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ABSTRACT: 3-Carboxy-cis,cis-muconate lactonizing enzymes (CMLEs), the key enzymes in the protocat-
echuate branch of theâ-ketoadipate pathway in microorganisms, catalyze the conversion of 3-carboxy-
cis,cis-muconate to muconolactones. We have determined the crystal structure of the prokaryotic
Pseudomonas putidaCMLE (PpCMLE) at 2.6 Å resolution.PpCMLE is a homotetramer and belongs to
the fumarase class II superfamily. The active site ofPpCMLE is formed largely by three regions, which
are moderately conserved in the fumarase class II superfamily, from three respective monomers. It has
been proposed that residue His141, which is highly conserved in all fumarase class II enzymes and forms
a charge relay with residue Glu275 (both His141 and Glu275 are in adenylosuccinate lyase numbering),
acts as the general base in most fumarase class II superfamily members. However, this charge relay pair
is broken inPpCMLE. The residues corresponding to His141 and Glu275 are Trp153 and Ala289,
respectively, inPpCMLE. The structures of prokaryotic MLEs and that of CMLE from the eukaryotic
Neurospora crassaare completely different from that ofPpCMLE, indicating MLEs and CMLEs, as
well as the prokaryotic and eukaryotic CMLEs, evolved from distinct ancestors, although they catalyze
similar reactions. The structural differences may be related to recognition by substrates and to differences
in the mechanistic pathways by which these enzymes catalyze their respective reactions.

The â-ketoadipate pathway, consisting of a cascade of
chromosomally encoded enzymes, catalyzes the catabolism
of aromatic compounds into intermediates of the citric acid
cycle in both prokaryotic and eukaryotic microorganisms
(Figure 1). The pathway has two parallel branches, catechol
and protocatechuate (1-4). The lactonization ofcis,cis-
muconates, which is an important step in the pathway, is
catalyzed bycis,cis-muconate lactonizing enzyme (MLE) in
the catechol branch and 3-carboxy-cis,cis-muconate lacton-
izing enzyme (CMLE) in the protocatechuate branch. MLEs
and eukaryotic CMLEs catalyze the lactonization reaction
by a syn-1,2-addition-elimination reaction, whereas the
prokaryotic CMLEs catalyze this cyclization using ananti-
1,2-addition-elimination reaction (3). MLEs represented by
Pseudomonas putidaMLE (PpMLE)1 convert cis,cis-mu-

conate into (R)-muconolactone. The reaction is reversible
and requires the divalent cation Mn2+ as a cofactor. The
eukaryotic CMLEs such asNeurospora crassaCMLE
(NcCMLE) convert 3-carboxy-cis,cis-muconate (3-CM) into
3-carboxy-(R)-muconolactone. For prokaryoric CMLEs such
asP. putidaCMLE (PpCMLE), the lactonization product is
4-carboxy-(S)-muconolactone. Neither prokaryotic CMLE
nor eukaryotic CMLE requires any metal cofactors for
catalytic activity. To understand how these reactions are
catalyzed, the three-dimensional structures of the relevant
enzymes are required. Of these, the structures ofPpMLE
andNcCMLE are known, while that ofPpCMLE, until now,
was not.

Our current study and studies from other groups (3, 5-7)
have shown that bothsyn-cycloisomerases represented by
PpMLE andNcCMLE andanti-cycloisomerases typified by
PpCMLE catalyze their respective cyclization reactions
stepwise (Figure 2). The lactonization reaction catalyzed by
syn-cycloisomerases requires both a general acid and a
general base and includes an enol transition state. However,
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the lactonization reaction catalyzed byanti-cycloisomerases
requires only a general base, and the intermediate has been
suggested to be an aci-carboxylate. The lactonizing enzymes,
including both MLEs and CMLEs, are members of one of
the few groups of enzymes identified so far that are evolved
from distinct paths to carry out similar catalytic reactions.
Therefore, this group of enzymes becomes an ideal example
for studying the functional convergence of enzymes in
parallel metabolic pathways.

On the basis of structural observations of enzymes in the
mandelate pathway, it has been proposed (9) that new
enzymes would most often evolve from old ones by the
recruitment of the core chemical step, rather than by
recruitment of binding specificity for one or more substrates.
As a consequence, consecutive enzymes in metabolic path-
ways would, in general, not resemble each other structurally
or in active site arrangement, but rather resemble other
enzymes that catalyzed the same fundamental chemical
process. For instance, the crystal structure ofP. putidaMLE
(PpMLE) shows that each subunit contains a triose phosphate
isomerase (TIM) barrel motif as the catalytic domain (7, 10,
11). Structural and sequence comparisons indicate that both

the overall chain fold and the arrangement of the catalytic
groups in the active site ofPpMLE are remarkably similar
to those of mandelate racemase and enolase. Mechanistic
similarities of the catalyzed reaction indicate thatPpMLE
belongs to the enolase superfamily, and it has been suggested
thatPpMLE and mandelate racemase evolved from the same
common ancestor (9, 11, 12). Subsequent studies in other
laboratories (13, 14) have confirmed that this model is indeed
valid for the evolution of new enzyme activities, although
recruitment of substrate specificity can also occur, as in the
case of several enzymes in the trytophan and fatty acid
biosynthetic pathways (15-17).

Parallel pathways present a special problem, however,
because they most often involve two varying forms of the
substrate, as in the case of the catechol and protocatechuate
branches of theâ-ketoadipate pathway. In parallel pathways,
the enzymatic steps are similar or identical, and the substrates
usually resemble each other sufficiently that it is difficult to
imagine how recruitment of core chemistry could occur
without cross inhibition or breakdown of specificity and
independent regulation for each branch.

The muconate lactonizing enzymes provide a unique
opportunity to explore this problem. Thus, the eukaryotic
NcCMLE has also been shown to catalyze the lactonization
reaction via asyn-1,2-addition-elimination mechanism.
Sequence comparison shows no similarity with MLE, man-
delate racemase, or enolase. The crystal structure ofNcC-
MLE shows that it has a typical seven-bladedâ-propeller
fold with almost ideal 7-fold symmetry (8). The active site
of NcCMLE is confined within each subunit and located on
the top of the central 7-fold pseudosymmetry axis of the
â-propeller. To date, there is no evidence showing any
allostery among the four active sites ofNcCMLE. Neverthe-
less, from molecular modeling studies,NcCMLE and Pp-
MLE were proposed to recognize their respective substrates
using similar residues (8). In addition, a hydrophobic pocket
at the active site was found in both enzymes, formed by
residues Tyr115 and Phe114 inNcCMLE and by residues
Ile54 and Tyr59 inPpMLE (7, 8). These similarities, despite
the completely different protein scaffolds, argue for conver-
gent evolution to a common chemical mechanism for
catalyzing the lactonization of their substrates by both MLEs
and eukaryotic CMLEs.

In contrast, the prokaryoticPpCMLE, first purified by
Ainsworth and Kirby (18), catalyzes cyclization by an anti
mechanism, to produce a product with a relative configura-
tion that is the opposite of that ofPpMLE at the attacked
carbon atom. Sequence analysis and kinetic studies confirmed
thatPpCMLE belongs to the fumarase class II superfamily,
a group of homotetrameric enzymes capable of catalyzing
1,2-addition-elimination reactions (3). Three-dimensional
structures of a number of members of this superfamily have
been determined, including fumarase C (19-21), adenylo-
succinate lyase (ADSL;22-24), argininosuccinate lyase
(ARSL; 25-27), δ-crystallin (28-31), and aspartase (32,
33). This superfamily of enzymes shares only 20-30%
sequence identity, distributed mainly in three moderately
conserved regions (Figures 3 and 4A). There are four active
sites in the tetrameric molecules of these enzymes, and each
active site is formed mainly by three sequence-conserved
regions, each contributed by a different monomer subunit
(34). A highly conserved residue, His141 (ADSL numbering;

FIGURE 1: â-Ketoadipate pathway in prokaryotic and eukaryotic
microorganisms. The pathway consists of two branches. The
catechol branch is identical, but the protocatechuate branch is
distinct between prokaryotic and eukaryotic microorganisms. The
enzymes in theâ-ketoadipate pathway include CO (catechol 1,2-
dioxygenase), PO (protocatechuate 3,4-dioxygenase), MLE (cis,cis-
muconate lactonizing enzyme), CMLE (3-carboxy-cis,cis-muconate
lactonizing enzyme), MI (muconolactone isomerase), CMD (4-
carboxymuconolactone decarboxylase), ELH (enol lactone hydro-
lase), and CMH (3-carboxymuconolactone hydrolase).

Crystal Structure ofPpCMLE Biochemistry, Vol. 43, No. 32, 200410425



His188 in the fumarase numbering) in conserved region 2,
forming a charge relay pair with another highly conserved
residue, Glu275 (ADSL numbering) in conserved region 3,
was identified as the general base in the catalysis by these
fumarase class II superfamily members (24). However, this

charge relay pair is absent inPpCMLE, the residues
corresponding to His141 and Glu275 being Trp153 and
Ala289 in PpCMLE, respectively (Figures 3 and 4A).
Pairwise sequence alignment showed that ADSL is the
closest relative ofPpCMLE in the superfamily (28.5%
identical). However, adenylosuccinate is not a substrate for
PpCMLE, and 3-CM is a poor substrate for ADSL (3). These
observations suggest that significant differences might exist
at the active sites betweenPpCMLE and other superfamily
members. Nevertheless, an understanding of the similarities
and differences between family members relates not only to
the mechanism by which the reaction is catalyzed but also
to key motifs of the substrate and the enzyme that are the
evolutionarily conserved elements that distinguish the rela-
tionship between CMLE and the other members of the
fumarase family of enzymes.

Here, we report the 2.6 Å resolution crystal structure of
PpCMLE. PpCMLE is the last unique member of the family
of muconate lactonizing enzymes as well as the latest in the
fumarase class II superfamily whose structure has been
determined. This study provides a view of molecular

FIGURE 2: Comparison of the catalytic mechanisms forsyn- andanti-1,2-addition-elimination reactions. The enzymes that catalyzesyn-
1,2-addition-elimination reactions are represented byP. putidaMLE (PpMLE) andN. crassaCMLE (NcCMLE). The enzymes that catalyze
anti-1,2-addition-elimination reactions are typified byP. putidaCMLE (PpCMLE) and fumarase C.

FIGURE 3: Sequence alignment of the three moderately conserved
regions forP. putidaCMLE (PpCMLE), Py. aerophilumadenylo-
succinate lyase (PaADSL), yeast fumarase C, human argininosuc-
cinate lyase (hARSL), duckδ2-crystallin, andBacillussp. YM55-1
aspartase in the fumarase class II superfamily. The identical and
homologous residues are shown in red and green, respectively. The
active sites are composed by these regions from different monomers.
The charge relay pair residues (His141 and Glu275 inPaADSL
numbering) are labeled with asterisks. This charge relay pair is
broken inPpCMLE. The residues corresponding to this charge relay
pair are Trp153 and Ala289, respectively, inPpCMLE (labeled in
blue).
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evolution of the muconate lactonizing enzymes. Since the
muconate lactonizing enzymes are involved in the biodeg-
radation of aromatic compounds and many of these com-
pounds are important pollutants in the environment, our
results may also be used as a guideline for structure-based
modifications of PpCMLE to achieve faster and cleaner
biodegradation of these environmental pollutants. Through
the comparison ofPpCMLE with MLEs, eukaryotic CMLEs,
and other fumarase class II superfamily members, we may
also gain a better understanding of the catalytic and regula-
tory mechanisms of the 1,2-addition-elimination reaction.

EXPERIMENTAL PROCEDURES

Expression and Purification. PpCMLE was expressed and
purified using the published protocol in the presence of 5
mM DTT (3). The plasmid containing thePpCMLE gene
under control of the lac promoter was transformed into
Escherichia colistrain N4830. A 5 mL culture of E. coli
N4830 that had been grown for 12 h at 30°C in LB medium
containing 35µg/mL ampicillin was used to inoculate 1 L
of the same medium. The inoculated culture was allowed to
grow at 30°C until the OD of the culture reached 0.6-0.9.

Protein expression was then induced with IPTG, and cell
growth proceeded for an additional 2 h with the temperature
increased to 42°C. The cells were harvested by centrifuga-
tion at 5000g for 20 min, and the pellets were stored at-20
°C.

A frozen pellet weighing 1.08 g was resuspended in 20
mL of cold buffer A [0.25 M ethylenediamine dichloride
(pH 7.3), 1 mM EDTA, 10 mM DTT, and 5 mM PMSF].
The cells were disrupted by sonication, and the cell lysate
was then centrifuged at 10000g for 30 min at 4°C. All
subsequent steps were performed at 4°C. The supernatant
was loaded onto a DEAE-Sepharcel column (2.5 cm× 18
cm) that was pre-equilibrated with buffer A. After the
mixture had been washed with buffer A until the elute
absorbance was less than 0.03, the protein was eluted with
a linear NaCl gradient from 0.0 to 0.5 M in buffer A at a
flow rate of 1 mL/min. The protein eluted in the range of
0.25-0.40 M NaCl. The purity ofPpCMLE in the elution
fractions was examined by SDS-PAGE. Fractions contain-
ing PpCMLE were pooled, concentrated to 10 mL using an
Amicon stir cell with a PM-30 membrane, and buffer-
exchanged with buffer B [1 mM NaPi (pH 7.3) and 10 mM

FIGURE 4: Overall structure ofPpCMLE. (A) Pairwise amino acid sequence alignment ofPpCMLE andPaADSL with the identical and
homologous residues labeled in red and green, respectively. The secondary structure ofPpCMLE determined from PROCHECK is also
presented withR-helices andâ-strands shown as rectangles and arrows, respectively. (B) Ribbon representation of the monomericPpCMLE
molecule with the three domains labeled. The N- and C-termini are labeled. The linker regions between domain I and domain II and
between domain II and domain III are labeled with red asterisks. (C) Ribbon representation of the tetramericPpCMLE molecule. Subunits
A-D are shown in green, red, blue, and yellow, respectively. The four active site regions are also labeled. This figure was prepared using
Molscript (44) and Povscript+ (45).
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DTT]. The protein was then chromatographed on a hydroxyl-
apatite column (2.5 cm× 8 cm). A linear phosphate gradient
between 0.1 and 0.5 M was used with a flow rate of 0.33
mL/min. The purity ofPpCMLE in the elution fractions was
also examined by SDS-PAGE. The fractions containing pure
PpCMLE were combined and concentrated to 20 mg/mL.
The final protein with an estimated purity of>95% was
flash-frozen in liquid nitrogen and stored at-80 °C.

Crystallization and Data Collection. Crystallization of
PpCMLE was performed by the hanging-drop vapor-diffu-
sion method at room temperature. Initial crystallization
conditions were obtained by the sparse-matrix protocol (35).
Optimized conditions included equal-volume mixtures of a
protein solution [20 mg/mL in 1 mM NaPi (pH 7.3)] and a
reservoir solution [12-18% PEG8000, 5 mM DTT, and 40
mM NaPi (pH 7.3)] equilibrated against the reservoir solution
(1 mL). Crystals with a maximum size of 1.0 mm× 0.7
mm × 0.5 mm were obtained within 1 week. A 2.6 Å
resolution diffraction data set was collected from a single
crystal mounted in a quartz capillary tube at 4°C on a Rigaku
RAxis IV image plate detector installed on a Rigaku RU300B
generator running at 40 kV and 130 mA. The diffraction
data were processed with DENZO and SCALEPACK (36).
Crystals ofPpCMLE have the symmetry of hexagonal space
groupP65 with the following unit cell parameters:a ) b )
231.52 Å,c ) 78.46 Å,R ) â ) 90°, andγ ) 120°. There
are fourPpCMLE molecules, forming a homotetramer, in
the asymmetric unit. The detailed statistics of the diffraction
data are summarized in Table 1.

Structure Determination and Refinement. The crystal
structure ofPpCMLE was determined by the molecular
replacement method with CNS (37), using atomic coordinates
of the tetramericPyrobaculum aerophilumADSL (PDB entry
1DOF) as the search model (24). At the time, the sequence
of this protein was the most similar (37% identical and 45%
similar; Figure 4A) to that ofPpcMLE. In the search model,
all nonidentical residues betweenPpCMLE and PaADSL
were mutated to alanine residues. The rotation search gave

a unique solution, but the top 10 translation solutions were
not distinguishable from one another based on the monitor
index. Of these, the second solution provided the best crystal
packing. Therefore, the second translation solution was
selected and subjected to model refinement with CNS using
all data in the 20-2.6 Å resolution range. Refinement was
done by CNS with a maximum likelihood target function,
and monitored by theRfree factor (38) that was calculated
using a randomly selected set of reflections (10% of the data)
as the test set. Subsequent model building, which was
interspersed with CNS refinement, was done with O (39).
Noncrystallographic symmetry (NCS) restraints were applied
to the four molecules in the asymmetric unit, and NCS
restraint weights were reduced to 80 and 30 for the main
chain and side chain atoms, respectively, after the 10th cycle
of refinement. The residues from Ser269 to Lys282 in
conserved but flexible region 3 were not included in the NCS
restraints. During the refinement of the model, we observed
two regions of strong electron density (>2.5σ) at the center
of the tetramericPpCMLE molecule. Two DTT molecules
were modeled into this electron density and included in
subsequent refinement cycles. In total, 16 cycles of model
refinement and manual building were performed. In the final
cycle, the crystallographicR-factor andRfree equaled 21.2
and 24.2%, respectively. An unidentified electron density
feature was observed at the active site formed by subunits
B-D in the final difference electron density map withFo -
Fc coefficients. A number of compounds, taken from the
known composition of the buffers and crystallization medium
that were used, were examined as potential models for this
electron density. None fit. In addition, the substrate 3-CM
was docked into this electron density with a remarkably good
fit. The final model contained fourPpCMLE monomers, 100
water molecules, and two DTT molecules. The quality of
the final model was examined by PROCHECK (40), and
the final model had 90.9% of the total amino acid residues
in the most favored core region and none in the disallowed
region in the Ramachandran plot. The final refinement

Table 1: Data and Refinement Statistics

data statistics
unit cell (Å) a ) b ) 231.52,c ) 78.46
space group P65

resolution (Å) 2.6
no. of measured reflections 134573
no. of unique reflections 68355
data completeness (%) 92.2 (89.2)a

Rsym (%) 10.8 (56.2)a,b

refinement statistics
resolution range (Å) 20-2.6
R-factor (%) 21.2 (35.0)c

Rfree (%) 24.2 (35.2)c,d

rms differences for bond distances (Å) 0.008
rms differences for bond angles (deg) 1.3
estimated coordinate error (Å) 0.3
averageB-factor for protein atoms (Å2) 36.7
Ramachandran analysis

% favored 90.9
% additional 8.5
% generous 0.6
% disallowed 0.0

a Values in parentheses correspond to the highest-resolution shell (2.69-2.60 Å). b Rsym ) ∑|Ihkl - Ihkl|/∑Ihkl, whereIhkl is the mean intensity of
all reflections equivalent to reflectionhkl by crystal symmetry.c Values in parentheses correspond to the highest-resolution shell (2.62-2.60 Å).
R-factor (Rfree) ) ∑||Fo| - |Fc||/∑|Fo|, whereFo andFc are the observed and calculated structure factors, respectively.d Ten percent of the diffraction
data were randomly selected as a test set for calculation ofRfree.
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statistics are summarized in Table 1. The coordinates of
CMLE have been deposited in the Protein Data Bank 1RE5.

RESULTS AND DISCUSSION

OVerall Structure. The prokaryoticPpCMLE crystallizes
as a homotetramer, consistent with the observation that it is
a homotetramer in solution. This result is also consistent with
other fumarase class II superfamily members which also exist
as tetramers. In the crystal structure, there is one tetramer in
the asymmetric unit, with the monomers (Figure 4B) packed
in an antiparallel fashion and related by exact 222 symmetry
(Figure 4C). The root-mean-square (rms) deviations of CR
atoms between subunits in the tetramer are less than 0.1 Å.
The PpCMLE monomeric molecule has an asymmetric
appearance, while the tetrameric molecule is more or less
globular. Each monomer of the protein contains 450 amino
acid residues and is divided into three domains: the
N-terminal domain (I), the central domain (II), and C-
terminal domain (III). Domain I consists of residues Met1-
Ala104. However, the first two residues, Met1 and Ser2, were
not observed in the final electron density map. Residue Met1
was missing due to partial post-translational cleavage of the
methionine in the host cells,E. coli N4830 (3), whereas
residue Ser2 was disordered in the crystal structure. Domain
I consists of sevenR-helices forming a cluster. Domain I
interacts with domain II mainly through helicesR1 andR2.
Conserved sequence region 1 is the linker between domain
I and domain II. Domain II consists of residues Thr105-
Gly364. It consists of eightR-helices and seven short
â-strands. Most of the shortâ-strands are involved in the
formation of the active site and substrate recognition.
Conserved sequence regions 2 and 3 are located in domain
II. Conserved region 2 is well-ordered and forms aâ-hairpin.
However, conserved region 3 is very flexible and only visible
in monomer D when the contour level of an electron density
map with 2Fo - Fc coefficients is lowered to 0.7σ. Residues
from this region, residues Gly272-His281, residues Gly272-
Thr278, and residues Ala270-Ser277 in monomer subunits
A-C, respectively, are disordered. The five central long
R-helices (R8, R9, and R12-R14) in domain II of each
monomer come together to form a bundle of 20R-helices,
which makes up the core of thePpCMLE tetrameric
molecule. Remarkably similar to the case with fumarase C
(20, 21), most of theR-helices in the bundle of 20R-helices
exhibit small amounts of curvature to accommodate tight
packing at the interfaces of the monomers. C-Terminal
domain III is comprised of residues Leu365-Ala450 and
contains sevenR-helices. Formation of the homotetrameric
molecule buries more than 26 000 Å2 of surface area with
as much as 55% of the surface area contributed by the A-B
and C-D interfaces [7365 and 7399 Å2, respectively (Table
2)]. Both electrostatic interactions and hydrophobic contacts

are involved at these interfaces.
Comparison with Other Fumarase Class II Superfamily

Members.The fumarase class II superfamily members are
characterized structurally by a bundle of 20R-helices and
the unique intersubunit composition of the active site. We
superimposed tetrameric domain II ofPpCMLE onto those
of the other superfamily members (Figure 5A). The rms
deviations of CR atoms betweenPpCMLE and the other
members were less than 1.8 Å (Table 3). However, the
orientations of domain I and domain III with regard to
domain II are different among members of the superfamily.
Nevertheless, both domain I and domain III were more or
less confined in a narrow region. This narrow region may
be required to guarantee that the active site is properly formed
and possesses some flexibility to confer substrate specificity
for each respective member. Superposition of the individual
domains I revealed that the positions of only three of the
sevenR-helices (R3, R4, andR6) are conserved (Figure 5B).
The rms deviations between domain I ofPpCMLE and other
members are less than 2.2 Å. We also superimposed domain
III among the family members (Figure 5C). HelicesR16 and
R17 are conserved in all the superfamily members, but helix
R22 is conserved in onlyPpCMLE, PaADSL, human ARSL,
and duckδ2-crystallin. The rms deviations for domain III
betweenPpCMLE and the other superfamily members are
less than 1.7 Å. On the basis of the superposition studies,
PaADSL and human ARSL are structurally the closest and
most distant relatives, respectively, ofPpCMLE in the
superfamily.

Small Molecular Binding Sites.Two features of electron
density are observed in the electron density map for which
atoms of the enzyme polypeptide cannot account. One of
these, right at the geometric center of the tetramericPpCMLE
molecule, is observed at a level of>2.5σ in a difference
electron density map withFo - Fc coefficients (Figure 6A).
The shape of each region of electron density strongly
suggested that it was a DTT molecule. However, the sulfur
anomalous scattering signal was not strong enough to
unambiguously confirm the presence of DTT. Since 5 mM
DTT was present during protein expression, it may be that
DTT molecules were encapsulated during the formation of
thePpCMLE homotetramer. Therefore, two DTT molecules
were added to the model and subjected to refinement. The
averageB-factor for the two DTT molecules (110 Å2) was
much larger than the averageB-factor for the protein (36.7
Å2), suggesting that the two DTT molecules were not at full
occupancy. The occupancies for the DTT molecules were
not refined due to the limitation of the moderate-resolution
diffraction data. The positions of the two DTT molecules
were∼7 Å apart and related by 2-fold symmetry with the
symmetry axis running through the center of thePpCMLE
tetrameric molecule. Both DTT molecules are oriented
perpendicular to the central bundle of 20R-helices of
PpCMLE and interact exclusively with helixR13 of each
monomer, largely with residues 296-304 (Figure 6B). Atom
S1 of DTT801 is in position to make three putative hydrogen
bonding interactions with the main chain N atom of residue
Gly300A, the main chain carbonyl O atom of residue
Thr296A, and the side chain hydroxyl group of residue
Thr304D, while atom S4 makes similar hydrogen bonding
interactions with residues Gly300C, Thr296C, and Thr304B.
This rare type of encapsulation has not been observed for

Table 2: Buried Surface Areas (Å2) between Monomers in the
PpCMLE Tetramer

monomer A monomer B monomer C monomer D

monomer A NAa 7365 1854 4154
monomer B 7365 NAa 4132 1960
monomer C 1854 4132 NAa 7399
monomer D 4154 1960 7399 NAa

a Not applicable.
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the other members of the fumarase class II superfamily
members. It is not clear whether there is any significance to
this small molecule binding site.

A second feature of electron density is observed at the
putative active site, potentially representing a small molecule,
and will be discussed below.

Location of the ActiVe Site. The locations of the active
sites for the other fumarase class II superfamily members
have been extensively investigated and are located in
conserved regions of the oligomer (20, 21, 23, 24, 26, 27,
30, 31, 33). Consequently, the active sites ofPpCMLE are
expected to be in similar regions of its overall structure. The
active site configuration was explored by comparison with
that of fumarase C because this is the only member of the
superfamily for which structures of complexes are available,
one with citric acid bound and one with pyromellitic acid
bound (20). The PpCMLE structure was superimposed on
the fumarase C-citrate complex structure at the putative
active site region (Figure 7). The active sites for the two
enzymes superimposed very well, suggesting thatPpCMLE
and fumarase C recognize the fumarate moiety in their
substrates using similar residues. On the basis of this
comparison, the tetramericPpCMLE molecule has four
active sites, and each active site is formed predominantly

by residues from the three conserved regions donated by three
respective monomers (Figure 4C). The active site is situated
in a deep pit on the surface that is slightly negatively charged
(Figure 8). Domains I and III, which come from two different
monomers, act like upper and lower jaws, respectively, to
guard the active site.

This study is of the native structure ofPpCMLE as no
inhibitors or ligands were intentionally added during the
protein purification and crystallization. Surprisingly, we
identified a strong feature of electron density (>2.5σ) in the
final difference electron density map (Fo - Fc coefficients)
at the presumed active site formed by monomers B-D. As
this electron density was observed at only one of the four
active sites, the binding of a molecule at this position is
presumed to be weak. Efforts to model this electron density
with obvious components of the crystal mother liquor did
not provide a convincing identity. The best fit could be
obtained for the substrate 3-CM (or an inhibitor analogue),
but it is not clear from where such a molecule would be
derived. Nevertheless, the position of this feature can be used
to indicate the location of the active site and potential
interacting residues that could stabilize the binding of the
substrate.

FIGURE 5: Structural superimposition of all of the fumarase class II family members at tetrameric central core domain II (A), monomeric
N-terminal domain I (B), and monomeric C-terminal domain III (C).PpCMLE, PaADSL, yeast fumarase C, hARSL, duckδ2-crystallin,
andBacillus sp. YM55-1 aspartase are labeled in green, red, yellow, blue, purple, and pink, respectively.

Table 3: rms Differences (Å) betweenPpCMLE and Other Fumarase Class II Enzymes

monomer tetramer

domain I domain II domain III domain II

Py. aerophilumADSL 1.37 1.44 1.76 1.43
yeast fumarase C 1.46 1.56 1.61 1.65
human ARSL 2.20 1.66 1.72 1.82
duckδ2-crystallin 1.49 1.52 1.72 1.79
Bacillussp. YM55-1 aspartase 1.65 1.60 1.54 1.75
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The position of this electron density feature and the
superposition ofPpCMLE with fumarase were used to
attempt the identification of the recognition residues for the
substrate. In fumarase C, the presence of bound citrate was
used to identify potential substrate recognition residues. In
the structure of this complex, one carboxylate interacts with
residues Lys324 and Asn326 from conserved region 3,
Thr187, and Asn141 from conserved region 1 (Figure 7).
These residues are equivalent to residues Lys282, Asn284,
Thr152, and Gln107, respectively, inPpCMLE. In fumarase,
conserved region 3 has been suggested to be a “signature
sequence” for enzymes that catalyzeâ-elimination reactions
and generate fumarate as a product (41). This interpretation
may be partially correct, in that this region could be the one
contributing to the recognition of the substrate at the
carboxylate closest to the atom at which attack of the oxygen
nucleophile occurs. A second carboxylate of the citrate
inhibitor bound to fumarase interacts with a number of
residues with hydrogen bonding capabilities, but none of

these residues is conserved across the superfamily. Since only
fumarate and 3-CM have a second carboxylate, a group that
is not conserved in many of the substrates recognized by
enzymes of the superfamily, one can only speculate that these
residues could recognize the second carboxylate of fumarate
or, by homology, 3-CM. The third carboxylate of citric acid
in the structure of the fumarate complex points toward
His188. This residue has been identified as the catalytic base
in the fumarase reaction. It is conserved in all of the other
superfamily members, except CMLE. The significance of
this lack of conservation may be related to the fact that
CMLE catalyzes an intramolecular variant of the fumarate
reaction.

Structural Comparison with NcCMLE. Because the sub-
strate and type of reaction catalyzed byPpCMLE and
NcCMLE are superficially similar, comparisons of the
structures of these enzymes could help identify the residues
associated with substrate recognition and catalysis. Especially
if the reactions catalyzed follow similar pathways, the active
sites may have converged and therefore have some similari-
ties. The overall structure ofPpCMLE is completely different
from that of the eukaryoticNcCMLE. Obvious differences
between the two include the location and makeup of the
active site, which is located at the interface of three
monomers inPpCMLE and completely contained within one
monomer inNcCMLE. None of the residues contained in or
near the active sites correspond to each other. The active
site ofPpCMLE is overall slightly negatively charged (Figure
8), indicating that the negatively charged 3-CM might need
to overcome an electrostatic barrier to move into the active
site, whereas the active site ofNcCMLE is positively
charged.

In fact, these two enzymes catalyze very different types
of reactions, albeit with the same substrate. Theanti-1,2-
addition-elimination reaction catalyzed byPpCMLE in-
volves the attack of the 6-CO22- group on C3 of the substrate
to form 4-carboxymuconolactone, whereas thesyn-1,2-
addition-elimination reaction catalyzed byNcCMLE in-
volves the attack of the 1-CO22- group of 3-CM on C4 to
form 3-carboxymuconolactone. In conclusion, in keeping
with the fact that the details of the reaction catalyzed by
these two enzymes are different, the structures are very
different, accommodating different recognition elements and
different catalytic steps.

PutatiVe Catalytic Mechanism.Mechanistic studies of the
enzyme, sequence comparisons, and now the three-dimen-
sional structure suggest thatPpCMLE can be classified as a
fumarase class II type enzyme. It is the only one of this
family of enzymes that catalyzes an intramolecular variant
of the fumarase reaction. The distinguishing feature of this
type of reaction is theanti addition of a nucleophile and a
proton across a double bond (Figure 2). Unfortunately, since
there are no inhibitor complexes of members of this family
that can uniquely identify the binding mode of a substrate,
structural comparison and sequence conservation have been
used to indicate the residues that are most likely to be
involved in substrate recognition (Figure 7) and catalysis.
Most of the residues involved in recognition of the substrate
are derived from conserved regions 1 and 3 and have been
discussed above. Conserved sequence region 2 contains the
residue that acts as a general base in fumarase catalysis, and
in the reactions catalyzed by all other members of the

FIGURE 6: Representation of the two DTT molecules (DTT801 and
DTT802) identified at the center of the tetramericPpCMLE
structure. (A) Omit electron density map withFo - Fc coefficients
contoured at the two DTT molecules. The contour level is 2.5σ.
(B) Detailed interactions between DTT801 andPpCMLE. The
dotted lines represent potential hydrogen bonds with distances of
<3.5 Å between the donor and acceptor.
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superfamily, with the exception ofPpCMLE. In PpCMLE,
this residue is a tryptophan (Trp153; see Figures 3 and 7).
In the fumarase-catalyzed reaction, this base is required to
enhance the reactivity of the attacking nucleophile. The
attacking nucleophile is water in the case of fumarase, and
therefore, a general base is critical. It is arguable that this
base is not required for thePpCMLE reaction because the
attacking nucleophile, one of the oxygens of a carboxylate
group, is already ionized due to its low pKa, and therefore
does not require catalytic deprotonation to enhance its
reactivity. However, a carboxylate is not particularly reactive,
suggesting that other ways must be available for the enzyme
to accelerate the reaction. One of these is the decreased
entropic cost of the reaction due to the fact that the reaction
is intramolecular. The other is the influence of the protein
environment in the vicinity of the carboxylate group that
could enhance its reactivity. The tryptophan in place of a
histidine would provide such an environment by enhancing
the hydrophobic character of the region, thereby enhancing
the reactivity of the attacking carboxylate. It is therefore
suggested that this enzyme has uniquely evolved to allow

hydrophobic activation for the carboxylate nucleophile. Such
activation has been suggested for other enzymes such as
thiamine-dependent decarboxylase (42) and decarboxylation
of orotidine monophosphate decarboxylase (43). We have
argued that Lys282 could be involved in substrate recogni-
tion, based on sequence conservation and comparison with
the structure of the fumarase-citrate complex. However, it
is also possible that Lys282 can carry out proton delivery.
On the basis of the model of 3-CM built into the electron
density feature found at one of the active sites of the
PpCMLE model, this residue could be in an orientation to
act as an acid to give the product. If this orientation is even
close to correct, then the aci-carboxylate group of the
transition state is in position to be stabilized by Arg315. The
electrostatic potential distribution at the active site of
PpCMLE (Figure 8) shows that the only small patch of
positive potential in the active site is around this residue.
SincePpCMLE is the only enzyme for which such stabiliza-
tion is suggested, this residue would not be expected to be
conserved across family members, and it is not.

Comparisons for syn- and anti-Cycloisomerases.Despite
catalyzing apparently similar reactions, thesyn-cycloisom-

FIGURE 7: Stereo representation of the superimposition of the active sites ofPpCMLE and yeast fumarase C. The residues forming the
active site fromPpCMLE and yeast fumarase C are shown in yellow and light blue, respectively. The citrate molecule bound to the active
site of yeast fumarase C is shown in red. Only thePpCMLE active residues are labeled. The residues corresponding to Asn76C, Ser77C,
Thr105C, Ser106C, Gln107C, Thr152D, Trp153D, Ala195C, His281B, Lys282B, and Asn284B inPpCMLE are Gly99C, Thr100C, Ser139C,
Ser140C, Asn141C, Thr187D, His188D, Ala231C, Gly323B, Lys324B, and Asn326, respectively, in fumarase C.

FIGURE 8: Comparison of the electrostatic potential distribution of the active site ofPpCMLE andNcCMLE. The electrostatic potential
distribution is shown in the same scale [from red (-30) to blue (30) through white (0)] forPpCMLE and NcCMLE. This figure was
prepared using GRASP (46) and Povscript+ (45).
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erases represented byPpMLE and NcCMLE and theanti-
cycloisomerases typified byPpCMLE show significant
differences in their respective catalytic mechanisms (Figure
2). The first step of the lactonization reaction catalyzed by
PpMLE starts with the protonation of the substratecis,cis-
muconate at 6-CO22- by general acid Glu327, followed by
the cyclization to form an enol intermediate. The enol
intermediate then undergoes proton transfer from general
base Lys169 to the intermediate, followed by proton release
from the intermediate back to general acid Glu327 to form
the final product muconolactone (7). The other representative
of the syn-cycloisomerase,NcCMLE, catalyzes its reaction
using a very similar mechanism (8). The lactonization by
NcCMLE is also thought to proceed via an enol intermediate.
In that enzyme, general acid Glu212 is crucial for enzyme
activity, as shown by the mutant Glu212Ala which is almost
inactive. A general base is identified as residue His148,
which is conserved among related family members. The
His148Ala variant is completely inactive. For theanti-
cycloisomerasePpCMLE, there is no acidic residue in the
vicinity of the active site, suggesting that the reaction
catalyzed byPpCMLE does not require a general acid or
uses a different mechanistic pathway. The requirement for
a general base has already been discussed and also suggests
a different mechanistic pathway. In summary, by analogy
to the reaction catalyzed by fumarase, the lactonizing reaction
catalyzed byPpCMLE could also proceed in a stepwise
fashion. The first step would be the nucleophilic attack of
the oxygen of the 6-CO22- group at position C3, aided by
the hydrophobic environment around this group, to form an
aci-intermediate stabilized by residue Arg315. The second
step would be proton transfer from a general base such as
Lys282 to the aci-intermediate to form the observed product.
Thus, thesyn- and anti-cycloisomerases have experienced
distinct evolutionary pathways to suit their respective
recognition and catalytic requirements.
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