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ABSTRACT: Glyoxalase Il belongs to the metal»actamase superfamily of proteins, possessing the
characteristic dinuclear active site. Within this protein family, glyoxalase Il fioabidopsis thalianas

the first member to be isolated with significant amounts of iron, manganese, and zinc when being
recombinantly produced iikscherichia coli Enzyme preparations with different ratios of these three
metals all yieldk.o/Ku values in the range of 1:51.9 s uM~1 with the substrat&-p-lactoylglutathione.

X-ray absorption spectroscopy reveals binding of all three metals to the dinuclear active site-@&ith 5

fold coordination consisting of 2.5 0.5 histidine and 2.5 0.5 oxygen ligands. This model does not
distinguish site-specific or distributed binding. The metaletal distance is determined to be 348

0.06 A. Electron paramagnetic resonance spectroscopy gives evidence for several different types of dimetal
sites, including spin-coupled Fe(ll)Fe(ll), Fe(llzn(ll), and Mn(I)Mn(ll) centers. The meligiand
distances measured by X-ray absorption spectroscopy vary depending on the metal type and comply with
their element-specific, characteristic values. This reflects a high degree of structural flexibility within the
glyoxalase Il dinuclear active site, which is considered as the structural basis for its broad metal selectivity.

The glyoxalase system consists of two enzymes, lactoyl- antitumor and antimalarial target in animal systend$ (
glutathione lyase (glyoxalase I, GLX1and hydroxyacyl- because rapidly proliferating cell lines and the malaria
glutathione hydrolase (glyoxalase 1l, GLX 2), that convert parasitePlasmodium falciparunexhibit high rates of meth-
2-oxoaldehydes into 2-hydroxy acids in the presence of ylglyoxal formation and increased levels of GLX 1 activity.
glutathione. GLX 1 form&-(2-hydroxyacyl)glutathione from  Increased levels of GLX 1 and GLX 2 mRNA and protein
2-oxoaldehydes in the presence of glutathione, and GLX 2 have also been detected in tumor cells, including breast
regenerates glutathione by hydrolyziBg2-hydroxyacyl)- carcinoma cells8), while inhibitors of glyoxalases | and Il
glutathiones. While the glyoxalase system can utilize a have been shown to inhibit the growth of tumor cells in vitro
number of 2-oxoaldehydes, the primary physiological sub- (9, 10). High levels of methylglyoxal and the glyoxalase
strate of the system is thought to be methylglyoxal, a enzymes are therefore associated with several aspects of
cytotoxic and mutagenic compound that is formed primarily human disease.

as a byproduct of carbohydrate and lipid metaboli2n8J. A number of early biochemical studies characterized GLX
Methylglyoxal reacts with DNA to form modified guanylate 2 as a nonmetallohydrolase. A more recent study on GLX 2
residues4) and interstrand cross-link§)(and with proteins  from Arabidopsis thalianafinally demonstrated that the

to form glycosylamine derivatives of arginine and lysine and enzyme requires zinc for catalytic activitgl). GLX 2
hemithioacetals with cysteine§)( Therefore, the glyoxalase  enzymes share conserved amino acids known to bind zinc
System plays a critical role in cellular detoxification Pro- in the meta”oﬁ-]actamasesl@l 13) The Crysta| structure
cesses. It has received considerable attention as a possiblgf human GLX 2 (4), with more than 50% sequence identity
to the A. thalianaenzyme, reveals an overall structure and

t This work was supported in part by National Science Foundation & dizinc active site characteristic for the metgfldactamase

Grant MCB-9817083. superfamily. Interestingly the authors report the presence of
*To whom correspondence should be addressed. TeA9 about 0.7 equiv of iron in addition to 1.5 equiv of zinc but
:%bfﬁggitzrg:de'_:ax‘ +49 40 89902149, E-mail:  wolfram@ g the enzyme with two zinc iong4). More information
* EMBL Outstation Hamburg. on the GLX 2 metal binding properties has emerged from
§ Miami University. mutational studies on the humalb{-17) and plant enzymes

Abbreviations: GLX 1, glyoxalase I; GLX 2, glyoxalase IIl; GLX  (18)  Of particular interest to the present study is the
2-2, cytoplasmic glyoxalase Il isozyme; EPR, electron paramagnetic

resonance; EXAFS, extended X-ray absorption fine structure; Fe-med observation that the Cytoplasmlc lsofo'rm_/k)fthallanaGLX
GLX 2-2, GLX 2-2 produced in iron-enriched medium; Mn-med GLX 2 (GLX 2-2) can have a dinuclear zirdron center 18).
2-2, GLX 2-2 produced in manganese-enriched medium; MOPS,
4-morpholinepropanesulfonic acid; SLG;p-lactoylglutathione; std-
med GLX 2-2, GLX 2-2 produced in medium without metal addition; 2The EC number foArabidopsis thalianaGLX 2-2 is 3.1.2.6; the
XAS, X-ray absorption spectroscopy. Swiss-Prot primary accession number is 024496.
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Nanopure-purified water (Barnstead, Dubuque, 1A). All other
chemicals used in this study were purchased commercially

= on. /N/\/Hisw and were of the highest quality available.
Ne-reeenn Me:, ""_!V"e:" N\ nH Overexpression and PurificationThe cytoplasmic gly-
I ) A . #—NH oxalase Il isozyme GLX 2-2 frorA. thaliang recombinantly
: N N N . . . B
Hisse | 5 )\ \5'\ produced irE. coli, was used for this study. Overexpression
\ N 0™ Asp135 His174 and purification were performed as described previousy, (
His112 H using the pT7-7/GLX 2-2 expression plasmid)in BL21-

(DE3)pLysSE. coali cells, grown in ZY medium [2.0%

This model is derived from the crystal structure of human GLx 2 (W/V) tryptone, 1.5% yeast extract, 0.5% sodium chloride,
(14); all metal ligating residues are conservediinthalianaGLX 1.0% (v/v) glycerol 18)]. To produce metal-enriched enzyme
2-2. M = metal (iron, manganese, or zinc); the model implies species, 0.25 mM manganese chloride or 0.25 mM ferrous
neither site-specific nor distributed binding. ammonium sulfate was added to the medium, yielding iron
. o i o . medium and manganese medium GLX 2-2 (Fe-med GLX
Mutations inside and outside the metal binding region affect . and Mn-med GLX 2-2, respectively). GLX 2-2 from
the relative amounts of bound metaBj. This observation  pacterial growth medium without additional metal is referred
raises a number of questions concerning the structure of theyg as standard medium GLX 2-2 (std-med GLX 2-2).
metal site and its rc_)Ie IR thaha_naGLX 2-2 as .weII as Protein ConcentrationEnzyme concentrations were de-
more general questions concerning the specificity of metal termined by measuring th&gonmand using the extinction
binding domains. Typically, members of the metgho- o ,efficientego,m= 37584 Mt cm 2, established using the
lactamase superfamily have one metal binding site with three 104 of Edelhoch2). Previous studies about GLX 2
conserved ligating histidine residues while the metal coor- o,y mes used a variety of different extinction coefficients.
dination in the other site is less conserved. The crystal The' value used in this report has been confirmed by
structure of human GLX 2 showed, in addition to the three gqgitional methods, such as comparative analysis of the metal

conserved histidines of one site, a bridging aspartate and &gntent with proton-induced X-ray emission (unpublished
bridging water {4). The metal in the less conserved site is ragy|ts).

coordinated by two histdines, two aspartates, and two water
molecules. The metal binding residues of human GLX 2 are d
conserved irA. thalianaGLX 2; the coordination environ-

Ficure 1: Dinuclear active site model fok. thalianaGLX 2-2.

Steady-State KineticSteady-state kinetic parameters were
etermined by measuring the hydrolysis rate of SLG at 240
i . . nm in 10 mM 4-morpholinepropanesulfonic acid (MOPS)
ment is therefore expected to be structurally similar (Figure buffer, pH 7.2, at 25C with a Hewlett-Packard (Agilent
1). Technologies, Loveland, CO) 8453 diode array -this
Within the metallog-lactamase superfamily, enzymes with  spectrophotometer; essentially as previously describd (
p-lactamase activity require one or two zinc ions for Measurements were performed at least in triplicate. Kinetic

enzymatic catalysisl@), zinc phosphodiesterase frofs-

cherichia colirequires two zinc ions for full phosphodi-
esterase activity20), glyoxalase Il enzymes bind zinc, iron,
and manganesé§,; this report), while the rubredoxin:oxygen

constants were determined using Curvefit version 0.7e
(GraphPad Software, San Diego, CA).

Metal AnalysisThe metal content of the GLX 2-2 samples
was measured with a Varian (Palo Alto, CA) inductively

oxidoreductase contains a diiron center and is Unique in Coup|ed p|a5ma Spectrometer with atomic emission spec-

possessing only two histidines in the first binding s2&)(
Depending on its context, the metaffelactamase fold is
capable of binding several different metals.

The present study focuses on thevivo metal utilization
of glyoxalase Il. Recombinar. thalianaGLX 2-2 has been
isolated with different ratios ofh »izo bound iron, manga-

troscopy detection. Purified enzymes were diluted with 10
mM MOPS, pH 7.2, to a concentration of 1M and
analyzed for zinc, manganese, iron, copper, nickel, and
cobalt. The metal content data presented in this paper
represent an average from at least three preparations of each
growth condition.

nese, and zinc. Steady-state kinetic analysis determines the X-ray Absorption Spectroscopy:ray absorption spectra
catalytic competence, X-ray absorption spectroscopy revealsat the iron, manganese, and zineedge were gathered for
active site metal binding properties, and electron paramag-GLX 2-2 overexpressed in standard or metal-enriched

netic resonance illuminates the dinuclear metaktal

medium. Lyophilized protein was filled into plastic sample

combinations. The biochemical and spectroscopic results giveholders covered with Kapton windows, frozen in liquid
rise to the first structural and functional characterization of nitrogen, and kept at 30 K during the experiment. Spectra

a member of a metallg-lactamase domain with active site
bound iron, manganese, and zinc.

MATERIALS AND METHODS

General. So-Lactoylglutathione (SLG) was purchased
from Sigma-Aldrich (St. Louis, MO). All chromatographic

were collected in fluorescence mode at the EMBL bending
magnet beamline D2 (DESY, Hamburg, Germany), equipped
with a Si(111) double crystal monochromator, a focusing
mirror, and a 13-element Ge solid-state detector. The Bragg
reflections of a static Si(220) crystal in back-reflection
geometry served for the absolute energy calibration of the
iron and zinc spectr&@); potassium permanganate (KMgO

steps were performed on an Amersham Biosciences (Pis-served as a reference system for the relative energy calibra-
cataway, NJ) fast protein liquid chromatography system tion of the manganese spectra. Data reduction was performed

operating at 4°C. Metal standards were purchased from
Fisher Scientific (Pittsburgh, PA) and were diluted with

with the EXPROG software package (C. Hermes and H. F.
Nolting, EMBL, Hamburg, Germany) witBg yn = 6540 eV,
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Table 1: Glyoxalase Il Metal Contents Reported in Previous probe the pOtent'E_il flexibility of the metal center in GLX
Studies 2-2, we have studied the metal contentfofthalianaGLX
2-2 when it is overexpressed in the presence of added metal
ions. It has so far not been possible to produce glyoxalase I
with only one type of metal from previously metal-depleted
human GLX 2, wild type 0.7 nottested  1.514 samples, because the enzyme precipitates in the presence of
ﬁ: IEZ::gEZg'& gg gg‘ig’,‘\)/emutam 0(')?4 ”8t1teSted g:‘ll ﬁs E:helatir;g( a)gents such as ethylendiaminetetraacetic acid
EDTA) (11).

aThe protein concentration in réBwas originally determined with In this stud d d in rich di td d
a protein extinction coefficient different from the one used in our current _ 1 tIS Study, enzyme produced In rich medium (std-me

study. Adjustment of the previously reported metal content yields the GLX 2-2) yields a metal content of 0& 0.2 iron, 0.4+
values stated in this tabléAdditionally, a content of 0.5 nickel 0.2 zinc, and 0.3& 0.05 manganese per protein (Table 2).

equivalents per protein was reported. This confirms previous findings for plant glyoxalase Il (Table
1). Substoichiometric metal occupancy is to be expected for
Eore= 7120 eV, andy 2, = 9660 eV. The extended X-ray  “as isolated” recombinant proteins and may be attributed to
absorption fine structure (EXAFS) spectra were analyzed loss of metal during purification or to limited metal avail-
with EXCURV98, applying constrained refinement).( ability during overexpression. Std-med GLX 2-2 exhibits a
Ligand types and coordination numbers were varied manu- Keat Of 408 + 103 s, a Ky of 220 & 60 uM, and thus a
ally; distances, DebyeWaller factors, and the Fermi energy  Kea/Kw value of 1.9 s' uM~* with the substrate SLG.
offset were refined by the software. The area of the preedgeOverexpression of GLX 2-2 in rich medium with 0.25 mM
peak at the normalized iron absorption edge was determinednanganese chloride yields enzyme with £3).5 manga-
as described by re?4. nese, 0.4+ 0.1 iron, and 0.06: 0.03 zinc per protein (Mn-
Electron Paramagnetic Resonance SpectroscBfsctron ~ Med GLX 2-2). The kinetic constants.: (168 + 39 s
paramagnetic resonance (EPR) spectra were recorded on 8Nd Ku (115 &+ 25 M) of Mn-med GLX 2-2 are ap-
Bruker Instruments (Billerica, MA) ER 300 spectrometer Proximately half of the values observed for std-med GLX
equipped with an ER 035M NMR gaussmeter and a Hewlett- 2-2. The catalytic efficiencyktz/Ky) has a value of 1.53
Packard 5352B microwave frequency counter. Double inte- #M ™, similar to std-med GLX 2-2, despite the altered metal
gration of EPR spectra was performed with the ESP 300 composition and changes of the individkakandKy values
software package from Bruker Instruments. CuS[Fe- for Mn-med GLX 2-2. The decrease of bokb and Ky
(NH,)2]SO4, MnCl,, and FeGJwere used as spin-quantitation ~Correlates to some extent with the decrease of protein-bound
standards for Cu(ll), Fe(ll), Mn(ll), and Fe(lll), respectively. iron. However, the present samples, containing a mixture of
Perpendicular mode EPR spectra were measured at 4.7 KIron, manganese, and zinc, are too complex to finally
with the following settings: 2 mW microwave power, 9.48 establish the _catalytlc funct|'on§1I|ty of |nQ|V|duaI mgt_al types.
GHz microwave frequency, 10 G modulation amplitude, 100 Overexpression of GLX 2 in rich medium containing 0.25
kHz modulation frequency' sweep time of 41.9 s, receiver mM ferrous ammonium sulfate leads to metal CompOSItlon
gain of 16, 41 ms conversion time, 82 ms time constant, and kinetic properties comparable to those of std-med GLX
41.9 s sweep time, center field at 3350 G, and the sweep2-2. This may partially be due to oxidation of the added
width at 6400 G. Air-oxidized GLX 2-2 samples from ferro.us iron to barely s_oluble ferric iron in the grovyth
standard or metal-enriched medium were placed into 4 mm medium, a process that is favored by the intense aeration of
quartz EPR tubes and frozen by slow immersion of the EPR the bacterial culture. Thiea/Ky values of std-med, Fe-med,

metal (mol/mol of protein)

enzyme iron manganese zinc ref

tubes into liquid nitrogen. and Mn-med GLX 2-2 (1.51.9 s uM™1) are of the same
order of magnitude as those previously reported in the
RESULTS literature [4.2 s* uM~1 for human and 4.7 38 uM~* for A.

thaliana GLX 2 (25, 26)].
Metal Content and Catalytic Aclity of Recombinant

GLX 2-2 X-ray Absorption Spectroscopy #ls Binding of Iron,

) ) Manganese, and Zinc to the Dinuclear AetiSite
Previous studies on GLX 2 have reported a number of g

different values for the metal equivalents per protein for the  In this study, X-ray absorption spectroscopy (XAS) is used
recombinant enzymes (Table 1). In general, the wild-type to prove the location of iron, manganese, and zinc in the
forms of both human and plant glyoxalase Il were isolated GLX 2-2 dinuclear active site (Figure 1). XAS allows the

with significant but varying amounts of iron and zinc. To element-specific characterization of metal sites in biological

Table 2: Steady-State Kinetic Constants and Metal Contents of GLX 2-2 S&mples
substrate: SLG

metal (mol/mol of protein)

Keal K
sample Keat (S71) Knm (M) (stuM™) iron manganese zinc
std-med GLX 2-2 408 103 220+ 60 1.9 0.8t 0.2 0.30+ 0.05 0.4+ 0.2
Fe-med GLX 2-2 359 109 220+ 110 1.6 0.8:0.2 0.30+ 0.05 0.3+ 0.1
Mn-med GLX 2-2 168+ 39 1154+ 25 1.5 0.4t 0.1 1.3+ 0.5 0.06+ 0.03

2 Both the metal content and the steady-state kinetics are determined as described in the Materials and Methods section. Values are the average
+ standard deviation; measurements are from at least three protein preparations. Copper, nickel, and cobalt were not detected for any of the
preparations.
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Ficure 2: Normalized iron, manganese, and zinc absorption edges: a, GLX 2-2 produced in standard medium; b, GLX 2-2 produced in

iron-enriched medium; ¢, GLX 2-2 produced in manganese-enriched medium; au, arbitrary units. The normdlizextscence is shown.
Spectra for components a and b have an offset@®6 and+0.3, respectively.
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Ficure 3: EXAFS spectra and Fourier transform from GLX 2-2 preparations with different ratios of iron, manganese, and zinc: a, GLX
2-2 produced in standard medium, offsed; b, GLX 2-2 produced in iron-enriched medium, no offset; ¢, GLX 2-2 produced in manganese-

enriched medium, offset5. The metal contents of the individual EXAFS samples are (a) 0.5 iron, 0.3 manganese, and 0.4 zinc per protein;

(b) 0.8 iron, 0.3 manganese, and 0.2 zinc per protein; (c) 0.6 iron, 0.7 manganese, and 0.0 zinc per protein (erthf @%yeManganese
EXAFS for std-med GLX 2-2 is not presented due to a very high noise level; zinc EXAFS for Mn-med GLX 2-2 has not been recorded
due to the low zinc contenf(k) = EXAFS amplitude. Fourier transform was performed with the EXCURV98 software, applying the
Fermi energy offset values stated in Table 3 and phase shift corrected for the first shell, yielding the reduced ridbetiesl lines
indicate the zero for each Fourier transform.

systems, yielding information about the types and distancesEXAFS may be due to a higher noise level. The element-
of coordinating ligands as well as the oxidation state of the specific Fourier transformed EXAFS spectra show a high
metal center. For multinuclear proteins, the metaktal degree of similarity as well. There are some deviations for
distance can also be determined. the iron EXAFS Fourier transform, due to elevated noise
The different EXAFS spectra for each individual metal levels at highk-values.
are generally in phase and possess similar features, such as The double peak feature at about 4*As indicative of
a double peak at about 4°A(Figure 3). The iron EXAFS  multiple scattering effects. In proteins, this effect is mostly
of std-med GLX 2-2 has some minor differences at ca. 4, 7, caused by metal ligation to histidine residués (The zinc
and 11 AL, These differences are not structurally significant. EXAFS has significant similarity to spectra recorded for other
Moreover, std-med and Fe-med GLX 2-2 have very similar metallof-lactamase-like proteins, such as the binuclear zinc
EPR spectra (Figure 5) in accordance with their identical phosphodiesterase frof. coli (20). For all three metals,
iron content. The variations observed for the std-med iron the EXAFS Fourier transform shows a neighboring metal
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histidine residues and 2.5 0.5 oxygen ligands. The
noninteger coordination numbers reflect the intrinsic error
range of EXAFS analysis and do not intend to assume
distributed binding.

Ligand types and numbers of the EXAFS model, together
with metal-specific first-shell distances, match the experi-
mental spectra (Figure 4 and Table 3). The first structural
characterization of the plant GLX 2-2 active site therefore
confirms its previous model, which has been solely based
on sequence identities to the human enzyme with a known
three-dimensional structuré4).

For all three metals, the first-shell oxygen and nitrogen
distances were independently refined (Table 3). First-shell
distances are 2.14 0.01 A for iron—histidine, 1.96+ 0.01
A for iron—oxygen, 2.26+ 0.01 A for manganesehistidine,
2.114+ 0.01 A for manganeseoxygen, 2.00+ 0.02 A for
zinc—imidazole, and 1.98 0.03 A for zinc-oxygen. The
metal-ligand distances match reference values found by a
comprehensive analysis of high-resolution structures in the
Cambridge Structural Databasg7] and the Protein Data
Bank Q9) (Table 4). The iror-oxygen and manganese
oxygen distances are slightly shorter than reference distances
for water molecules; however, they match reference distances
for ligating carboxylate groups. This fits to the ligand
stoichiometry of the structural model where most ligating

are represented by thin black lines while thick black lines represent oxygen ions are part of aspartate residues.

spectra calculated for the metal-specific models given in Table 3.
Dotted gray lines represent spectra calculated for refined models
these models are tabulated as
Supporting Information. The experimental spectra shown in Figure

without a neighboring metal;

Reference coordination bond lengths are dependent on the
coordination number but overlap within the error range for
5- and 6-fold coordinatior?(/). In the case of iron, additional

3 are averaged to reach a better signal-to-noise ratio. Std-med ironinformation on the coordination number and local symmetry

EXAFS has not been included as discussed in the j€k}.is the
EXAFS amplitudeyr’ is the metat-ligand distance corrected for
first-shell phase shifts; a& arbitrary units; FT= Fourier transform
amplitude.

ion at about 3.2 A (Figure 3). For zinc, in contrast to iron

can be deduced from the intensity of the iron preedge peak.
The area was determined to be 6.2 units, which is typical
for 6-fold iron coordination in ferric and diferric site8@)
(see below for determination of the iron oxidation state).
EXAFS fits with 6-fold coordination have slightly elevated

and manganese, this feature is less obvious but still indicativeR-factor$ (data not shown); however, 6-fold coordination
of a neighboring metal as is discussed below. Taken togetherjs within the error range of the final EXAFS model. While
XAS proves the binding of iron, manganese, and zinc to the the EXAFS model theoretically includes 4-, 5-, and 6-fold

glyoxalase Il dinuclear active site. Despite their similar

coordination, both the iron preedge size and comparison with

coordination environment, iron, manganese, and zinc havethe crystal structure of human glyoxalase Il exclude 4-fold

different individual EXAFS spectra. This is attributed to
metal-specific variations of the first-shell distance. Iron,

coordination and result in a final model of—5-fold
coordination, eventually including a water ligand in addition

manganese, and zinc have different characteristic coordina-to the coordination presented in Figure 1. The EXAFS

tion bond lengths, ranging from 2.0 A (ziroxygen) to 2.2
A (manganeseoxygen) @7). Accordingly, the first-shell
peaks of the EXAFS Fourier transform have different,
element-specific positions (Figure 4).

Metal-Specific Bond Lengths Real Structural Flexibility
of the Actve Site.The element-specific spectra were grouped
together for EXAFS analysis with the exception of std-med
GLX 2-2 iron EXAFS. The latter spectrum has not been

analysis was at no point biased toward any of the typical
coordination bond lengths. Hence, iron, manganese, and zinc
are coordinated with their characteristic first-shell distances
in the range of 2.62.3 A, indicative of structural flexibility
in the GLX 2-2 active site.

The Debye-Waller factors ¢?) for the first-shell ligands
are elevated but still within the range observed for other
proteins, such as the iron/zinc center of kidney bean purple

included due to the small deviations discussed above. Theacid phosphatas&1). The first-shell Debye Waller factors

two metal binding sites of glyoxalase Il differ essentially
by one histidine residue (Figure 1). Quantitative EXAFS

reflect the disorder of the metal ligands for both binding sites.
The present data analysis applies averaged distances to

analysis determines coordination numbers with an accuracyprevent overinterpretation of the data and is due to the fact
of 20% as has been found by a reference study on modelthat the major aim of this EXAFS study is to prove the metal

compoundsZ8). Hence, the present data do not distinguish
distributed binding from site-specific binding: distributed

binding to the active site.
The Fourier-transformed EXAFS spectra show a peak at

binding has an average ligation of 2.5 histidines; the 20% about 3.2 A distance which can be attributed to an adjacent

error range of the coordination number includes site-specific

location in the 2 His or 3 His site. To avoid overinterpretation
of the data, the spectra are fitted with a model of 2.8.5

3 The R-factor is used as a measure for the goodness of the fit and
is defined by refl. Smaller values indicate better fits.
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Table 3: Coordination Spheres for Iron, Manganese, and Zinc as Derived by EXAFS Analysis

iron EXAFS manganese EXAFS zinc EXAFS
Fermi energy offset (eV) =17 (5) —6.7 (6) —-2.5(9)
R-factoP (%) 27.8 23.7 36.5
OM—N-C3: 115 (7} OM—N-—C3: 130 (9} OM—N—C3: 125 (15)
ligand atom N r(A) a2(A) r (A) 02(A?) r (A) 02(A?)
imidazole group, N 2.14 (1) 0.008 (1) 2.26 (1) 0.002 (1) 2.00 (2) 0.010 (3)
representing C 3.21 3.18 2.96
2.5(5) 0.006 (2) 0.004 (4) 0.009 (6)
His residue Cc 2.98 3.27 3.00
C 4.25 4.33 4.08
0.008 (3) 0.002 (2) 0.009 (4)
N 4.18 4.40 4.13
o] 2.5(5) 1.96 (1) 0.008 (1) 2.11(1) 0.004 (2) 1.98 (4) 0.010 (3)
second met&in 1.0(2) 3.15(5) 0.007 (2) 3.20 (4) 0.006 (3) 3.19 (6) 0.009 (3)

dinuclear site

average metatmetal distance: 3.18 (6)

aN is the coordination number,is the mean interatomic distance, asfdis the Debye-Waller factor.J0M—N—C3 describes the planar angle
between the metal, the coordinating nitrogen, and the C3 atom of the imidazole group. Numbers in parentheses indicate the uncertainty of the last
digit. The error range of the coordination number is based on a reference 28)dyHKlistidine residues are represented by an imidazole group as
provided by EXCURV98 and used as a rigid body for constrained refinement. Only the distance to the ligating nitrogen atom is refined; the
uncertainty of the distance is not calculated for outer shell imidazole atoms as indicated by italic letters. The coordination number of outer shell
imidazole atoms is the same as for the coordinating first-shell nitrogen atom. Bélleer factors of outer shell imidazole atoms with similar
distances to the metal center are refined collectively. TReNV+C3 angles are refined to partially compensate for inaccuracies of the rigid imidazole
body. ¢ The type of the neighboring metal is set to be one-third Fe, one-third Mn, and one-third Zn as this EXAFS analysis cannot distinguish
between a neighboring iron, manganese, or zinc atom. The refined-met#dl distance only marginally depends on the type of the neighboring
metal (0.020.03 A); this is included in the respective error margin. As a consequence of the correlation between theVialwreparameter and
the coordination number, the metahetal coordination number is 1.0 (2) despite substoichiometric metal occupancy (Table 2).

mase: the corresponding peak in the Fourier transform is
only present in the dizinc form but missing in the monozinc
case 82).

The element-specific metametal distances were refined

Table 4: Compliance of Characteristic First-Shell Distances with
Experimental Values for Glyoxalase? Il

first-shell distance (A)

metal ligand characteristic  GLX 2 model . - . .
independently and overlap within their error margins (Table

Fe(lin) 8§y922 E\fve;;tbe?;‘y'ate) 22i§)f51((fss)) 1.96 (1) 3), yielding an average distance of 3.480.06 A. This is
nit?/ggen (imidazole) 208222 2.14 (1) well within the range of dinuclear metal §ite§ with bridging

Mn(l)  oxygen (carboxylate)  2.15 (7) 2.11 (1) carboxylate residues38). EXAFS gnglym_s, in contrast to
oxygen (water) 2.19 (4) EPR spectroscopy, could not distinguish between iron,
nitrogen (imidazole) 2.19 (8) 2.26 (1) manganese, or zinc for the neighboring metal. The correlation

Zn(ll)  oxygen (carboxylate) 2.00 (7) 1.98 (3) between the DebyeWaller parameter and the coordination
oxygen (water) 2.06 (9) number prevents the refinement of metal occupancies.
nitrogen (imidazole) 2.00 (2) 2.00 (2)

: : : ~Iron and Manganese Oxidation Staléhe absorption edge
? Typical metat-ligand distances are taken from an abundant analysis shape and position can help to deduce the oxidation state of

of small molecule crystallograph®27) and further established by high- the absorbing metal. The typical Mn(ll) feature is a narrow
resolution protein structure9); glyoxalase Il metal ligation is as )

described in Table 3. Reference data for ligands that are relevant toPUt intense absorption maximum (white line) directly at the
this study have been listed for 6-fold coordination of iron and rising edge 84). For higher oxidation states, this peak
manganese and 5-fold coordination of zinc. Whenever available, the broadens and is shifted to higher energies. The absorption

e o e e o, €00 shape identifes Mn() for al glyoxalase I samples
Theg EXAFS analys?s was not biased toward any of thye characterisgc (Figure 2); this is also supported by E.PR spectroscopy (see
values.> Bimodal distribution: one group in the range of 1-9699 below). The shape of the iron absorption edges supports the
A and a second group in the range of 2:@822 A. predominant presence of ferric iron, as is deduced by
comparison to the ferrous and ferric states of proteins such
metal (Figure 4). EPR spectroscopy (see below) gives proofas soybean lipoxygenase-35]. The presence of iron in its
for dimetal centers such as Fe(lll)Fe(ll) and Mn(IDMn(ll).  ferric state complies well with the oxidative experimental
EXAFS fits including a neighboring metal yield lower conditions. Most likely, it does not reflect the vivo iron
R-factors; however, the decrease of about 4% cannot beoxidation state. Fractions of Fe(ll) cannot be excluded since
considered to be significant. Thus, EXAFS analysis alone the shape of the iron absorption edge is a less distinctive
does not unambiguously prove an adjacent metal (Figure 4,marker of the oxidation state than in the case of manganese.
thick black line for model with second metal and gray line For example, the absorption edge of ferrous catechol 2,3-

for model without). Concerning zinc, which is EPR silent,
EXAFS is still indicative for a metatmetal contribution;

this is concluded from an EXAFS study on the mono- and for iron being present as mostly Fe(lll) and only to a lesser
dizinc forms of wild-typeBacillus cereusmetallof-lacta-

dioxygenase lacks the typical sharp feature at the rising edge
maximum @6). In fact, EPR spectroscopy gives evidence

extent Fe(ll) (see below).
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contains a dinuclear Fe(lll)Zn(Il) center. The minor signal
at g = 4.3 is assigned as adventitous Fe(lll) with greater
o = o rhombic distortion 87); this iron accounts for less than 10%

' Lo n of the total iron present. The EPR signalsgat< 2 are
consistent with the presence of a mixed-valence, antiferro-
magnetically coupled Fe(lll)Fe(ll) centeS(= ¥,) with

rhombic distortion, reminiscent of the centers observed in
the mammalian purple acid phosphatag®-41), methane
monooxygenasel@), and ribonucleotide reductasés]. This
signal exhibits very strong temperature dependence and
: disappears at temperatures greater than 25 K (data not
shown). Spin quantitation against a Cu(ll) standard yields
0.15 spin/mol of protein, which is consistent with 0.3 mol

(000 2000 3000 4000 5000 6000 of iron/mol of protein. This suggests tha#0% of std-med
c and Fe-med GLX 2-2 contain an antiferromagnetically

FicurRe 5: EPR spectra from GLX 2-2 preparations with different coupled_ Fe_(III_)Fe(II) ce_nter. The Wea_k but brc_)ad signal at
ratios of iron, manganese, and zinc: a, GLX 2-2 produced in 9 = 16 is similar to a signal present in the mixed-valence
standard medium; b, GLX 2-2 produced in manganese-enricheddinuclear iron center in ribonucleotide reductadd, (per-
medium; ¢, GLX 2-2 produced in iron-enriched medium. pendicular mode EPR at 4 K). It has been attributed to weak
] ferromagnetic coupling between high-spin ferrous iron ions
Summary of XAS ResultEXAFS analysis reveals the  or to mononuclear, high-spin ferrous sitég and references
coordination of iron, manganese, and zinc to the glyoxalase cited therein). However, our experimental setup does not
Il dinuclear active site with their element-specific, charac- gjlow the detection of mononuclear ferrous iron, and the

teristic distances, indicating a structurally flexible binding origin of theg = 16 signal remains ambiguous. Combining
site. The coordination number is-8. A conserved metal the amounts of iron calculated in the Fe(ll)Zn(ll) and

metal distance of 3.18& 0.06 A is determined for all three Fe(lIFe(ll) centers,~50% of the iron in std-med GLX 2-2

absorption edges. Manganese is present as Mn(ll) and ironis EPR active. The remaining iron may persist as part of
predominantly as Fe(lll). S = 0, spin-coupled centers, such as Fe(ll)Mn(ll) or as
mononuclear ferrous iron. Noteworthy, the vivo iron
oxidation state is likely to be altered due to the oxidative
experimental conditions; the persistence of mononuclear
EPR spectroscopy yields information about the type and ferrous iron is therefore considered to be unlikely.
oxidation state of paramagnetic metal ions as well as the Manganese-Containing CentefBhe EPR spectra of std-
presence of spin-coupled dinuclear centers. Especially themed and Fe-med GLX 2-2 show a broad signal centered at
capacity to directly identify spin-coupled dimetal centers is g= 2.1, which is split into at least six lines with a hyperfine
of great use for the present study. Since GLX 2-2 contains constantA = 38 G. This is indicative of*Mn(ll) (I = 5/).
significant amounts of iron, manganese, and zinc, severalThe g = 2.1 signal rules out mixed-valence dinuclear
types and combinations of mono- and dinuclear sites may manganese centers, which are expected to yield overlapping,
exist, including mixed and EPR-silent sites. multiline signals. The hyperfine constant is similar to that
The EPR spectrum of std-med GLX 2-2 at 4.7 K shows of Mn(ll)Fe(ll) or Mn(Il)Mn(ll) centers, such as the spin-
three distinct sets of signals: (I) two rhombic signals vgth  coupled iror-manganese center in [Fdn"BPMP(Q.CCH,-
values of 4.6 and 4.3, (Il) a broad signal centered at CHs),](BPhg) (45) or the ferromagnetically coupled diman-
2.1, which exhibits hyperfine splitting, and (lll) a broad, ganese center in Mn(ll)Mn(ll) catalas8 € 5) (46, 47).
rhombic signal ag < 2, with appareng values of 1.9, 1.8, The presence of mononuclear Mn(ll) or Mn(I1)Zn(ll)
and 1.6 (Figure 5). The EPR spectrum of Fe-med GLX 2-2 centers can neither be confirmed nor be ruled out: while
is almost identical to that of std-med GLX 2-2. This result the hyperfine constanA = 38 G is not indicative of
agrees nicely with the metal contents of Fe-med and std- mononuclear Mn(lIl) or Mn(l1)Zn(Il) centers, a much smaller
med GLX 2-2. Manganese-enriched GLX 2-2 has a signifi- six-line pattern with larger hyperfine splitting\(~ 90 G) is
cantly different EPR spectrum. possibly present with low intensity and unresolved from the
Iron-Containing CentersThe position and shape of the major features a = 2.1 andg < 2. To determine whether
g = 4.6 signals are typical for isolated, high-spin Fe(18YY. the Mn(ll) signal of std-med/Fe-med GLX 2-2 is due to Fe-
This signal arises from the ground stataes= 4-%/,; the very (IDMn(11) or Mn(I)Mn(ll) centers, the temperature depen-
small feature aty = 9.7 corresponds tons = £, states, dence properties of thg = 2.1 signal were explored. The
which are only populated at very low temperatur@g g9). EPR signal of [FEMn"BPMP(G:CCH,CHs),](BPhg) is at-
The g = 9.7 feature is missing at 20 and 30 K (data not tributed to transitions in the ground stat = +%, spin
shown). These properties are characteristic of uncoupled,levels @5), and at 20 K, there is a new resonanceyat
high-spin Fe(lll) centers in rhombically distorted environ- 5.5, corresponding to transitions in the excitdd = +%,
ments and for Fe(lll) in dinuclear Fe(ll)Zn(ll) center3g spin level. The GLX 2-2 Mn(ll) signal shows no new features
39). Std-med and Fe-med GLX 2-2 bind about 0.8 iron per at 30 K (data not shown), which suggests vastly differing
protein. Spin quantitation on thg = 4.6 and 9.7 signals  zero-field splittings between the model complex and the Mn-
under nonsaturating conditions identified 0.1 iron per protein, (II) in GLX 2-2 (48). The GLX 2-2 samples therefore do
suggesting that~10% of the std-med GLX 2-2 sample not contain Fe(I)Mn(ll) centers, and tlge= 2.1 signal is

o

dy'"/dB
-

EPR Spectroscopy ldentifies:®eal Different Types of
Dinuclear Metal Sites
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attributed to Mn(ll)Mn(ll) centers. This is supported by it has been shown that the sole metal ion is distributed
comparing the std-med/Fe-med GLX 2-2 EPR spectra with between the two binding sites. The presence of Fe(lll)-
the Mn(Il)Mn(ll) catalase spectrumd6, 47). The catalase  Fe(ll) centers may be indicative of a tri- and a bivalent iron
spectrum shows a broad, multiline signal extending over 4000 binding site. The experimental conditions are, however, likely
G with peak separations of 430 and 730 G; one or more of to have altered thén vivo iron oxidation state, and the
the lines is split into 6-11 lines due to hyperfine interactions presence of Fe(ll)Fe(ll) centers can be assumed for the
(46, 47). The std-med/Fe-med EPR spectra also show aphysiological conditions. Glyoxalase Il yields similar cata-
broad, low-intensity signal extending over 4000 G. At 30 Iytic efficiencies k.a/Kwv) with different ratios of active site

K, the hyperfine splitting signal aj = 2.1 remains present  bound iron, manganese, and zinc. In the case of Mn-med
(data not shown). Manganese-enriched GLX 2-2 has an EPRGXL 2-2, there is an apparent correlation between the
spectrum closely similar to that of Mn(I)Mn(ll) catalase with  decrease of botk..;andKy by approximately one-half and
peak separations of 440 and 750 G. Taken together, the GLXthe respective decrease of the iron content. However, the
2-2 EPR spectra reveal the presence of ferromagneticallypresent metal composition does not allow us to firmly
coupled Mn(I)Mn(ll) centers. Spin quantitation of the entire  establish the catalytic efficiency of individual metal types
Mn(ll) signal in the std-med/Fe-med spectra is not possible, and different metatmetal combinations. The similar cata-
since it is overlapped by the Fe(lIl) and Fe(lll)Fe(ll) signals, |ytic efficiencies ke/Kw) of Mn-med GLX 2-2 with less
but a lower limit can be determined by quantitating ¥ than 0.1 zinc and std-med GLX 2-2 with 0.4 zinc per protein
2.1 feature and comparison with the manganese-enrichedgemonstrate that glyoxalase Il does not rely on zinc for its
sample. With Mn(ll) and Cu(ll) as spin standards, the: catalytic activity. There are numerous examples of zinc-
2.1 signal integrates to 0.08 Mn(ll) per protein. Thu80%  gependent hydrolytic enzymes where zinc can be replaced

of the total manganese in std-med/Fe-med GLX 2-2 is presentin, yitro by other transition metals with maintained enzymatic
as ferromagnetically coupled Mn(ll)Mn(ll) centers. activity (49).

Summary of EPR Result8he EPR studies indicate that S o .
std-med and Fe-med GLX 2-2 have a variety of metal i Tthe chqn:.kél_natmn .gf 56'tf°|dt coer|r|1at|qfnkV\tnr':hll23
centers, and about 50% of these centers are EPR active; thesgatNgd Nistidine residues structurally classinasthaliana

include Fe(lll)Fe(ll), Fe(llzn(ll), and Mn(IMn(ll) centers. b.'-é( 22 o a.typicla'.zmc bigdmg protein al\r;ld not one that
The presence of Mn(I)Zn(ll) centers remains ambiguous. >'"9S Pré ominantly iron and manganese. Most other mem-

Spin quantitation shows that40% of the total iron in std-  2€rs of the metallg-lactamase superfamily are purified with
med/Fe-med GLX 2-2 is part of mixed-valence, antiferro- @PProximately two zinc ions per protein when produced as
magnetically coupled Fe(lll)Fe(ll) centers;10% belongs soluble recombinant protein i&. coli. This is the case for

to Fe(Il1)Zn(Il) centers, and-30% of the total manganese ~the L1 metallof-lactamase fronStenotrophomonas malto-
in std-med/Fe-med GLX 2-2 is part of ferromagnetically Phila (50), CcrA metallof-lactamase fromBacteroides
coupled Mn(IMn(ll) centers. Manganese-enriched GLX 2-2 fradilis (51), and FEZ-1 metalig-lactamase froregionella
has an EPR spectrum closely reminiscent of Mn(Il)Mn(ll) gormanii (52). In contrast, zinc phosphodiesterase, a new
catalase. Th iv0 iron oxidation state is likely to be altered  E- coli member of the metallg-lactamase superfamily,
by the oxidative experimental conditions; this could explain contains very litle metal in the as isolated form when
the absence of EPR-active Fe(l)Mn(ll) centers. Since EPR overexpressed if. coli but requires two zinc ions for full
spectroscopy reveals most of the possible EPR-active dimetaPhosphodiesterase activiQ). GLX 2-2 with its significant
centers, we predict that analogously most of the EPR-silent@mounts of iron, manganese, and zinc is unique within the

dimetal centers also occur. metallof-lactamase superfamily. It appears that the catalytic
and metal binding properties of GLX 2-2 allow full
DISCUSSION functionality with various types and ratios of bound metal

This work characterizes heterogeneous samples of gly-ions. For a number of protein phosphatases the nature of
oxalase Il to better understand timevivo metal utilization ~ the metal ions forming the dinuclear site (iron, manganese,
in the enzyme. Iron, manganese, and zinc are bound to ther zinc) has also not been firmly establishé&®)( Clearly,
dinuclear active site of GLX2-2, with different ratios yielding many details remain to be elucidated about metal selectivity
similar catalytic efficiencies. Various types of metahetal N vivo and metal incorporation into protein binding sites.
combinations are incorporatéul zivo. Therefore, recombi- ~ Factors in addition to structural properties of the metal
nant GLX 2-2 is the only member of the metafidactamase binding site are involved in protein metal binding, including
superfamily to be isolated with significant amounts of iron, Specific metallochaperone§4, 55), and protein properties
manganese, and zinc. EXAFS spectroscopy suggests @utside the metal binding site. The GLX 2-2 R248W mutant
structural basis for the broad metal selectivity: iron, man- is isolated as a dizinc protein with significantly altered metal
ganese, and zinc are coordinated with their optimal bond content in comparison to wild-type GLX 2-241). In the
lengths, hence proving a high degree of structural flexibility crystal structure of human glyoxalase 4], the corre-
within the GLX 2-2 dinuclear active site (Table 4). Site- sponding residue is located at a distance- a7 A from the
specific binding of individual metals is not detected with metal binding site. Taken together, comparison of our results
our experimental methods. EPR spectroscopy reveals thewith those from homologously produc&d coli zinc phos-
presence of Mn(IDMn(ll) centers, thus indicating that phodiesterase2Q) and heterologously produced L1 and
manganese is distributed between the two binding sites.FEZ-1 (0, 52), as well as the GLX 2-2 R248W mutaritl],
These findings are consistent with recent reports on otherdemonstrates that tlie vizo metal selectivity of the metallo-
members of the metall@-lactamase superfamily3®): in p-lactamase domain does not exclusively depend on the local
the monozinc form of thé. cereudl metallo3-lactamase metal binding site.



Glyoxalase Il Binds Iron, Manganese, and Zinc in Vivo

Our results on recombinant GLX 2-2 may only partially
reflect the situation of the native enzyme. No information is
available on the metal content of a GLX 2 enzyme purified
from a native source. The absence of further 3d transition
metals, copper, nickel, and cobalt, is consistent with the
observation that copper proteins are almost exclusively
located outside the cytoplasnbq (page 419)] and that
specific metallochaperones guide copper and nickel incor-
poration into proteins54, 55). Generally, both nickel and
cobalt are present far less in metalloproteins than iron,
manganese, zinc, or copp&o[(page 437)57].

GLX 2-2 represents a case whémeiivo a metalloenzyme
is produced with a variety of dimetal centers yielding similar
enzymatic activities. Possibly, some flexibility regarding the
metal requirement for a biochemical process makes a
biological system less vulnerable to fluctuations in the
environmental metal supply. This complements the undoubt-
edly enormous capability of biological systems to distinguish
between different types of metal ions and to achieve their
selective incorporation and usa@s). The diverse properties
of different metal types, e.g., in redox processes or their ionic
radii, evidently impose a strict limit on their flexible usage.
Yet, there may be significant practical consequences, e.g.,
in the area of structure-based drug design for metalloproteins.
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