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Isoforms fromKlebsiellaATCC 8724

Sergio C. Chat;8 Tingting JuP!' Marina Dang; Rachel Beaulieu GoldsmithMichael J. Maroney,and
Thomas C. Pochapsky#

Department of Chemistry, Usersity of Massachusetts, Amherst, Massachusetts 01003, and Departments of Chemistry and
Biochemistry and Rosenstiel Basic Medical Sciences Institute, MS 015, Brande&dityj Waltham, Massachusetts 02454

Receied March 1, 2007; Rased Manuscript Receéd December 20, 2007

ABSTRACT: The two acireductone dioxygenase (ARD) isozymes from the methionine salvage pathway of
KlebsiellaATCC 8724 present an unusual case in which two enzymes with different structures and distinct
activities toward their common substrates (1,2-dihydroxy-3-oxo-5-(methylthio)pent-1-ene and dioxygen)
are derived from the same polypeptide chain. Structural and functional differences between the two isozymes
are determined by the type of ¥ metal ion bound in the active site. The?ibound NIARD catalyzes

an off-pathway shunt from the methionine salvage pathway leading to the production of formate,
methylthiopropionate, and carbon monoxide, while thé"Fmund FeARD catalyzes the on-pathway
formation of methionine precursor 2-keto-4-methylthiobutyrate and formate. Four potential protein-based
metal ligands were identified by sequence homology and structural considerations. Based on the results
of site-directed mutagenesis experiments, X-ray absorption spectroscopy (XAS), and isothermal calorimetry
measurements, it is concluded that the same four residues, His96, His98, Glu102 and His140, provide the
protein-based ligands for the metal in both the Ni- and Fe-containing forms of the enzyme, and subtle
differences in the local backbone conformations trigger the observed structural and functional differences
between the FeARTand NiARD isozymes. Furthermore, both forms of the enzyme bind their respective
metals with pseudo-octahedral geometry, and both may lose a histidine ligand upon binding of substrate
under anaerobic conditions. However, mutations at two conserved nonligand acidic residues, Glu95 and
Glul00, result in low metal contents for the mutant proteins as isolated, suggesting that some of the
conserved charged residues may aid in transfer of metal ifiafvo sources or prevent the loss of metal

to stronger chelators. The Glu100 mutant reconstitutes readily but has low activity. Mutation of Asp101
results in an active enzyme that incorporates mietaivo but shows evidence of mixed forms.

The methionine salvage pathway (MSP) plays a critical In turn, polyamines are important in the regulation of the
role in regulating a number of important metabolites in cell cycle, being required for cell growth and proliferation.
prokaryotes and eukaryotes. The first committed intermediateInhibition of polyamine biosynthesis arrests DNA replication
in the MSP, methylthioadenosine (MTA)s formed from and perturbs cell cycle progressioB),(whereas elevated
Sadenosylmethionine (SAM, AdoMet) as a biproduct of polyamine levels are often associated with tumor formation
polyamine biosynthesis. MTA is a potent inhibitor of (3, 4). The concentration of MTA is tightly regulated via
polyamine biosynthesis and transmethylation reactidhs ( the MSP, whereby MTA is recycled through a series of
reactions that return the-thiomethyl group of MTA to

T This work was supported in part by USPHS Grant RO1-GM067786
(T.C.P.). Acknowledgment is made to the donors of The American
Chemical Society Petroleum Research Fund for partial support (M.J.M.).
Trainee funding (S.C.C.) was provided by the NIH-Chemistry Biology
Interface Program, Grant T32-GM08515. XAS data collection at the
National Synchrotron Light Source at Brookhaven National Laboratory
was supported by the U.S. Department of Energy, Division of Materials
Sciences and Division of Chemical Sciences. Beamline X9B at NSLS
is supported in part by the NIH.

*To whom correspondence should be addressed. E-mail:

methionine §). The penultimate intermediate in this cycle
is 1,2-dihydroxy-3-keto-5-methylthiopentene, an acireduc-
tone.

In the bacteriumKlebsiella ATCC strain 8724, two
enzymes have been identified that catalyze the oxidation of
acireductone by dioxygerg). Both of these enzymes are
known as acireductone dioxygenases (ARD3) FeARD
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converts acireductone to formate and the keto-acid precursor Ni-ARD
of methionine, 2-keto-4-methylthiobutyrate, whereas aci-
reductone is shunted off-pathway by NIARD to produce
3-methylthiopropionate, carbon monoxide, and forméte (

8). This off-pathway shunt has also been observdgHiaillus
subtilis (9) and Escherichia coli(10). Both FeARD and
NIARD occur naturally inKlebsiella (10), and both are
obtained upon overexpression of a single open reading frame
in E. coli. Their apoproteins are identical 179-amino acid
residue polypeptides with a mass of 20.2 kDa, and the
activities of the two enzymes are interconverted by exchang-
ing FE" and NP* (7). Both enzymes are monomeric and
coelute from a size-exclusion column but can be separated
by ion-exchange and hydrophobic interaction chromatogra-
phy. FEARD and NiARD represent the only known pair of
naturally occurring metalloenzymes with distinct chemical Fe-ARD'
and physical properties determined solely by metal ion
content.

Both FeARD and NiARD are members of the structural
superfamily known as cupind {). A model for the solution
structure of NIARD was determined by multidimensional
NMR methods 12), and a refinement of that structure was
recently described 1Q). X-ray absorption spectroscopy
(XAS) studies of the structure of the catalytic Ni center in
resting NIARD enzyme and the enzymsubstrate (ES)
complex have been reportetd]. We have also described a
structural model for FeARDand identified a structural
entropy switch that interconverts the two isofornikb)(
(Figure 1).

For both the Fe- and Ni-containing isozymes, the para-
magnetism of the bound metal complicates the determination
of the structure of the active site by NMR methods. For
NIARD, the original modeled structure of the active site
was based on homology with jack bean canavali® (6)
and upon refinement, with the recently published crystal-
lographic structure of the house mouse homologue of ARD,
MmARD (13, 17) (Figure 1). In both cases, the results of
XAS studies of NIARD were used to determine Ni-ligand
bond lengths and coordination geometiyl)( The recently
published FeARDstructural model is based on the structure
of a stable soluble metal-free mutant Klebsiella ARD,
H98S ARD, after the serendipitous discovery that this mutant
is isostructural with FeARD as determined by multi-
dimensional NMR experimentd%). As with NiARD, Fe-
ligand bond lengths and ligation geometry was establishedFicure 1: Solution structures of NiARD (PDB entry 1ZRR) and

using the results of XAS experiments that are detailed FEARD (PDB entry 2HJI) fromKlebsiellaand crystallographic
here. structure of MmMARD from Mus musculug§PDB entry 1VR3).

) ] ) _ Letters reference to thklebsiella ARD sequence as follows: A
Based on the evidence of XAS, site-directed mutagenesis,(Ala2—Phe6), B (Leul5Ser18), C (Glu23Lys31), D (Val33-

and isothermal calorimetry experiments described in this g|U(3£6)S:BE_(£TVS(Z)L)T){_?Z')D,hEg(’LLl%?1;;-))’8:588&:; 1((?4?\7/;'1%%8)3
. ; y u90), us9o), )

g\?vﬁ’)]el;)l’aés\/;,(;/l(j! 3\,sofkvf:nf§,frv?,21 :g:g{u?:c:gto:fes :;]g]gur(G]ylll—llell7), K (Glu120-Leu125), L (Asn129-lle132), M

i : X 5 ) ' (His140-Met144), N (Phe156Phel56), O (Trp162Phel66), P
amino acid residues, His96, His98, Glu102, and His140 (jle171-Alal174). Features in thMmARD structure are lettered
provide the protein-based ligands for the metal in both Fe- to show correspondence with théebsiellaARD structures. Blue
and Ni-bound forms of ARD and that both metals are bound Spheres show position of Niin NiARD and unknown metal in
in approximately octahedral geometry with solvent-derived wg:g%zag::%'ezpl:';a%S,ag‘l'gir?&ss')t'on of#an FeARD. Figures
ligands providing the remainder of the coordination sphere. '
This conclusion implies that relatively subtle differences MATERIALS AND METHODS
between the two metalprotein complexes are amplified
by the surrounding protein structure, giving two enzymes  Site-Directed Mutagenesis, Expression and Characteriza-
of different structures and activities from a single poly- tion of ARD MutantsMutations of proposed metal binding
peptide. ligands and conserved acidic residues in the ARD active site
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were generated using the Quik-Change kit and protocol chromatography were carried out on ice. The cells were
(Stratagene, La Jolla, CA). All primers for mutagenesis were disrupted by sonication (70% outpxt30 sx 6 times). Urea
designed in-house and obtained in purified form from Operon (28.8 g) was added while stirring under a stream of argon
Biotechnologies, Inc. (Huntsville, AL). The WT ARD gene (Ar) gas to reach a final urea concentration of 8 M. DTT
in a pET3a vector was used as templdt8) (and all of the was added to a final concentration of 5 mM. A*Npecific
mutant genes were also placed in pET3a expression vectorchelator, dimethylglyoxime, was then added to reach a final
for amplification and expression. Mutant constructs were concentration of 1.4 mM. After stirring under Ar for 10 min,
amplified in XL1-BlueE. coli (Stratagene), plasmids from solid FeSQwas added with stirring to the solution to a final
selected colonies were then mini-prepped (Promega, Madi-concentration of 10 mM. The solution turned slightly green,
son, WI), and the presence of the mutations was confirmedindicating a minimum degree of Fe formation. After
by complete sequencing of the mutant gene using standardanother 10 min, the solution was diluted 8-fold by addition
methods (Brandeis University Biotechnology Center). of 420 mL of degassed and Ar-saturated 50 mM Tris-HCI
For protein expression, a pET3a vector containing the (pH 7.4). The diluted solution was stirred under Ar for an
appropriate mutant or WT ARD construct was transformed additional 15 min, and then solids were removed by
into E. coli strain BL21(DE3) and grown in 5 mL of Luria centrifugation (JA-10 rotor, 5000 rpm, 60 min). The cleared
Bertani (LB) broth containing 50 mg/L ampicillin. For supernatant was loaded onto a DEAE anion exchange column
production of wild type and mutant proteins, 1 mL of the pre-equilibrated with buffer A (20 mM Tris, pH 7.4, degassed
inoculum culture was transferreadl 1 L of sterile LB medium and Ar-saturated). After unbound proteins were washed from
containing 50 mg/L ampicillin. Protein expression was the column by 100 mL of buffer A, a linear gradient 6f0.5
induced when the culture reached a cell densitygdD M NaCl in a total volume of 250 mL was used to elute
between 0.5 and 0.6 by the addition of IPTG to a final FeARD. ARD fractions were identified by SDSPAGE gel
concentration of 0.5 mM. Cells were harvested by centrifu- electrophoresis. The ARD fractions were combined and
gation 3 h after induction. concentrated, then injected in appropriate amounts onto a
Mutant ARD CharacterizationSoluble mutant ARD Superose 6 size exclusion column equilibrated with 50 mM
proteins were purified following previously described meth- KPi (pH 7.4) buffer and mounted on an AKTA FPLC. Purity
ods (19), and protein purity was determined by SBBAGE of fractions eluted from the column was determined by
gel electrophoresis. For those mutants of ARD found in SDS-PAGE. The purest fractions were combined and
significant quantities in the cytosol, the metal contents of concentrated for preparation of XAS samples.
the purified proteins were determined by GF-AAS (Dr. Peter  XAS Sample PreparatiofRurified resting state FeARD
Kerr, Univ. of Massachusetts Amherst). The purified soluble was buffer-exchanged via desalting column into 50 mM
mutants were tested for acireductone dioxygenase activitytriethanolaminoacetic acid at pH 7.5 and concentrated to 1
and compared with WT NiARD and FeARDy 'H NMR mM using a spin concentrator. Fifty microliters of this
spectroscopy. E100A and H98S mutants were specifically solution was loaded into an XAS sample holder and frozen
reconstituted with Nit and Fé" in the course of ITC  immediately in liquid nitrogen. Due to the relative reactivity
experiments (vide infra), and the reconstituted proteins were of ARD substrate with oxygen, the FEARIES complex
characterized for keto-acid production from acireductone (on- must be generateid situ anaerobically. The substrate used
pathway or FeARD activity) and CO production (off- in this work was a des-thiomethyl form of acireductone, 1,2-
pathway or NiARD activity). Coupled activity assays have dihydroxy-3-oxo-hex-1-ene, produced by the action of E1
been described previously for production of keto-acid and enolase-phosphatase on the precursor 1-phosphonooxy-2,2-
formate @0). For determination of carbon monoxide produc- dihydroxy-3-oxo-hexane2@). This substrate shows similar
tion, a gas chromatographic assay was used as described byeactivity and product distributions with ARD as the natural
Sundin @1). In this assay, headspace gas samples releasedubstrate Z0). Sufficient E1 substrate, pH adjusted to 7.5,
by acidification of enzyme assay solutions are injected via was mixed with FeARDto obtain a 12 mM final concentra-
gastight syringe onto a polystyrendivinylbenzene fused tion of substrate and 1.6 mM final concentration of FeARD
silica capillary column (50 mx 0.32 mm, Agilent catalog in 50 mM triethanolaminoacetic acid, pH adjusted with
19091P-Q04) mounted on a Hewlett-Packard model 6890 NaOH (pH 7.5). This solution was allowed to deoxygenate
gas chromatograph operating at 80. Column effluent is overnight in an anaerobic chamber. Deoxygenated E1
mixed with H, and passed through a Ni catalyst chamber, enolase-phosphatase and MgC0 «M and 50uM final
so that CO and CQare hydrogenated to methane, then concentrations, respectively) were then added to the ARD
detected by a flame ionization detector. System control and precursor mixture, and the enolase-phosphatase reaction was
peak quantitation was performed using the Agilent Chem- allowed to proceed for 30 min under anaerobic conditions.
Station software package. Detector response was calibrated he reaction mixture (about 50.) was then transferred to

by injection of fixed dilutions of CO gas in N the XAS sample holder and immediately frozen in liquid
Reconstitution and Purification of FeARON order to nitrogen.
ensure maximum Bé occupancy of ARD for XAS experi- Preparation of Metal-Free WT and Mutant ARD for

ments, WT ARD was reconstituted as follows. WT ARD Isothermal Calorimetry Experimentshe procedure used for

was expressed as described above, and the cells werenaking metal-free ARD (apoprotein) followed the same
harvested by centrifugation. Four grams of cell paste was protocol described above for preparing reconstituted FEARD
suspended in 40 mL of lysis buffer (50 mM Tris-HCI, pH from expression and induction up to the point of dimeth-
8.0, 1 mM DTT, 4 mg of DNAase |, 3 mg of RNAase A, ylglyoxime addition. Instead of dimethylglyoxime, sodium

100 mg of lysozyme, and 10 mg of tosyl chloride). The EDTA (pH 7.4) was added to the urea/DTT solution
mixture was stirred at 4C overnight. All steps up to the  containing the unfolded ARD to a final EDTA concentration
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of 10 mM. After stirring under Ar for 10 min, the solution  National Laboratory. Details of XAS data collection and
was diluted 8-fold with degassed and Ar-saturated 50 mM analysis have been recently described for the resting state
Tris HCI/10 mM EDTA (pH 7.4). The dilution was stirred FeARD (15). Data collection for the ES complex was
under Ar for 15 min, and insoluble material was removed performed under identical conditions using a He cryostat to
by centrifugation (4000« g, 1 h). The clarified supernatant hold the sample temperature near 50 K. X-ray fluorescence
was loaded onto a DEAE ion exchange column pre- data were collected using a 13-element Ge detector (Can-
equilibrated with 20 mM Tris, 10 mM EDTA, pH 7.4 (buffer  berra). X-ray absorption data were collected over the range
A). After removal of unbound proteins with a 100 mL wash from ca. 6.9 to 8.1 KeV. Harmonic rejection was achieved
with buffer A, a linear gradient of ©0.5 M NaCl in buffer by use of a Ni mirror. The average of 10 scans was used for
A over a total volume of 250 mL was applied to the DEAE EXAFS analysis by WinXAS Z4). The coadded energy-
column, with the ARD-containing fractions identified by calibrated datasets were corrected for background and
SDS-PAGE gel electrophoresis. These fractions were normalized using two third-order polynomial fits. For
combined, concentrated, and applied to a S-200 size exclu-XANES analysis, the pre-edge peak at ca. 7114 eV is
sion column pre-equilibrated with buffer A on an AKTA associated with a 1s- 3d electronic transition. The area of
FPLC system. After elution as detected by UV detection (256 the peak associated with this transition provides a reliable
nm), the apoprotein was concentrated and dialyzed againstndication of coordination humber and geometry and was
1L of 50 mM MOPS, 10 mM EDTA (pH 7.0) for 12 h, determined by fitting a baseline to the pre-edge and edge
with one buffer change at the 6-h point. EDTA was then regions of the spectra (ca. 7108120) using a cubic function
removed by dialysis against 50 mM MOPS (pH 7.0) for 36 for the pre-edge and 75% Gaussian and 25% Lorenzian
h with buffer changes every 6 h. Loss of protein was function to fit the rise in fluorescence occurring at the edge,
minimized by degassing of all dialysis buffers. The apopro- as previously described (see Supporting Informati@).(
tein was then concentrated appropriately for use in ITC The difference between the fitted background and the
experiments (see below). spectrum was then integrated. The apparent edge energy of
Isothermal Calorimetry (ITC) Titrations for Metal Binding  the samples was determined by finding the maximum in the
to WT, H98S, and E100A Mutant ARD Enzyniegrepara-  first derivative of the XANES spectrum.
tion for ITC experiments, all glassware was washed with  For EXAFS, the data were convertedkdspace using the
0.5 M HCl followed by 50 mM EDTA (sodium salt, pH 7.5)  expression [B(E — Eg)/h?Y?, whereme is electronic mass,
solution and extensive rinsing with MilliQ water. Nonsterile E is the photon energyi is Planck’s constant divided by
plastic ware was washed with 50 mM EDTA solution 2w, andEg is the threshold energy of the absorption edge,
followed by extensive rinsing with MilliQ water. Sterile  7125.0 eV. A least-squares fit was employed over a range
plastic ware was considered metal-free and used directly. Aof k = 2—12.5 A-L, The fitting procedure minimized &7
1 M MOPS buffer (sodium salt, pH 7.0) stock solution was 3 [yexi) — Yinedi)]2 where o is an estimate of the
filtered and passed through a Chelex 100 resin column to experimental erroryex, and ymeo are experimental and
remove trace metals. All subsequent working buffers were theoretical data points, respectively, adds the number of
prepared by diluting this stock solution with Chelex-treated data points Z4).
MilliQ water. Ultrapure FeS® (99.999%) and Ni(NG), . ]
(99.999%) were purchased from GFS Chemicals (Powell, N
OH). Metal stock solutions were prepared by dissolving the Z'yexp(i) ~ Yinedl)!
appropriate amount of salt (measured by weight of the solid) . =
in 50 mM MOPS, pH 7.0. Since FeS0s readily air- residuall\[% = N 100 @)
oxidized, the buffer was degassed foh under vacuum and Z|yex 0]
then purged with Ar for 45 min before solid Fes@as & ’
added under an Ar atmosphere. All subsequent transfer steps ' I
for the Fe-containing buffers and samples for Fe titration  Fits were generated to unfiltered data over the rande of
were made in an Ar atmosphere. To preveritFidation, = 2—12.5 A1 and were limited by noise in the data that
10 mM sodium dithionite was added to the FaeSsDock was due largely to the dilute nature of the samples and the
solution @3). Final concentrations for Ni and Fe stock detector available. Theoretical phases and amplitudes for
solutions were 67 and 100 mM, respectively. All ITC EXAFS analyses were obtained from calculations of model
experiments were performed using a MicroCal VP-ITC compounds catena-(hexakis2-imidazoylN,N')bis(imida-
microcalorimeter at 25C (Boston Biomedical Research zole)tri-iron) 26) and (EiN)[Fe(SGH4CHs-p)s] using FEFF
Institute, Watertown, MA). A Hastelloy C-276 sample cell 8.2 27). The EXAFS analysis of ES FeARDlata was
was used for all experiments. ITC titrations were performed carried out as described previousB8J. Integer values for
at 25°C by injection of nanoliter amounts of the appropriate the number of scattering atoms in a shell were used in the
metal salt in MOPS buffer (pH 7.0) into solutions of fits without further refinement. Fits were generated using
apoprotein in the ITC cell. Appropriate protein concentrations three running parameters for each shell in the first coordina-
were determined empirically to provide adequate signal-to- tion sphere including the distanag,(disorder ¢?), and phase
noise in the experiments. All ITC experiments reported were shift (AEg). Comparison of the residual (eq 1) and tve
performed at least twice. Data analysis was performed usingparameter was used to select the best fi§.(The values
the Origin software provided with the MicroCal instrument. of ¢? in the best fits are about twice the value expected for
XAS MethodsXAS data for resting state and substrate- a well-ordered shell of scattering atoms. This indicates that
bound FeARD were acquired at beamline X9B at the either the number of scattering atoms in the shell is too large
National Synchrotron Light Source (NSLS) at Brookhaven or the site is disordered. Since the number of scattering atoms
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Glu 95

Table 1: Characterization of ARD Mutants

lle 163
metal content

mutation % in cytos@l  specific activity (U as isolate#l

His 96 WT 100 50
E95A >70 1.8 Fe<0.002
A/ Ni 0.02
\ H96A <50 background
H98A >70 background
His 140 | H98S 100 background Fe0.002
Ni <0.01
Glu 100 E100A 100 0.8 (Ni-reconstitutet)  Ni <0.01
0.5 (Fe-reconstitutetl) Fe 0.17
D101A >70 32 (as isolated) Ni 0.1
Fe 0.3
<
o
H140F <50
Lys 68 a Approximate percent of protein in cytosol relative to total cytosol

. . L L plus insoluble (pellet) after cell lysis, estimated by SHBAGE
Ficure 2: Details of the metal binding site in NIARD (PDB entry  gjectrophoresis? Activity estimated by loss of signal intensity of

1ZRR) emphasizing residues mutated in this study and discussed,¢jrequctone substrate peak under standard assay conditions in units
in the text. The nickel is shown as a green sphere. For clarity, the \; = micromoles of substrate per minute per milligram of enzyme.

two equatorial water ligands that complete the Ni coordination are gpecific activities are corrected for background rates of acireductone
not shown. Backbone CENH hydrogen bonds between Thr97 and  qyiqation.c Metal contents are fractional contents, moles of metal per

lle163 and liganemetal bonds are shown as thin blue lines. View  mqje of protein, determined by graphite furnace atomic absorption
is from the vantage point of the C-terminal end of the G helix (see gpectrometry (GF-AAS) by Dr. Peter Kerr, University of Massachusetts,
Figure 1). Amherst.dWT activity is for NIARD with CO production® Ni
reconstitution of E100A gives off-pathway activity with CO production.
is determined by the XANES analysis to be six and since ' Fe reconstitution of E100A gives on-pathway activity with keto-acid
six scattering atoms in the EXAFS fits gave the best residual Production.? D101A as isolated has on-pathway activity (keto-acid
values, the best fits were selected from those fits containing Preduction); off-pathway activity is unconfirmed.
six scattering atoms in the first coordination sphere (see
Supporting Information). For each shell of scattering atoms Table 2: Isothermal Calorimetry Results for apo-WT, E100A, and
in the first coordination sphere, three adjustable parametersi98S ARD'

were usedr( 02, andEy). Histidine ligands were “counted” protein protein
by substituting imidazole ligands for N/O-donor ligands in . qufpp), concn (M) Kdﬁgpp), concn (M)
the first coordination sphere and using multiple scattering _mutation  Ni"[N]  Nitiration  Fe™[N]  Fetitration
parameters to account for scattering from second coordination WT [So Oé]lﬂM 5 [S(JOS?ﬂM 25
sphere C atoms an_d third coor_dlnatlon sphere C and N H98S >5OﬂM 50 >'50‘uM 50
parameters, as previously describé@)( The value of, E100A  <0.2uM 10 <0.2uM 50
for C and N atoms in the imidazole ring was constrained to [0.8] [0.6]

be the same as that for the first coordination sphere N-donor™a s experimental data sets were best fit to a one-site model, and
atom. This procedure estimates the number of histidine all experiments were repeated at least twice. [N] is the stoichiometry
ligands to about-25%, or about the same accuracy with ratio (moles of metal/moles of protein) yielding the appartot
which the number of scattering atoms in the first coordination APParent Ky values represent upper limits to actual dissociation
sphere can be determined from EXAFS analysis alone. A constants.

table of selected fits and figures that illustrate the fit
progression may be found in the Supporting Information.

mutant giving no soluble protein. H140F, E102A, and H96A
all produce some soluble protein, but the majority remains
RESULTS in the pellet after cell lysis.
Mutations at the fourth protein-based ligand, His98, were

Site-Directed Mutagenesis of Aati Site Residues in ARD.  of particular interest. The H98A mutant produces a greater
X-to-Ala mutations were made for seven residues that either fraction of soluble protein than the other three ligand-to-
are expected to be metal ligands based on spatial proximityalanine mutants (H140A, H96A, and E102A), and the H98S
and strong sequence conservation (His96, His98, Glu102,mutant is, like WT, expressed only as soluble protein. We
and His140), have potential for metal ligation with minimal noted that the H98S mutation is isostructural with FeARD
structural distortion (Glu100), or are conserved or show based upon comparison of multidimensional NMR data, and
conservative replacement across the ARD family but are the structure of H98S ARD was used along with FeARD
unlikely to provide metal ligands based upon structural XAS data to determine a model for the structure of FeARD
considerations (Glu95, Asp101) (see Figure 2). In addition, by NMR methods 15). However, H98S ARD exhibits little
mutations were made at His98 (H98S) and His140 (H140F) affinity for either N?" or F&* as measured by ITC titration
that preserve specific features of the wild-type (polarity at (see Table 2) indicating that His98 is likely involved in
98, side-chain planarity at 140). Properties of the mutant binding both metals.
proteins are summarized in Table 1. Mutations at three of The other residue considered as a potential “switch” ligand
the proposed ligands, His96, Glu102, and His140, all result was Glu100. Assuming alternatiffysheet arrangement of
in decreased expression of soluble protein, with the H140A amino acid side chains, the side chain of Glu100 is in register
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’\ /\ 1.6
L
B 1.2
/__.- "‘-. E95A é-.
N\ £ 1.0-
\..\\ 7N E
™ — \“'-—— — o E'IOZA_ E 0.8
T
E 06-
N 2
L/ A ' 0.4
'-Iv,.-' ',I II-' '-II Apo-ARD
\ N\ N\ 024 7100 7110 7120 7130 7140
\_/ S \ ,"" \_ _..-\_\ Energy (V)
Ly \_ o~ Fe ARD 0.0- , . | | ,
T —_— 7100 7110 7120 7130 7140 7150
gl Energy (eV)
/ N \ " Ficure 4. FeK-edge XANES of the resting state (black) and ES
Y\ VAN Hogs complex (red, offset) of FEARD The region around 7114 eV

corresponds to the s> 3d transition. The inset shows the first
derivative of the XANES in the edge region.

[ Neither Glu95 or Asp101 are expected to ligate the active
J I\ \ site metal, since both have their side chains external to the
' 1008 B-sandwich. However, Glu95 is strictly conserved in known
\ ARD sequences, and somewhat surprisingly, E95A is
expressed primarily as soluble apoprotein (Table 1), with
background amounts of Fe present ar2 Ni incorpora-
tion. Based on the upfield region of thll NMR spectrum
the E95A mutant exhibits a perturbed structure resembling
that of E102A (Figure 3). As isolated, E95A shows slight
activity above background, but this could be due to the
' A a2 oa s o8 PP presence _of a small amount of active_Ni-containing protein.
’ B ' o : The upfield'H spectrum of D101A is complex (data not
Ficure 3: Comparison of the upfield region of thid NMR spectra shown), suggesting multiple forms are present. The D101A
of various ARD mutants and isoforms. Spectra are arranged so that ; : R .
similarities are emphasized. From top to bottom, E95A as isolated Mutant as isolated contains significant amounts of both Ni
(purple), E102A (carmine), apo-WT ARD (green), FeAREed), and Fe. However unlike WT ARD, we could not separate
H98S (carmine), E100A as isolated (green), E100A reconstituted distinct Ni- and Fe-containing fractions using either ion-
with Ni2* (red), and NIARD (purple). All resonances in this region exchange or hydrophobic interaction chromatography. D101A
e o & o S ocand SSnEEnts Wi i o the only mutant desecrbed hre tha exhibis sgnifcant
fewer resonances in this region, indicating a lower degree of order aCtivity (Table 1) as isolated. While we have not confirmed
in their structures. ApoARD and FeARDave very similar folds, ~ carbon monoxide production by this mutant, we aeketo-
as does H98S16). Apo-E100A shows some similarity to H98S,  acid formation consistent with ARDactivity.
e g Stiy, XANES AnalysisThe XANES specira for esting FeARD
are available from the BMRB datagbase (www.bmrb.wisc.edu), and the FeA_RDES complex are Compared_ n Flgwe 4. The
accession numbers 7103 and 4313, respectively. edge energies determined as the maximum in the first
derivative spectrum are 7123.8(2) eV for the resting enzyme
with His96, His98, and Glul102 and like His98 is also part and 7124.0(2) eV for the ES complex. There is no significant
of the loop between the two outermost strands of the difference in edge energy observed between the resting form
B-sandwich. With relatively little distortion of the polypep- and ES complex of FeARD, indicating that no redox change
tide, it might be possible for Glul100 to either ligate metal occurs upon substrate binding, as a one-electron metal-
ion as a fifth protein-based ligand or act as a replacementcentered redox reaction is expected to result in-8 2V
for His98 in one or the other isoform. The EL00A mutant is shift (25).
expressed primarily as soluble protein, with an upfittd At energies near 7113 eV, a peak corresponding to a
NMR spectrum reminiscent of H98S and FeAR([Bigure process involving a 1s> 3d electronic transition is observed.
3), which we have identified as the “default” fold for the The area under this peak has been shown to be a good
ARD polypeptide 15). The ELI00A mutant has high affinity = measure of the coordination number and geometry in a
for both NP™ and F&* as determined by ITC experiments, number of crystallographically characterized iron complexes
on the same order of magnitude as WT (Table 2), indicating (29). The peak areas determined for the resting FeA&ial
that Glu100 is not an essential ligand for either metal ion. the ES complex are 5.8(1} 1072 eV and 6.9(7)x 10?2
However, the activities of both the Fe- and Ni-reconstituted eV, respectively, and indicate that the complexes are six
E100A mutant are considerably lower than WT enzyme, coordinate in both case2%4—31).
suggesting that Glul00 is involved in some manner in EXAFS AnalysisThe EXAFS unfiltered and Fourier-
enzyme function. transformed spectra for resting FeAR&hd the FeARDES

_ EI00A+NI

Ni-ARD
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of O/N-donor ligands; inclusion of a S-donor ligand leads
to poorer fits relative to fits employing O/N-donors (see
Supporting Information). However, as noted in the Materials
and Methods sectiorvide suprg relatively low signal-to-
noise in acquisition and the likelihood of static disorder in
the FeARD active site (as gauged by metdigand bond
lengths from the crystallographic structure of enARD
(17)) makes it difficult to clearly identify a single “best-fit”
combination of N/O donors and metal-scatterer distances.
Comparable fits were obtained with either O- or N-donors
and when thé\E, was constrained to a single value for fitting
both first and second- third shell scattering atoms or was
allowed to vary by atom type (N vs O) and shell. The best
fit of the data obtained using one value®f for N-donors
(imidazole ligands) and ong, for other first coordination
sphere donors (O-donors) featured two (N)O-donor ligands
at an average distance 6f1.90 A and four N(O)-donor
ligands with an average distance-e2.06 A, of which three
are consistent with histidine imidazole side chains when
second and third coordination sphere atoms are included:
Fe(Hisy(N/O)s (Figure 5, see Supporting Information).

The ligand environment of the Fe center in the ES complex
is also best fit by a combination of six N/O-donor ligands.
In this case, the fit is consistent with three (N)O-donor
ligands at an average distance~ef.92 A and three N(O)-
donors at an average distaneg.15 A, of which one of the
ligands is a histidine imidazole side chain: Fe(k{id)O)s
(Figure 6, see Supporting Information). Fits were not
improved by including a S-donor. The presence of histidine
N-donor ligands in the FEARCES complex is confirmed
by multiple scattering analysis. Modeling one of the first
coordination sphere N-donor ligands as a histidine imidazole
ligand leads to improvements in the residuals of the fits.
However, in this case it is difficult to distinguish whether
one or two imidazole ligands are bound.

The crystallographic structure 8fmARD shows the metal

FT Magnitude

4 6 8
Distance R (A)

FicURe 5: Fe K-edge k = 2—12.5 A"%) EXAFS spectrum for
resting FEARD top, k3-weighted spectrum (red line), fit (black
line), and difference (data-fit; blue line); bottom, Fourier-
transformed data, fit, and difference. The fit shown was calculated
for two O at 2.15 A and four N at 1.98 A, including three histidine
ligands and corresponds to fit R13 in the supplementary table.

FT Magnitude

4 6 8
Distance R (A)

FIGURE 6: Fe K-edge k = 2—12.5 A1) EXAFS spectrum for resumed but not proven to be2XNi bound by a three-
FeARD ES complex: topk3-weighted spectrum (red line), fit (b P N y

(black line), and difference (data-fit; blue line); bottom, Fourier- histidine one-glutamate ligation scheme, identical in geom-

transformed data, fit, and difference. The fit shown was calculated €try and sequentially homologous to that proposed in the
for three O at 2.15 A and three N at 1.98 A including one histidine NMR-derived structures of both NiIARD and FeAR[3,

ligand and corresponds to fit ESO8 in the supplementary table. 17). The metatN distances for the three histidine ligands
complex are compared in Figures 5 and 6, respectively. &€ 2.02 A (His133), 2.05 A (His90), 2.19 A (His88) and
Visual inspection of the data indicates a change in the the metak-carboxylate O distance (Glu94) is 2.2 A. The two
spectrum when substrate is added, implying that the substratd®maining sites in the octahedral ligation sphere of the metal
binds to the Fe site. One change that occurs is a decrease ifOt 0ccupied by protein-based ligands aigto each other
the intensity of features in the Fourier-transformed spectrum in €quatorial positions and are occupied by an unidentified
at a radial distance of ca—3! A (uncorrected for phase ~Molecule(s) with N/O ligand distances to the metal of 2.17
shifts) in the spectrum of ES complex. These features areA and 2.25 A. The ligation geometry of the metal is distorted
generally attributed to the presence of histidine imidazole octahedral, with N-Me—N bond angles averaging 97.a8nd
ligands; thus, inspection of the spectra indicates either thethose between the unknown ligand (L) and the carboxylate
displacement of a histidine ligand or that a large increase in L —Me—0O averaging 85.5 The L—Me—L angle between
static disorder leading to an increase «f occurs upon  substrate atoms is 72and the angle between the ligand
substrate binding. The curve-fitting analyses of the EXAFS carboxylate O of Glu94 and the adjacent histidine N ligand
data presented are more consistent with the loss of a histiding(His90) is 8. The >0.2 A spread in M-N/O distances
ligand upon substrate binding, since the values’afbserved (2.02—-2.25) observed in this structure indicates a high degree
for the first coordination sphere scattering atoms are generallyof static disorder in the ML distances and accounts in part
lower (more ordered) in the ES complex, and generally for the larger than typical values of in the EXAFS models,
support the qualitative results and provide metric details which were constrained to a maximum of two shells in the

regarding the Fe sites (see Supporting Information).
The EXAFS data obtained from resting FeARBre

first coordination sphere in order to minimize the number
of free running parameters in the fits and still accommodate

consistent with a six-coordinate Fe site composed exclusivelyboth N- and O-scattering atoms.
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Isothermal Calorimetry Titrations of WT, H98S, and Aspl01) across the superfamil$2). Of particular interest
E100A ARD. Isothermal calorimetry experiments were in this regard is Glu100. Based on the even registry of the
performed to measure binding of metal ions to three metal- three ligands (His96, His98, Glu102) and its position on the
free ARD proteins, WT, E100A, and H98S (Table 2). We inter-strand loop (Thr97-His98-Gly99-Glu100-Asp101),
note that these experiments can only provide an upper limit Glu100 appeared to be structurally well-placed to either
for Kq for metal binding because in order to obtain a provide an extra ligand to the metal with little structural
detectable signal, a minimum of /M protein (in the best  distortion or replace a ligand in one or the other isoform.
case, that of WT) is required, putting the upper limit for However, ITC data shows that the EL00A mutant binds both
accuracy in calculatingq at best at 0.0%M. Somewhat Ni%?* and Fé" readily, and théH NMR fingerprint of Ni-
higher protein concentrations were required for E100A reconstituted E100A ARD is remarkably similar to that of
titrations in order to obtain clean isotherms, but strong WT NIARD (Figure 3). Furthermore, the Ni-reconstituted
binding of both F&" and N#* were observed with this E100A ARD shows CO production from acireductone under
mutant. On the other hand, a minimum of GM H98S standard assay conditions, with no significanketo-acid
mutant was required in order to detect any heat release aboveroduction, indicating NIARD activity, while the Fe-
background upon addition of i, and no reasonable fit reconstituted form gives rise ta-keto-acid, indicating
could be made to the data. No heat release was observedreARD-like activity. As such, we conclude that Glu100 is
above background for binding of Peto H98S, even at 50 not an essential metal ligand in either ARD isoform.
uM protein. Furthermore, even when binding ofFevas However, we also note that the activities of both reconstituted
clearly detected (in the cases of WT and E100A), best fits forms of EL00A ARD were much lower than WT (while
of binding isotherms gave half-of-the-sites stoichiometry as still maintaining the same metal-dependent chemoselectivity
saturating F& concentrations, suggesting tha€Fbinding as WT). ltis clear that Glu100 plays a role in the chemistry
may drive a dimerization event under the conditions of the catalyzed by ARD in both isoforms, and we are currently
ITC experiment (although no evidence for dimerization is investigating this function in more detail.
observed either by NMR or by size-exclusion chromatog-  Finally, the roles of the strictly conserved Glu95 and
raphy for WT FeARD folded in vivo or by reconstitution conservatively substituted Aspl101 must be considered.
for XAS as described above). For these reasons, ITC Neither residue is suitable for direct metal ligation. In all
performed by direct titration does not provide accurate three ARD structures, the carboxylate side chain of Glu95
measures for metal binding affinities, and no direct com- (Glu87 in MmARD) is surface-exposed, and its orientation
parison between Pé and N binding affinities is possible  is fixed by the register of thgs-helix. In NiARD, the
using the present data. Still, ITC data provides strong carboxylate of Glu95 is positioned to interact with portions
evidence for the conclusion that while His98 is essential to of the C-terminal peptide (Gly168Asp170) that precedes
binding both F&" and NE*, Glu100 is not essential in either  the C-terminal 3,10-helixi@). In MMARD, the homologous
case. Glu87 forms a surface salt bridge with a nonconserved

arginine, Arg108. The fact that the E95A mutant is isolated
DISCUSSION primarily as apoprotein and shows a distorted structure

The four residues that we have identified as ligating the similar to that of a ligand mutant (Figure 3) suggests that
active site metal in both FeARDand NIiARD isoforms, Glu95 plays a role in metal incorporatiom vivo, either by
His96, His98, Asp102, and His140, are all strictly conserved stabilizing the structure of the active site in the apoprotein
across the ARD superfamil3{) and were initially identified or assisting in metal transfer from a metallochaperone.
as potential ligands via sequence alignment and spatial The D101A mutant incorporates metalvivo and shows
localization from paramagnetic broadening patterns in NMR the highest enzymatic activity of any of the mutants described
data and homology modelind?). The recently published here. Structurally, the carboxylate of Asp101 (conservatively
crystal structure oMmMARD supports the assignment of these replaced by Glu93 iMmARD) interacts with a conserved
residues as the protein-based ligand3).( However, the tyrosine (Tyr70 in ARD, Tyr61 ilMmARD) and a conserved
identity of the metal in thémARD structure is unknown,  positively charged residue at the C-terminus of thé&lix
and considering the importance of the identity of the metal (Lys68, Arg59 inMmARD). This region has been implicated
in determining both structure and function of ARD, the in the structural switch between NiIARD and FeARDY).
possibility of alternate metal binding modes involving ligand In NiARD, this region is structurally well-defined and is
switching between FeARDand NIiARD could not be important in determining the formation of secondary structure
ignored. Our primary suspect in this regard was His98. in the turn-loop that directs the packing of the C-terminal
Unlike His96, Glu102, and His140, which all reside in well- 3,10 helix onto the top of th@-sandwich as viewed in Figure
definedf-structure, His98 is found on a potentially flexible 1. In FeARD, this region occupies multiple conformations
loop between two strands and is adjacent to a glycine residueon the NMR time scale, and the C-terminal end is disordered.
Gly99. As such, His98 seemed the most likely of the four This disorder, as well as the repacking of the 'HElices
to act as a structural switch between FeARIDd NIARD against the bottom of the-sandwich, has been identified as
binding. However, ITC and spectroscopic studies indicate key structural differences between NiARD and FeARDd
that the H98S mutant does not bind either metal strongly, results in a more open active site for ARban for ARD
indicating that His98 is a ligand for both Feand NF*. (15). Based on the current results, we propose that Asp101

Besides the three-histidine one-glutamate ligand tetrad, aplays an important role in transmitting local conformational
number of other acidic residues in the active site region of changes in the ARD active site that occur upon Ni binding
ARD are either also strictly conserved (Glu95) or conser- to other parts of the protein. Current experiments are aimed
vatively substituted (aspartate for Glul00, glutamate for at clarifying that role.
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of the bound metals. However, nickel in a N/O-donor ligand
environment is not expected to have a biologically accessible
redox potential33). Replacement of Ri by F&* could give

rise to a mechanism involving activation ob.(However,
metal replacement experiments show that FeABRQivity

can be partially reconstituted in apo-ARD by addition of
Mg?*, another non-redox-active metal iob2]. As such, it
appears unlikely that the activity differences between the
isoforms arise from differences in redox potential. No EPR
signal has been observed for FeARDnder aerobic/
anaerobic conditions in the presence or absence of acireduc-
tone, consistent a divalent Fe cent20)( and this oxidation
state is supported by the Fe K-edge energies observed for
both the FeARDand the FeEARDES complex.

Implications for Structural and Reaeity Differences A
central question still remains: If both the resting state and
ES complexes of FeARTand NiARD have the same overall
geometry, and differences in redox chemistry do not enter
into consideration, how do binding of Fe and Ni give rise to
different protein structures and different products from the
same substrates? We have proposed that relatively small
differences between the two metal binding modes could be

e = T = T |

0 2 4 6 8 amplified via a contraction of the ligation sphere arountt Ni
FiGURE 7: Comparison of the F&-edge Fourier-transformed relative to F&* or a switch between Nand N ligation at
EXAFS spectrak — 2—12.5 A"%) of FeARD (solid) and NiK-edge His98 (15 or both. Either or both differences could be
EXAFS spectra of NiARD (dashed) of the resting state (top) and syfficient to trigger a conformational change in the Thr97-

ES complex (bottom) fronKlebsiellaATCC 8724. His98-Gly99-Glu100-Asp101 interstrand loop, which in turn

Comparison of the FeARRNd NiARD Resting State and  could result in the more widespread changes that are observed
ES Complexes by XABespite the difficulty in obtaining a  in the switch between NIARD and FeARDntermediate in
clear best-fit solution to the EXAFS data, the XAS results the proposed trigger is an antiparallel hydrogen bonding
allow us to conclude that the structures of the Fe centers inarrangement involving the backbone NHs and carbonyl
resting FeARDand in the FeARDES complex are strikingly ~ oxygens of Thr97 and lle163 in the NiARD structure that is
similar to those in the corresponding Ni centers in NiIARD inferred from theMmARD crystal structure (Figure 2)1L8).
and NiIARD ES complex 14). The Ni center in resting  This interaction is clearly missing in the FeARSIructure,
NIARD was found to be six coordinate with exclusively N/O as is the salt bridge/polar interactions involving Lys68,
ligation including three to four histidine imidazole donors: Tyr70, and Asp101 discussed above. The ThiB&163
Ni(His)s-4(O/N),_3 with one O-donor at 1.91 A and five NJO  backbone hydrogen bond appears to be critical for stabilizing
donors at 2.10 A. Acireductone was shown to bind to NiARD the structure of the O turn-loop and the P C-terminal helix
with the apparent displacement of a histidine, and the in NIARD (Figure 1). The Asp101-Lys68-Tyr70 interaction
predicted NIARD ES complex consists of four O-donors at also likely contributes to stabilizing this structure, as the loop
a Ni—O distance of 2.00 A and two N-donors at 2.14 A, region from Lys68 to residue 71 following the C-terminal
with one or two of the ligands being provided by a of helix E is disordered in FeARD(15). The net effect of
histidine: Ni(His)-»(O/N)s—s. The XAS data thus appear these differences is to restrict access to the active site in
to rule out a change in the type and number of ligand donors NiARD via side chains that project from loop O near the
or coordination geometry and do not support the idea that metal cluster, particularly the indole of Trp162. We have
Fe and Ni are coordinated to different ligands in the two proposed a mechanism to account for the different chemis-
enzymes. Figure 7 compares the Fourier-transformed spectrdries catalyzed by NiARD and FeARDased on alternative
for FeARD and NiARD in the resting state and ES complex. modes of metatsubstrate ligation resulting in Lewis acid
The spectra for both ARD proteins are scaled so that the activation of either C-2 (in FeARTD or C-3 (in NiARD)
major peaks at a radial distane€ A in both spectra have  toward intramoleuclar nucleophilic attack by peroxide anion
comparable intensities. Both spectra show common featureg12, 13).
and are consistent with the binding of the metal ion to the The XAS data presented here provide the first detailed
same ligand set in both FeARRNd NiARD. These results  structural information regarding Fe binding in the FeARD
are completely consistent with the results from mutagenesisES complex and help to establish key early steps in reaction
and ITC experiments, both of which support the hypothesis mechanism. Because both the resting enzyme and the
that the same ligand set binds metal in the resting states ofFeARD ES complex contain six-coordinate Fe centers,
NiIARD and FeARD. Furthermore, the data are also con- binding acireductone as a bidentate ligand would require the
sistent with the formation of similar ES complexes for both substitution of two ligands from the Fe center in the resting
isoforms. enzyme. Although we have previously modeled this interac-

In the absence of different ligand sets for the two isoforms, tion as resulting from the displacement of the two solvent-
we considered the possibility that the different chemistries derived ligands, comparison of the EXAFS data for the
of NIARD and FeARD are due to different redox activities resting FeEARD and the ES complex suggests that at least
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one of these displaced ligands is a histidine. A similar
situation is observed in the case of NIARD4.

Another interesting result of the current work is that even
mutations at residues not directly involved in metal ligation
(Glu95 and Glul00) appear to hamper metal incorporation
in vivo (see Table 1). This is particularly obvious from the
E100A mutant. While this mutant readily bound botiFe
and NP* in zitro with exothermicity comparable to WT, the
protein was isolated primarily as apoprotein, with very low

nickel content and less than 20% of the Fe-bound form. This
leads us to speculate that the conserved acidic residues in

ARD play a role in metal incorporation via transfer from
metallochaperone84). The upfield methyl “fingerprint” of
theH NMR spectrum is exquisitely sensitive to changes in

packing of hydrophobic residues in ARD. Comparisons 13,

between NIARD, FeARD and H98S 15) show that differ-

ences in this spectral region are primarily due to perturbations

in the packing of the E and'Helices against the bottom of
the g-sandwich, which in turn appears to be driven by
changes in the vicinity of the active site. It is possible that

metal binding by some or all of these residues during folding 15
provides a template around which the active site can properly

form and that in their absence, incorrect forms can ac-
cumulate. Certainly, the polypeptide in the vicinity of the
ARD active site must be exquisitely sensitive to environment.

Even using the same set of ligands, differences in Fe and Ni
binding are sufficient to initiate dramatic structural changes 17.
that propagate through much of the molecule external to the

f-sandwich.
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