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One Protein, Two Enzymes Revisited: A Structural
Entropy Switch Interconverts the Two Isoforms of
Acireductone Dioxygenase

Tingting Ju1, Rachel Beaulieu Goldsmith2, Sergio C. Chai3

Michael J. Maroney3, Susan Sondej Pochapsky1 and
Thomas C. Pochapsky1,2,4⁎

1Department of Chemistry,
Brandeis University, MS 015,
415 South St., Waltham, MA
02454-9110, USA
2Department of Biochemistry,
Brandeis University, MS 015,
415 South St., Waltham, MA
02454-9110, USA
3Department of Chemistry,
University of Massachusetts,
Amherst, MA 01003-9336,
USA
4Rosensteil Basic Medical
Sciences Institute, Brandeis
University, MS 015, 415 South
St., Waltham, MA 02454-9110,
USA
Present address: T. Ju, Dept. of M
Pharmacology, Physiology and Biot
University, 70 Ship St., Providence,
Abbreviations used: ARD, aciredu

acireductone, 1,2-dihydroxy-3-oxo-5
ene; PDB, Protein Data Bank; XAS,
spectroscopy; NOE, nuclear Overha
heteronuclear single quantum coher
dipolar coupling.
E-mail address of the correspondi

pochapsk@brandeis.edu

0022-2836/$ - see front matter © 2006 E
Acireductone dioxygenase (ARD) catalyzes different reactions between O2
and 1,2-dihydroxy-3-oxo-5-(methylthio)pent-1-ene (acireductone) depend-
ing upon the metal bound in the active site. Ni2+–ARD cleaves acireductone
to formate, CO andmethylthiopropionate. If Fe2+ is bound (ARD′), the same
substrates yield methylthioketobutyrate and formate. The two forms differ
in structure, and are chromatographically separable. Paramagnetism of Fe2+

renders the active site of ARD′ inaccessible to standard NMR methods. The
structure of ARD′ has been determined using Fe2+ binding parameters
determined by X-ray absorption spectroscopy and NMR restraints from
H98SARD, ametal-free diamagnetic protein that is isostructural with ARD′.
ARD′ retains the β-sandwich fold of ARD, but a structural entropy switch
increases order at one end of a two-helix system that bisects the β-sandwich
and decreases order at the other upon interconversion of ARD and ARD′,
causing loss of the C-terminal helix in ARD′ and rearrangements of residues
involved in substrate orientation in the active site.
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Introduction

Stable protein folds typically represent the
minimum free energy conformation of the poly-
peptide chain, and from theory, it is expected that
the native conformation of a folded protein is
significantly lower in energy than the manifold of
other accessible conformations.1,2 Exceptions are
known: The class of serine protease inhibitors
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known as serpins fold to a kinetically accessible
metastable form that rearranges upon cleavage of
an exposed peptide bond to a more stable overall
fold,3 and some pathological protein folds are the
result of kinetic trapping of metastable forms.4

Still, the case of acireductone dioxygenase (ARD),
an enzyme in the ubiquitous methionine salvage
pathway, is unusual (indeed, perhaps unique) in
that two functional enzymes with distinct chemis-
tries are derived from the same polypeptide chain.
The two forms differ constitutionally only in the
identity of the metal ion bound, but are separable
by hydrophobic interaction and strong anion
exchange chromatographies, suggestive of signifi-
cant structural differences between the two iso-
forms. Here, we demonstrate that these structural
differences result from differential packing of an
integral compact hydrophobic core of the protein,
accompanied by extensive changes in secondary
structure and ordering of nearby structural fea-
tures. This repacking has both structural and
functional repercussions.
d.
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Figure 1. An outline of the methionine salvage pathway in Klebsiella ATCC 8724. Carbon atoms 1, 2 and 3 in
acireductone 4 are labeled for reference in the text.
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The 179-residue ARD represents a branch point in
the methionine salvage pathway of the bacterium
Klebsiella ATCC 8724. The methionine salvage path-
way returns the thiomethyl group of S-adenosyl-
methionine 1 (SAM) via methylthioadenosine 2
(MTA) to a new molecule of methionine in which
the other carbon atoms are derived from the ribose
ring of 1. The penultimate intermediate in the
methionine salvage pathway, 1,2-dihydroxy-3-oxo-
5-(methylthio)pent-1-ene 4, contains the acireductone
functionality C(O)–C(OH)_CH(OH), and is the
substrate for ARD.5–7 If Fe2+ is bound in the active
Figure 2. Comparison of the active sites of H98S (left),
1ZRR,9) right. The H98S active site structure was determined u
ARD′ active site structure shows Fe2+ as an umber sphere and
of backbone heavy atoms and β-carbon atoms of ligands His96
on NOE data and residual dipolar couplings from H98S ARD,
ARD′. The corresponding atom positions in the ARD structur
see the text)14 and bond lengths determined from Ni XAS e
partially occludes the active site opening in ARD. In H98S and
does not occlude the active site. All three sites are shown in app
positions of the structurally conserved β-sandwich (residues s
site (ARD′), the substrate acireductone reacts with O2
to yield formate and the keto-acid precursor of
methionine, 4-methylthio-2-ketobutyrate 5 (Figure
1). The Ni2+-containing ARD catalyzes an off-path-
way oxidation of acireductone by O2 with formation
of carbon monoxide, formate and 3-(methylthio)
propionate 6. ARD and ARD′ are both monomers,
and are kinetically stable in that metal replacement is
required to switch from one fold to the other. It has
been shown7,8 that Ni2+ in ARD can be conserva-
tively replaced by Mn2+ or Co2+, giving rise to ARD
activity (CO production), while Fe2+ in ARD′ can be
ARD′ (current work, PDB 2HJI, center), and ARD (PDB
sing experimentally determined NOE and RDC data. The
the ARD active site shows the Ni2+ in green. The positions
, His98, Glu102 andHis140 in the ARD′ structure are based
with metal–ligand bond lengths determined by Fe XAS of
e are based on the crystal structure of mouse ARD (1VR3,
xperiments.15 Note that the indole side-chain of Trp162
ARD′, the polypeptide including Trp162 is disordered and
roximately the same orientation using the backbone atom
hown in yellow, Pro137-Phe142) as reference.
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replaced (albeit with lower activity) by Mg2+. This
promiscuity towards metal cofactors of widely
different reduction potentials suggests that the
metal is not an activator of triplet O2, but rather
acts to control protein structure and ligand orienta-
tion so as to direct the reaction between O2 and
acireductone towards a particular regiochemistry.9

ARD belongs to the cupin structural superfamily.
Cupins are a functionally diverse group of proteins
distinguished by the presence of an antiparallel β-
helix (sometimes called a jellyroll) that forms the
central feature of the cupin fold.10,11 We previously
described a structural model of Ni-containing ARD
based on NMR-derived restraints and molecular
modeling in the vicinity of the metal center9 (PDB
entry 1M4O), and have recently published a refine-
ment of that structure that included the use of
residual dipolar couplings as restraints in the
calculations (PDB entry 1ZRR).12 Paramagnetism
broadens 1H resonance lines within ∼9 Å of the
metal center in both Ni and Fe-containing forms of
ARD, making it impossible to determine local
structure in the active site by standard NMR
methods. Instead, we made use of X-ray absorption
spectroscopy (XAS) to establish ligation geometry
and bonding of the nickel ion, and combined this
information with homology modeling to generate a
structural model for the ARD active site. In the
original structure (1M4O), this modeling was based
on a phylogenetically distant member of the cupin
family, jack bean canavalin.13 Recently, a crystal-
lographic structure of a mouse homolog of ARDwas
deposited in the RCSB Protein Data Bank (PDB) by
researchers from the Joint Center for Structural
Genomics (PDB entry 1VR3).14 In our refinement of
the ARD structure, we replaced the canavalin
coordinates used in the original modeling of the
active site with those from the corresponding
residues in the 1VR3 structure. We note that this
did not result in change in the proposed ligands for
metal binding.12 Both of the models agree on the
identity of His96, His98, His140 and Glu102 as the
metal binding ligands in the active site of ARD
(Figure 2). However, the lack of direct structural
confirmation of these assignments prompted us to
perform site-directed mutagenesis at the positions of
Figure 3. (a) Ring current-shifted aliphatic amino acid
methyl resonances in the 600 MHz 1H NMR spectra of
ARD (green trace), H98S ARD (red trace) and ARD′ (blue
trace) with resonance assignments shown. Note the similar
patterns for H98S ARD and ARD′, with different shift
patterns for ARD. (b) Overlay of the 1H, 15NHSQC spectra
of ARD′ (peaks shown in red) and H98S ARD (peaks
shown in black). Note close correspondence of most peaks
in the spectra. Peaks that occur in the H98S spectrum but
not in the ARD′ spectrum (labeled) are within ∼9 Å of the
metal center. The indole NεH of Trp162 (lower left) is
observed in both ARD′ and H98S ARD (see the text for
discussion). (c) Overlay of the 1H, 15N HSQC spectra of
ARD (peaks shown in red) andH98SARD (peaks shown in
black). Different shift patterns indicate significant differ-
ences in the tertiary structure. All spectra were taken at
25 °C, pH 7.4 at 600 MHz 1H observed frequency.
these residues. While a complete analysis of these
mutations is outside the scope of the present work,
mutations at all four proposed ligands result in loss of
either protein solubility, loss of tightmetal binding, or
both. Furthermore, one of these mutations, His98 to
serine (H98S), proved to be interesting for other
reasons. The H98Smutation resulted in the formation
of a stable soluble protein that while structurally
different fromARD shows a high degree of similarity
to the ARD′ enzyme as determined by a comparison
of 1D 1H NMR and 2D 1H, 15N heteronuclear single



Figure 4 (legend on opposite page)
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quantum coherence (HSQC) spectra (Figure 3). The
H98Smutant thus provides a structural model for the
Fe-containing form of ARD. ARD′ decomposes
during long NMR experiments (possibly by loss of
iron) and so has been difficult to characterize
structurally. Furthermore, the purified apo-WT
ARD also gives broadened resonance lines and
precipitation during the course of long NMR experi-
ments, although it is spectroscopically similar to
ARD′ and H98S (T. J., unpublished results). The
stably folded H98S mutant, on the other hand,
provides us with a tractable model for the ARD′
enzyme, and has allowed us to identify structural
differences between the Fe and Ni-bound isoforms.
Furthermore, the absence of a bound paramagnetic
metal ion in H98S ARD has allowed us to structurally
characterize the ARD active site in detail by NMR for
the first time (Figure 2). Combining the information
provided by nuclear Overhauser effects (NOEs),
residual dipolar couplings, chemical shift and J-
coupling-based dihedral angle restraints obtained
with the H98S mutant with restraints on Fe2+ ligation
provided by XAS performed on ARD′, we have
generated a structural model for ARD′ that has
allowed us to identify the structural differences
between the two ARD isoforms. From these differ-
ences, we gain insight into the origins of the different
chemistries catalyzed by the two enzymes.

Results

H98S ARD as a model for the ARD′ structure

Inspection of both 1D and 2D spectra of the H98S
ARD mutant (Figure 3) provides the justification for
using the H98S structure as a model for ARD′. In the
absence of paramagnetic effects, resonances are
shifted upfield in the 1H NMR spectrum of a protein
by ring currents resulting from close packing
between aromatic (Trp, Phe and Tyr) and aliphatic
amino acid side-chains. Because ring-current shifts
are determined both by the distance between and
relative orientations of the interacting side-chains,
such shifts are sensitive to changes in tertiary
structure. The differences between ARD and H98S
in the upfield region of the 1H NMR spectrum are
obvious (Figure 3(a)). In ARD, the largest upfield
shifts are observed at methyl resonances of Ala60
and Ile61 (helix E′) due to close packing with the
indole rings of Trp38 and Trp73. In H98S, the largest
upfield shifts are found to the side-chain of Val 107
(helix E), due to close packing with Tyr57, and to
Figure 4. Comparison of the structures of ARD′ (a) and A
(Ala2-Phe6), B (Leu15-Ser18), C (Glu23-Lys31), E (Thr50-Tyr5
(Phe92-Glu95), I (Arg104-Val107), J (Gly111-Ile117), K (Glu
(Phe150-Phe156), O (Gly161-Gly168), P (Ile171-Ala174). The po
(Ni2+) spheres. Residues 157–175 (loop O and helix P in ARD)
(a). (c) Positions of heavy atoms in structure 10 of the ensemble
ensemble. Residues close to the active site are shown in neon,
The position of the iron is indicated by a green sphere. (d) Sup
shown in Table 1. Residues 39–49 are shown in green, and re
Leu131, which is proximal to the Trp38 and Phe105
side-chains. The upfield shift patterns observed for
H98S ARD correspond closely with those observed
for ARD′, and this correspondence is supported by
comparison of 2D TOCSYand NOESY spectra (data
not shown) obtained for H98S and for ARD′. Spin
system patterns and close contact NOEs observed in
both proteins strongly support the assignment of
corresponding peaks to the same residues in both
H98S ARD and ARD′.
Overlap of the 1H, 15N HSQC spectra of H98S and

ARD′ also show very similar fingerprints for the two
proteins, while the overlap between H98S and ARD
is minimal. The HSQC fingerprint is diagnostic for a
particular fold, and it is clear from the comparison in
Figure 3(b) that there is close structural correspon-
dence between H98S and ARD′. Peaks that occur in
the H98S spectrum (black) with no corresponding
peak in ARD′ have been assigned to residues in the
active site or within ∼9 Å of the bound Fe2+, and are
therefore not observed in the ARD′ spectrum due to
paramagnetic broadening. Based on these observa-
tions, we expect that structural calculations based on
the NMR-derived restraints derived for H98S and
the XAS-derived parameters for Fe binding in ARD′
provide a valid structural model for ARD′. The
discussion of the ARD′ structure that follows is
based upon this assumption.

Metal binding by ARD′

Fe-XAS data, including EXAFS (extended X-ray
absorption fine structure) and XANES (X-ray absorp-
tion near-edge spectroscopy) obtained for ARD′ are
consistent with octahedral ligation of Fe2+, with the
best fit to EXAFS data obtained for all N/O ligation
with three or four His ligands (see Supplementary
Data). These results are strikingly similar to those
obtained from Ni-XAS data15 obtained for ARD. Of
the four protein-based ligands proposed for nickel
binding in ARD, His96, Glu102 and His140 are
structurally fixed by the conserved β-sandwich in
both ARD and ARD′ (vide infra). The other, His98, is
on a loop between two strands (H and I, Figure 4) of
the β-sandwich, and so might be expected to exhibit
some conformational flexibility. However, the H98S
mutation abolishes the ability of the ARD polypep-
tide to bind tightly to either Ni2+ or Fe2+, as
determined by isothermal calorimetry (T. J., unpub-
lished results). As such, we propose that the same
four protein-derived ligands His96, His98, Glu102
and His140 that ligate Ni+2 in ARD also bind Fe2+ in
ARD′. As with ARD, the axial ligands are provided
RD (b). Letters reference to the ARD sequence as follows: A
7), E′ (Ile61-Lys68), F (Ser72-Leu78), G (Lys85-Glu90), H
120-Leu125), L (Asn129-Ile132), M (His140-Met144), N
sitions of metal ions are indicated by gray (Fe2+) and blue
are disordered in ARD′, and so for clarity are not shown in
shown in (d). This structure is closest to the average of the
Phe92–Arg104 in magenta and Val134–Asp143 in yellow.
erposition of 14 accepted structures of ARD′. Statistics are
sidues 65–73 are shown in red.
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by His96 and Glu102, and His98 and His140
occupying cis equatorial positions. The remaining
two cis equatorial positions are occupied bywater or a
solvent-derived ligand in the absence of substrate.

Comparison of the ARD and ARD′ structures: a
conserved structural core

Like ARD (Figure 4(b)), the structure of ARD′
(Figure 4(a)) centers on the conserved β-helical
cupin fold. We refer to this fold as a β-sandwich,
because of the flattened appearance of the structure
as viewed in Figure 4(a) and (b). The register of
inter-strand hydrogen bonds that form the β-
sandwich in H98S (and in ARD′) is identical to
that in ARD where direct comparisons can be made.
Most of the residues that make up the active site are
positionally fixed within the β-sandwich, and are
expected to occupy similar positions in ARD and
ARD′. The absence of paramagnetic broadening in
H98S allows the active site to be characterized in
detail by NMR methods for the first time. Multiple
NOEs are detected between the side-chains of His96,
Ser98 and His140, confirming the close association
of those side-chains. Only Glu102 could not be
confirmed as being in close association with the
proposed metal binding tetrad, but this is not
surprising, since only the carboxylate of Glu102 is
likely to be close to the metal binding site and this
functionality does not lend itself to characterization
by NOEs. However, inter-strand NOEs confirm the
placement of Glu102 antiparallel with Val134 in the
β-sandwich structure, placing the side-chain carbox-
ylate of Glu102 in the appropriate position for metal
ligation. Arg104, which is conserved across the ARD
family,9,16 extends toward the metal binding tetrad,
and NOEs between the side-chains of Arg104 and
Arg154 (also conserved across the ARD family)16

indicate that the side-chains of these residues are
roughly parallel. We have proposed that Arg104
interacts with substrate acireductone via hydrogen
bonding interactions, and/or acts as the base that
deprotonates the substrate upon binding to the
enzyme.7 This deprotonation has been shown to be
functionally required in a model of the ARD
reaction.17 Although arginine residues are usually
too basic to be useful in catalysis at physiological
pH,18 the close interaction between Arg104 and
Arg154 could modulate the pKa of the dyad so that
either guanidine group could act as proton acceptor.

Structural differences between ARD and ARD′:
disorder at the C-terminal polypeptide in H98S
and ARD′

Along with the conserved cupin core fold, helices
C and G are not significantly displaced between
ARD and ARD′. These helices occupy positions
related by a pseudosymmetric C2 axis normal to the
long axis of the β-sandwich, and cap the two open
ends of the sandwich (Figure 4). However, inspec-
tion of Figure 4 reveals an obvious difference
between the ARD′ (Figure 4(a)) and ARD (Figure
4(b)) structures at the C terminus of the polypeptide.
In ARD, residues 158 to 164 form a tight turn
(Asn158-Pro159-Glu160-Gly161) and a short anti-
parallel extended structure stabilized by hydrogen
bonds to the backbone C_O and NH of Thr97.12

This effectively places the side-chain indole of
Trp162 near the entrance to the active site. Residues
171 to 175 form a short 3,10-helix (P) in ARD that
packs onto the upper surface of the β-sandwich as
viewed in Figure 4(b).
In H98S and ARD′, however, the last 22 residues

(Asp157–Ala179) are disordered, with resonances in
this stretch exhibiting narrow line widths and no
non-sequential NOEs. Furthermore, two sets of
resonances can be assigned to residues extending
from Gly161 to Ala172 in H98S ARD, suggesting
that both cis and trans-isomers of the Asn158-Pro159
peptide bond are occupied. The NεH resonance of
the Trp162 indole ring, which is not detected in ARD
due to proximity to the active site metal, can be
identified in 1H, 15N HSQC spectra of ARD′,
indicating that it is no longer adjacent to the active
site (Figure 3(b)). The disordering of the C-terminal
peptide in ARD′ effectively opens the active site,
rendering it more accessible to substrate. The
mechanistic implications of this will be discussed
below.

A structural entropy switch between ARD and
ARD′

All of the structural differences between ARD and
ARD′ can be related either to the decrease in order at
the C terminus of ARD′ relative to ARD described
above, or to an opposed increase in order near the N-
terminal of the E helix in ARD′ relative to ARD. In
turn, the collective changes in order are related by
displacements of the E and E′ helices that bisect the
β-sandwich and the accompanying repacking of hy-
drophobic residues projecting from the bottom of the
β-sandwich that interact with the E and E′ helices.
In both structures, the long axes of the E and E′

helices meet at a ∼130° angle. The side-chain amide
of Gln58 at the C-terminal end of the E helix
provides a capping hydrogen bond to the carbonyl
oxygen of Ile54, introducing the break between the E
and E′ helices. Gln58 remains in approximately the
same position relative to the β-sandwich in both
ARD and ARD′, so the bend between the two helices
acts as a pivot point for the relative displacements of
the E and E′ helices observed in the two structures
(see Figure 5). The long axes of both helices shift by
∼20° relative to the β-sandwich long axis between
ARD and ARD′. Accompanying this shift is a
significant repacking of hydrophobic residues in
this region. It is this repacking that gives rise to the
different chemical shift patterns observed in the
upfield regions of the 1H spectra of ARD and ARD′
(Figure 3(a)). In ARD, the methyl groups of Ala60
and Ile61 on the E′ helix pack tightly against the
indole rings of Trp38 and Trp73, respectively. In
ARD′, this packing is largely absent. Instead, the
Trp38 indole in ARD′ packs more tightly with



Figure 5. Top: Relative displacement of the E and E′
helices in ARD and ARD′. For this comparison, the
backbone coordinates of the conserved β-sandwiches of
both proteins were superimposed, but only the helices and
leading/following peptides are shown. ARD is shown in
red, ARD′ in blue neon. Bottom: Side-chain packing
differences in ARD and ARD′ using the same super-
position as in the top Figure. Aromatic residues that give
rise to ring current shifts observed in Figure 3(a) are
shown in light lines, shifted aliphatic side-chains are
shown in neon. Red corresponds to ARD, blue to ARD′.
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Leu131 on strand L of the β-sandwich, resulting in
the increased upfield shift of the Leu131 methyl
resonance (Figure 3(a)). Trp73 on strand F interacts
less strongly with all of its neighbors in ARD′ than in
ARD. This loosening of structural integrity results in
fraying at the C-terminal of the E′ helix in ARD′,
with a loss of NOEs consistent with regular helical
structure past Val65. In ARD, the E′ helix is well
defined up to Lys68. 1HNMR resonances of residues
between Val65 and Trp73 in H98S (and by inference,
in ARD′) are either broadened or absent: The
backbone resonances of Glu67, Lys68 and Tyr70 in
H98S are sufficiently broadened that they could not
be assigned in standard 3D triple-resonance experi-
ments, and are assigned based solely on NOE data,
while those of Glu71 could not be assigned at all.
The broadening of resonance lines indicates that this
region of the polypeptide occupies multiple con-
formations that interchange on the millisecond time
scale.
The opposite phenomenon is observed near the N-

terminal end of the E helix. In ARD, residues 39–50
form a largely disordered loop between strand D of
the β-sandwich and the beginning of the E helix,
with few NOEs between residues in this loop and
other parts of the protein.9,12 In ARD′, however, this
loop becomes more ordered, particularly those
residues near the side-chain of Tyr57 on the E
helix. Ala40, Arg42 and Leu44 form a pocket around
the Tyr57 side-chain in ARD′, and Phe105 and
Val107 from strand I of the β-sandwich close pack
with the Tyr57 side-chain. The large upfield shift of
the Val107 methyl-1H resonance in H98S and ARD′
(Figure 3(a)) is due to this repacking. It is likely that
either the carbonyl of Arg42 or the carboxylate of
Glu108 forms a hydrogen bond with the Tyr57 OηH,
and the orientation of the carbonyls of Ala40 and
Arg42, along with the carboxylate of Glu108 and the
Tyr57 phenoxyl oxygen suggest a potential cationic
binding site involving these groups.
The differential packing of the E and E′ helices,

and the attendant re-ordering of the polypeptide at
the N-terminal of the E helix and C-terminal of the E′
helix represents a structural entropy switch between
ARD and ARD′. In other words, a decrease in order
at one end of the E, E′ helix structure is accompanied
by an increase in order at the other, resulting in
relocation of structural entropy accompanying the
interconversion of the two isozymes.

Discussion

Cause and effect: How are structural differences
between ARD and ARD′ propagated?

The structural differences betweenARDandARD′
are doubtless due to metal binding in the active site.6

Based on comparison of NMR data, the Fe-contain-
ing ARD′ is structurally similar to apo-WTARD and
H98S, suggesting that the ARD′ fold is the “default”,
with little perturbation resulting from binding of
iron, while the binding of Ni2+ triggers the structural
switch described here. This is consistent with the
experimentally observed lability of iron in samples
of ARD′ and the fact that Fe2+ can be removed from
ARD′ by dialysis against EDTA-containing buffers,
but that Ni2+ removal from ARD requires that the
protein be denatured first.8 Perturbations accompa-
nying the binding of Ni2+ are likely propagated to
the rest of the protein via the formation of the
antiparallel hydrogen bonding arrangement
between Thr97 and Ile163 (present in ARD, absent
in ARD′) and the salt-bridge formed by Glu100 and
Lys68 on the E′ helix (frayed in ARD′). In turn, these
interactions depend on the backbone conformation
in the Thr97-His98-Gly99-Glu100 loop. However,
how information regarding the presence or absence
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of Ni2+ is transmitted to the Thr97-Glu100 backbone
is not clear. The Fe–N bonds in ARD′ are slightly
longer (2.18 Å) than theNi–Nbonds in ARD′ (2.07 Å)
based on fitting of EXAFS data, as are the metal–
oxygen bonds (2.00 Å for Fe–O versus 1.91 Å for Ni–
O). With the caveat that the active site structure of
ARD is based on modeling from the mouse ARD
crystal structure, while the ARD′ active site structure
is derived from NOE and RDC constraints obtained
from the H98S mutant, comparison of the two active
sites suggests that the expansion of the ligand sphere
might tilt the equatorial ligand plane (His140, His98
and the two solvent-derived ligands) downward in
ARD′ as viewed in Figure 2. This in turn could force a
change in conformation for the Thr97-Glu100 loop,
transmitting the perturbations described above.
Another possibility for driving the conformational

change is a switch atHis98 between ligation via theNε

or the Nδ imidazole nitrogen atoms upon changing
metal. While introduction of Nδ ligation of the iron at
His98 into our structural calculations for ARD′
resulted in multiple NOE violations in the active
site, such a switch made little difference in calcula-
tions of Ni binding in ARD using modeled
coordinates.9 It is possible that nickel prefers Nδ

ligation at His98. Although the crystal structure of
mouse ARD shows all-Nε ligation of the metal,
patterns of H/D exchange in hyperfine shifted
imidazole 1H resonances in ARD are consistent with
ligation of Ni2+ via two His Nε and one His Nδ.15

Current progress in our laboratory towards a crystal-
lographic structure of ARD may clarify this issue.

Mechanistic implications

The reaction between the des-thiomethyl homolog
of acireductone 4 and O2 proceeds at a significant
rate under physiological conditions even in the
Figure 6. Proposed mechanisms for regioselectivity in ARD
the substrate via the O1 and O2 positions (ARD′) versusO1 and
O2 position in ARD′ and O3 position in ARD for intramolecula
to the four-membered cyclic peroxide in the case of ARD′ and
more detail concerning these mechanisms, see Dai et al.7 and
absence of enzyme (kobs ∼ 0.025 s−1, G. Pagani,
personal communication), and yields the same
products, keto-acid and formate, that are observed
from the ARD′-catalyzed reaction. As such, the
activation of dioxygen, an important role for most
oxygenases, is likely less important for ARD, and no
significant binding of O2 is observed to the substrate-
free enzyme.7 At physiological pH, acireductone is
predominantly a monoanion, and acireductone
binding to either ARD and ARD′ involves the loss
of a second proton, yielding the dianionic species.7

We have proposed that the mechanism of both
enzymes involves initial formation of a radical pair
by single electron transfer from the metal-bound
acireductone dianion to O2, forming superoxide
(O2

−), followed by collapse of the radical pair to
form the peroxide species at C1 (compounds 4a and
4c in Figure 6).9 In ARD, this peroxide cyclizes via
intramolecular nucleophilic attack at C3, forming the
five-membered peroxy compound 4d that under-
goes electrocyclic reaction leading to formate, CO
and methylthiopropionate. In ARD′, the acyclic
peroxide attacks at C2, leading to the dioxetane 4b,
electrocyclic decomposition of which yields the α-
keto-methylthiobutyrate and formate. These
mechanisms are supported by the results of isotope
incorporation experiments using 18O2.

5 The role of
the metal in either case would be to activate a
particular carbon (C2 in ARD′ and C3 in ARD) to the
nucleophilic ring closure via Lewis acid interactions
with the attached oxygen. As such, onewould expect
that substrate 4 would chelate the Fe2+ in ARD′ via
the oxygen atoms at positions 1 and 2 of the
acireductone, while in ARD, the Ni2+ would be
chelated via the oxygen atoms at positions 1 and 3
(see Figure 6). The proposed mechanism for ARD in
particular is strongly supported by recent work from
Berreau and co-workers, who have shown that a
′ (left) and ARD (right). Bidentate ligation of the metal by
O3 positions (ARD) results in Lewis acid activation of the

r nucleophilic attack by peroxide anion, giving ring closure
the five-membered cyclic peroxide in the case of ARD. For
Pochapsky et al.9
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hexacoordinateN,O complex ofNi2+ indeed ligates a
sterically bulky acireductone in a bidentate fashion
via the C1 and C3-bound oxygen atoms. Further-
more, treatment of this complex with one equivalent
of base andO2 results in the formation of COand two
carboxylate products, in precise analogy with the
enzymatic reaction.17

The next question that arises is whether differ-
ential ligation of 4 in ARD′ versus ARD is the result
of geometric requirements of the ligating metal or
whether ligation geometry is enforced by the
structures of the active sites. The most obvious
difference between the active sites of ARD and
ARD′ is the more restricted access of the Ni2+-bound
ARD active site relative to that of ARD′. The
presence of the Trp162 indole in the vestibule of
the active site of ARD is enforced by the hydrogen
bonding between Ile163 and Thr97 backbone, the
tight turn Asn158-Gly161 and packing of helix P
onto the top face of the β-sandwich. We have
modeled how substrate might fit into the active sites
of the two isoforms (Figure 7). In the case of ARD′,
the open active site permits an extended conforma-
tion of the acireductone ethylthiomethyl group, with
the guanidinium groups of Arg104 and Arg154
arranged near the O1 and O2 metal ligand bonds,
respectively. In ARD, the acireductone ethylthio-
methyl group packs against the Trp162 indole side-
chain, and the sterically less demanding O1, O3
ligation of the acireductone is favored. Although the
positions of the Arg104 and 154 side-chains in the
ARD active site are less well defined due to
paramagnetic effects than in the ARD′ structure, it
is likely that at least Arg154 is in a position to
hydrogen bond with O2 of the acireductone in ARD.
Figure 7. Comparison of the active sites of ARD′ (left) and
Modeled structures were generated using AMBER 8.0.30 Initi
structure for ARD was from PDB entry 1ZRR.12 In both cases,
atoms from acireductone (shown in blue in both structures). In
in ARD, 4 is ligated to Ni2+ via O1 and O3 (ACRT). Complexe
close contacts. The two structures are not in the same orie
paramagnetic broadening, the positions of side-chains within t
in the ARD′ structure. Figures were generated using MOLMO
Conclusions

The validity of the model of ARD′ presented here
is based on the assumption that the structural
similarity observed by 1D and 2D NMR methods
between ARD′ and H98S extends to the active site,
which cannot be observed in ARD′ by standard
NMR methods due to paramagnetism, and that any
structural perturbations arising from Fe binding are
minimal beyond the immediate vicinity of the metal
binding domain. As noted above, this assumption is
supported by the similarity between spectra ofH98S,
apo-WT ARD and ARD′ in regions where compar-
isons can be made. However, until such time as
crystallographic structures of the active sites of ARD
and ARD′ are determined with defined metals, the
active site models for both of these enzymes should
be used cautiously as guides to further experiments.
Materials and Methods

Mutagenesis and expression of H98S ARD

The wild-type ARD gene in pET-3a was used as a
template for site-directed mutagenesis experiments. All
mutant primers were designed in-house for use with the
Quik-Change (Stratagene) kit and protocol. Primers are
listed in the Supplementary Data. The H98S ARD gene
was placed in the appropriate orientation behind the T7
promoter of pET-3a (Novagen) between the NdeI and
BamHI restriction sites. Mutant plasmids were trans-
formed into electrocompetent Escherichia coli XL1-Blue
cells (Stratagene) for amplification, miniprepped and the
correct mutant sequence was confirmed by DNA
ARD (right) modeled with substrate acireductone 4 bound.
al structure for ARD′ was from the current work, starting
the two equatorial water ligands were replaced by oxygen
ARD′, 4 is ligated to the Fe2+ viaO1 and O2 (ACRC), while
s were subjected to 4000 steps of minimization to remove
ntations, but are rotated to obtain clear views. Due to
he active site of ARD (1ZRR) are not as precisely defined as
L.31
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sequencing. For expression, purified mutant plasmid was
transformed into E. coli strain BL21(DE3)pLysS, with
induction and purification following the published pro-
cedure for WTARD.6 For isotopically enriched H98S used
in NMR experiments, the growth and expression proce-
dures described by Mo et al. were used.19

XAS methods

Samples of ARD′ were reconstituted with Fe2+ in order
to insure complete occupancy of the metal site by Fe. The
reconstitution procedure and XAS sample preparation are
described in the Supplementary Data. XAS data were
acquired at beamline X9B at the National Synchrotron
Light Source (NSLS) at Brookhaven National Laboratory.
The samples were placed in polycarbonate holders that
were inserted into a slotted aluminium holder and held
near 50 K using a He displex cryostat. The XAS data were
collected under dedicated conditions at ca 2.8 GeV and
160–260mA as described,20 except that a sagitally focusing
Si(111) double-crystal monochromator was used. The X-
ray energy of the focused monochromatic beam was inter-
nally calibrated to the first inflection point of Fe foil
(7112.0 eV).
X-ray fluorescence data were collected using a 13-

element Ge detector (Canberra). X-ray absorption data
were collected over the range from ca 6.9–8.1 keV.
Harmonic rejection was achieved by use of a Ni mirror.
An average of ten scans were used for EXAFS analysis by
WinXAS.21 The summed, energy-calibrated data files were
background-corrected and normalized using a two third-
order polynomial fits. The data were converted to k space
using the relationship [2me (E–E0)/ħ2]1/2 (where me is the
electron mass, E is the photon energy, is Planck's constant
divided by 2π, and E0 is the threshold energy of the
absorption edge and defined here as 7125.0 eV). A least-
squares fitting procedure was employed over a k range of
2–12.5 Å−1. The fitting procedure minimized GOF=1/σ2

Σi =1
N [yexp(i)-ytheo(i)]

2 (where σ is an estimate of the
experimental error and yexp and ytheo are experimental
and theoretical data points, respectively, and N is the
number of data points):21

residual %½ � ¼
PN
i¼1

���yexpðiÞ � ytheoðiÞ
���

PN
i¼1

���yexpðiÞ
���

2
6664

3
7775100 ð1Þ

Theoretical phases and amplitudes for EXAFS analyses
were obtained from FEFF 8.2 calculations of crystal-
lographically characterized model compounds catena-
(hexakis(μ-2-imidazoyl-N-N′)bis(imidazole)tri-iron)22 and
(Et4N)2[Fe(SC6H4CH3-p)4].

23 The EXAFS analysis of Fe-
ARD data was carried out as described.24 Integer values
for the number of scattering atoms in a shell were used in
the fits without refinement. This led to the following
running parameters for each shell in the first coordination
sphere: the distance (r), the disorder parameter (σ2) and
phase shift parameter (ΔE0). Comparison of these para-
meters and residual values21 (equation (1)) were used to
select the best fits of the data (see Supplementary Data).

NMR data acquisition and analysis

Samples for NMR experiments were prepared by buffer
exchange using a desalting column pre-equilibrated with
90/10H2O/2H2O containing 50mMpotassium phosphate
buffer (pH 7.5). Typical sample concentrations were
∼1 mM. The NMR experiments and methodology used
for sequential assignment ofH98SARD are similar to those
previously described for ARD.19 All NMR experiments
were performed on a 14 T (600 MHz 1H) Varian Unity
Inova NMR spectrometer equipped with an inverse-
detection triple resonance probe, z-axis pulsed field
gradients and three RF channels. Three-dimensional
triple-resonance experiments performed include HNCA,
HN(CO)CA, HNCACB, CBCA(CO)NH and HNCO.
Three-dimensional double-resonance experiments per-
formed include two versions of HCCH-TOCSY, one
optimized for aliphatic carbon atoms and one for aromatic
carbon atoms, an 15N-edited NOESY and two versions of
13C-edited NOESY, one for aliphatic protons and one for
aromatic protons. All NOESY experiments were acquired
with a 70 ms mixing time to minimize the contribution of
spin diffusion. With modifications (e.g. carrier frequencies
optimized for aliphatic versus aromatic carbon atoms) and
parameter optimization, the implementations of all experi-
ments are those found in the standard Varian BioPack
release. Quadrature detection in the 15N indirect dimen-
sion for all NH-detected experiments was obtained using
the Rance-Kay method25, with pulsed field gradient
coherence selection for magnetization transfer through
15N. Quadrature detection in indirectly detected 13C
dimensions was obtained using States-TPPI and coherence
selection was obtained by phase cycling. All NMRdatasets
were initially processed using XWinNMR (Bruker Biospin
Inc.) and data analysis performed using XEASY.26 Back-
bone sequential assignments were made for most of the
polypeptide backbone using correlations identified in
through-bond coherence transfer experiments (HNCA,
HN(CO)CA, HNCACB, CBCA(CO)NH). Side-chain
assignments were made using a combination of HCCH-
TOCSYand HNCACB data. NOE restraints were obtained
by analysis of 3D isotope-edited NOESY experiments.
One-bond 1H-15N residual dipolar couplings (RDCs)

were measured in two aligning media, filamentous phage
(fd) and asymmetric alkylpolyol HO-(CH2O)5-(CH2)11CH3
(C12E5) (Aldrich) in a 0.96molar ratiowith 1-hexanol (final
conentration in NMR samples 5% w/w). Final fd concen-
tration in NMR samples was 32 mg/ml. RDCs were
obtained and analyzed using the methods recently
described for ARD12. Reference 1H, 15N HSQC spectra
were acquired without 1H decoupling in the indirect
dimension at 25 oC without alignment, followed immedi-
ately by acquisition of identical spectra under aligning
conditions. RDCs were obtained by comparison of the
reference and aligned spectra. Maximum estimated error
in measurement is ±2 Hz, although most measurements
are precise to within ±1 Hz.
Structural calculations

Structural calculations were performed on a Dell
computer with an Intel 386 processor running a RedHat
Linux operating system. Restrained molecular dynamics/
simulated annealing using torsional dynamics were
performed with the NIH implementation of XPLOR ver-
sion 2.1027,28 as described recently for ARD.12 Restraints
on the metal center were based on bond lengths and
geometry for metal ligation obtained from best fits of XAS
data, with planarity of atoms and ligation geometry
enforced using improper angle restraints. Due to the lack
of defined structure for the C-terminal residues Asp157 to
Ala179 (vide supra), these residueswere not constrained in
the calculations in any fashion, and thus are not included



Table 1. Experimental and modeling restraints used to
generate the fourteen accepted structures shown in Figure
4(c) and statistical analysis

Experimental restraints
Long range NOEs (i– j>10)a 540
Short range interresidue NOEs (i - j </=10)a 492
Restrictive intraresidue NOEsa 53
Residual dipolar couplings (C12E5) 58
Residual dipolar couplings (phage) 102
J-coupling restraints (periodic) 119
Dihedral angle restraintsb 256
13C chemical shift restraints 155
Metal–ligand bond lengths & angles from XAS 14
Total number of experimental restraints 1789

Modeling restraints
Hydrogen bonds in regular secondary

structurec
137

Salt-bridges and non-regular hydrogen bondsc 10
Total number of modeling restraints 147

Structural statistics
RMS deviations from experimental restraints

Ave. distance restraint violation (Å)d 0.071
Ave. no. of distance violations
>0.5 Å per structured

0.46

Ave. no. dihedral violations >5° per structure 0.53
Goodness of fit of RDCs to anisotropy tensors

phage R=0.99,
Q=0.14

C12E5 R=0.96,
Q=0.26

RMS deviations from ideal geometry
Bonds (Å) 0.003
Angles (degrees) 0.536

Ramachandran analysise

Residues in most favored regions (%) 87.7 (85.8)
Residues in additional allowed regions (%) 12.0 (12.6)
Residues in generously allowed regions (%) 0.3 (1.3)
Residues in dissallowed regions (%) 0.0 (0.2)

Coordinate precision (Å)
Backbone (residues 1–64, 73–157) 0.68
Heavy atoms (residues 1–64, 73–157) 1.07
a NOEs were classified by relative intensity, with strong NOEs

restrained to ≤3 Å, medium NOEs to ≤4 Å and weak NOEs to
≤5 Å. Intraresidue NOEs were used only if they provided a
meaningful restriction. Ambiguities due to methyl protons and
non-stereospecific assignments were accounted for using an r−6

averaging of distances between sets of protons defined by an
NOE restraint. i and j refer to residue numbers.

b Dihedral angle restraints were obtained by chemical shift
analysis using TALOS.32

c Hydrogen bonds were determined by repeated occurrence in
unrestrained structures. Salt-bridges were inferred from close
approach of oppositely charged residues.

d Structures with nomore than one NOE violation >0.5 Å in the
multiconformer loop between Leu64 and Trp73 were accepted as
long as the Ramachandran diagram was reasonable.

e Ramachandran statistics were calculated using PROCHECK_
NMR33 and exclude disordered C-terminal residues 157–179,
which are not included in the PDB deposition. Values calculated
without residues 65–72, for which minimal experimental
restraints are available, are shown first, and values calculated
including residues 65–72 are shown in parentheses.
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in the deposited coordinates. Energies were calculated
using bond, angle, van der Waals, improper, NOE,
dihedral angle, J-coupling, RDC (SANI), 13C chemical
shift, hydrogen bonding and database torsional terms.
Electrostatic terms were not included in the refinement.
Restraints used in the calculations are summarized in
Table 1. Starting values of anisotropy Da and rhombicity
R=Dr/Da for fitting of RDCs from each alignment
medium were determined by fitting RDCs to structures
obtained without RDC restraints using SSIA29. As
refinement progressed, values of Da and R were
recalculated to improve fits.
After an initial (2000 step) energy minimization using

bond, angle and harmonic restraints with reduced van der
Waals repulsion terms, structures were heated to 3000 K
for 5000 steps of torsional dynamics using a 2 fs step size.
The simulation temperature was then reduced gradually
during annealing (12.5 K temperature changes of 50 steps
each, 2 fs step size, final temperature 25 K), while van der
Waals repulsive terms, experimental database and har-
monic restraints were gradually increased to their full
values. Accepted structures gave no more than one NOE
violation (see Table 1), good fits of RDCs to calculated
order tensors and reasonable Ramachandran plots. Struc-
tural statistics are summarized in Table 1.

Structural data deposition accession codes

Coordinates and structural restraints for ARD′ (residues
1–156) have been deposited with the RCSB Protein Data
Bank (entry 2HJI). NMR resonance assignments for H98S
ARD are available through the BioMagResBank database,
accession number 7103.
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