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ABSTRACT: Maleylacetoacetate isomerase (MAAI), a key enzyme in the metabolic degradation of
phenylalanine and tyrosine, catalyzes the glutathione-dependent isomerization of maleylacetoacetate to
fumarylacetoacetate. Deficiencies in enzymes along the degradation pathway lead to serious diseases
including phenylketonuria, alkaptonuria, and the fatal disease, hereditary tyrosinemia type I. The structure
of MAAI might prove useful in the design of inhibitors that could be used in the clinical management of
the latter disease. Here we report the crystal structure of human MAAI at 1.9 A resolution in complex
with glutathione and a sulfate ion which mimics substrate binding. The enzyme has previously been shown
to belong to the zeta class of the glutathighansferase (GST) superfamily based on limited sequence
similarity. The structure of MAAI shows that it does adopt the GST canonical fold but with a number of
functionally important differences. The structure provides insights into the molecular bases of the remarkable
array of different reactions the enzyme is capable of performing including isomerization, oxygenation,
dehalogenation, peroxidation, and transferase activity.

The glutathione dependent eigans isomerization of A
maleylacetoacetate (MAA)o fumarylacetoacetate (FAA)
(Figure 1) is the penultimate step in the catabolism of ¢_ « @s_ Cl o tes H  asltH
phenylalanine and tyrosine. Deficiencies of most enzymes I I _— I-——» I
in this pathway lead to a range of disorders including o Yo %™ ~“o"So oS0 070
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mia (1). Tyrosinemia type | is the most severe of these STz
disorders and results from deficiency of fumarylacetoacetate GsH
hydrolase (FAH), the enzyme in the last step of the pathway
(2). The accumulation of FAA that occurs in FAH deficiency O _H GSH.__GSTZ
is thought to cause the liver disease and the high rates of - I - I
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hepatocarcinoma that occur in tyrosinemia type | patients o’
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! Abbreviations: APS, Advanced Photon Source; DCA, dichloro- (3). While it is thought that MAA may also be toxic,

Stransferase; GST Z1-1, zeta class glutathi&teansferase; FAA, _, . .
fumarylacetoacetate; FAH, fumarylacetoacetate hydrolase; HERES, ( deficiency have never been reported. There is one report in

[2-hydroxyethyl]piperazineN'-[2-ethanesulfonic acid]; HPLC, high- ~ an abstract of a patient with a very severe tyrosinemia
performance liquid chromatography; LinD, lindane degrading reductive disorder who had very low MAAI activity4). MAAI activity
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shortly after discovery. Inhibitors of MAAI could reduce the protectant: 20% glycerol was added to a stabilizing solution
formation of FAA and may be useful in the clinical of 200 mM bicine, pH 9.5, 52% saturated ammonium sulfate.
management of hereditary tyrosinemia type | patieBjs (  The “native LNLS” data were collected from a single crystal

Because of technical difficulties in determining its activity, at room temperature on a MARResearch imaging plate
MAAI (EC 5.2.1.2) has been one of the least studied of all detector using synchrotron radiation at the National Syn-
the enzymes involved in the catabolism of tyrosine. While chrotron Light Laboratory (LNLS), Brazil. The “native APS”
most enzymes involved in this pathway are expresseddata were collected from a single crystal frozen to 100 K on
predominantly in the liver, the observation that MAAI is an ADSC Quantum-4 CCD detector using synchrotron
expressed in most tissues led to the suggestion that it mayradiation at the BioCARS beamline 14-BM-C, Advanced
play an additional role in cellular metabolis®)(The recent ~ Photon Source, Chicago. It was noted that all crystals
cloning of a cDNA encoding human MAAI revealed that it displayed strongly anisotropic diffraction patterns that ex-
was identical to the previously described zeta class glu- tended along the* andb* axial directions to beyond 2 A
tathione transferase, GST Z1-1, 7). The zeta class GSTs  resolution but along* to only 2.8 A resolution. The two
are known to be responsible for the metabolisnudfalo- heavy atom derivatives;is-Pt(NHs),Cl, and Pt(ethylene-
acids including dichloroacetic acid (DCA) (Figure 1), a diamine)C}, proved only slightly soluble in artificial mother
carcinogen in rodents, that is a common contaminant of liquor and hence were prepared as saturated solutions. A data
chlorinated drinking water 812). DCA is also used set for the former was collected in-house off a single-crystal
therapeutically for the treatment of congenital lactic acidosis frozen to 100 K whereas multiple wavelength anomalous
and homozygous familial hypercholesterolendig)( While dispersion (MAD) data were collected from the latter
GST Z1-1 is thought to be the primary enzyme responsible derivative on the BioCARS beamline, 14-BM-D, at Chicago.
for the metabolism of DCA, recent studies have shown that All data were processed using the HKL packag@(The
GST Z1-1 can be inactivated by DCA (Figure 1y4( 15). relevant data collection statistics are presented in Table 1.

Little is known about the active-site residues involved in __ Structure Determination, Model Building, and Refinement.

the reactions catalyzed by MAAI/GST Z1-1. The enzyme The structure of MAAI was determined by a combination
tetrachlorohydroquinone dehalogenase (TCHQ-D) from Of single isomorphous replacement (SIR) and MAD data.
Sphingomonas chlorophenoliGppears to be structurally We first attempted to (_Jletermme the structure by molgcular
related to MAAI/GST Z1-1 and catalyses the isomerization féplacement. The native LNLS data set was used in the
of MAA in addition to the dehalogenation of TCHQ8). molecular replacement calculations. A successful solution
A conserved N-terminal region cysteine residue appears toWas obtained using the program MOLRER)with a search

be important in both the isomerase and dehalogenaseProP€ consisting of a polyalanine model of thecilia
reactions. This implies that a similar residue in MAAI and CUPrinaGST monomer19) with the variable loops omitted.
the zeta class GSTs could be involved in catalysis. A greater 1 h€ solution corresponded to the highest peak in the rotation
understanding of the isomerase and dehalogenase reaction&nction (3.4 with the next highest peak of 3.8Band

and the mechanism-based inactivation of GST Z1-1 would the highest peak in the translation function (a19%ith the

be gained from knowledge of the structure. In the present "€xt highest peak of 5.53. This solution not only yielded
study, we have expressed human MAAI/GST Z1-1 and @ molecule that packed well within the unit cell but also

determined its crystal structure at 1.9 A resolution. generated GST dimers, formed through crystallographic
2-fold axes, which closely resembled the quaternary struc-

EXPERIMENTAL PROCEDURES tures previously observed in other GST structurgs).(
However, we were unable to refine the molecular replace-
Crystallization and Data CollectiotMAAI (polymorphic ment solution successfully. In hindsight, it would appear that

variant GST Z1a-1a) was expressed and purified as describedhe search probe was not sufficiently similar to the structure
previously (5). The protein was dialyzed against 20 mM  of MAAI for this approach to yield a high-resolution
HEPES, pH 7.5, 2 mM DTT, and 2 mM GSH and structure.
concentrated to about 10 mg m'lerior to the Crystallization. The location of heavy atoms sites for the p|atinum
The protein was mixed with an equivolume ratio of a solution derivatives were determined from Patterson maps. Phases
containing 100 mM Bicine pH 9.5, 10 mM DTT, 10 mM  derived from the heavy atom derivatives confirmed the
GSH, 48-52% of saturated ammonium sulfate and ¥ correctness of the molecular replacement solution but were
butyl alcohol and equilibrated over the same solution using only good enough to build a partial model. Combining the
the hanging drop vapor diffusion technique at2 The = heavy atom phases with the phases derived from the
crystals grew as thin plates up to a size of approximately molecular replacement solution did not help the model
0.2 mmx 0.2 mmx 0.05 mm after about one month. They  puilding efforts. We therefore performed MAD experiments
belong to the space group42,2 with cell dimensions = on one of the platinum derivatives (Table 1). MAD phases
b = 100.0 A,c = 56.9 A and contain one monomer per were calculated using MLPHARE2Q), treating data ai,
asymmetric unit with a solvent content of approximately as a native data set and &t and /15 as derivatives. The
50%. location of platinum sites was determined from the MAD
Three different native data sets were used in the processdata independently of the SIR data. Both data sets yielded
of determining the structure (Table 1). The “native in-house” the same single site solution (Table 1). SIGMA21) was
data were collected from a single frozen crystal at 100 K used to combine the SIR and MAD phases and solvent
using a MARResearch imaging (345 mm diameter) plate flattening was performed using DN2Y). The figure-of-merit
detector with Cuk& X-rays generated by a Rigaku RU-200 after density modification was 0.54 for data between 15 and
rotating anode generator. Glycerol was utilized as a cryo- 2.2 A resolution. Model building into the resultant electron
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Table 1: Structure Determination Statistics

Diffraction Data Statistics

resolution completeness I/oin the last Rmergd
data set A (%) resolution shell (%) multiplicity
native LNLS 15-2.3 93.0 3.9 13.7 (44.0) 6.2
native in-house 202.6 97.2 4.5 10.4 (25.4) 5.4
cis-Pt(NHs).Cl, 15-2.45 92.8 25 13.0 (45.4) 4.0
native APS 36-1.9 98.1 7.4 4.9 (28.6) 6.7
Phasing Statistics SIR
soaking binding resolution  Rss Fom¢ phasing power Reutis'
derivative time sites R (%) acentric centric acentric centric acentric centric
cis-Pt(NHs)Cl, overnight Met 126 1535 23.4 0.21 0.28 1.53 1.19 0.71 0.63
MAD Data Collection
wavelength resolution completeness Rmerg?
data set A A (%) multiplicity (%)
Pt-(ethylenediamine)gl A 1.0718 36-2.2 98.9 8.1 4.9 (14.6)
Pt-(ethylenediamine)gl A2 1.0713 36-2.2 100.0 8.2 5.1 (15.0)
Pt-(ethylenediamine)gl Az 1.0419 36-2.2 98.6 4.2 4.3 (13.4)
Phasing Statistics MAD as MIR (E;—native)
soaking  binding  resolution  resolutionne phasing power Reuts FOMd
derivative time site A A acentric  centric  acentric  centric  acentric  centricReuiis_and
A2 overnight Met 126 364.0 30-5.0 0.53 0.33 0.96 0.94 0.31 0.28 0.71
As 30-4.0 30-5.0 0.39 0.25 0.97 0.94 0.77
Final Refinement Statistics
data set native APS
resolution 36-1.9A
R-facto®/R-free 22.8127.7%
rmsd bond lengths 0.02 A
rmsd bond angles 20
rmsd dihedral angles 227
rmsd bonded B’s (mc) 0.95 &
rmsd bonded B’s (sc) 1.60 R

@ Native LNLS are the native data collected at the National Synchrotron Laboratory, Brazil. Native in-house are the data collected in-house on
a Rikagu RU-200 X-ray generator (see text). Native APS are the data collected at the BioCARS facility, Advanced Photon Source, Chicago. Values
given in parentheses are for the highest resolution shell (approximately 0.1 A in wigth)ge= 3 (I — OOV3 (1), wherel is the intensity measurement
for a given reflection[ICis the average intensity for multiple measurements of this reflectiBgs = Y ||Fpul — |Fel||/3 |Fp|, WwhereFpy andFe are
the derivative and native structure factor amplitudes, respecti¥&@M is the figure-of-merit® Phasing power= root-mean-square ofRf4|/E),
whereFy is the calculated heavy-atom structure factor amplitude and E is the residual lack-of-closuréRegier= 3 |||Fenl % |Fel| — |Full/
S|IFerl =+ [Fel|. ¢ R-factor= 3 ||Fond — |Fead /Y |Fobd, WhereFqpsandFcac are the observed and calculated structure factor amplitudes, respectively.
" Ryee Was calculated with 5% of the diffraction data that were selected randomly and not used throughout refinement.

density map was initiated from the partial model derived from The quality of the model is supported by the excellent
the SIR phases. This model included most of the N-terminal electron density through out the molecule.
domain and the first helix of the C-terminal domain which
constituted about 50% of the total scattering matter in the RESULTS
asymmetric unit. Refinement was performed with REFMAC  Overall Structure.The molecule adopts the canonical GST
(22) making use of the phases from the density modification fold (Figure 2). There are two domains, an N-terminal
procedure. Once the C-terminal domain was built the thioredoxin-like domain and a C-terminal ati-helical
refinement quickly converged. The last few cycles of domain. The domains are connected by a linker region
molecular dynamics refinement were performed with CNS between residues 85 and 91. The side chain of Leu 88 from
(23) and included a bulk solvent correction and restrained the linker region is wedged between the two domains. The
refinement of individuaB-factors. (TheRy.e reference data  N-terminal domain is composed of a central four-stranded
set was carried over from the REFMAC refinement.) mixed -sheet (strands are residuesIO, 32-35, 61-64,

The final model of MAAI/GST Z1-1 consists of residues and 6770), which is sandwiched on both sides by alpha-
5-212, 1 molecule of GSH, 1 sulfate ion, 1 DTT molecule, helices. On the solvent exposed side there is helx
and 109 water molecules. The refinement statistics are given(residues 4#54) together with some irregular structure,
in Table 1. The final model is of good quality with 93.9% including a large loop comprised of a series &turns
of residues in the most favorable regions of the Ramachan-(residues 3844) and a turn of @ helix, connecting helix
dran plot @4). No residues fall in the disallowed regions a2 to the beta-sheet core. Helix2 and its surrounding
and only one falls in a generously allowed region: GIn 71 structure represent the region of highest temperature factors
which forms contacts with GSH and is located in a similar (between 50 Aand 75 &) in the molecule. An aromatic
region of the Ramachandran plot in other GST structures. residue, Phe 50, from helix2 nestles into a hydrophobic
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Ficure 2: Structure of human MAAI/GST Z1-1: a ribbon representation of the monomer indicating the location of secondary structure.
GSH and sulfate ions are shown as ball-and-stick and the two domains are shown in different colors. This figure was drawn with BOBSCRIPT

(39).

pocket formed by residues (lle 36 and Val 59) of fhsheet.
There are a pair of helices1l (residues 1427) ando3
(residues 7183), on the opposite side of thfesheet. The
C-terminal domain includes helices! (residues 92110),

a turn of 3 helix (residues 111114),04a (residues 115 to
123), a5 (residues 123150), a6 (residues 166176), and
o7 (residues 183195). The rest of the C-terminus consists
of two turns of 3¢ helix (helix a8; residues 196200 and
203—-207) and a number of sharp bends including-aurn
(residues 207#210) caused by the presence of Pro 204, Pro
208, and Pro 211. Helices4 anda5 are both over 30 A
long and together witho6 form a tight bundle with
approximate parallel/antiparallel alignment of their helical
axes. Helixa4 is more accurately described as two helices,
a4 andada, connected by a turn ofghelix with a kink at
Pro 112. The kink at this residue results a#ta being
orientated almost perpendicular ¢et. Helicesa5 ando6

molecules and a cluster of salt bridges involving residues
Glu 77, Glu 81, Arg 96, and Arg 100. The central region is
all hydrophobic with contributions from residues Trp 18, the
aliphatic moiety of Arg 19, lle 22, Leu 73, lle 76, Leu 88,
Met 161, Leu 164, Cys 165, Val 167, and Pro 168. The
helical towers of the C-terminal domain make contact with
the apices of the N-terminal domain through GSH- and
sulfate-mediated polar contacts.

GSH and the sulfate ion are located in a very deep crevice
(of about 25 A in depth) between the two domains (Figure
2). The depth of the crevice provides an explanation as to
why the enzyme has a relatively weak affinity for GSH
purification columns 7). The crevice is principally formed
by the large loop proceeding helix? and helixa4a of the
helical tower and these elements effectively bury GSH within
the crevice. The DTT molecule is covalently bound to Cys
205. There are three buried charged residues: Arg 19, Arg

are connected by a S-shaped bend consisting of a series 021, and Asp 163. All three take part in multiple hydrogen

pB-turns between residues 151 and 156. The axis of lelix
runs perpendicular to the helical bundle which in turn lies
perpendicular to the axis of heli®8. Helix o8 and the

bonding interactions with other polar atoms in the protein
core. There are two cis residues in the protein: Pro 60 which
is located at the base of the GSH binding site and Pro 86

C-terminal peptide stretch across the domain interface to packwhich is in the domain linker region.

against the N-terminal domain. Although the last four

GSH Binding SiteGSH binds to MAAI in an extended

residues are not visible in the electron density map, it appearsconformation and is orientated approximately parallel to the

likely, based on the positioning of the C-terminus, that they
would point away from the molecule into solvent.

helical axis ofa4 with they-glutamyl moiety pointing toward
the protein core. It forms extensive interactions with the

The interface between the two domains consists of threeprotein including 1 salt bridge and 15 hydrogen-bonding
regions. At the base, there is a an extensive network of waterinteractions (Figure 3). Every polar atom of the ligand is
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Ficure 3: Difference Fourierf, — F) electron density map (gray) of the bound ligands at 1.9 A resolution. The map was calculated from

the final model after the bound ligands were omitted from it and a round of positional refinement performed to reduce model bias. The map

is contoured at 3, with the final model overlayed upon it.

Ficure 4: Ribbon representation of the dimer with each subunit shown in a different color. This figure was drawn with BOBS8RIPT (

involved in either direct or water-mediated contacts with the the domain interface (Figure 3). We modeled this density as
protein. They-glutamyl moiety, through its carboxylate a sulfate ion due to its presence in the crystallization buffer.
oxygens, forms a salt bridge with Arg 19. The backbone of The sulfate ion forms numerous contacts with the protein:
the cysteinyl moiety is involved in an antiparallel sheet three of the oxygen atoms are interacting with the side chains
interaction with the backbone of Val 59. The amide group of Ser 15, GIn 114, Asn 172, Arg 175, and the main-chain
of the GSH glycyl moiety is within hydrogen-bonding amide of Ser 15. The fourth oxygen atom is hydrogen
distance of Asn 115. The carboxylate oxygens of the glycyl bonding to two water molecules. The entrance to the sulfate
moiety form hydrogen bonds with GIn 45 and the main- binding site is bordered by a rim of residues with two-thirds
chain amide of Ser 117. The glycyl moiety sits in a narrow of the rim consisting of hydrophobic residues (Tyr 11, Phe
pocket and is shielded from solvent by Phe 46. There are no12, lle 39, Leu 116, Leu 119, and Phe 176) and the rest
direct protein contacts to GSH from the neighboring subunit. contributed from the two positively charged residues, Arg
The cysteinyl sulfur atom points toward the core of the 13 and Arg 175.
protein and is located almost directly over the N-terminal ~ MAAI Is a Dimer.Previous studies on MAAI have yielded
end of helixal. Although close to Cys 16 (2.8 A), itis not  contradictory results with regards to its quaternary structure
close enough to form a disulfide bridge. The sulfur atom is (7, 9). HPLC gel filtration chromatography indicated the
in hydrogen bonding or van der Waals distance of a number presence of only monomers whereas centrifugation data
of polar atoms including the amide of Cys 16 (3.5 A), the suggested the enzyme is a dimer. We observe a dimer in the
amido group of GIn 111 (3.5 A), and the hydroxyl group of crystals with the dimer axis coincident with a crystallographic
Ser 15 (4.0 A). It is also close enough (3.0 and 3.4 A) to 2-fold axis (Figure 4). The intersubunit contacts are extensive
interact with two of the oxygen atoms of the bound sulfate (with a total buried surface area of 153&onomer which
ion. is within the range of 13561700 & observed in most other
Sulfate lon in the Actie Site An unexplained tetrahedrally ~ GST dimers) and intimate. The interactions are dominated
shaped piece of density was observed in a deep cavity atby contributions from the helical towersi4 andob5) with
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contacts extending from the base to the tip of each molecule Molecular Basis for the Biotransformation afHaloacids.

of the monomer. Interactions at the base consist of a networkOn the basis of a number of experimental studies, a reaction
of water-mediated salt bridges and hydrogen bonds involving mechanism has been proposed to explain the mechanism by
Glu 80, Glu 81, Arg 96, and Arg 100. The dimer interface which MAAI catalyses the oxidation of a variety ofha-

is dominated by van der Waals interactions involving mostly loacids of which DCA has served as a model substrate
small hydrophobic residues. There are only three aromatic (Figure 1) (L5). In the first step, the enzyme catalyses the
residues in the interface (His 70, Tyr 78, and Trp 130), only displacement of one chloride by GSH via g2Seaction to

two polar residues (GIn 71, GIn 144), which are located close yield S-(a-chlorocarboxymethyl)GSH. In the next step,
to the periphery of the interaction surface and only a few another chloride is lost to yield a carbonium-sulfonium
charged residues (Glu 77, Glu 81, Arg 96, Arg 100, and Asp intermediate. The intermediate then decomposes vl S
104) of which all but Asp 104 are located at the base of the type hydrolysis to form the product, glyoxylate, and release
molecule. The only direct polar/charged contact between theGSH. Thus, GSH is required for the reaction mechanism but
two monomers is between Glu 81 and Arg 96 at the base.is not consumed. DCA is a mechanism-based inactivator of
Other notable interactions include Met 56 which packs into the enzyme whereby it is proposed that an alternative
a hydrophobic pocket of the other monomer and aromatic pathway exists in the last step so that the carbonium-
ring stacking of symmetry related Trp 130 at the apex. Given sulfonium intermediate covalently attaches itself to the
the extensive, intimate contacts between the monomers, itenzyme (Figure 1)1(5).

appears likely that the dimer infers considerable stability to  The crystal structure of MAAI provides a number of
the enzyme. The two active sites are separated by a distancésights into the catalytic mechanism of biotransformation.
of 22 A, and there is no evidence that the active sites act in First, the presence of the carboxylate group in the substrate

a dependent fashion of each other. appears essentia8), For exampleo-haloacid esters and
a-haloacetamides are not substrates. Model building suggests
DISCUSSION that DCA fits best into the active site by orientating the
] o N molecule so that the carboxylate moiety forms a salt bridge
Mechanism of the Isomerization Adty. MAAI was with Arg 175, hence mimicing the binding of the sulfate ion

originally characterized based on its ability to catalyze the jn the active site (Figure 5). The interactions observed
isomerization of a cis double bond in maleylacetoacetate petween the sulfate ion and surrounding residues are
(MAA) to the trans configuration (fumarylacetoacetate or compensated for in the DCA model: the main-chain amide
FAA) during the catabolism of phenylalanine and tyrosine of Ser 15 and the side chain of GIn 114 interact with the
(Figure 1) £5). Although details of the reaction mechanism pca carboxylate, Asn 172 interacts with GIn 114 and Arg
are unknown it is thought that the catalysis proceeds through175 and the side chain of Ser 15 interacts with a buried water
a series of steps: in the first step, MAAI catalyses the attack mplecule. The salt bridge with Arg 175 optimally orientates
of GSH on thea-carbon of MAA; upon GSH conjugation  pcA for GSH attack on the-carbon and displacement of
there would be freedom to rotate about the resulting single gne of the chlorides. Thus, the structure suggests the
bond; following elimination of GSH the product, FAA,  carboxylate of the haloacid is essential for correct orientation
would be generated (Figure 1)8). of the substrate in the active site. Secofichaloacids are
Other enzymes that utilize GSH in conjugation reactions not substrates for MAAI&). The crystal structure suggests
activate GSH by lowering thelq of its thiol (20). There that the binding site cannot correctly orientate fhearbon
are a number of candidates in the crystal structure that mightfor GSH attack. Third, GSH cannot be replaced by other
stabilize the thiolate form of GSH. These include Ser 15, sulfur-containing compounds suchiamethionineN-acetyl-
Cys 16, GIn 111, and the helix dipole ofl. There is a L-cysteine or DTT §). The crystal structure demonstrates
pronounced electropositive surface surrounding the activethat the positioning of the thiol sulfur with respect to the
site that would attract negatively charged compounds sucha-carbon of the substrate is critical and this can only be
as MAA toward it. We have modeled MAA into the active achieved by appropriate binding in the GSH-binding site
site of MAAI and energy minimized the complex (Figure which is highly specific for GSH. Fourth, the proposed
5). The only assumption in the modeling process was thatreaction mechanism predicts a carbonium-sulfonium ion
the acetate carboxylate would most likely be located close intermediate. There are a number of polar groups nearby that
to the position of the bound sulfate ion. This orientation could stabilize the intermediate, particularly the hydroxyl of
ensures that thew carbon is close to the GSH thiol (less Ser 15.
than 3.5 A) so as to ensure a productive complex. The Implications for Reductie Dehalogenation Mechanisms
modeling led to a very convincing fit. The acetate carboxyl of Related Enzyme#. has recently been demonstrated that
is within hydrogen bonding distance of the side-chains of MAAI shares a close relationship with the enzyme tetra-
GIn 111, GIn 114, and Asn 172 as well as the amide nitrogen chlorohydroquinone dehalogenase (TCHQ-I§)( The latter
of Ser 15. The hydroxyl and keto substituents are within enzyme catalyzes the replacement of chlorine atoms on
hydrogen bonding distance of Arg 13 and Arg 175 and some tetrachlorohydroquinone and tricholohydroquinone with hy-
of the carbon backbone makes van der Waals interactionsdrogen atoms during the biodegradation of pentachlorophe-
with lle 39 and Leu 116. The other carboxylate could nol. TCHQ-D was shown to catalyze the isomerization of
possibly interact with the Arg 13 and hydroxyl of Tyr 11. maleylacetone (an analogue of MAA) at a comparable rate
Thus, the crystal structure provides a molecular basis toto the MAAI enzyme. Furthermore, there are sequence
explain the specificity of MAAI for the substrate and shows similarities in the active site regions of both enzymes (overall
how the active site orientates the substrate for optimal attackidentity is 15%). It has been argued that TCQH-D recently
by GSH. evolved from MAAI because the latter enzyme is involved
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Ficure 5: Stereoviews of the active site of MAAI complex models. (a) Sulfate ion. (b, c) MAA viewed from two different orientations.
(d) DCA. The MAA and DCA models were constructed by manually docking the ligands into the active site using the location of the
sulfate ion as a guide. Both models were energy minimized after removal of the sulfate ions and nearby water molecules.

in a presumably ancient pathway of aromatic amino acid but detectable sequence identity20%) with both TCHQ-D
catabolism whereas TCHQ-D catalyzes a very specializedand MAAI (28).

reaction on a modern day pollutant [pentachlorophenol was On the basis of sequence alignments, a consensus motif
first introduced as a wood preservative in 1936)]. Another was discovered that could be used to identify MAAIl/zeta
related enzyme is the lindane degrading reductive dehalo-class GSTs, TCHQ-D, and related enzymt8) (The motif,
genase (LinD or 2,5-dichlorohydroquinone dehalogenase) LYSYWR/LSSCSXR/KVRIAL, is located in the N-terminal
which catalyzes a similar reaction to TCHQ-D and has low domain of MAAI (residues 824) and consists of the
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C-terminal half of strang1, all but the last turn of helig1
and thes-turn that connects the two structural elements. All
three structural regions fulfill important roles: the helix forms

Polekhina et al.

Preliminary data suggests MAAI does not possess TCHQ
dehalogenase activity but TCHQ-D has both isomerization
and a-haloacid oxygenation activities supporting the hy-

part of the core of the domain and contributes to the domain pothesis that TCHQ-D evolved from MAALE). However,

interface; the3-strand packs against the core of the domain
and Tyr 9 contributes to the hydrophobic pocket to which
helix a2 packs; the3-turn forms the base of the active site
and contributes residues involved in binding of GSH and
the sulfate ion. Important residues from the motif include
Tyr 11 which packs against the large loop and likely
orientates it for optimal involvement in GSH binding and
catalysis, Phe 12 and Arg 21 which interact with the
C-terminal peptide region, Arg 13 which forms part of the

kinetic studies suggest the catalytic efficiencies are low in
both casesl(6) and this would tally with our suggestion that
TCHQ-D might not have the sulfate binding pocket to anchor
the carboxylate group of MAA or DCA. Cys 13 of TCHQ-D
(Cys 16 in MAAI) has been shown to be essential for the
isomerization of MA (an analogue of MAA), oxygenation
of DCA, and dehalogenation of its natural substra.(In
addition, this cysteine was shown not to be involved in GSH
binding or ionization. These data, together with the crystal

positive lip at the active site entrance, Ser 15 and Cys 16 structure of MAAI support, the suggestion that an early step
which interact with GSH and the sulfate ion, and Arg 19 in the mechanism of each reaction would involve nucleo-
which lies at the base of the GSH-binding site and forms a philic attack of GSH followed in a subsequent step by

salt bridge with the GSH-glutamyl caboxylate.

There are two other regions of high similarity in the
published sequence alignments: residues-10®& and 175
184. Part of each region contributes to the active site in
MAAI. GIn 111 interacts with the sulfate ion. Its replacement
by Arg in LinD would hence be conservative but its
replacement by Gly in TCHQ-D would result in a loss of
one of the sulfate ion ligands. GIn 114 also interacts with
the sulfate ion and is replaced by Ala in TCHQ-D and His
in LinD. Asn 115 interact with GSH and is replaced by Arg
in TCHQ-D and Lys in LinD. Residues 114 and 115 would
not interact with sulfate or GSH in TCHQ-D and LinD any
longer because there is a-60 residue insertion before

nucleophilic attack of an intermediate by the cysteine.
Surprisingly, the equivalent cysteine in MAAI is not essential
for reactivity (P. G. Board, unpublished results).

MAAI as a Glutathione Transferas€he crystal structure
of MAAI reveals it belongs to the GST superfamily despite
exhibiting either little or no activity with standard substrates
and the lack of any significant sequence identity (less than
25%) with other members for which there are crystal
structures. Like other GSTs, it assembles as a dimer with an
N-terminal thioredoxin-like fold and a C-terminal altheli-
cal domain. The most significant differences between MAAI
and GSTs occur in the heli®2 and surrounding regions,
large distortions in the apex region of the helical towers,

residue 114 in these enzymes. Leu 116, Arg 175, and Pheand the presence of a small, polar active site in MAAI
176 surround the entrance to the active site and Arg 175 compared with the much larger, hydrophobic active sites
appears to be the residue responsible for ancharihglo- typical of other members of the GST famil2Q).
acids into the active site. These residues are replaced by Arg, There are many structural features of MAAI found in other
Asn, and Phe, respectively, in TCHQ-D and by lle, Gly, and GST classes, although it does not appear that MAAI
Met in LinD. The presence of Arg at residue 116 would resembles more closely any one class in particular. MAAI
introduce an extra positive charge to the active site entrance.has a truncated C-terminus like the be28)( delta L9), mu
The replacement of Arg 175 by any residue would be (29), phi (30), pi (31), and sigma 32) class enzymes. The
expected to effect the efficiency of reaction with carboxylate predominantly hydrophobic dimer interface is found in most
substrates such as MAA andhaloacids. Indeed TCHQ-D  GSTs except the bet28) and sigma 32) class enzymes.
has been found to be less efficient in the isomerase reactionMAAI lacks the typical V-shaped dimer interface and hence
(16). The other region that provides major contributions to resembles the thet&%) and beta28) classes in this regard.
the active site is the large loop after strgfi@d in MAAL: An intersubunit “lock-and-key” hydrophobic interaction has
this region bears little sequence similarity with LinD and been described in the mammalian GST structu?€s {This
TCHQ-D. Overall, the comparative structure-based sequenceinvolves an aromatic residue termed the “key”, from the loop
analysis suggests the GSH binding sites of MAAI, LinD, preceding stran@3 and a hydrophobic “lock” from helices
and TCHQ-D are quite similar, but the adjacent active site a4 anda5 of the other monomer. MAAI uses Met 56 as a
is not, and in particular, it appears that TCHQ-D has lost “key” but the pocket is located closer to the apex of the
the sulfate-binding site. helical towers compared to the mammalian GSTs. The
In TCHQ-D, Ser 11 has been hypothesized to stabilize anchoring of helixa2 to thej-sheet core of the N-terminal
the GSH thiolate and Cys 13 has been shown to act as thedomain, via an aromatic residue nestling into a hydrophobic
nucleophile. The equivalent residues in MAAI are Ser 14 pocket, has previously been observed in many of the
and Cys 16. Ser 14 is located in thaurn between the first  nonmammalian GST46, 28, 30). The large loop preceding
strand and helix in MAAI. It forms hydrogen-bonding helix o2 is reminiscent of the mu loop previously seen in
interactions with the main-chain carbonyl of Phe 11 and the rat mu class structur@9) and thes-hairpin seen in the
hence seems to play an important structural role. If it did beta class structur@®).
stabilize the GSH thiolate there must be significant confor-  The almost buried active site is reminiscent of the human
mational changes. It is possible that MAAI is complexed to theta class structure but in the latter case the active site is
the protonated form of GSH in the crystal structure and covered by a C-terminal helical extensi@8). The MAAI
conformational changes do occur on deprotonation (seeresidues involved in binding GSH are nearly all conserved
below). Cys 16 is in the active site but is mostly obscured or conservatively substituted in the GSP§), One exception
by the bound GSH. In order for it to act as a nucleophile is the contact with the amino group of theglutamyl moiety
GSH would have to be displaced. which is normally fulfilled by an acidic residue in GSTs but
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replaced by a water molecule in MAAI. More will be said active site compared to other GSTs is its high electroposi-
about the GSH thiol interaction in the next section. There tivity and the location of Arg 175 which appears to play an
are no direct contacts between GSH and the neighboringessential anchoring role for fixing substrates in an optimal
monomer in MAAI like the phi 80) and delta 19) class orientation for attack by GSH.

enzymes. GSH contacts with the C-terminal domain have
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