p-strands are

acting surface on the CPO monomer is a hydrophobic patch. All of
the parameters we have used to describe the CPO interface are in
excellent agreement with those found in other homodimers (43, 44).
Thus, it is extremely unlikely that CPO will function as a monomer.
To quantitatively assess the solution stability of CPO, we have
performed analytical ultracentrifugation. The CPO equilibrium
distribution fit well to a monomer-dimer-tetramer equilibrium (see
Fig. 7 and Table 2, which are published as supporting information
on the PNAS web site) with a dissociation constant of 0.5 uM (see
Supporting Text) at 277 K (AG giss of ~8 kcal'-mol~1). Consistent with
this finding, yeast (45), human (25), and Escherichia coli (46)
proteins are all dimers in solution. Thus, we conclude that the
homodimer is the biologically relevant form of CPO.

CPO Structure Lacks a Transition Metal Center. Although it has been
established that human CPO is not a metalloprotein (25, 27, 35), a
recent work suggests that Mn?* ion, coordinated tetrahedrally by
His residues, participates in catalysis (47). We have screened for
metal ions bound to CPO by recording anomalous dispersion
effects (48). We subjected both human and bacterial CPO crystals
to fluorescence energy scans at the x-ray absorption edge of Cu, Fe,
Mn, and Zn. Furthermore, we have grown CPO crystals in the
presence of these metal salts and have collected complete anom-
alous data sets at the maximal /" values of the absorption edges.
Neither the energy scans nor the native anomalous difference
Fourier maps provide evidence for bound transition metal ions in
CPO. More importantly, the invariant His residues are far apart
(14-22 A) and, therefore, cannot serve as ligands.

The Active Site. During structure refinement, we serendipitously
discovered that an electropositive cleft (Fig. 34) near the dimer
interface had a molecule of citrate (Fig. 3 B and C; see also Fig. §,
which is published as supporting information on the PNAS web site)
bound to it. This finding is reminiscent of citrate binding to Src SH2

Lee et al.



Fig. 3.
red contours represent positive and negative potential (full saturation = 10 kT), respectively (figure was generated by using Grasp; ref. 49). (B) F, — F. omit electron
density of citrate bound at the active site. (C) Schematic illustration of the amino acid residues that make direct contact with the bound citrate. Dashed lines indicate
H bonds, and nonbonded contacts are represented by an arc with spokes radiating toward the ligand atoms (figure was generated by using viGrLoT; ref. 50).

domain, a fortuitous finding that spearheaded new drug design
strategies to treat osteoporosis (51, 52). As in the SH2 case, we too
benefited from the use of citrate as a crystallization additive, and it
is worth noting that tricarboxylic acid is an elegant mimic of the
carboxylate groups in coproporphyrinogen III. In proteins, arginine
residues are prime candidates for carboxylate recognition (53), and
by comparing >500 unique sequences of CPO (>350 of these
sequences are from the environmental samples of the Sargasso Sea;
ref. 54), we have identified that Arg-262, Arg-328, Arg-332, and
Arg-389 are invariant. In addition, there are no conserved Lys
residues. Arg-262 forms a key ionic interaction with citrate and
Arg-332 is within striking distance. Other hydrogen-bonded (Gly-
411 not shown) and ionic interactions are depicted in Fig. 3C. Thus,
where coproporphyrinogen III and harderoporphyringen are con-
cerned, we conclude that Arg-262 mediates substrate recognition.
His-258 donates a proton in the form of a hydrogen bond from Né1
to O1 of Asp-282 and is likely to function as a diad in a manner
common to that of many active-site histidines. The H bond of N61
also positions the imidazole ring rather precisely. Thus, we predict
that His-258 is in the correct tautomeric state and optimal orien-
tation for catalysis in the free enzyme. Our assignment of a catalytic
role for His-258 is supported by two additional observations: () the
His-Asp diad configuration results in a basic lone pair of electrons
on Ne2 of His-258, and (ii) His258Ala substitution completely
abolishes the enzyme activity of mouse CPO (55). Interestingly, the
type of residues interacting with citrate and the location of His-
Asp/Arg-Ser pairs in CPO is similar to that found in aconitase (56).
With the exception of Arg-413 and Ser-416, all of the residues that
interact with citrate (Fig. 3C) are strictly conserved and reside in
strands 4, B5, and B6. Together they form the decarboxylation
corridor, the active site region in charge of substrate recognition
and catalysis (Fig. 9, which is published as supporting information
on the PNAS web site). The invariant Gly-406 and Leu-407, located
in close proximity to a region that affects the second step of CPO
catalysis (vide infra), also make nonbonded contacts with citrate.
This part of the active site plays an important role in properly
orienting the substrate.

Catalytic Mechanism. CPO catalyzes an unusual metal- and cofactor-
independent oxidative decarboxylation. It is well established that

Lee et al.
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Active site of human CPO. (A) Electrostatic potential mapped on to the molecular surface. The electropositive active site cleft is readily visible. The blue and

CPO abstracts the pro-S hydrogen from the methylene group
adjacent to the pyrrole ring (Fig. 14), leading to the generation of
a vinyl group from the remaining three hydrogens and two carbons
without rearrangement (31, 32). Such strong stereoselectivity indi-
cates that CPO strictly constrains the orientation of the substrate in
the active site, and our structure provides insights into how this
result can be achieved (vide supra). However, the precise mecha-
nism for hydrogen abstraction is unknown. Similarities between
CPO and urate oxidase have been invoked (38), but the substrate
for the latter resembles flavin (57) and, therefore, a well-known
redox chemistry is used in catalysis. Because hydride transfer is not
an option for CPO, a tyrosyl radical has been proposed in catalysis
(36), but substituting conserved Tyr residues (322 and 392) did not
affect the activity of the E. coli enzyme (47).

We believe that CPO fits in well with the family of metal- and
cofactor-free oxygenases, overlooked by other workers in this field,
that capitalize on substrate reactivity to generate radical and/or
cabanionic intermediates that react rapidly with molecular oxygen
(58). Therefore, we favor a mechanism in which molecular oxygen
serves as the immediate electron acceptor (D. Arigoni, personal
communication) (Fig. 4). Here, the reaction is likely to proceed in
two steps, each of which involve a single electron transfer or radical
recombination. In the initial step, oxygen diradical removes an
electron from the pyrrole nitrogen, resulting in the generation of a
substrate radical cation, 2. Next, superoxide anion reacts with 2 and
abstracts the CB-H. The “2-center 3-electron” bond (59) shown in
3 provides a rationale for the increased acidity of CB-H. A second
electron transfer step ensues, resulting in production of the azaful-
vene cation 4 and H,O,. Now, the decarboxylation can proceed
readily in light of the electron sink afforded by the positively
charged pyrrole ring of 4. Precedents for this process can be found
in pyridoxal-dependent decarboxylases. However, to accommodate
Sano’s B-hydroxypropionic acid intermediate (60), a Michael ad-
dition step 5, analogous to that of enoyl-CoA hydratase (61), is
included. We propose that His-258 is localized next to the pyrrole
ring A to assist with the formation of substrate cation.

In our alternate mechanism, a strong base abstracts the CB-H
proton of coproporphyrinogen III to generate a carbanion inter-
mediate that could react directly with molecular oxygen, through
sequential single electron steps, to generate superoxide and a

PNAS | October4,2005 | vol. 102 | no.40 | 14235
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Fig.4. Catalyticmechanism. Only the firstdecarboxylation step isshown; the second step is expected to occur in exactly the same manner after the tricarboxylate
intermediate undergoes a 90° counterclockwise rotation at the active site (ref. 26 and D. Arigoni, personal communication).

carbon-centered radical. This species would then recombine to yield
the hydroperoxide adduct (CB-OOH) and can be eliminated with
the loss of CO,. His-258 or Ser-244 (as the alkoxide) can serve as
a base. Indeed, there are precedents for Ser/Thr functioning as a
base in aconitase (56) and urate oxidase (62). It can be argued that
there is no sizeable acidity to CB-H (pK, ~ 35), making proton
removal from this site difficult. However, precedents exist for
deprotonating an unactivated carbon (63) and also for stabilizing
high-energy anionic intermediates through nondelocalization
mechanisms (64). The ability of O, to accept electrons from a
singlet carbanion is questionable, for it would result in a high-energy
triplet excited state (58). In this regard, we would like to draw a
corollary between the oxygenase activities of carbanion-forming
enzymes and CPO (65, 66). Spin inversion required for the reaction
between a triplet oxygen and a singlet substrate can be facilitated
by the formation of a caged radical pair or by activation of the
carbanion to the triplet state through geometric distortion (67). In
light of their interrupted conjugation, porphyrinogens are well
known for adopting an 1,3-alternate conformation characterized by
substantial nonplanarity. Furthermore, based on the studies with
calixpyrroles (68), anion coordination by the pyrrole nitrogens will
generate a cone conformation for the macrocycle. Analogously, H
bond interactions between the pyrrole NH groups and a protein
carboxylate (69) can provide the geometric distortion required to
impart triplet character to a carbanion. We posit that the invariant
Asp-400 in CPO is uniquely positioned to help introduce such
distortion. Both the free-radical and carbanion mechanisms should
yield one equivalent of H,O, for each decarboxylation step. Al-
though CO, production has been quantified (30), there is no
literature on the stoichiometry of H,O, generation during CPO
catalysis.

Structural Basis of Disease. There are >20 naturally occurring HCP
mutations (Fig. 1B and refs. 24 and 34) and a majority of these
mutations lead to substitution of amino acid residues within the
structural framework of CPO (Fig. 5). For example, GIn162Pro will

14236 | www.pnas.org/cgi/doi/10.1073/pnas.0506557102

disrupt helix a3, and Gly189Ser is expected to perturb strand (2.
However, we have found that several mutations distant from the
active site can generate dimeric CPO, albeit with little to no activity.
Therefore, we will confine our discussion to those mutations for
which meaningful insights can be provided solely by inspecting the
structure of the native enzyme. First, deletion of the region encoded
by exon six, comprising residues 392-418, has been reported in a
heterozygous patient, and the resulting protein will be unable to
dimerize (Fig. 6). Indeed, we have confirmed this prediction by
expressing the variant in E. coli. Trp-427, located on strand f38,
makes intersubunit interactions, and, therefore, W427R mutation
will also affect dimerization. Second, H327R and R328C will
perturb the interaction between helix o7 and the dimerization helix

Fig.5. Residuesand structural regions affected by HCP mutations are shown
with two different views of the structure. The polypeptide encoded by exon
six is shown in cyan. Regions in blue represent mutation sites.
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a9 (Fig. 10, which is published as supporting information on the
PNAS web site). Third, R331W variant retains sufficient activity to
support life in a homozygous setting but can also produce HCP in
a heterozygote. Twelve different amino acids are tolerated at
position 331 but aromatic residues are not. R331W substitution will
abolish the hydrogen bonds between the guanidinium group and
the carbonyl of Leu-446 and Arg-447. Interestingly, R447C muta-
tion also results in diminished activity. Finally, K404E causes
harderoporphyria, a disease with symptoms unrelated to HCP (34,
70-73). This mutation affects the region that separates helices a9
and «10. Lys-404 is not conserved, and the favored residue at this
position is Leu. In the human CPO structure, K404 is part of a type
I B-turn. Whereas a positively charged residue at this position is not
essential for the second decarboxylation step, introducing a nega-
tive charge will produce electrostatic repulsion (or steric hin-
drance), and the enzyme will lose its ability to hold on to hardero-
porphyrinogen. From a catalytic standpoint, three key observations
illustrate that CPO can function without Lys-404: (i) Individuals
who are homozygous for K404E do not suffer from acute attacks
diagnostic of HCP, (ii) harderoporphyrinogen is a good substrate
for CPO, and (i) Lys-404 is not evolutionarily conserved. Equally
interesting is the R401W mutation that causes atypical HCP in a
heterozygous setting. Heterologous expression reveals that this
variant, like its K404E counterpart, is defective in the second
decarboxylation step. Arg-401 is highly conserved in nearly all
CPOs with the exception of Cytophaga hutchinsoni, in which a Lys
takes its place. Given the strict conservation of a positive charge at
this position, the enzyme most likely prevents the release of the
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intermediate by an ionic interaction with a propionate group that
does not undergo decarboxylation (ring C or D). Thus, the primary
role for the 401-405 segment is to deter the premature release of
intermediate. It does not participate in substrate recognition or
decarboxylation. In sum, our work has revealed the identity of active
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