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ABSTRACT. Common structural motifs, such as the cupin domains, are found in enzymes performing different
biochemical functions while retaining a similar active site configuration and structural scaffold. The soll
bacteriumBacillus subtilishas 20 cupin genes (0.5% of the total genome) with up to 14% of its genes in
the form of doublets, thus making it an attractive system for studying the effects of gene duplication.
There are four bicupins iB. subtilisencoded by the genes yvrK, yoaN, yxaG, and ywfC. The gene
products of yvrK and yoaN function as oxalate decarboxylases with a manganese ion at the active site(s),
whereas YwWfC is a bacitracin synthetase. Here we present the crystal structure of YxaG, a novel iron-
containing quercetin 2,3-dioxygenase with one active site in each cupin domain. Yxag is a dimer, both in
solution and in the crystal. The crystal structure shows that the coordination geometry of the Fe ion is
different in the two active sites of YxaG. Replacement of the iron at the active site with other metal ions
suggests modulation of enzymatic activity in accordance with the Irifidliams observation on the
stability of metal ion complexes. This observation, along with a comparison with the crystal structure of
YvrK determined recently, has allowed for a detailed struetfwaction analysis of the active site, providing
clues to the diversification of function in the bicupin family of proteins.

The double-strandeg@-helix (cupin) domain has been
extensively explored in “reaction space”, resulting in the
evolution of numerous, diverse catalytic activities supported
by the same structural scaffold)( Thus, while the tertiary
structure is conserved, variety in biochemical function is
provided by variations in the residues of the active site and
the identity of the bound metal ior2,(3). The genome of
Bacillus subtilisshows four bicupin sequences encoding the
proteins YWfC, YvrK, YoaN, and YxaG. Considerable
sequence identity has established that YwfC is similar to the
protein BacB. BacB is a part of the bacitracin synthetase
operon and is involved in peptide synthesis. Earlier work
on the functional characterization of YvrK, YoaN, and YxaG
(4) had established that YvrK and YoaN were oxalate
decarboxylases, containing a manganese ion at the active site
The crystal structure determination Bf subtilisYvrK (5)
has now allowed for a detailed structural analysis of this
oxalate decarboxylase while also revealing that YvrK is a
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The structural scaffold which characterizes a member of genome, sequence features clearly set YwfC apart from the
the cupin superfamily of proteins is that of a conserved other three, YvrK, YoaN, and YxaG. YvrK and YoaN share
p-barrel containing two sequence motifs, EBKHX 3 EXsG the maximum level of sequence similarity and, not surpris-
and GXPXGX;HX3N (2, 4). These proteins are involved ingly, share a common function. YvrK and YoaN are oxalate
in several metabolic pathways and can perform very different decarboxylases, which convert oxalate to formamate and
enzymatic reactions; they could be carboxylases, dioxyge-CO,. This enzymatic activity is characterized by a critical
nases, germins or germin-like proteins from higher plants, requirement for manganese salts. The protein YxaG does not
phosphomannose isomerases, and polyketide synthasegluster with the oxalate decarboxylases from a phylogenetic
among others. This diversity in function exhibited by perspectived). Another interesting feature is the length of
members of this family has been suggested to be a consethe linker sequence between the two cupin sequence motifs:
guence of the ancient nature of this protein fold, having been 15 residues in YxaG, 16 in YwfC, and 20 in YvrK and YoaN.
classified as a member of the “small molecule binding Phylogenetic analysi( 3) suggests YjIB (18 residues) as
domains” which spread across the archea, eubacteria, anc probable progenitor for YxaG which implies a decrease in
eukaryota {). A characteristic feature of this class of proteins intermotif spacing after gene duplication. Sequence com-
is their high thermal stability and resistance to proteases, aparison suggests that the most likely progenitor of YvrK and
feature variously ascribed to an increased number of subunitYoaN (20-residue spacing) is YkrZ. It is more similar to
contacts, hydrophobic interactions and hydrogen bonding, YvrK than to YoaN, which suggests an evolutionary
efficient packing, short loops, fewer cavities, or the presence sequence of events [(YkrZR2 — YvrK — YoaN (2)]. These
of ions, cofactors, metabolites, compatible solutes, and sequence variations, especially the length between the two
covalent conjugates8). The thermostable nature of the cupin cupin motifs, are probably exploited by the bicupin proteins
domain agrees well with observations that these proteins areto explore “reaction space” by providing changes in the
induced or highly expressed under conditions of abiotic residues which confer substrate specificyJ), while still
stress, including high temperatures in microbes and eukary-maintaining the robust structural framework provided by the
otes @). The active site, located in the center of fhearrel cupin domain. The role of the bound metal ion in the control
and flanked by residues from motifs 1 and 2, can bind of enzyme activity is less clear, as is cooperativity in substrate
different metal ions. These metal ions can influence the binding, or other interactions between the two active sites.

activity of these proteins, although the presence of a metal Quercetin 2,3-dioxygenases from various speciefsf
ion is not required for some members of this family, pergillus Aspergillus japonicug9), Aspergillus flaus (10),
prominent examples of this feature being the dTDP-4- angaspergillus nigeDSM 821 (L1), have been characterized
dehydrorhamnose 3,5-epimerase and transcription factorand were found to contain a type Il copper ion at the active
AraC (2). The manganese ion, on the other hand, serves assjte. In the case of thé. japonicusquercetin 2,3-dioxyge-
a cofactor in the generation of hydrogen peroxide from pase an analysis of the EXAFS region suggested that the
superoxide and oxalate ions in superoxide dismutase Oractive site can be equally well described by either four or
oxalate decarboxylase. Dioxygenases have copper or iron afjye ligands [3N(His)+ 1—20] at an average distance of
the active site, whereas type 1 or 2 phosphomannose. A’ However, when the enzyme is complexed with
ISsomerases haVe zinc at the|r active site. An |nterest|ng quercetin, the Copper environment undergoes a transition to
feature of a change in activity upon variation of the identity 5 five-coordinate cagelp, 13). Of the two potential active
of the metal ion has been reported in the case of the enolasesjtes only the one located in the N-terminal domain was
from Klebsiella pneumonigewhere a 1,3-oxygenalytic  found to have a bound copper ion. Studies of seniger
reaction or 1,2-oxygenalytic reaction has been observedpsn 821 enzyme, however, show that 1 mol of enzyme
depending on whether the metal ion is either Ni or CO, or contained +1.6 mol of CU, Suggesting a partial occupancy
replaced with Fe ). The diversity seen in biochemical 5t the second sitel(). EPR studies on theA. japonicus
activity is further enhanced in the case of bicupins, proteins enzyme reveal several differences in the copper coordination
having two cupin domains fused to each other. The bicupins, petween this and the. nigerquercetin 2,3-dioxygenase. The
often suggested as products of gene duplication events, thugystallographic analysis of the. japonicusenzyme reveals
have the potential to function as multienzymes, with each that the copper center has two alternative conformations, the
domain geared to adopt a functional role. main form (~70%) being pseudotetrahedral and the minor
B. subtilisis an excellent model system for analyzing gene form (~30%) having a mixed trigonal bipyramidal/square
duplication or gene fusion events. It is estimated tBat  pyramidal geometry 9). The crystal structure of YxaG
subtilis has 568 (14% of the total) of its genes in the form reported here shows a similar scenario of different conforma-
of doublets and 273 (7% of the total) in the form of triplets. tions for the active site Fe ion. The reaction mechanism for
While 58% of all genes have a counterpart with a known the copper-containing quercetin 2,3-dioxygenase has been
function, 26% of the proteins are not similar to any other proposed on the basis of that of the intradiol dioxygenases,
proteins in the protein databases. Only 1200 gene9%0) which utilize high-spin Fe(lll) in place of copper. To examine
have been experimentally identified iB. subtilis thus  the effect of different metal ions on enzymatic activity, we

necessitating the experimental confirmation of the predicted report our observations on the replacement of tHe s
functions of the unannotated proteins in the genome that gt the active site.

encoded genes with an identifier having a “y”. Among other
features, it has a grouping of 20 cupin genes (0.5% of the  AbDreviat HEPESY-@.hyd . 2ot

; ; it ; reviations: \-(2-hydroxyethyl)piperazin®¥-2-ethane-
total of 4100) with evidence of duplication or fusion to sulfonic acid; PEG, polyethylene glycol; EDTA, ethylenediaminetetra-

produce the genes encoding two-domain bicupin proteins. acetic acid; Tris, tris(hydroxymethyl)aminomethane; DDTC, diethyl
Among the four bicupin proteins encoded by Besubtilis dithiocarbamate; EPR, electron paramagnetic resonance.
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MATERIALS AND METHODS the N-terminus and three from the C-terminus in both
) o ] monomers. The coordinates and structure factors have been
Protein Purification The gene encoding YxaG was cloned = deposited in the Protein Data Bank (PDB code: 1Y3T).

between the Nhel and Xhol restriction sites of bacterial Activity Assay Quercetin 2,3-dioxygenase activity for
expression vector PET-15b (|n<_:orporat|ng an N-term_mal YxaG was determined spectrophotometrically using a method
polyhistidine tag) and pET-23b (incorporating a C-terminal that has been described previous§, ). One unit of

polyhi_stidine tag),. to simplify protgin p_urification. After the enzymatic activity as described by this method corresponds
plasmids containing the appropriate insert had been trans-

) to the amount of enzyme required to converuthol of
formed into BL21(DE3) cells (Novagen, Inc.), the cells were quercetin per minute at 2% in the reaction buffer [25 mM

grown 'to an Op“C?" density at 600 nm of 0.4 when thg cells MES (pH 6.0)]. The reaction buffer was modified to 25 mM

were |_nduce_:d with 1 mM IPTG (final concentration). HEPES (pH 7.5) due to the pl of this protein (p5.8). A

FoILowmg this, the temperature for growth was reduced to combination of MES and Tris buffers has been employed

25 °C and cells were grown for oa furth@ h before they by Barney et al. ) to monitor the rate dependence of pH

were spun down and storedaso c F‘m'l they were used.. on this enzyme. The results that we obtain are comparable

Hg cegszv(\)/Sre K/?Sﬁsgfndgd;n IysEﬁbuffer .[SO.me Trf' to those published earlier at pH 6.0(6) and pH 7.5(7) for
an m aCl (pH 7.5)]. After sonication for this enzyme. The final reaction mixture contained 0.0R6

min on ice, thg cell (jebris was §eparated from the crude ceIIYXaG and 50uM quercetin in 25 mM HEPES buffer (pH
lysate by centrifugation for 25 min at 15 000 rpm on a Sorvall 7.5). YxaG hydrolyzes quercetin, leading to a decrease in

cfentrif_u?led Aftefr ethluilibration \c'j"ith the ;ALON res?nh(gomLM absorbance at 367 nm which is then followed as a time course
of resin/1u g of ce paste) an a washing step wit MM measurement (the absorption maximum of quercetin is at
Tris, 200 mM NaCl, and 5 mM imidazole (pH 7.5), the 367 NM: €z67 = 17 200 M et under these reaction
fusion protein is eluted from the column in the elution buffer conditior,ls) The UV-visible spectra and time course mea-
[50 mM Tris-HCI, 200 mM NaCl, and 300 mM imidazole surements were obtained using a V-530 sible spec-

(pH 7.5)]. After thrombin cleavage and removal of the ; ;
N-terminal polyhistidine tag, the purified protein was further trophotometer (Jasco) using a cell having a path length of

subjected to size exclusion chromatography on a Sephacryl L . o

Hiprep 16/60 S-200 HR column (Amersham Biosciences . Studies to evalpate the effe_ct of various transmor_1 metal
Inc.). On the basis of the elution volume of YxaG in the 'ONS on the activity of YxaG involved the preparation of
size exclusion chromatography experiment, we infer that this mejcall |og-free ap%'YX;lG‘h.T ?}e chglr—_ll(tjlonf conditions Wire
protein is a dimer in solution. Of the two buffers that were °OPtimized to provide the highest yield of apo-¥xaG. The
examined [50 mM Tris, 250 mM NaCl, and 10 mM DTT metal ion chelation process involved incubation of the protein

H75 hosphate buffer [50 mM sodi hosphate, with a 10—fo|d'ex<_:ess of diethyl d_ithiocarbamate (DDT(;)
(2p50 ml\/l)] ,\?;é)' (;Sn% iloemll\l/l eDrT[T (pn:' 7.?5())] I?r:g Ergtiz?n ?ne and ethylenediaminetetraacetic acid (EDTA) in 50 mM Tris-

the Tris buffer was more suitable for crystallization and HCl buffer (PH 7.5)_at 4°C for 3(.) min._FoIIowing t_his
biochemical experiments. incubation, the protein was extensively dialyzed against the

o L reaction buffer [25 mM Hepes (pH 7.5)] to remove the
Crystallization and Determination of the Structure of

; . o . chelating agents. The chelation was determined to have
C-Terminally His-Tagged YxaGhe purified protein YxaG  yeached completion when the enzyme activity was observed
was crystallized in 100 mM Na-HEPES (pH 7.5), 2 M

, 0 / to be less than 2% of the holoenzyme. The apoenzyme was
ammonium sulfate, and 2% PEG 400 by the hanging drop ihen, incubated with a 100-fold molar excess of the transition

method with ZuL of protein (at 8 mg/mL) mixed with 2L metal ion(s) examined to obtain holo-YxaG. As quercetin
of the cry;talllzatlon solution. Diffraction data were collected jisoif chelates several transition metal ions, a control experi-
on beamline ID19 of the Argonne Advanced Photon Source ment was performed using bovine serum albumin (BSA) as
(University of Chicago) on a Quantum ADSC CCD detector o repjacement for YxaG. The control experiment, performed
using vitrified crystals maintained at a temperature of 100 j, yripjicate, allowed for the estimation of the errors involved
K'using the Oxford Cryosystems Cryostream device. Data j; the measurement of enzymatic activity due to metal ion
were processed using the HKL suite of processing ds#a ( -helation by the substrate quercetin.

Molecular replacement trails were performed with the

japonicusdioxygenase (PDB entry 1GQG) using molrép)( RESULTS AND DISCUSSION

using data to 3.5 A resolution providing a correlation

coefficient of 22% and amR-factor of 54%. The sequence The crystal structure of YxaG frorB. subtilisreveals a

of YxaG is 17% identical and 39% similar to that of the compact arrangement of two cupin domains. Two active sites
japonicuscopper-containing dioxygenase that was used as are seen in the N- and C-terminal domains, both of which
a model for molecular replacement. Improvement of the have a bound metal ion. The N- and C-terminal domains of
phasing was performed by iterated cycles of NCSREH ( YxaG are joined by a flexible linker 18 residues in length.
and warp 17) which led to an improvement of the electron This linker also forms the lid of the active site of the
density map. Iterated cycles of model building usingl®) N-terminal domain. Domain 1 (residues148) and domain
and refinement using refmad9) led to the final model 2 (residues 17+#333) can be superimposed with a rmsd of
with the Reyst of 22.6% and theRyee Of 27.4%. The final 1.11 A. The two domains are related by a 2-fold axis of
model consists of 658 residues, foufF@ns, and 298 water  symmetry. The dimeric arrangement of the two bicupin
molecules with excellent stereochemistry. More than 89% monomers seen in Figure 1 is similar to that of the

of all the residues fall within the most favored region of japonicusdioxygenaseq). The interface between the two
the Ramachandran plot. Four residues are missing fromdomains is substantial, involving a buried surface area of
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~3100 %, a major component (72%) of it being contributed Table 1: Summary of Data Collection, Processing, and Refinement

by the nonpolar residues, as calculated by nac@3sThe Statisticg

buried surface area between the two cupin domains is similar
to those seen between the domains ofah@ponicusCu?*
containing quercetin 2,3-dioxygenase and theMrinding
oxalate decarboxylate YvrK protein froB. subtilis(5).

wavelength (A)
resolution (A)

no. of reflections

no. of unique reflections

0.98
20-2.38
200413
33292
6.01

98.2 (94.3)
8.9 (59.2)
20.37 (2.01)
22.6 (34.3)
27.4(37.9)

Comparison between the Agi Sites There are two active ziﬁ‘gli?gﬁgss %)
sites, defined by the Bé ion at their respective centers, Reym (%)°
separated by a distance of 27.8 A. As seen in active sites of llo
the other bicupin enzyme structures reported so far, these F\’crys{;C
sites lie buried in the core of thebarrel of the cupin domain. Red

The enzymatic activity in proteins having a bicupin scaffold

appears to be dictated by three main factors: the loop thatthe average intensity Rt =

nature of the residues that line the cavity of the active site, calculation.

aValues for outer shells are given in parenthe$d®,n =
¥;l00— I;1/> 00 wherel; is the intensity of thégth reflection andICis

. . YhklFo —
governs the movement of the substrate to the active site, thecalculated likeReryst but on 5% of the data excluded from the refinement

Fc‘/thI|Fo|- 9 Riee Was

and the nature of the metal ion at the s The stretch of

the polypeptide comprising residues 4B77 forms a loop

at the active site of domain 1. In the case of the®’Cu  g.4ff0id

Table 2: Quaternary Structures of Enzymes Having a Bicupin

containing dioxygenase from. japonicusthis loop is totally
disordered in the free form and regains some order upon
binding quercetin 12, 21). Almost all of this region could protein

metal (domain /Il)
guaternary and coordination
structure

number ref

be traced in YxaG in the apo form, albeit some residues haveg g priisyvrk

been modeled with partial occupancy, reflecting the poor  oxalate decarboxylase
electron density map in this region. This loop conformation phosphomannose

lies between the “distant” and “closed” conformationAaf isomerase

japonicusdioxygenase. This feature may partly be due to * jzagf’cﬂif;y?:ﬁ;‘;eetm dimer
the rigidity provided by a stretch of a@helix at the base g subiilisyxac dimer

of the active site loop adjoining the cavity. As seen in Figure
2, a quercetin moiety was modeled into the active site of

quercetin
2,3-dioxygenase

hexamer

monomer

Mn/Mn; 6,6 5
Zn/none; 6 30
Cu/none; 5 9

FelFe; 5,5

the N-terminal domain, based on the coordinates of Steiner

et al. (12, 13). This occupies the active site cavity without

Table 3: Close and Distant Conformations of the Active Site(s)

any major steric hindrance, although the packing inside the

. - | f ti ite 1
cavity appears to be more flexible than that of the close conformation (site 1)

distant conformation (site 2)

Fe—OE1 of Glu69, 2.1 A
Fe—NE2 of His62, 2.32 A
Fe—NE2 of His64, 2.16 A

japonicusstructure. The residues lining the active site show
differences between the two dioxygenasés faponicus

Fe OE1l of Glu241, 2.44 A
FeNE2 of His234, 2.15 A
Fe NE2 of His236, 2.23 A

this work

FeNE2 of His275, 2.16 A

dioxygenase/YxaG): Tyr35 versus Ala, His66 versus His,
FeWat91, 2.44 A

Met51 versus Val, Thr53 versus Leu, Glu73 versus Glu,
Phe75 versus lle, Phell4 versus Tyr, Met123 versus Leu,
and lle127 versus Thr. In general, bulky residues frAm In the case of théA. japonicusdioxygenase, the ligand
japonicusare replaced by less bulky ones in YxaG, allowing coordination was reported to exhibit two different forms: a
for a widening of the active site cavity. The crystal structures trigonal bipyramidal arrangement with three histidines, one
of the enzyme-substrate complexes of kaempferol and glutamate, and a water molecule which was estimated to exist
quercetin with theéA. japonicusdioxygenase show some clear for 70% of the time and a square pyramidal arrangement
differences with that of the native enzym&2). The main comprising the same ligand donorS, 21). A distorted
difference is in the linker region comprising residues 446  version of the first arrangement is seen in the N-terminal
205 of theA. japonicusenzyme. In particular, thedatom active site of YxaG, while the second form is seen in the
of Ser166 shows a positional difference of 7.5 A, whereas C-terminal domain (Table 3 and Figure 2a). The significance
the main cupin scaffolds were seen to superpose with a rmsdof this arrangement in determining the nature of the metal
of 0.85 A. Although the packing of the modeled quercetin ion at the active site is not clear. The electron density
in the YxaG structure appears to be less tight than infAthe  surrounding the coordinating water molecule in the N-
japonicusenzyme, it appears that the enzymatic mechanism terminal domain (as in the case of the japonicusdioxy-
wherein a molecular oxygen attacks at an activated flavonol genase) was elongated, prompting us to examine the possi-
C2 atom would be maintained. bility of placing another water molecule in that position, thus
Metal lon Binding GeometryThe active site residues in  offering a coordination number of six for the reactive’Fe
the cupin motifs comprising His62, His64, Glu69, and ion. Subsequent refinement gave a high-temperature factor
His103 in domain 1 and His234, His236, Glu241, and His275 to this additional water, leading us to interpret the elongated
in domain 2 coordinate the Feion(s) at the two active sites.  density to be a feature of the mobility of a single water
The main distinguishing feature between the metal ion molecule.
coordination at the N-terminal active site and the C-terminal  We note that a bound dioxygen species at the active site
site is the glutamate residue (Glu69) drawn closer to the could also lead to an elongated density. This scenario seemed
active site iron with concomitant changes in the rotamers of to be less probable as trapping an active dioxygen species
the histidine residues and the position of the water molecule.in the crystal requires specific cryotrapping procedures to

Fe—NE2 of His103, 2.29 A
Fe-Wat136, 2.21 A
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Ficure 2: (a) Snapshots (A and B) of the two active sites. TRg 2 F. map is shown here at a contour level ofd.Fhe F&" ion is
pentacoordinated in both sites, with a slight distortion of geometry. The geometric distortion is mainly due to the close and distant conformations
of the glutamate residue which coordinates the metal ion. (b) Stereoview of the Fe ion coordination at site 1 (the close conformation).
(c) Stereoview of the Fe ion coordination at site 2 (the distant conformation).

be in place 22). We did not attempt this procedure. An 100 of exposure on a synchrotron beamline. All these facts
attempt to model a dioxygen ion at this site was unsuccessfullead us to believe that the elongated density belongs to a
as seen by the high3 factors for the dioxygen during  water molecule. A similar interpretation of the elongated
refinement, suggesting that the modeled water was moreelectron density near the metal ion was offered by Fusetti et
appropriate. al. for theA. japonicusdioxygenase, and subsequently, the
The crystal structure suggests that the-Rater distances  quercetin-bound structurd?) showed this water molecule
are 2.21 A in the close and 2.44 A in the distant conforma- is replaced with a hydroxy group of quercetin, allowing the
tions. The ideal FeO distance, in the case of a dioxygen, copper ion to be pentacoordinate while maintaining its formal
would be 1.8 A. Indeed, the paper by Sjogren and Hajdu Cw?* coordination state. The catalytic relevance of the close
reports the breaking of the bound dioxygen complex after and distant conformation of the active site glutamate remains
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I

° S 'r His 62
.
His 64
His 103

Ficure 3: Model of a quercetin moiety at the active site of YxaG based on the crystal structure of the substrate-bound quercetin 2,3-
dioxygenase structure as reported by Steiner et al. There is more room for this substrate in YxaG #hagapbeicusdioxygenase as

some bulky residues lining this cavity are replaced with lighter ones in YxaG (as noted in the Results and Discussion). The active site
residues (His62, His64, Glu69, and His103) have been labeled.

unresolved: in the close conformation, the side chain of the the active site. Twg resonance peaks at 3.99 and 2.03 were

glutamate is close enough to abstract a proton from the used to arrive at this conclusion. Binding of quercetin resulted
substrate’s 3-OH group, while in the distant conformation, in the disappearance of tlgeresonance peak at 3.99, an

it would be easier to substitute for the metal ion. The electron indicator that the substrate blocks the nitric oxide label from

density map surrounding the two active sites of YxaG is seen binding to the F&" ion. The Fe ion coordination number of

in Figure 2a. The differences in conformational geometry 5 as seen in the two active sites of YxaG has been reported
are apparent from the Fdigand distances (Figure 2b and to be the most common conformational arrangement seen
Table 3). in the structures deposited in the Protein Data B&28). (

The average distances from the coordinating ligands to The structure of YvrK §) suggests a secondary hydro-
the metal ion are larger than those seen in eitherAhe  phobic shell to contribute toward substrate specificity. The
japonicus site binding Cé&" or the YwvrK sites which only hydrophilic residues in either of the two domain active
coordinate MA*. Superposition of the coordinates of the site lining regions in YvrK are Arg92, Arg270, and Glu333.
oxalate decarboxylase YvrK onto YxaG shows that the These have been replaced with Phe, lle, and Arg in YxaG,
N-terminal F&" superposes almost exactly on the lion a reflection of the different substrates that interact with these
in YvrK, while the C-terminal MA" ion appears to have two proteins. A relevant comparison in this regard is with
shifted by 1.8 A (overall superposition shows a rms deviation phosphomannose isomerase, which binds mannose 6-phos-
of 1.7 A). It is relevant, in this context, to note that the phate and has an active site lined by hydrophilic residues.
N-terminal domains of these three proteins appear to be moreThe surface potentials2§) of these reactive centers are
similar (~46% similar) than the overall degree of similarity compared in Figure 4. Four bicupins, Yxa&, japonicus
of ~39%. It thus appears that not only the bicupin scaffold dioxygenase, YvrK, and phosphomannose isomerase, were
but also the active site geometry appears to have beenexamined for gross surface charge features that can dictate
maintained in the two enzymes froBh subtilis The recent substrate interaction. The orientation of these four proteins
report on the characterization of YxaG mentions that this seen in Figure 4 is that of looking down the tyWebarrels
protein is sensitive to Fe(ll) chelators, as in the extensively of these bicupin structures. The charge distribution seen at
studied catechol dioxygenasé&s 7). EPR studies using nitric ~ this surface is that which is presented to an incoming
oxide as a label confirmed the presence of afi"Fen at substrate moiety. The most perceptible difference, while
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A. YxaG :Dioxygenase B.Quercetin 2,3 Dioxygenase (PDB code : 1GOG)
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Ficure 4: Surface charge differences may help in determining substrate specificity. Comparison of the surface-charged potential presented
to the substrate moiety in four bicupins: Yxa®, japonicusdioxygenaseB. subtilis YvrK, and phosphomannose isomerase. Substrate
binding sites have been denoted with an arrow. Quercetin 2,3-dioxygenase (PDB entry 1GQG) and phosphomannose isomerase (PDB entry
1PMI) have only one active site located in the N-terminal cupin domain.

comparing these surfaces, is seen in Yxag which has areported structures with the monocupin scaff@plgre either
positively charged ridge that runs between the two active dimers or hexamers, suggesting that the genomic events
sites. This feature is not seen in the other bicupin structuresinvolving the formation of bicupins from monocupins may
that were examined, although other charge differences canhave been driven by the oligomerization potential of their
be seen. The electrostatic surface representation thus pointprotein products.
to features, away from the active site cavity, that may play = The major structural feature that appears to stabilize the
a role in allowing for interaction with a range of substrates hexameric organization of YvrK is the presence of interlock-
(oxalate in YvrK, quercetin in quercetin dioxygenase or ing clawlike a-helical structures that form the trimer. This
mannose 6-phosphate in phosphomannose isomerase). Thuature is observed in the seed-storage proteins such as
alongside the shorter loops connecting the strands whichphaseolin, canavalin, and proglycinin, all of which are
make up the immediate scaffold of the active site (a feature trimeric bicupins 8). YxaG lacks the clawlike protrusion;
which arises due to the different sequence spacing betweeron the other hand, it has a large stretch of exposed
the two cupin motifs), point variants among residues further hydrophobic residues that become buried upon dimer forma-
away also contribute to substrate specificity. tion.

Quaternary OrganizationTable 2 summarizes the qua- Kinetic Measurements and Influence of Different Metal
ternary structures of the enzymes having a bicupin scaffold lons on Enzyme Actity. A. japonicusquercetin 2,3-dioxy-
for which crystal structures are available to date. The two genase, the first quercetinase to be biochemically and
dimeric bicupins reported so far are the dioxygenages ( structurally characterized, was seen to possess one active site,
japonicusquercetin 2,3-dioxygenase and YxaG). The major bound to a C&" ion. Biochemical reports characteriziig
distinguishing feature in the dimerization of these two subtilis YxaG have established it as an?Fe&ontaining
proteins is the presence of carbohydrates on the dimerquercetin 2,3-dioxygenase, albeit traces of other transition
interface in theA. japonicusprotein, which the authors metal ions, namely, Cti and Mr#*, were also reported to
suggest is an important stabilizing component for the dimeric be found 6, 7). The completely conserved nature of the
arrangementd). YxaG dimerizes in the same orientation as active site metal ion coordinating residues and the structural
does theA. japonicusprotein, involving a substantial buried  similarity between the N-terminal active site Af japonicus
surface area~2900 A, ~66% of which is contributed by ~ quercetinase and the two sites of YxaG prompted us to
nonpolar residues) 500 ?Agreater than that of the\. examine the effect that a replacement of thé"Fen at the
japonicushomologue 2400 &, ~63% of which is con- active sites would have on enzyme activity. Various metal
tributed by nonpolar residues). The increase in the amountions were examined (Figure 5) as potential replacements for
of surface area buried in YxaG is probably a reflection of the active site F& ions. The increase or decrease in enzyme
the lack of carbohydrate interactions in this protein. An activity when compared to the native enzyme (purified
interesting feature is that, even among the monocupins, apartrecombinant YxaG with no externally added metal ions)
from the exception of isopenicilliN-synthaseZ5), all other suggests an activity profile that has an approximate match
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Ficure 5: Activity profile for YxaG. (a) Activity assays were

performed as described in Materials and Methods. The activity of
freshly purified recombinant YxaG was treated as 100% in this
experiment as no significant variation in this value was observed
for different protein preparations. Metal ion-free YxaG was obtained

Gopal et al.

thus highlight the observations made previoudl, (27),
based on sequence and structural analysis, tRatdreceded
CU?" in the active sites of enzymes in the evolutionary ladder.
The correlation also reinforces the observations made on
carbonic anhydrase IRg) where the metal ion specificity
was seen to be governed by a preferred coordination number
and geometry of the metal ion.

The kinetic measurements on YxaG performed under the
reaction conditions mentioned in Materials and Methods
suggest &/max Value of 1.84 units/mg of protein andka,
value of 1.5uM. These results compare favorably with the
values reported recently,(7). One feature of the enzyme
activity profile is that of a decrease in enzyme activity with
an increase in substrate concentration. This profile can be
explained as an artifact caused by the chelation of the active
site F&" ion by quercetin 29), as cooperative effects can
be excluded given a normal MichaeliMenten curve for
the enzyme reactiorgy. It is pertinent to note in this context
that the “lid” of the active site cavity in YxaG is seen to be
more rigid when compared to the japonicusguercetinase.

Conclusion.The crystal structure oB. subtilis YxaG
reveals an F&-containing quercetin 2,3-dioxygenase with
both sites showing full occupancy for the metal ion. Although
biochemical analysis has shown quercetin to be the most
likely substrate, it is possible that another natural substrate
exists for this enzyme. Studies on enzymatic activity as a
function of metal ion variation approximate a trend in the
activity profile to the Irving-Williams series of metal ions.
The structure also holds forth the tantalizing prospect of
YxaG being a multifunctional enzyme, based on the variation
seen in the metal ion coordination in the two active sites.
The crystal structure and activity measurements for YxaG
thus suggest a potential mode of regulation of enzyme
activity by varying the metal ion on the active site.
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