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ABSTRACT. 3-Carboxyeis,cissmuconate lactonizing enzymes (CMLES), the key enzymes in the protocat-
echuate branch of the-ketoadipate pathway in microorganisms, catalyze the conversion of 3-carboxy-
cis,cismuconate to muconolactones. We have determined the crystal structure of the prokaryotic
Pseudomonas putid@MLE (PpCMLE) at 2.6 A resolutionPpCMLE is a homotetramer and belongs to

the fumarase class Il superfamily. The active sit€®pEMLE is formed largely by three regions, which

are moderately conserved in the fumarase class Il superfamily, from three respective monomers. It has
been proposed that residue His141, which is highly conserved in all fumarase class Il 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 Il superfamily members. However, this charge relay pair
is broken inPpCMLE. The residues corresponding to His141 and Glu275 are Trpl53 and Ala289,
respectively, inPpCMLE. The structures of prokaryotic MLEs and that of CMLE from the eukaryotic
Neurospora crassare completely different from that @pCMLE, indicating MLEs and CMLEs, as

well as the prokaryotic and eukaryotic CMLESs, 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 -ketoadipate pathway, consisting of a cascade of conate into R)-muconolactone. The reaction is reversible
chromosomally encoded enzymes, catalyzes the catabolismand requires the divalent cation Kfhas a cofactor. The
of aromatic compounds into intermediates of the citric acid eukaryotic CMLEs such adNeurospora crassaCMLE
cycle in both prokaryotic and eukaryotic microorganisms (NcCMLE) convert 3-carboxyis,cissmuconate (3-CM) into
(Figure 1). The pathway has two parallel branches, catechol3-carboxy-R)-muconolactone. For prokaryoric CMLES such
and protocatechuatel{4). The lactonization ofcis,cis- asP. putidaCMLE (PpCMLE), the lactonization product is
muconates, which is an important step in the pathway, is 4-carboxy-§)-muconolactone. Neither prokaryotic CMLE
catalyzed bycis,cismuconate lactonizing enzyme (MLE) in  nor eukaryotic CMLE requires any metal cofactors for
the catechol branch and 3-carbosig;,cismuconate lacton-  catalytic activity. To understand how these reactions are
izing enzyme (CMLE) in the protocatechuate branch. MLEs catalyzed, the three-dimensional structures of the relevant
and eukaryotic CMLEs catalyze the lactonization reaction enzymes are required. Of these, the structureBpfLE
by a synl,2-additior-elimination reaction, whereas the andNcCMLE are known, while that oPpCMLE, until now,

prokaryotic CMLEs catalyze this cyclization using anti- was not.
1,2-additior-elimination reaction3). MLEs represented by Our current study and studies from other grouf)H(-7)
Pseudomonas putid®LE (PpMLE)! convert cis,cis-mu- have shown that botByncycloisomerases represented by

PpMLE andNcCMLE andanti-cycloisomerases typified by
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Catechol Fratacatechuate the overall chain fold and the arrangement of the catalytic
(Prokaryotic end Ealaryotic) (Prakaryotic end Edaryotc) groups in the active site &pMLE are remarkably similar
OH “00C OH to those of mandelate racemase and enolase. Mechanistic
O( Oi similarities of the catalyzed reaction indicate tifgMLE
belongs to the enolase superfamily, and it has been suggested
OH OH thatPpMLE and mandelate racemase evolved from the same
lCO lpo common ancestord( 11, 12). Subsequent studies in other
“000 laboratories 13, 14) have confirmed that this model is indeed
N cog coo valid for the evolution of new enzyme activities, although
QCOO- s 000 recruitment of substrate specificity can also occur, as in the
CMLE CMLE case of several enzymes in the trytophan and fatty acid
lMLE thowyori/ (Eukaryolic) biosynthetic pathwayslf—17).
Parallel pathways present a special problem, however,
Cloo' “o0¢, PN coo because they most often involve two varying forms of the

A 0 (\j NG substrate, as in the case of the catechol and protocatechuate
M = H/)j branches of thg-ketoadipate pathway. In parallel pathways,
— coo ] — the enzymatic steps are similar or identical, and the substrates
MIN J/MD ooe usually resemble each other sufficiently that it is difficult to
coo imagine how recruitment of core chemistry could occur

KCYO without cross inhibition or breakdown of specificity and
\

independent regulation for each branch.
ELR

The muconate lactonizing enzymes provide a unique
opportunity to explore this problem. Thus, the eukaryotic
NcCMLE has also been shown to catalyze the lactonization

) f reaction via asynl,2-addition-elimination mechanism.
0 oo Sequence comparison shows no similarity with MLE, man-
delate racemase, or enolase. The crystal structuiécGf
l MLE shows that it has a typical seven-bladégropeller
fold with almost ideal 7-fold symmetry8]. The active site

Succinate + acetyl-CoA of NcCMLE is confined within each subunit and located on

the top of the central 7-fold pseudosymmetry axis of the
Ficure 1: S-Ketoadipate pathway in prokaryotic and eukaryotic P P Y y

microorganisms. The pathway consists of two branches. Theﬁ'pmpe”er' To date, therg IS ’.‘0 evidence showing any
catechol branch is identical, but the protocatechuate branch isallostery among the four active sitesi6CMLE. Neverthe-

distinct between prokaryotic and eukaryotic microorganisms. The less, from molecular modeling studidcCMLE and Pp-
enzymes in thg8-ketoadipate pathway include CO (catechol 1,2- MLE were proposed to recognize their respective substrates
dioxygenase), PO (protocatechuate 3,4-dioxygenase), MikEi¢- using similar residuesg}. In addition, a hydrophobic pocket

muconate lactonizing enzyme), CMLE (3-carbaig.cissmuconate . . .
lactonizing enzyme), MI (muconolactone isomerase), CMD (4- at the active site was found in both enzymes, formed by

carboxymuconolactone decarboxylase), ELH (enol lactone hydro- residues Tyrl15 and Phell4 NeCMLE and by residues
lase), and CMH (3-carboxymuconolactone hydrolase). lle54 and Tyr59 irPpMLE (7, 8). These similarities, despite

the completely different protein scaffolds, argue for conver-

the lactonization reaction catalyzed &gti-cycloisomerases  gent evolution to a common chemical mechanism for
requires only a general base, and the intermediate has beegatalyzing the lactonization of their substrates by both MLEs
suggested to be an aci-carboxylate. The lactonizing enzymesand eukaryotic CMLEs.
including both MLEs and CMLEs, are members of one of  In contrast, the prokaryoti®pCMLE, first purified by
the few groups of enzymes identified so far that are evolved Ainsworth and Kirby (8), catalyzes cyclization by an anti
from distinct paths to carry out similar catalytic reactions. mechanism, to produce a product with a relative configura-
Therefore, this group of enzymes becomes an ideal exampletion that is the opposite of that &ZfpMLE at the attacked
for studying the functional convergence of enzymes in carbon atom. Sequence analysis and kinetic studies confirmed
parallel metabolic pathways. that PPCMLE belongs to the fumarase class Il superfamily,

On the basis of structural observations of enzymes in the a group of homotetrameric enzymes capable of catalyzing
mandelate pathway, it has been proposéj that new 1,2-addition-elimination reactions3). Three-dimensional
enzymes would most often evolve from old ones by the structures of a number of members of this superfamily have
recruitment of the core chemical step, rather than by been determined, including fumarase 1921), adenylo-
recruitment of binding specificity for one or more substrates. succinate lyase (ADSL22—24), argininosuccinate lyase
As a consequence, consecutive enzymes in metabolic path{ARSL; 25—27), o-crystallin 28—31), and aspartase3®,
ways would, in general, not resemble each other structurally 33). This superfamily of enzymes shares only-2D%
or in active site arrangement, but rather resemble othersequence identity, distributed mainly in three moderately
enzymes that catalyzed the same fundamental chemicalconserved regions (Figures 3 and 4A). There are four active

process. For instance, the crystal structur® gbutidaMLE sites in the tetrameric molecules of these enzymes, and each
(PpMLE) shows that each subunit contains a triose phosphateactive site is formed mainly by three sequence-conserved
isomerase (TIM) barrel motif as the catalytic domain1(0, regions, each contributed by a different monomer subunit

11). Structural and sequence comparisons indicate that both(34). A highly conserved residue, His141 (ADSL numbering;
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Syn-1,2-addition-elimination reaction

PpMLE

Ficure 2: Comparison of the catalytic mechanisms $gn and anti-1,2-additiorr-elimination reactions. The enzymes that catalgye
1,2-additior-elimination reactions are representedmyputidaMLE (PpMLE) andN. crassaCMLE (NcCMLE). The enzymes that catalyze
anti-1,2-addition-elimination reactions are typified by. putidaCMLE (PpCMLE) and fumarase C.

Lo ReTioR 1 Region2 . Region3 charge relay pair is absent iRpCMLE, the residues
T * corresponding to His141 and Glu275 being Trpl53 and

F E VHLG====== ATSQD GRTWLQHATFV GESSTMPHERNEVGAA H H H
sz. VHYG=--=-~~ ATSND  GRTHGQWAEPI  GSSAMPHEANPTASE A|a..28.9 in PpCMLE, r_espectlvely (Figures 3 and 4A)
Fumarase C VEPNDDVNKSQSSND ~ GRTHLQDATPL  GSSIMPGKVNPTQCE Pairwise sequence alignment showed that ADSL is the
Crratallin LHTo..- . RORND  CYTRLORAGET  GecrMQUINODELE closest relative ofPpCMLE in the superfamily (28.5%
Aspartase  ISPNSHVNGMQSTND  GRTHLQDAVPI — GSSIMPGKVNEVMPE identical). However, adenylosuccinate is not a substrate for
Ficure 3: Sequence alignment of the three moderately conserved PDCMLE, and 3-CM is a poor substrate for ADSB)( These
regions forP. putidaCMLE (PpCMLE), Py. aerophilumadenylo- observations suggest that significant differences might exist

succinate lyaseR@ADSL), yeast fumarase C, human argininosuc- : : :
cinate lyase (hARSL), duak2-crystallin, andacillussp. YM55-1 at the active sites betwedtpCMLE and qther superfamlly_ .
aspartase in the fumarase class Il superfamily. The identical andmembers. Nevertheless, an understanding of the similarities
homologous residues are shown in red and green, respectively. Theand differences between family members relates not only to
active sites are composed by these regions from different monomers¢he mechanism by which the reaction is catalyzed but also

The charge relay pair residues (His141 and Glu27®aADSL :
numbering) are labeled with asterisks. This charge relay pair is to key motifs of the substrate and the enzyme that are the

broken inPPCMLE. The residues corresponding to this charge relay €volutionarily conserved elements that distinguish the rela-
pair are Trp153 and Ala289, respectively RpCMLE (labeled in tionship between CMLE and the other members of the

blue). fumarase family of enzymes.

His188 in the fumarase numbering) in conserved region 2, Here, we report the 2.6 A resolution crystal structure of
forming a charge relay pair with another highly conserved PPCMLE. PpCMLE is the last unique member of the family
residue, Glu275 (ADSL numbering) in conserved region 3, of muconate lactonizing enzymes as well as the latest in the
was identified as the general base in the catalysis by thesdfumarase class Il superfamily whose structure has been
fumarase class Il superfamily membe2d) However, this determined. This study provides a view of molecular



Crystal Structure oPpCMLE Biochemistry, Vol. 43, No. 32, 2004.0427

A al o2 o3 o4
I N p
PpCMLE MSNQLFDAYFTAPAMRETFSDRGRLOGMLDFEAALARAEASAGL.VPHSAVAATIEAACQAE
PaADSL MHVSPFDWRYGSEELRRLFINEAIINAYLEVERALVCALEELGVAER======== GCCEK
['53 b oF
I I

. . . . . 120
PpCMLE RYDVGALANAIATAGNSAIPLVKALGKVIATGVPEAERYVHLGATSODAMDTGLVLQLRD
PaADSL VNEKASVSADEVYRLERETG--HDILSLVLLLEQKSGCRYVHYGATSINDIIDTAWALLIRR

of Bl B2 of
. . . . . 180
PpCMLE ALDLIEADLGKLADTLSQQALKHADTPLVGRTWLOHATPVTLGMKLAGVLGALTRHRQRL

PaADSL ALAAVKEKARAVGDQLASMARKYKTLEMVGRTHGOQWAEP ITLGFKFANYYYELY-IACRQ

B3 alld all p4
[ ‘ L=
239

PpCMLE QELRPRLLVLOFGGASGSLAALGSKAMPVAEALAEOLKLSLPEQPWHTQ-RDRLVEFASV

PaADSL LALAEEF IRAKIGGAVGTHMASWGELGLEVRRRVAERLGLPHHVITTOVAPRESFAVLASA
al2 ps all
= —
. . . . . . 299
PpCMLE LGLVAGSLGKFGRDISLLMOTEAGEVFEPSAPGKGGSSTMPHKRNPVGAAVL IGAATRVP
PaADSL LALMAAVFERLAVEIRELSRPEIGEVVE---~-GGGGSSAMPHKANPTASERIVSLARYVR
po6 old B7 wls
I - E—
. . . 359

FPpCMLE GLLSTLFAAMPQEHERSLGLWHAEWETLPDICCLVSGALRQAQVIAEGHMEVDAARMRRNL
PaADSL ALTHVAFENVALWHERDLTNSANERVWIPEALLATDEILTSALRVLENVYTDEERITENL

olh al? 18 wl9
N S

S -
. . . . . . 419
FPpCMLE DLTQGLVLAEAVSIVLACORLGRDRAHHLLEQCCQRAVAEORHLRAVLGDEPQVSAELSGE
PaADSL OFKALPYTILTEFHMNRMIKEG - ASRAEAYREAKEVEALTFEYQRW
a20 o2l 022
—

. . . 450
PpCMLE ELDRLL.DPAHYLGOARVWVARAVSEHQRFTA
PaADSL PVERLIEDALSLKLC—mmm—————m—m e e

Ficure 4: Overall structure oPpCMLE. (A) Pairwise amino acid sequence alignmenPglCMLE and PaADSL with the identical and
homologous residues labeled in red and green, respectively. The secondary struétp@MafE determined from PROCHECK is also
presented witlu-helices angB-strands shown as rectangles and arrows, respectively. (B) Ribbon representation of the mdPo@MLE

molecule with the three domains labeled. The N- and C-termini are labeled. The linker regions between domain | and domain Il and
between domain Il and domain Ill are labeled with red asterisks. (C) Ribbon representation of the tetPp@Btid= 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).

evolution of the muconate lactonizing enzymes. Since the Protein expression was then induced with IPTG, and cell
muconate lactonizing enzymes are involved in the biodeg- growth proceeded for an additidriah with the temperature
radation of aromatic compounds and many of these com-increased to 42C. The cells were harvested by centrifuga-
pounds are important pollutants in the environment, our tion at 500@ for 20 min, and the pellets were stored-20
results may also be used as a guideline for structure-basedC.
modification§ of PPCMLE to_ achieve faster and cleaner A frozen pellet weighing 1.08 g was resuspended in 20
blodegradqt|on of these en\_/|ronmental poIIutants. Through L of cold buffer A [0.25 M ethylenediamine dichloride
the comparison @mMLE with MLEsS, e.UkaryO'[IC CMLEs, (pH 73), 1 mM EDTA, 10 mM DTT, and 5 mM PMSF]
and other fumarase class Il superfamily members, we mayThe celis were disrupted by sonication, and the cell lysate
also gain a b_etter understandlng_(_)f th_e <_:ata_|yt|c and_regula—Was then centrifuged at 100§Gor 30 min at 4°C. Al
tory mechanisms of the 1,2-additioelimination reaction. subsequent steps were performed &C4 The supernatant
was loaded onto a DEAE-Sepharcel column (2.5 xm8
EXPERIMENTAL PROCEDURES cm) that was pre-equilibrated with buffer A. After the
Expression and PurificatialPpCMLE was expressed and mixture had been washed with buffer A until the elute
purified using the published protocol in the presence of 5 absorbance was less than 0.03, the protein was eluted with
mM DTT (3). The plasmid containing thBpCMLE gene a linear NaCl gradient from 0.0 to 0.5 M in buffer A at a
under control of the lac promoter was transformed into flow rate of 1 mL/min. The protein eluted in the range of
Escherichia colistrain N4830 A 5 mL culture of E. coli 0.25-0.40 M NacCl. The purity ofPpCMLE in the elution
N4830 that had been grown for 12 h at3in LB medium fractions was examined by SB®AGE. Fractions contain-
containing 35¢g/mL ampicillin was used to inoculate 1 L  ing PPCMLE were pooled, concentrated to 10 mL using an
of the same medium. The inoculated culture was allowed to Amicon stir cell with a PM-30 membrane, and buffer-
grow at 30°C until the OD of the culture reached 6-6.9. exchanged with buffer B [1 mM NalpH 7.3) and 10 mM
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Table 1: Data and Refinement Statistics

data statistics
unit cell (&)
space group
resolution (A)
no. of measured reflections
no. of unique reflections
data completeness (%)
Roym (%)
refinement statistics
resolution range (A)
R-factor (%)
Riree (%)
rms differences for bond distances (A)
rms differences for bond angles (deg)
estimated coordinate error (A)
averageB-factor for protein atoms (A
Ramachandran analysis
% favored
% additional
% generous
% disallowed

a=b=231.52c=78.46
P65
2.6
134573
68355
92.2 (89.2)
10.8 (56.%°

202.6

21.2 (35.0)

24.2 (35.2)¢
0.008

aValues in parentheses correspond to the highest-resolution sheh-@@&DA).? Rym= 3 [l — Inel/Y I, Wherelng is the mean intensity of
all reflections equivalent to reflectidnkl by crystal symmetry¢ Values in parentheses correspond to the highest-resolution shel-@@&2A).
R-factor Ree) = 5 ||Fol — |Fell/Y |Fol, WhereF, andF. are the observed and calculated structure factors, respectiviegn percent of the diffraction

data were randomly selected as a test set for calculatidtaf

DTT]. The protein was then chromatographed on a hydroxyl-

apatite column (2.5 cx 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 SDSPAGE. The fractions containing pure
PpCMLE were combined and concentrated to 20 mg/mL.
The final protein with an estimated purity 6f95% was
flash-frozen in liquid nitrogen and stored aB80 °C.

Crystallization and Data CollectianCrystallization of
PpCMLE was performed by the hanging-drop vapor-diffu-
sion method at room temperature. Initial crystallization
conditions were obtained by the sparse-matrix protaggl.
Optimized conditions included equal-volume mixtures of a
protein solution [20 mg/mL in 1 mM NaKpH 7.3)] and a
reservoir solution [1218% PEG8000, 5 mM DTT, and 40
mM NaR (pH 7.3)] equilibrated against the reservoir solution
(2 mL). Crystals with a maximum size of 1.0 me 0.7
mm x 0.5 mm were obtained within 1 week. A 2.6 A
resolution diffraction data set was collected from a single
crystal mounted in a quartz capillary tube &Qlon a Rigaku
RAXxis 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 SCALEPAG)(
Crystals ofPpCMLE have the symmetry of hexagonal space
groupP6s with the following unit cell parametersa= b =
231.52 A,c=78.46 A,a. = 8 = 90°, andy = 120°. There
are fourPpPCMLE molecules, forming a homotetramer, in
the asymmetric unit. The detailed statistics of the diffraction
data are summarized in Table 1.

Structure Determination and Refinemerithe crystal
structure of PPDCMLE was determined by the molecular
replacement method with CNS7), using atomic coordinates
of the tetrameri®yrobaculum aerophilurADSL (PDB entry
1DOF) as the search modé&4). At the time, the sequence
of this protein was the most similar (37% identical and 45%
similar; Figure 4A) to that oPpcMLE. In the search model,
all nonidentical residues betwe&pCMLE and PaADSL

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 26-2.6 A resolution range. Refinement was
done by CNS with a maximum likelihood target function,
and monitored by thé&y.. 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 with39)(
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 Z.50) at the center

of the tetramerid®pCMLE 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 crystallographi®-factor andRye. 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 wkh —

F. 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 fol?pCMLE monomers, 100
water molecules, and two DTT molecules. The quality of
the final model was examined by PROCHECKO), and

the final model had 90.9% of the total amino acid residues
in the most favored core region and none in the disallowed

were mutated to alanine residues. The rotation search gaveegion in the Ramachandran plot. The final refinement
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Table 2: Buried Surface Areas YRbetween Monomers in the are 'nVOIV?d at these interfaces. )
PpCMLE Tetramer Comparison with Other Fumarase Class Il Superfamily

Members.The fumarase class Il superfamily members are
characterized structurally by a bundle of @éhelices and

monomer A monomer B monomer C monomer D

mgﬂgmgg 7'\?25 73’32 41183524 14916561 the unique intersubunit composition of the active site. We

monomer C 1854 4132 NEA 7399 superimposed tetrameric domain 1l BpCMLE onto those

monomer D 4154 1960 7399 NA of the other superfamily members (Figure 5A). The rms
aNot applicable. deviations of @ atoms betweerPpCMLE and the other

members were less than 1.8 A (Table 3). However, the
statistics are summarized in Table 1. The coordinates Of0r|entat|0ns of_domaln | and domain il with regard to
CMLE have been deposited in the Profein Data Bank 1RES domain Il are different among members_of the superfamily.
"Nevertheless, both domain | and domain Il were more or
RESULTS AND DISCUSSION less confined in a narrow region. This narrow region may
be required to guarantee that the active site is properly formed
Overall Structure The prokaryotid®pCMLE crystallizes and possesses some flexibility to confer substrate specificity
as a homotetramer, consistent with the observation that it isfor each respective member. Superposition of the individual
a homotetramer in solution. This result is also consistent with domains | revealed that the positions of only three of the
other fumarase class Il superfamily members which also existsevena-helices {3, a4, ando6) are conserved (Figure 5B).
as tetramers. In the crystal structure, there is one tetramer inThe rms deviations between domain IRGCMLE and other
the asymmetric unit, with the monomers (Figure 4B) packed members are less than 2.2 A. We also superimposed domain
in an antiparallel fashion and related by exact 222 symmetry Ill among the family members (Figure 5C). Helice$6 and
(Figure 4C). The root-mean-square (rms) deviations @f C 17 are conserved in all the superfamily members, but helix
atoms between subunits in the tetramer are less than 0.1 Aa22 is conserved in onlPpCMLE, PaADSL, human ARSL,
The PpCMLE monomeric molecule has an asymmetric and ducko2-crystallin. The rms deviations for domain 1l
appearance, while the tetrameric molecule is more or lessbetweenPpCMLE and the other superfamily members are
globular. Each monomer of the protein contains 450 amino less than 1.7 A. On the basis of the superposition studies,
acid residues and is divided into three domains: the PaADSL and human ARSL are structurally the closest and
N-terminal domain (1), the central domain (II), and C- most distant relatives, respectively, ®CMLE in the
terminal domain (lIl). Domain | consists of residues Metl  superfamily.
Alal104. However, the first two residues, Metl and Ser2, were  Small Molecular Binding SiteS:wo features of electron
not observed in the final electron density map. Residue Metl density are observed in the electron density map for which
was missing due to partial post-translational cleavage of theatoms of the enzyme polypeptide cannot account. One of
methionine in the host cell&. coli N4830 @), whereas these, right at the geometric center of the tetram@pcMLE
residue Ser2 was disordered in the crystal structure. Domainmolecule, is observed at a level &f2.50 in a difference
| consists of sevem-helices forming a cluster. Domain |  electron density map witR, — F¢ coefficients (Figure 6A).
interacts with domain Il mainly through heliced ando?2. The shape of each region of electron density strongly
Conserved sequence region 1 is the linker between domainsuggested that it was a DTT molecule. However, the sulfur
| and domain Il. Domain Il consists of residues Thrt05 anomalous scattering signal was not strong enough to
Gly364. It consists of eighti-helices and seven short unambiguously confirm the presence of DTT. Since 5 mM
pB-strands. Most of the shofi-strands are involved in the  DTT was present during protein expression, it may be that
formation of the active site and substrate recognition. DTT molecules were encapsulated during the formation of
Conserved sequence regions 2 and 3 are located in domairthe PpCMLE homotetramer. Therefore, two DTT molecules
Il. Conserved region 2 is well-ordered and formg-hairpin. were added to the model and subjected to refinement. The
However, conserved region 3 is very flexible and only visible averageB-factor for the two DTT molecules (110ZRwas
in monomer D when the contour level of an electron density much larger than the avera@efactor for the protein (36.7
map with F, — F. coefficients is lowered to 07 Residues A2, suggesting that the two DTT molecules were not at full
from this region, residues Gly27His281, residues Gly272 occupancy. The occupancies for the DTT molecules were
Thr278, and residues Ala2#®Ber277 in monomer subunits  not refined due to the limitation of the moderate-resolution
A—C, respectively, are disordered. The five central long diffraction data. The positions of the two DTT molecules
a-helices @8, a9, andal2—al4) in domain Il of each  were~7 A apart and related by 2-fold symmetry with the
monomer come together to form a bundle of @belices, symmetry axis running through the center of thgCMLE
which makes up the core of thBpCMLE tetrameric tetrameric molecule. Both DTT molecules are oriented
molecule. Remarkably similar to the case with fumarase C perpendicular to the central bundle of 2Bhelices of
(20, 21), most of thex-helices in the bundle of 2@-helices PpCMLE and interact exclusively with helix13 of each
exhibit small amounts of curvature to accommodate tight monomer, largely with residues 29804 (Figure 6B). Atom
packing at the interfaces of the monomers. C-Terminal S1 of DTT801 is in position to make three putative hydrogen
domain Il is comprised of residues Leu36Bla450 and bonding interactions with the main chain N atom of residue
contains seven-helices. Formation of the homotetrameric Gly300A, the main chain carbonyl O atom of residue
molecule buries more than 26 00¢ Af surface area with  Thr296A, and the side chain hydroxyl group of residue
as much as 55% of the surface area contributed by thB A Thr304D, while atom S4 makes similar hydrogen bonding
and C-D interfaces [7365 and 739%Arespectively (Table  interactions with residues Gly300C, Thr296C, and Thr304B.
2)]. Both electrostatic interactions and hydrophobic contacts This rare type of encapsulation has not been observed for
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Ficure 5: Structural superimposition of all of the fumarase class Il family members at tetrameric central core domain Il (A), monomeric
N-terminal domain | (B), and monomeric C-terminal domain Ill (BpCMLE, PaADSL, yeast fumarase C, hARSL, dudR-crystallin,
andBacillus sp. YM55-1 aspartase are labeled in green, red, yellow, blue, purple, and pink, respectively.

Table 3: rms Differences (A) betwedpCMLE and Other Fumarase Class Il Enzymes

monomer tetramer
domain | domain II domain Il domain I
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
duckd2-crystallin 1.49 1.52 1.72 1.79
Bacillussp. YM55-1 aspartase 1.65 1.60 1.54 1.75

the other members of the fumarase class Il superfamily by residues from the three conserved regions donated by three
members. It is not clear whether there is any significance to respective monomers (Figure 4C). The active site is situated
this small molecule binding site. in a deep pit on the surface that is slightly negatively charged
A second feature of electron density is observed at the (Figure 8). Domains | and Ill, which come from two different
putative active site, potentially representing a small molecule, monomers, act like upper and lower jaws, respectively, to

and will be discussed below. guard the active site.

_Location of the Actie Site The locations of t_he active This study is of the native structure BCMLE as no
sites for the other fumarase class Il superfamily members.

have been extensively investigated and are located ir]|nh|b|tors or ligands were intentionally added during the

conserved regions of the oligome2(( 21, 23, 24, 26, 27, protein purification and crystallization. Surprisingly, we
30, 31, 33). Consequently, the active sitesBpCMLE 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 @0). The PpPCMLE structure was superimposed on
the fumarase Ecitrate complex structure at the putative
active site region (Figure 7). The active sites for the two
enzymes superimposed very well, suggesting Bp@MLE

and fumarase C recognize the fumarate moiety in their
substrates using similar residues. On the basis of this
comparison, the tetrameriepCMLE molecule has four
active sites, and each active site is formed predominantly

identified a strong feature of electron density2(50) in the
final difference electron density map4{— F. coefficients)

at the presumed active site formed by monomerBAs

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.
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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 NcCMLBecause the sub-
strate and type of reaction catalyzed PpCMLE 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 6fpCMLE is completely different
from that of the eukaryotiNcCMLE. Obvious differences
B Ser303D Pro299C between the two include the location and makeup of the

active site, which is located at the interface of three
monomers iPpCMLE and completely contained within one
monomer iANcCMLE. None of the residues contained in or
near the active sites correspond to each other. The active

A

Thr304D

.. 1 GIySOOC: site of PPCMLE is overall slightly negatively charged (Figure
Thr296A Thr296C 8), indicating that the nega’Fiver qharged 3—CM might negd
.. to overcome an electrostatic barrier to move into the active
' . site, whereas the active site ™NcCMLE is positively
G|y300A Charged. .
In fact, these two enzymes catalyze very different types
Thr304B of reactions, albeit with the same substrate. Bané-1,2-
addition—elimination reaction catalyzed blpCMLE in-
Pro299A Ser303B volves the attack of the 6-GO group on C3 of the substrate

FicurRe 6: Representation of the two DTT molecules (DTT801 and to f_o'rm 4-.calrbo?<ymuconplactone, whereas M}l.,Z-
DTT802) identified at the center of the tetramempCMLE addition-elimination reaction catalyzed bMcCMLE in-
structure. (A) Omit electron density map wifg — F. coefficients ~ Volves the attack of the 1-G& group of 3-CM on C4 to
contoured at the two DTT molecules. The contour level is72.5 form 3-carboxymuconolactone. In conclusion, in keeping
(B) Detailed interactions between DTT801 aRCMLE. The with the fact that the details of the reaction catalyzed by
‘1%},‘2",&"82& fgﬁiﬁ”&gﬁéﬂ;ﬂ gﬁgg%%g: bonds with distances Ofthese two enzymes are different, the structures are very
different, accommodating different recognition elements and
The position of this electron density feature and the different catalytic steps.
superposition ofPpCMLE with fumarase were used to Putative Catalytic MechanisnmMechanistic studies of the
attempt the identification of the recognition residues for the enzyme, sequence comparisons, and now the three-dimen-
substrate. In fumarase C, the presence of bound citrate wasional structure suggest tHaQpCMLE can be classified as a
used to identify potential substrate recognition residues. In fumarase class Il type enzyme. It is the only one of this
the structure of this complex, one carboxylate interacts with family of enzymes that catalyzes an intramolecular variant
residues Lys324 and Asn326 from conserved region 3, of the fumarase reaction. The distinguishing feature of this
Thrl87, and Asn141 from conserved region 1 (Figure 7). type of reaction is thanti addition of a nucleophile and a
These residues are equivalent to residues Lys282, Asn284proton across a double bond (Figure 2). Unfortunately, since
Thr152, and GIn107, respectively, RpCMLE. In fumarase, there are no inhibitor complexes of members of this family
conserved region 3 has been suggested to be a “signatur¢hat can uniquely identify the binding mode of a substrate,
sequence” for enzymes that catalyizelimination reactions  structural comparison and sequence conservation have been
and generate fumarate as a proddd (This interpretation used to indicate the residues that are most likely to be
may be partially correct, in that this region could be the one involved in substrate recognition (Figure 7) and catalysis.
contributing to the recognition of the substrate at the Most of the residues involved in recognition of the substrate
carboxylate closest to the atom at which attack of the oxygenare derived from conserved regions 1 and 3 and have been
nucleophile occurs. A second carboxylate of the citrate discussed above. Conserved sequence region 2 contains the
inhibitor bound to fumarase interacts with a number of residue that acts as a general base in fumarase catalysis, and
residues with hydrogen bonding capabilities, but none of in the reactions catalyzed by all other members of the
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FIGURE 7: Stereo representation of the superimposition of the active sitBp@OFMLE 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 BEEMLE active residues are labeled. The residues corresponding to Asn76C, Ser77C,
Thrl05C, Serl06C, GIn107C, Thr152D, Trp153D, Alal95C, His281B, Lys282B, and Asn2&EMLE are Gly99C, Thr100C, Ser139C,
Ser140C, Asnl141C, Thrl87D, His188D, Ala231C, Gly323B, Lys324B, and Asn326, respectively, in fumarase C.

v

PpCMLE NcCMLE

Ficure 8: Comparison of the electrostatic potential distribution of the active sifep@MLE and NcCMLE. The electrostatic potential
distribution is shown in the same scale [from red3(Q) to blue (30) through white (0)] foPpPCMLE and NcCMLE. This figure was
prepared using GRASRI§) and Povscript (45).

superfamily, with the exception &#pCMLE. In PpCMLE, hydrophobic activation for the carboxylate nucleophile. Such
this residue is a tryptophan (Trp153; see Figures 3 and 7).activation has been suggested for other enzymes such as
In the fumarase-catalyzed reaction, this base is required tothiamine-dependent decarboxylade)(and decarboxylation
enhance the reactivity of the attacking nucleophile. The Of orotidine monophosphate decarboxylad8)(We have
attacking nucleophile is water in the case of fumarase, anda@rgued that Lys282 could be involved in substrate recogni-
therefore, a general base is critical. It is arguable that this ion, based on sequence conservation and comparison with
base is not required for thiepCMLE reaction because the the structure of the fumaraseitrate complex. However, it
attacking nucleophile, one of the oxygens of a carboxylate is also possible that Lys282 can carry out proton delivery.
. ! . On the basis of the model of 3-CM built into the electron

group, is already ionized due to its loviKp and therefore : : .

! . ) .. _density feature found at one of the active sites of the
does not require catalytic deprotonation to enhance its

. boxvlate i cularl . PpCMLE model, this residue could be in an orientation to
reactivity. However, a carboxylate is not particularly reactive, o a5 an acid to give the product. If this orientation is even

suggesting that other ways must be available for the enzymeg|gse 1o correct, then the aci-carboxylate group of the

to accelerate the reaction. One of these is the decreasegransition state is in position to be stabilized by Arg315. The
entropic cost of the reaction due to the fact that the reaction electrostatic potential distribution at the active site of

is intramolecular. The other is the influence of the protein PpCMLE (Figure 8) shows that the only small patch of
environment in the vicinity of the carboxylate group that positive potential in the active site is around this residue.
could enhance its reactivity. The tryptophan in place of a SincePpCMLE is the only enzyme for which such stabiliza-
histidine would provide such an environment by enhancing tion is suggested, this residue would not be expected to be
the hydrophobic character of the region, thereby enhancingconserved across family members, and it is not.

the reactivity of the attacking carboxylate. It is therefore  Comparisons for syn- and anti-Cycloisomeradesspite
suggested that this enzyme has uniquely evolved to allow catalyzing apparently similar reactions, teatcycloisom-
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erases represented PpMLE 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 substrais,cis-
muconate at 6-C&~ 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 muconolacton&)( The other representative
of the syncycloisomeraseNcCMLE, catalyzes its reaction
using a very similar mechanisn8)( The lactonization by

NCcCMLE 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 trenti-
cycloisomeras@pCMLE, 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

7.

8.

9

10.

11

Biochemistry, Vol. 43, No. 32, 2004.0433

Helin, S., Kahn, P. C., Guha, B. L., Mallows, D. G., and Goldman,
A. (1995) The refined X-ray structure of muconate lactonizing
enzyme fromPseudomonas putid@RS2000 at 1.85 A resolution,

J. Mol. Biol. 254 918-941.

Kajander, T., Merckel, M. C., Thompson, A., Deacon, A. M.,
Mazur, P., Kozarich, J. W., and Goldman, A. (2002) The structure
of Neurospora crassa3-carboxyeis,cismuconate lactonizing
enzyme, g3 propeller cycloisomeras&tructure 10 483—-492.

. Babbitt, P. C., Hasson, M. S., Wedekind, J. E., Palmer, D. R. J.,

Barrett, W. C., Reed, G. H., Rayment, |., Ringe, D., Kenyon, G.
L., and Gerlt, J. A. (1996) The enolase superfamily: a general
strategy for enzyme-catalyzed abstraction of therotons of
carboxylic acidsBiochemistry 3516489-16501.

Goldman, A., Ollis, D. L., and Steitz, T. A. (1987) Crystal structure
of muconate lactonizing enzyme 3 A resolution,J. Mol. Biol.

194, 143-153.

. Hasson, M. S., Schlichting, I., Moulai, J., Taylor, K., Barrett, W.,

Kenyon, G. L., Babbitt, P. C., Gerlt, J. A., Petsko, G. A., and
Ringe, D. (1998) Evolution of an enzyme active site: the structure
of a new crystal form of muconate lactonizing enzyme compared
with mandelate racemase and enolaBeyc. Natl. Acad. Sci.
U.S.A. 9510396-10401.

Neidhart, D. J., Kenyon, G. L., Gerlt, J. A., and Petsko, G. A.
(1990) Mandelate racemase and muconate lactonizing enzyme are
mechanistically distinct and structurally homologoNsature 347
692—-694.

13. Wieczorek, S. J., Kalivoda, K. A., Clifton, J. G., Ringe, D., Petsko,

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 15.
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 16.
Lys282 to the aci-intermediate to form the observed product.
Thus, thesyn and anti-cycloisomerases have experienced 17
distinct evolutionary pathways to suit their respective

recognition and catalytic requirements.
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