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Abstract: Clavaminate synthase (CS) is one member of a large class of non-heme iron enzymes that require
o-ketoglutarate ¢-KG) as a cosubstrate. While the majority of this class catalyzes the hydroxylation of
unactivated €&H bonds, CS is unusual in that in addition to performing hydroxylation chemistry, it also
catalyzes the key oxidative ring closure and desaturation steps in the biosynthetic pathway to the potent
B-lactamase inhibitor clavulanic acid. A single non-hemé&'Bite is responsible for all three of these reactions
(hydroxylation, oxidative ring closure, and desaturation), during which 1 equie-Kf5 per reaction is
decarboxylated into succinate and £QVe have applied circular dichroism (CD), magnetic circular dichroism
(MCD), and variable-temperature, variable-field (VTVH) MCD spectroscopies to probe the geometric and
electronic structure of the ferrous active site in the isozyme CS2 and its interaction-Kith CD titration
experiments show stoichiometric binding ofFdo the apoenzyme, either with or withomtKG, as well as
stoichiometric binding oft-KG to the iron-containing enzyme. However, in the absence of the metal, the
a-KG binding constant is reduced, indicating that Facilitates cosubstrate binding at the active site. Ligand
field CD and MCD data show that resting CS2 contains a six-coordinate ferrous cerider£100 050 cni?,

ASEg = 1690 cnm?) and that addition of-KG perturbs the site to produce a different six-coordinate center
(10Dg = 9500 cnt?l, ASEg = 1630 cnTl). VTVH MCD analysis finds a ground-state splitting for resting

CS2 (AST,g ~ —400 cnl) that is fairly typical of six-coordinate ferrous sites, but a much larger splitting for
CS2+ a-KG (A5Tpg ~ —1000 cn1Y), indicative of Fét—oa-KG  interactions. UVl/vis absorption, CD, and

MCD spectroscopies have been applied to further probe the interaction of the cosubstrate with the metalloenzyme.
These data show the appearance of low-lying metal-to-ligand charge-transfer transitions which demonstrate
that o-KG binds directly to the iron. Furthermore, analysis and comparison to model complex data support
a bidentate binding mode of-KG, indicating that cosubstrate displaces two ligands from the six-coordinate
resting active site to form a new six-coordinateKG-bound Fé" site. These results provide the first direct
spectroscopic information about the nature of the CS2 ferrous active site and its interactienKdthand

lend insight into the mechanism of this multifunctional enzyme.

Introduction vate, which participates in the catabolism of tyrosine and whose
substrate contains an internaketo acid? and deacetylcepha-
losporin C synthase (DACS) and deacetoxycephalosporin C
synthase (DAOCS), which are involved in the synthesis of
cephalosporin and cephamycin antibiofic8. The a-KG-
dependent enzymes are thought to share a common mechanism
involving hydroxylation at unactivated carbon centers with the
concomitant two-electron oxidation of theKG cosubstrate to
succinate and C§£during which one atom of £s incorporated

into the hydroxylated product and the other appears in succinate

Mononuclear non-heme iron enzymes catalyze a variety of
important reactions involving the binding and activation of
dioxygenl? One large class of non-heme enzymes is the
o-ketoglutarated-KG)-dependent dioxygenases, which require
Fe', a-KG, and Q for catalysis and are found in animals,
plants, and microorganisms® Some of these include prolyl
4-hydroxylase and lysyl hydroxylase, which are involved in
collagen biosynthesi&thymine hydroxylase, which catalyzes
three successive oxidations of thymihé:hydroxyphenylpyru-

(Scheme 1).
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as shown in the first step of Scheme 2. Additionally, CS
catalyzes the oxidative ring closure of proclavaminic acid to
dihydroclavaminic acid and subsequent desaturation to cla-
vaminic acid (second and third steps in Scheme 2) in a four-
electron process requiring 2 equiv of bathKG and Q.12
Although one atom of dioxygen is incorporated intd<G and

véleet al.
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released as succinate, the other oxygen atom is not incorporatedith retention of configuratio* In the cyclization/desaturation

into product, but is instead reduced te®in the cyclization/
desaturation reactiod8. This marks a strong deviation of CS
from othera-KG-dependent enzymes and is similar to isopeni-
cillin N synthase (IPNS), which catalyzes oxidative ring closure
through a sulfur heteroatom, but does not requir€G.1*

CS is of particular interest because of its ability to execute
the key ring closure step in the biosynthesis of clavaminic acid,
the precursor of clavulanic acid which is a potgractamase
inhibitor. The enzyme has been isolated from clavulanic acid-
producingStreptomyces clailigerusas two isozymes, CSM;
35347) and CS2M; 35 774), whose kinetic and physical
properties are very simildf. The corresponding genes have

reactions, proclavaminate substrate may bind through the C-3
hydroxyl group to the reactive iron species, which has become
more electrophili@® This hypothesis is supported by a recent
crystal structure of IPNS which shows the substrate bound
directly to the iron through the S atom at which cyclization
occurs?® Through analogy with P-450 mechanisms, homolytic
C—H abstraction by the reactive iretoxygen species is
proposed to form a carbon-centered radical (or possible organo-
iron speciesy? resulting in the cyclization of substrate to
produce dihydroclavaminate and the release of water. Thus
instead of conventional dioxygenase activity, CS promotes
radical (or cation) capturéntramolecularly with substrate-

been cloned and sequenced, and comparison shows 82% identityarived oxygen rather thantermolecularly with a G-derived

and 87% similarity betweertsl and cs2 with significant

specieg? Consistent with a stepwise mechanism, dihydrocla-

homology in the central region, but extremely little homology ,gminate remains in the active site as a new rorygen

with other a-KG-dependent enzymes or IPNS.The genes
have been overexpressed i coli to yield soluble protein

species is generated from second equivalentsfs and Q.
Hydrogen abstraction is then proposed to occur at C-3 to form

whose properties are in excellent agreement with those of theg ‘c4rhon-centered radical, leading to desaturation of dihydro-

wild-type enzymesd718 Our studies will focus on CS2, which

is the isozyme that resides in the gene cluster responsible for

clavulanic acid biosynthesis.

Proposed mechanisms for CS invoke sequential kinetics and

begin with the binding of F&, a-KG, O,, and substrate. This

is followed by oxidative decarboxylation af-KG to yield
succinate, CQ and a reactive ironoxygen specie&;2° pro-
posed to be a ferryl ion for otherKG-dependent enzymés: 2

In the hydroxylation reaction, this reactive iron species inserts

clavaminate to clavaminaté.
In the absence of substrates, an uncoupled reaction occurs in

which o-KG is decarboxylated, but the reactive ireoxygen

species is quenched by water to give hydrogen peroxide and
inactive CS enzymé& The uncoupled reaction occurs in many
of the a-KG-dependent enzymes and proceeds at rates signifi-
cantly below those of normal substrate turnovet %).”27-32
Because this inactivation may also occur a fraction of the time
in the presence of substrateZ in 890 turnovers for CS9),

oxygen to hydroxylate deoxyguanidinoproclavaminate substrate many o-KG-dependent enzymes require substoichiometric
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CS Actie Site and Interaction witl-KG

for the presence of afiF€f CS2-a-KG—0, complex and sup-
ports the formation of the reactive iretoxygen species prior
to the oxidation of proclavaminate.

J. Am. Chem. Soc., Vol. 120, No. 4, 199815

includeso and g, as well as the transition polarization ratio
(MAM,,) and contributions from temperature-independBnt
terms3® This analysis has now been extended to inclid&S

Recent studies have shown that a single ferrous active site issystemsD > 0, Ms = 0 lowest), which can show qualitatively
responsible for all three reactions catalyzed by CS2, with the similar VTVH MCD behavior arising from a pseudodoublet

stoichiometric requirement of one Feper enzyme molecule
(Km ~ 1 uM).35 Addition of a-KG to the enzyme with P&

ground state composed of tihds = 0 and one component of
the Ms = +1 sublevels which mix through off-axis Zeeman

and ascorbate under assay conditions causes rapid inactivatioffects?* +ZFS systems can be distinguished fref@FS by

(to2 =~ 5 min vsty» > 8 h for the apoenzyme) as the uncoupled
reaction occurd? Co?" is found to bind tightly to CS2 in a
competitive manner with P&, producing catalytically inactive
enzyme which is protected against oxidative self-inactivation
in the presence af-KG and Q.18 Chemical modifications with
diethyl pyrocarbonate arld-ethylmaleimide o Co?*}CS2 are

a large ground-state splitting-D instead o) and the presence
of an additional MCD-inactive low-lying singlet excited state,
which is the other component s = +1.

The ground-state spin Hamiltonian parameters are directly
related to the splitting of th&T,g state A = dxzy,— dyy andV
= dyx, — dy;,) for six- and five-coordinate sites and allows one

consistent with the presence of histidine and cysteine residuesto determine the, orbital energies, which are sensitive to

at or near the active sifé. These results are similar to site-

directed mutagenesis experiments on human prolyl 4-hydroxy-

las€® and IPNS” which implicate two histidines and one

z-bonding interactiond? The largerd values found for six-
coordinate sites are associated with smaller value4,aind
conversely, smald values are associated with largevalues

aspartate as critical iron-binding residues. However, to date for five-coordinate sites due to the open coordination position.

there are no crystal structures and virtually no direct information
about the F& coordination sphere for CS2 or anyKG-
dependent enzyme.

Non-heme ferrous sites have been difficult to study by

Combined, NIR MCD and VTVH MCD provide a complete
description of the d orbitals for a given #esite, which can be
used to probe oxygen and substrate reactivity and to obtain
mechanistic insight on a molecular level for non-heme iron

spectroscopic means as these non-Kramers ions lack strongnzymes'94246 ' .
absorption features and are generally EPR silent. We have We now apply these techniques to directly probe the ferrous

developed a protocol that utilizes magnetic circular dichroism
(MCD) and variable-temperature, variable-field (VTVH) MCD

active site in resting CS2 and its interaction withKG
cosubstrate. Circular dichroism (CD) titrations have been

spectroscopies to probe the geometric and electronic structureperformed to investigate Febinding to CS2, both without and

of high-spinS= 2 F&" centers’®3° The D ground state for
d® Fe?* is split under octahedral symmetry intdBeq ground
state (corresponding tggld, dy,) and a°E4 excited state (@-,2,
d2), separated by I0q ~ 10 000 cnt?! for O and N ligands.
Near-IR (NIR) MCD spectroscopy allows the direct observation
of the d— d transitions, and the splitting of tH&, excited
state AEy = de-y2 — dp) is sensitive to the coordination

with cosubstrate, as well as-KG binding to the apoenzyme
and iron-containing enzyme. Ligand field CD, MCD, and
VTVH MCD have been used to obtain information about the
active-site coordination number and geometry in the resting
enzyme and to probe changes at the active site due to the
presence ofi-KG. During these studies, it was observed that
addition of a-KG to the colorless iron-containing enzyme

number and geometry of the site. In general, six-coordinate pProduced a pink color, indicating the presence of charge-transfer

distorted octahedral Pe sites show two transitions at10 000
cm1, split by ~2000 cnt?! (ASEg =~ 2000 cnt?), five-coordinate
sites show two transitions at10 000 anc~5000 cnT? (ASE
~ 5000 cnt?), and distorted four-coordinate sites show two
transitions in the 40087000 cnt? region, where 1Dq(Tg) =
(—*9)10Dg(On) >

VTVH MCD is used to obtain complementary ground-state
electronic structure information. The MCD intensity for non-
Kramers Fé" centers shows unusual temperature and field

transitions. UV/vis absorption, CD, and MCD spectroscopies
have been used to further investigate the charge-transfer
transitions in order to probe the #e-o-KG interaction. These
results offer the first direct information about the ferrous active
site in CS2 and the interplay with cosubstrate which provides
insight into the catalytic mechanism.

Experimental Section

Isolation of Clavaminate Synthase. The isozyme CS2 was

dependence, which is characterized by nested saturation magoverexpre;sed anq.puﬁfied according to published procetusdts
netization behavior (i.e., nonsuperimposing isotherms when the following modifications. The EDTA and phenylmethylsulfonyl

plotted vsSH/2kT). For negative zero-field splitting (ZFS)
systemsD < 0, Ms = +2 lowest), this behavior is due to the
rhombic zero-field splittingd) of the Ms = £+2 ground state,
which shows a nonlinear magnetic field dependeficé. is

sensitive to site geometry and is found to be larger, correspond-

ing to more nesting, for six-coordinaté & 4—7 cnTl) than

for five-coordinate sites( < 4 c¢n1).3® Ground-state spin
Hamiltonian parameters are obtained by numerically fitting
experimental VTVH MCD data to an intensity expression which

(35) Bushy, R. W.; Townsend, C. Bioorg. Med. Chen996 4, 1059~
1064.

(36) Myllyharju, J.; Kivirikko, K. I. EMBO J.1997, 16, 1173-1180.

(37) Borovok, I.; Landman, O.; Kreisberg-Zakarin, R.; Aharonowitz, Y.;
Cohen, G.Biochemistry1l996 35, 1981-1987.

(38) Solomon, E. I.; Zhang, YAcc. Chem. Re$992 25, 343-352.

(39) Solomon, E. I.; Pavel, E. G.; Loeb, K. E.; CampochiaroCGord.
Chem. Re. 1995 144, 369-460.

(40) Whittaker, J. W.; Solomon, E. 0. Am. Chem. Socl98§ 110,
5329-5339.

fluoride (PMSF) concentrations were increased in each buffer as
specified below. The glycerol concentration in all buffers was decreased
from 20% to 10%, and the buffers were thoroughly degassed under
nitrogen prior to use. CS2 purification was carried out on 40 §.of
coli IM101 cell paste and the concentration of additives (lysozyme
and Brij 58) adjusted accordingly. A fresh 2 mL solution of 100 mM

(41) Campochiaro, C.; Pavel, E. G.; Solomon, Hnbrg. Chem1995
34, 4669-4675.

(42) Loeb, K. E.; Westre, T. E.; Kappock, T. J.; Mitl.; Glasfeld, E.;
Caradonna, J. P.; Hedman, B.; Hodgson, K. O.; Solomon,JEAmM. Chem.
So0c.1997 119 1901-1915.

(43) Pavlosky, M. A.; Zhang, Y.; Westre, T. E.; Gan, Q.-F.; Pavel, E.
G.; Campochiaro, C.; Hedman, B.; Hodgson, K. O.; Solomon, E.Am.
Chem. Soc1995 117, 4316-4327.

(44) Loeb, K. E.; Zaleski, J. M.; Westre, T. E.; Guajardo, R.
Mascharak, P. K.; Hedman, B.; Hodgson, K. O.; Solomon, BE. |Am.
Chem. Soc1995 117, 4545-4561.

(45) Pavel, E. G.; Martins, L. J.; Ellis, W. R., Jr.; Solomon, EChem.
Biol. 1994 1, 173-183.

(46) Mabrouk, P. A.; Orville, A. M.; Lipscomb, J. D.; Solomon, EJI.
Am. Chem. Sod991, 113 4053-4061.
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PMSF in 2-propanol was added to the lysis buffer prior to use to prevent tropolarimeter so that data for a single sample could be collected in
proteolytic protein degradation, and the concentration of EDTA was both the UV/vis and NIR regions. CD spectra are baseline corrected

increased from 1Q«M to 2 mM. Once the cell-free extract was
prepared, a 4@, solution of a 10 mg/mL DNase | solution was added.
Soy trypsin inhibitor was added (5@Q. of 5 mg/mL solution) to the
diluted cell-free extract prior to streptomycin sulfate precipitation.
Following the ammonium sulfate fractionation, the protein pellet was
resuspended in 20 mL of 50 mM Tris buffer (pH 7.0) containing 1
mM dithiothreitol (DTT), 1 mM benzamidine, 4Q¢M PMSF, and 200
uM EDTA. The protein was dialyzed f® h against 2000 mL of this
buffer, followed by overnight dialysis against an equal volume. The
dialyzed protein was removed and diluted to 100 mL with Tris-EDTA
buffer containing 10«M EDTA, 1 mM DTT, 1 mM benzamidine,
and 200uM PMSF. A 1000-mL linear gradient of KCI from O to 400
mM was used to elute CS2. Gel filtration chromatography was
accomplished using Tris-EDTA buffer containing @0 EDTA, 1 mM
DTT, 1 mM benzamidine, and 100M PMSF. The active fractions

by subtracting the buffer and cell backgrounds from the raw data.
Depolarization of frozen MCD samples was judged to $8% by
comparing the CD spectra of a nicket)-tartrate solution placed before
and after the sample. MCD spectra are corrected for the natural CD
and zero-field baseline effects due to the optical quality of the frozen
sample by subtracting the corresporgdinT scan at each temperature.
In some cases, in particular the VTVH MCD data, the reported MCD
data are the averaged subtraction of the negative field raw data
(collected with the magnetic poles reversed) from the positive field
raw data so as to avoid subtraction problems due to shifting baselines
in poor quality frozen glasses.

Fitting Procedures. Spectra were fit to Gaussian band shapes using
a modified LevenbergMarquardt constrained nonlinear least-squares
fitting routine. In the case of simultaneous fitting of CD, MCD, and
absorption spectra, the intensities were allowed to vary, keeping the

were pooled and concentrated, and the homogeneous apoenzyme waisansition energies fixed wherever possible and allowing for slight

stored in 50 mM MOPS buffer, pD 7, with 1 mM DTT and 10%
glycerolds to stabilize the protein, and kept frozen-a86 °C until
used for spectroscopy.

Preparation of Samples for Spectroscopy. All commercial

reagents were used without further purification: MOPS buffer (Sigma),

D,0 (99.9 atom % D; Aldrich), sodium deuterioxide (B&tom % D;
Sigma), glycerold; (98 atom % D; Cambridge Isotopes Laboratory),
2-oxopentanedioic acidofketoglutaric acid, or 2-oxoglutaric acid;
Sigma), ferrous ammonium sulfate (FeAS, [FgOhk](NH4)2(SO)2;

broadening of the half-width at half-maximum (HWHM) values upon
going from low-temperature (5 K) MCD to room-temperature (278 K)
CD and absorption spectra. Saturation magnetization data were
normalized to the maximum observed intensity and fit according to
published procedures to extract ground-state param@ételath the
negative and positive ZFS models were applied to the VTVH MCD
data in determining the best fit. Binding constants were estimated from
CD titration data using the method of Rose and Dréd8.

Density Functional Calculations. Calculations were performed

MCB Manufacturing Chemists, Inc.). Samples for spectroscopy were using versions 1.1.3 and 2.0.1 of the commercially available Amsterdam

prepared under an inert atmosphere inside ;gpiNged wet box.

Density Functional (ADF) programs by Baerends and co-worKers.

ApoCS2 was made anaerobic by purging a vial of the apoenzyme with The Vosko-Wilk —Nusair local density approximati#fwas used for
argon gas on a Schlenk line and alternating quick cycles of vacuum the exchange and correlation energy; Bétlkand Perde® nonlocal

and argon. F& was added in microliter quantities to apoCS2 from gradient corrections for exchange and correlation were included.
anaerobic stock solutions of FeAS in degassed MOPS buffer, pD 7. Atomic basis functions, core expansion functions, core coefficients,
o-KG stock solutions were prepared in®, adjusted to pD 7 by the  and fit functions were used as provided by database IV, including Slater-
addition of 40 wt % NaOD, and thoroughly degassed before addition type orbital triple¢ basis sets, with all core levels treated as frozen
in microliter quantities to the enzyme. Fresh stock solutions of FeAS orbitals. Numerical integration was set to 6.0 and convergence was
and o-KG were prepared for each set of experiments. Wherever accepted when the maximum element in the error matrix was less than
possible, parallel samples of resting CS2 and-€&XG were prepared 1078

simultaneously. Unless otherwise noted, iron-containing CS2 samples

contain 0.8 equiv of P& relative to apoenzyme (20% excess “ligand”)
and CSZ-a-KG samples contain 16 o-KG relative to apoenzyme.
Samples for absorption and CD spectroscopy-{2.5 mM apoCS2)

were kept anaerobic by using a custom-made 0.5-cm path length maske

optical cell (Wilmad) fitted with a gastight Teflon stopcock (LabGlass).
Titration additions into the anaerobic optical cell were carried out in

Results and Analysis

A. lron and a-Ketoglutarate Binding. CD spectroscopy

Jras been used to probe#endo-KG binding to CS2 and to

obtain approximate binding constants. Figure 1A (light dotted
line) shows the featureless UV/vis CD spectrum of apoCS2 prior

the wet box using gastight syringes fitted with custom 5-in.-long needles to any additions. Addition obi-KG to apoCS2 causes the
(Hamilton Co.); volumes were adjusted to account for solution contained appearance of a single band at 29 000 &nassigned as an n

within the needle. Samples for MCD spectroscopy {238 mM

— gr* transition (vide infra), which grows with increasing

apoCS2) were prepared by the anaerobic addition of FeAS to apoen-gliquots ofa-KG, as shown in Figure 1A (solid lines). This

zyme, followed by addition of--KG where appropriate, and 585
vol % of degassed glycerak. A pale pink color was observed when

o-KG was added to the colorless iron-containing enzyme or if FeAS

was added to the colorless apoGS$2KG solution. MCD samples
were injected into a cell assembled under With a 0.3-cm-thick

feature does not saturate at stoichiometric amounts-Kfs,

but continues to increase up to 15 equiv, from which an
estimated binding constant &g ~ 200—-500 M1 is obtained
for a-KG binding to apoCS2.

neoprene gasket sandwiched between two infrasil quartz disks and _ The NIR region CD spectrum of the apoenzyme is shown in
secured between copper plates; cells were frozen under liguid N Figure 1B (dotted line) and is also featureless. Addition éfFe

immediately upon removal from the wet box. Control samples of FeAS,

o-KG, and FeAS-a-KG (in MOPS (pD 7) or MOPS/glycerals) were
prepared under identical conditions to those of the protein samples.
Instrumentation. Room-temperature UV/vis (196820 nm) elec-

results in a broad positive band a#8500 cnt?! in the CD
spectrum which increases up to stoichiometric amounts of iron
(Figure 1B, solid lines) and which corresponds to the-ci
ligand field transitions for a ferrous site. Since both the

tronic absorption spectra were recorded on an HP 8452A diode array apoenzyme and aqueous FeAS are CD-silent anc-8600

spectrophotometer. UV/vis (36@50 nm) CD and MCD spectra were

obtained using a Jasco J500C spectropolarimeter with an extended S-2

photomultiplier tube (Hammamatsu) and equipped with an Oxford
Instruments SM4-7T magnet/cryostat capable of fieldsap T and
temperatures from 1.6 to 100 K. NIR (662000 nm) CD and MCD

m~1 band ceases to increase above stoichiometric equivalents
f FE¢* (not shown for clarity), these ¢ d transitions must be

(47) Connors, K. ABinding Constants: The Measurement of Molecular
Complex StabilityJohn Wiley & Sons: New York, 1987; Chapter 4.

spectra were recorded on a Jasco J200D spectropolarimeter with a liquid (48) Rose, N. J.; Drago, R. 3. Am. Chem. Sod.959 81, 6138-6141.

N,-cooled InSb detector and an Oxford Instruments SM4000-7T

superconducting magnet/cryostat(0D T, 1.6-100 K).

CD samples were maintained at a temperature of 278 K using a
recirculating water bath and thermostated cell holder on each spec-

(49) te Velde, G.; Baerends, E. J. Comput. Phys1992 99, 84—98.

(50) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200-
1211.

(51) Becke, A. D.Phys. Re. A 1988 38, 3098-3100.

(52) Perdew, J. P.; Wang, Yhys. Re. B 1986 33, 8800-8802.
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T T T T T T that showK(FET) = 1-2 uM.15 Further analysis of the ligand
field CD transitions for resting CS2 and C82-KG is presented
in the next section.

To probe o-KG binding to resting CS2 (i.e., with Fe
present), a titration was performed in which increasing amounts
of o-KG were added to CS2- 0.8 equiv Fé". The CD
spectrum of the resting CS2 sample is shown in Figure 1D

; , , \ . ; (dashed line) and has the broad positive feature associated with
20 22 24 26 28 30 32 this species. Upon addition of G50-KG, the positive band

Energy (103 cm™) disappears and a negative band appears which increases up to

stoichiometric amounts af-KG (Figure 1D, solid lines). This
negative feature is identical with that in the spectrum obtained
when F&* is added to apoCS2x-KG (Figure 1C), demonstrat-
ing that the order of iron or cosubstrate addition is inconse-
guential in the formation of the CS2x-KG complex. Addi-
tionally, the signal does not increase between 1 equiv and 15
equiva-KG, as shown in Figure 1D, indicating that cosubstrate
is tightly bound. A binding constant far-KG binding to resting
CS2 is estimated akg > 5000 M™%, which is an order of
magnitude greater than that f@¥rKG binding to the apoenzyme.
Therefore it appears that the presence of"Fa the protein
facilitates cosubstrate binding, and the high affinity of Fe
the active site combined with the high affinity @fKG to Fe+
53indicates that-KG may migrate to the active site when the
metal is present.

B. Ligand Field Region. 1. Resting CS2.The NIR CD,
MCD, and VTVH MCD data for resting CS2 are shown in
Figure 2, and the excited-state transition energies, ground-state
splittings, and ligand field parameters are summarized in Table
1. The 278 K CD spectrum shown in Figure 2A has been
Gaussian-resolved into two positive bands (dashed lines)
centered at 8730 and 10 740 tin The position of these
transitions is consistent with a distorted six-coordinate ferrous
. site for the resting enzyme. The CD spectrum remains

Ag (M leml)
(=)

1 1 1
6 8 10 12 14 16 unchanged when the glycerol content is increased frerh®6
Energy (10% cm™!) (required to stabilize the enzyme) to 60% glycetp(not shown
Figure 1. Titration of apoCS2 with P& and a-KG. (A) Charge- for clarity); therefore glycerotl; does not alter the structure of

transfer CD spectra at 278 K of apoCS2 (light dotted line) with 0.25, the iron site and may be used as a glassing agent for
0.5, 0.75, 1.0 (heavy solid line), 1.25, 1.5, 1.75, aitb (heavy dotted low-temperature spectroscopy.

line) equiv ofa-KG. (B) Ligand field CD spectra at 278 K of apoCS2 The 5 K, 7 T MCD spectrum of resting CS2 is presented in
(dotted line) with 0.5, 0.75, and 1.0 (heavy solid line) equiv offe  Figyre 2B and contains two positive features which have been
the spectrum with 1.25 equiv of Pesuperimposes on that with 1.0 Gaussian-resolved into bands at 9210 and 10 900 tongive

equiv and has been omitted for clarity. (C) CD spectra at 278 K of 5 1 T . b
apoCS2+ 15x a-KG (dotted line) with 0.5, 0.75, 1.0, and 1.5 equiv > £a = 1690 cnT™ (see Table 1), indicative again of a distorted

of Fe* relative to apoCS2. (D) CD spectra at 278 K of apoGS?2 six-coordinate ferrous site. Because the energies of d

0.8x F&* (dashed line) with 0.5, 0.75, 1.0, and 15 equivooKG transitions are shifted in the MCD relative to those in CD,
relative to F&*. Ae values reported are per concentration of apoenzyme control studies were performed to verify that iron had not fallen
in A—C and per concentration of iron-bound CS2 in D. out of the active site during freezing. The low-temperature

MCD spectrum of FeAS in MOPS/glycerdk shows features
similar in energy to those seen for resting ©32s might be
expected since FeAS has six waters bound & Fea distorted
octahedral geomet8?. However, the MCD features for FeAS
are three times less intense than those observed for the protein,
o that even if all of the iron were displaced from the enzyme
ctive site, it could not account for the intensity seen for resting
' CS2. Thus the MCD features in Figure 2B are due to iron in
the protein active site and the shift in the band energies between
the room-temperature CD and low-temperature MCD, which
have been reproduced over several different enzyme prepara-
tions, are due to the temperature change.

due to iron in the protein active site. From these data, a binding
constant for F&" binding to the apoenzyme is estimatedkas

> 5000 ML, Figure 1C (dotted line) presents the CD spectrum
of apoCS2+ 15x o-KG (denoted apoCSRa-KG), which
shows no features in the ligand field region. Wherf'Fis
added, a broad negative band associated with the ferrous ligan
field d — d transitions appears. As with the resting enzyme
this CD feature saturates at stoichiometric equivalents &f Fe
(Figure 1C, solid lines). Additionally, control studies show that
aqueous FeAS, aqueousKG, and FeAS+ 15x o-KG in
MOPS buffer, pD 7, are all CD-silent so that the negative band
seen in Figure 1C must arise from iron in the active site of a
CS2+-a-KG complex. The binding constant estimated from (53) Titration studies monitoring the absorption at 440 nm show that
these data for P& binding to apoCS2a-KG is Kg > 10 000 o-KG forms a 1:1 complex with FeAS under conditions used for the enzyme

-1 i o ti samples an&g(a-KG) = 2400+ 200 ML,
M1 These results show that iron is tightly bound to the (54) Pavel E. G.. Solomon. E. I. Unpublished results.

protein, both in the resting enzyme and the enzymeosub- (55) Montgomery, H.; Chastain, R. V.; Natt, J. J.; Witkowska, A. M.;
strate complex, which is consistent with kinetic studies on CS2 Lingafelter, E. C.Acta Crystallogr.1967, 22, 775-780.
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Figure 2. Ligand field CD, MCD, and VTVH MCD data for resting
CS2. (A) CD spectrum at 278 K of resting CS2. (B) MCD spectrum at
5K and 7 T ofresting CS2. Plots A and B include Gaussian fits to the
data () and the individual components (---). (C and D) VTVH
saturation magnetization behavior of resting CS2 recorded at 9200 cm
The normalized data) are plotted vgH/2kT (C) for a series of fixed
temperatures (1.6, 2, 3, 5, 7, 11, 18, and 25 K) and k¥ (D) for a temperatures (1.6, 2, 3, 5, 7, 18, and 25 K) and &3 (D) for a series
series of fixed fields (0#7.0 T in 0.7 T increments). Errors in the  of fixed fields (0.77.0 T in 0.7 T increments). Errors in the intensities
intensities are approximately the size of the symbol used and have beerare~1.5 times the symbol size used and have been omitted for clarity.
omitted for clarity. The best fit (solid lines) to the data was generated The best fit (solid lines) to the data was generated by the parameters
by the parameters described in Table 1. described in Table 1.

Figure 3. Ligand field CD, MCD, and VTVH MCD data for CS2
15x o-KG. (A) CD spectrum at 278 K of CS2a-KG. B. MCD
spectrum &5 K and 7 T of CSZ2-o-KG. Plots A and B show the
Gaussian fit to the data~() and the individual components (- - -). (C
and D) VTVH saturation magnetization behavior recorded at 8550.cm
The normalized data) are plotted vgH/2kT (C) for a series of fixed

Table 1. Ligand Field MCD Transition Energies, Ground-State

_ 1 . .
Spin Hamiltonian Parameters, and Ligand Field Parameters 0.1andd =4.5:+ 0.15cm " (see Table 1). This value dfis

well within the range expected for a distorted six-coordinate

resting CS2 CS2a-KG site. On the basis of these parameters,5ihg splittings are
transitions (HWHM) 9210 cmt (970 cnt!) 8650 cntt (1000 cnt?) determined to bé\ ~ —400 cnt! and|V| ~ 190 cnT!. Thus
. 10 900 cm* (870 cnT) 10 370 cn* (840 cnT?) from the CD, MCD, and VTVH MCD data, resting CS2 contains
ASEg 1690 cn?! 1630 cn! . ; . : . : . X
a high-spin ferrous active site with a six-coordinate distorted
6 (cm™) 45+0.15 2403 octahedral geometry.
l%l‘z/Mxya %g;o'l 267.?60.2 2. CS2t+o-KG Cosubstrate. To investigate the interaction
B-tern? 0.8% 1.3% of a-KG with the resting enzyme, CD, MCD, and VTVH MCD
A (cmh —400+ 100 —1000+ 200 were applied to CS2+ 15x a-KG (denoted CSZa-KG).
IVi2A| 0.24 0.33 Although the titration results show thetKG binds stoichio-
V| (cm™%) 190+ 50 670+ 100

aFor g fixed at 1.0.° Reported as a percentage of theterm

intensity scaling factor (see ref 39).

metrically to resting CS2, a 15-fold excess of cosubstrate was
used for the spectroscopy samples to ensure that no residual
resting CS2 remained. The 278 K CD of C52-KG is given

VTVH MCD was used to probe the ground-state splittings
by monitoring the MCD intensity at 9200 crhfor a series of
fixed fields at different fixed temperatures. Figure 2C,D shows iron site. The CD spectrum of an analogous FeASKG
these data (symbols) plotted g6i/2kT and vs 1KT, along with sample (i.e., without protein) is featureless; therefore, these two
the best fit (lines) to the data. As seen from these plots, the bands are assigned as the ferrous d ligand field transitions
MCD intensity decreases with increasing temperature, indicative in the enzyme+ cosubstrate complex. This CD spectrum is
of a high-spin F& center. The saturation magnetization markedly different than that of the resting enzyme (Figure 2A)
behavior for resting CS2 is well described by the negative ZFS in that the sign of the ligand field transitions has reversed and
non-Kramers model, and the ground-state spin Hamiltonian the intensity is much greater for C$&-KG. These changes
parameters obtained from the best fit to the datagare 9.2 + indicate that the geometric environment of the six-coordinate

in Figure 3A and has been Gaussian-resolved into two negative
bands at 8650 and 10 370 chindicative of a six-coordinate
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Figure 4. Experimental d-orbital energies for resting CS2 (left) and 1.00
CS2ta-KG (right) from the ligand field parameters in Table 1. f_? 0.75
active site in the resting enzyme has been significantly perturbed g 0.50
by the addition of cosubstrate. %
The CD spectrum of CSRa-KG is unchanged by increasing < 0.25
the glycerold; content from 8-10% to 60%, so glycerol may < 0.00
be used as a low-temperature glassing agent. The 5K, 7 T ’ , . \ L
MCD spectrum for CS2a-KG is shown in Figure 3B and is 15 20 25 30
Gaussian-resolved into two positive bands at 8650 and 10 370 Energy (10% cm'l)
cm, the same energies as in the CD spectrum, to gﬁ@g Figure 5. Charge-transfer absorption, CD, and MCD spectra of

= 1630 (_:nTl (see Table 1). This excited-state splitting SUPPOIS 5p0enzymet o-KG, CS2+ o-KG, and aqueous-KG. (A) Room-
the assignment of a distorted six-coordinate active site in temperature absorption spectra of apoCS2 (light dashed line), apoCS2
CS2+0-KG. The MCD d— d transitions in CS2a-KG (10Dq KG (heavy dashed line), resting CS2 (light solid line), @82KG

= 9500 cnT?) are shifted to lower energy relative to those in (heavy solid line), an@-KG in MOPS, pD 7 (o—). The absorption
resting CS2 (1Dg = 10 050 cnt?), indicating that the six-  spectrum of aqueous-KG has been multiplied by 5. (B) CD spectra
coordinate ferrous sites are different. Furthermore, the lower at 278 K of apoCS2 (light dashed line, coincident with the zero line),
value of 1Mq indicates an overall weaker ligand field at the 2PoCSZ-a-KG (heavy dashed line), CS2 (light solid line), C&2-
Fe* site in the enzyme+ cosubstrate complex. KG (heavy solid line). (C) MCD spectra & K and 7 T of CSZlight

. solid line) and CS2a-KG (heavy solid line). CD and MCD spectra
Figure 3C,D shows the \iTVH MCD da“'?‘ (S.ymb0|s) observed for restinz; CS2 cut off atv3£50 nr¥1 due to s:;mple problems arrl)d poor
for CSZJ’_OH,(G at 8550 ,Cm_ and the t,’eSF fit (lines) to '.[he data. optical glasses. Enzyme samples contain 0.6 (Abs) or 0.8 (CD/MCD)
The saturation magnetization behavior is well-described by the equiv F&*: all a-KG-containing enzyme samples containd6-KG
negative ZFS non-Kramers doublet model, and the ground-stateyelative to apoCS2.
spin Hamiltonian parameters obtained from the fitgye= 8.7 N )
+0.2andd = 2.7+ 0.3 cnt. Application of the’T,q analysis Table 2. Charge-Transfer Transition Energies (cinof Aqueous

gives splitting parameters @ ~ —1000 cnt? and |V| ~ 670 a-KG, ApoCS2ra-KG, CS2Ho-KG, and FeAS a-KG

cm! (see Table 1). The saturation magnetization behavior MLCT transitions n— 7
observed for CS2a-KG is different than that of resting CS2 complex technigue band1 band2 bandBansition
as seen by the differences in the fits, particularly the smaller ;_kGin MOPS Abs 31 500
value of 6 in the enzymet cosubstrate complex (22 0.3 apoCS2a-KG CD 29 000
cm1vs 4,54 0.15 cnt?). In fact, this value ob is less than CS2ta-KG Abs/CD 17820 20800 24070 28500
would be expected for a six-coordinate ferrous center and MCD 17820 20800 24070 27900

(HWHM) (2050) (2070) (1720) (1670)

corresponds to a larger splitting of thgy td orbitals @), FeASLaKG  Abs/MCD ~22 500 (broad) 30 500

indicating thata-KG not only perturbs the active site in CS2,
but is involved inz-bonding interactions with the metal. The
experimentally determined d-orbital energy level diagram for in the charge-transfer region, showing only a slight tail in the
CS2+0-KG is compared to that of resting CS2 in Figure 4, room-temperature absorption spectrum (Figure 5A, light dashed
which shows the weaker ligand field in the presence of line) and no features whatsoever in the 278 K CD spectrum
cosubstrate and the larger splitting of thearbitals for CSZ-o.- (Figure 5B, light dashed line, nearly coincident with the zero
KG, indicative of Fe-0-KG x interactions. line). With the addition of iron, resting CS2 is likewise
C. Charge-Transfer Region. The ligand field MCD featureless in absorption and CD (light solid lines in Figure
spectrum of CS2a-KG shows the tail of a third band to higher  5A,B), as well as in the 5 K7 T MCD spectrum (Figure 5C).
energy (Figure 3B), indicating the possibility of low-lying Thus there are no charge-transfer transitions due to the apo-
charge-transfer transitions. To probe this further, UV/vis protein or resting CS2 in the absence of cosubstrate.
absorption, CD, and MCD were applied to the apoenzyme and The room-temperature absorption of aqueat§G in MOPS
the iron-containing enzyme, both with and withoatKG. buffer, pD 7, is presented as the marked line in Figure 5A and
These data are summarized in Figure 5 and the transitionshows a single weak band-aB81 500 cr? (e ~ 26 M~t cm?).
energies in Table 2. The apoenzyme is essentially featurelessThis feature is analogous to the weak—n z* transitions
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observed irnn,3-dicarbonyl compound8and is assigned as the

transition from the highest occupied molecular orbital (HOMO) 8001

(denoted “n”) to ther* lowest unoccupied molecular orbital ¢y

(LUMO) of the a-keto—carboxylate moiety iru-KG. While =

the n— z* transition is seen in absorption, it is not observed = 400

in CD, as expected sinae-KG is achiral. Addition of 15-fold 2 00k
w

o-KG to apoCS2 results in the appearance of a new feature
above the protein tail in the region of theKG n — a* 0=
transition (Figure 5A, heavy dashed line). Because there is } t } }
excess cosubstrate present, it is difficult to discern if the feature 1+

in the apoCSZ0-KG absorption spectrum is shifted relative 5
e ~ 08}
to the n— x* transition from aqueous-KG. However, the -
CD spectrum of apoCS2x-KG (Figure 5B, heavy dashed line) 5 06|
clearly shows a single transition at 29 000 ¢nwhich must be s 04F
the n — x* transition arising froma-KG bound to the @ 02}k
apoenzyme since.-KG and apoCS2 by themselves are CD- < 0 he=
silent in this region. The presence of tleKG n — x* L L L L
transition in the CD spectrum demonstrates that cosubstrate must 15 20 25 30
be in a chiral environment once it has bound to the enzyme. Energy (107 cm)

When Fé* is added to form the CS20-KG complex, a pink Figure 6. Charge-transfer absorption and MCD spectra of Fe&S
color appears and the UV/vis absorption spectrum (Figure 5A, KG control sample. (A) Room-temperature absorption spectrum of
heavy solid line) shows a new low-energy feature-20 000 FeASta-KG (—)_fo_cusmg on the MLCT transition region. The data
cmL (espo~ 375 M-* cmi-1), which can be assigned as a metal- have been multiplied by 10 and compared to that of €&KG

. o . (---). (B) 5 K, 7 T MCD spectrum of FeASa-KG (—), multiplied
to-ligand charge-transfer (MLCT) transition. There is also an by 4 and compared to that of C$2-KG (- - -). The control sample

Incregsed absorption in the region of teKG n— m* for absorption contains FeAS 15x o-KG in MOPS, pD 7; the MCD
transition. The 278 K CD spectrum of C$&-KG (Figure 5B, sample contains FeAS 10x a-KG in ~60% (v/v) glycerolds/ MOPS.
heavy solid line) shows a broad low-intensity transition at

~20 000 cn! and a higher intensity band at24 000 cnrt T T T

which coincide with the pink band in the absorption spectrum. 300

Additionally, the n— z* transition observed in the CD spectrum  ~

has shifted slightly from 29 000 cri for a-KG bound to g 200

apoCS2 to 28 500 cni for a-KG bound to the iron-containing <

enzyme and has gained significant intensity. What was seen £ 100

as a tail in the ligand field MCD spectrum of C$2-KG is @

found to be an intense broad feature~&0 000 cn1! in the 0

low-temperature MCD spectrum (Figure 5C, heavy solid line), t :
which also shows a second banc~&8 000 cn™. These two 20 B

features display a similar temperature dependence in their MCD —~
intensity, indicating that the intraligand- #* transition has
become paramagnetic. Quantitative analysis of the charge- T ¢
transfer VTVH MCD data is precluded by a very largel(0%)

temperature-independeBt-term overlaying the intrinsic satura-
tion magnetization behavior. 0.0 ==

As with the ligand field transitions, it is important to verify T T t
that the low-energy charge-transfer transitions observed for
CS2+a-KG are due to R in the enzyme active site. The
room-temperature absorption and low-temperature MCD spectra ™
of an FeAS-a-KG control sample are shown in Figure 6A and
B (solid lines), respectively, as compared to those of €52
KG (dashed lines). The control sample shows spectral features
similar to those of the enzymé cosubstrate, with one broad 0.0 =
low-energy feature and a second band to higher energy. 1'5 2'0 25 30
However, the transitions for FeASx-KG are shifted by~2500 3
cm to higher energy (see Table 2) and the absorption and Energy (107 em™)

MCD intensities are much weaker relative to GS2KG. Figure 7. Simultaneous Gaussian fit of the charge-transfer region
Additionally, while CS2+a-KG shows a rich UV/vis CD absorption (A), CD (B), and MCD (C) spectra of C82-KG. The
spectrum (Figure 5B), FeAS-KG is CD-silent throughout this transition energies are summarized in Table 2. Bane3 dre assigned

region, confirming that the features seen for G82KG must as Fé™to-a-KG charge-transfer transitions and band 4 as the a*
be dué active site B& transition ina-KG. The absorption spectrum has been corrected for

i . . . the intensity due to excessKG and the protein tail.
Figure 7 presents the simultaneous Gaussian resolution of
the absorption, CD, and MCD spectra for the G$2KG complex. The lower energy region is resolved into three bands
(56) Suzuki, HElectronic Absorption Spectra and Geometry of Organic Cen.tered at 17 82.0’ 20 8.00’ and 24070 ér(‘see Table 2)'_
Molecules: An Application of Molecular Orbital Theorcademic Press:  While control studies confirm that these features are due to iron
Inc.: New York, 1967; pp 429438. in the enzymet cosubstrate active site, they also support their
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assignment as iron-ta-KG charge-transfer transitions since for a six-coordinate site and corresponds to a large splitting of
similar features are seen for FeA8-KG where there is no  the 5T,4 state A ~ —1000 cnT?, |V| ~ 670 cnTl). This

ligand acceptor orbital other than fromKG.5® The n— x* indicates that the P& tyy orbitals, which are sensitive to
transition in the CS2a-KG complex is centered at 27 900 cin m-bonding interactions, are significantly perturbed by the
in the low-temperature MCD and 28 500 thin room- presence ofi-KG and may be involved imr-back-bonding to
temperature CD/absorption and has shifted to lower energy the cosubstrate.

relative to this transition in apoCS2.-KG (~29 000 cnt?). The ligand field CD and MCD spectra of C$2-KG show

The fact that the n—~ z* transition shifts upon metal binding  indications of additional features to higher energy. It was
and becomes paramagnetic indicates that the ligand orbitals argybserved that the addition 0fKG to resting CS2 or the addition
directly interacting with the iron. Furthermore, the appearance of Fe?* to apoCS#Za-KG changes the solutions from colorless
of the MLCT transitions in the enzyme cosubstrate complex  to pink, indicating charge-transfer transitions in the visible
means that there must be orbital overlap betweett Bad region. The UV/vis absorption, CD, and MCD spectra of
o-KG, indicating thata-KG binds directly to the metal. CS2+a-KG show a broad feature at20 000 cnt? (500 nm)
which can be resolved into three bands at 17 820, 20 800, and
24 070 cnTl. These low-lying bands, which appear only when
Decarboxylation ofi-keto acids is hindered by the inability Fe*t ando-KG are both present in the active site, are indicative
of the carbonyl group to delocalize the negative charge of MLCT transitions and require that there be direct metal
produced. This is overcome hy-keto acid dehydrogenases ligand overlap between Feando-KG. The increased intensity
and decarboxylases by using the coenzyme thiamine pyrophosof the charge-transfer transitions for C&2-KG relative to
phate as an electron sifik.In the a-KG-dependent non-heme  FeASto-KG reflects an increased Fe-a-KG orbital overlap
iron enzymes, this is achieved by utilizing @s an electron  in the enzyme which may be due in part to a more rigid position
acceptor for the oxidative decarboxylation process. Despite theof the cosubstrate due to electrostatic and hydrophobic interac-
large number ofx-KG-dependent non-heme enzymes, there is tions ofa-KG with the proteir?® Thus the cosubstrate not only
surprisingly little information known about the coordination perturbs the ferrous active site in CS2, but in fact binds directly
environment of the ferrous active site. We have sought to to the metal.
address this through the use of CD, MCD, and VTVH MCD The mode ofa-KG binding can be addressed through
spectroscopies to study the multifunctiorelKG-dependent comparison with ferrous complexes synthesized to model the
enzyme CS2. CD titrations show that the iron is tightly bound active site ofa-KG-dependent enzymes. To date, three such
in the active site of the resting enzyni€s(> 5000 M1). From models have been report€tif2 each with F&" complexed to
the energy (1Dq = 10 050 cm?) and splitting ASEg = 1690 theo-keto acid benzoylformate (BF): [E€PA)(BF)(MeOH)]-
cm™1) of the ligand field transitions, the Feé site in resting (ClO4)-2MeOH (1), [FE'(6TLA)(BF)](CIO4) (2), and Fé-
CS2 is described as six-coordinate distorted octahedral. The(BF)(HB(3,5-Mepz))(CHsCN) (3).63 The first of these has a
ground-state parameters obtained from saturation magnetizatiorsix-coordinate distorted octahedral ferrous site with four ligands
analysis ¢ = 9.2 andd = 4.5 cnt?) result in a small splitting derived from the tetradentate TPA ligand, one methanol ligand,
of the 5T orbital ground stateX ~ —400 cn1?, |V| ~ 190 and one carboxylate oxygen from BF which is bound mono-
cm™Y), which supports the six-coordinate assignment. While dentate to the iron.2 and3 are also six-coordinate, but have
there is no crystal structure of anyKG-dependent non-heme  the a-keto acid bound bidentate to the iron through one of the
iron enzyme, a recent structure of Mn-substituted IPNS, a non- carboxylate oxygens and the carbonyl oxygen. The absorption
heme enzyme which performs oxidative ring closure similar to spectrum ofl shows features at340-420 nm, which are
CS2, describes the active site as six coordinate with two assigned as transitions to the pyridines in the tetradentate ligand,
histidines, one aspartate, one glutamine, and two solvent waterand no lower energy visible transitiof’s. The absorption
ligands®® However, although there are several conserved spectrum of2, which is blue-purple in color, shows two
residues between IPNS and otleKG-dependent enzymés; additional features at 544 nm £ 690 M1 cm~1) and 590 nm
the very low homology to CS? hinders making possible  (sh) in both coordinating and noncoordinating solvéf#d and
assignments of the iron ligands in CS2 based on the IPNS 3 shows similar absorption features at 555 and 61Fhrfihese
structure. features are attributed to Feto-o-keto MLCT transitions which
The interaction of the.-KG cosubstrate with the CS2 active  occur when the carbonyl oxygen is bound to the iron and which
site has also been investigated. CD titrations show th#t Fe are subsequently absent in the monodentate BF compRx,
ando-KG are tightly bound in the CS2a-KG complex Kg- Comparison of the CSRa-KG UV/vis spectra indicates that
(F&#™) > 10 000 M1, Kg(a-KG) > 5000 M1) and thata-KG the a-keto—carboxylate moiety ofo-KG must be bound
binds better to the iron-containing enzyme than to the apo- bidentate to the metal in the enzyme active site in order to
enzyme. Thus it appears that the presence G&f Feelps produce the MLCT transitions observed 2600 nm. (The
facilitate cosubstrate binding at the active site. The ligand field higher energy of these transitions in the protein relative to the
data for CSZ-a-KG show two transitions indicative of a six- models is likely due to the substituent on thecarbon in BF

Discussion

coordinate ferrous site (D& = 9500 cnt?, ASEg = 1630 cn1?). having a largerr conjugation network which stabilizes the
However, the six-coordinate Pesite in CS2-a-KG is different :
than that in resting CS2 since the-€ld transitions have shifted (59) Hanauske-Abel, H. M.; Gizler, V.J. Theor. Biol.1982 94, 421~

' 455,
to lower energy, the sign of the CD spectrum has reversed, and (60) Chiou, Y.-M.: Que, L., JrJ. Am. Chem. Sod992 114 7567

the ground-state spin Hamiltonian parameters are diffegant (7568,
=8.7,0 = 2.7 cnTY). Theo value obtained is unusually low 40§631) Chiou, Y.-M.; Que, L., JrJ. Am. Chem. Sod995 117, 3999~

(57) Walsh, C.Enzymatic Reaction MechanisnW. H. Freeman and (62) Ha, E. H.; Ho, R. Y. N,; Kisiel, J. F.; Valentine, J.I180rg. Chem.
Company: San Francisco, 1979; pp 6&B7. 1995 34, 2265-2266.

(58) Roach, P. L.; Clifton, I. J.; Rap, V.; Harlos, K.; Barton, G. J.; (63) Abbreviations: TPA, tris(2-pyridylmethyl)amine; 6TLA, tris[(6-
Hajdu, J.; Andersson, |.; Schofield, C. J.; Baldwin, JN&ture1995 375 methyl-2-pyridyl)methyllamine; HB(3,5-M@z);, tris(3,5-dimethyl-1-pyra-

700-704. zolyl)borohydride.
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a* LUMO orbital available for charge transfer and no other

A A acceptor orbitals within 2 eV. Figure 8A describes the
| interaction of thist* orbital with the iron active site in CSRa.-
= Fez+/ " KG and shows that the* is primarily composed of pdensity
_'/ ' T on the carbonyl, with some conjugation to the carboxylate p
0 \ orbitals. Thus the P& d,, orbital, which is pointing directly
X / ) y toward the carbonyl in the coordinate frame of Figure 8A, should

have the most overlap with the* orbital and, therefore, be the
most stabilized. This is shown in Figure 8B, which qualitatively
% describes the five iron d orbitals prior to (initial state) and upon
B — T metal-to-ligand charge transfer (final state), including the loss
of electron repulsion in the yg ground-state orbital. From
overlap considerations, a single MLCT transition is predicted

¥ from the Fé* dy, orbital to thea-keto—carboxylater* orbital,
Xy g X2y2 as indicated by the heavy arrow in Figure 8B. Experimentally,
24 72 however, three MLCT transitions are observed. Because there
—— 1 is only ones* orbital available for charge transfer and there
are three MLCT transitions within-6000 cnT?® of each other,
Xy =3 _ the two additional transitions likely originate from the’Fele_,2
X7 =4— xy and @z orbitals, as depicted in Figure 8B, which gain intensity
yZ - ¥ through configurational interaction.
(initial state) (final state) Additional information about cosubstrate binding can be

obtained through monitoring the higher-enexpKG n — xz*
transition, which is observed at31 500 cnT! in the absorption
r r r T C spectrum of aqueous-KG. Whena-KG is added to apoCS2,

the n— z* transition shifts to lower energy~29 000 cnt? in
CD) which may be attributed to the large change in the dielectric
oC 0] constant from~80 in an aqueous environment teb in the
protein. The fact that this transition becomes CD-active when
o-KG is bound to apoCS2 indicates that the cosubstrate has a

FeZ+ d-orbitals o-keto—carboxylate

N oW
]
*

Energy (eV) —
\z
_)
@)

-1r free  Fe-bound 1 0 chiral arrangement within the enzyme. Whe+KG binds to
55 5 3 S resting CS2 (i.e., with iron present) the-nsr* transition shifts
0° to even lower energy than when bound to apoCS2 (from

N Tt 1 o
Figure 8. (A) Molecular coordinate scheme describing the*'Fe 29000 cnt"to ~27 900 cnt). Control studies find that the

interaction with then-keto—carboxylater* orbital, where the lobe size n — z* transition in FeAS-a-KG is similarly shifted to lower

reflects the electron density contribution of each atom. (B) MO energy €Nergy relative to in aqueouxs—KG (from ~31 500 cnt? to
level diagram for CS2a-KG showing the F& d orbitals prior to ~30 500 cn?).  Calculations show that the-keto—carboxylate

(initial state) and upon metal-to-ligand charge transfer (final state) and HOMO orbital (“n”) is composed of pand g density primarily
the pertinenti-keto—carboxylate ligand orbitals. On the basis of overlap localized on the carboxylate, with some conjugation to the p
and symmetry considerations, predicted transitions are indicated with gnd p orbitals of thea-carbonyl. Whern-KG binds to iron,
arrows, the heavie_r arrow denoting the transition expected to be mostgne expects that the metdigand interaction would stabilize
;nten;e. (?)hEngrhglzs c|>f thel H%MO () ar':d LUEA@*Il 'e"de's a; a , the ligand n orbital, which is primarily localized on the
unction of the dihedral angle)] between the carbonyl and carboxyl .,y viate and destabilize the orbital, primarily localized
groups of ana-keto—carboxylate moiety. A bracket indicates a . - " By
representative n* separation for unbound-KG, which has a twisted on the carbonyl, thereby Increasing the-ne tra,lnS't'on energy.
conformation, and an arrow indicates this separation whé(G is However, the opposite is observed experimentally for both
locked into a more planar arrangement through binding to iron. CS2t0-KG and FeAS-a-KG. This can be explained in terms
of the conjugation within thex-keto acid moiety ofa-KG.
orbital more effectively than doas-KG.) These results show  Density function calculations on pyruvate show that the*n/
thato-KG binds directly to the iron in a bidentate fashion and separation changes as a function of the dihedral angle between
must therefore displace two ligands, either endogenous orthe carbonyl and carboxyl group8)(and reaches a minimum
solvent ligands, from the six-coordinate resting CS2 active site. when the two are coplanar and have maximum conjugation
This provides experimental support for early hypotheses based(Figure 8C), analogous to what is found for conjugated-
on prolyl hydroxylase inhibitor studies4which propose that  dicarbonyl compound®. Unbounda-KG is expected to have
o-KG binds bidentate to the metal through theketo acid a twisted arrangement, so the fact that the-nz* transition
moiety. energy decreases whenKG binds to iron suggests that the
A more rigorous assignment of the charge-transfer transitions a-keto carboxylate moiety becomes significantly more planar,
observed for CS2a-KG is made through consideration of the as indicated in Figure 8C.

Fe?* ando-KG molecular orbital (MO) interactions. Density  On the basis of these results, we can now draw the first two
functional calculations have been performed on pyruvate as asteps in the mechanism for CS2 as shown in Scheme 3t Fe
simple a-keto acid to obtain MO descriptions for teketo— binds to the active site to form a six-coordinate distorted

carboxylate moiety imi-KG. These calculations, as well as  octahedral site, followed by addition afKG which binds in a
those performed on the dianionic form@fKG, show a single  pidentate fashion to the metal with the-keto-carboxylate

(64) Majamaa, K.; Hanauske-Abel, H. M.; @aler, V.; Kivirikko, K. I. moiety nearly planar, forming a five-membered ring with the
Eur. J. Biochem1984 138, 239-245. iron. The next step in several proposed mechanisms involves
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Scheme 3 is oxidized without the hydroxylation of substrate. The rate of
\ \ the uncoupled reaction in PAH is similar to that of the substrate
g :
+ aKG coupled reactiofi? while in CS2, the uncoupled reaction occurs
\Fezi/ TR, \Fezw Y 0 at a significantly slower rate. Also in contrast to CS2, the
— P g y
‘ ‘ o OO~ addition of cosubstrate to PAH causes no change to the resting
ferrous site’® whereas the cosubstrate binds directly to the metal
in CS2. These differences may be due to differences in
the binding of Q to the iron to create a ferriesuperoxide reactivity between the two cofactors: whitleKG by itself is
species which then attacks thecarbon ofa-KG, followed by unreactive with @, tetrahydrobiopterins are known to autooxi-
release of C@2 If dioxygen binds to CS2a-KG by dize fairly quickly in aerobic neutral solutions. Thus CS2 may
displacing a ligand axial to the five-membered ring, then having require a-KG to bind to the iron in order to activate the
a-KG bound bidentate to the iron would properly position the cosubstrate for reaction. _ _ _
cosubstrate at the active site for nucleophilic attack by super- In summary, these studies provide the first spectroscopic
oxide. Considering the reactivity of the threeketo acid model probe of the ferrous active site in CS2, a particularly interesting
compounds with @ all of which result in quantitative decar-  €nzyme which catalyzes oxidative ring closure and desaturation
boxylation of BF to benzoic acid and G52 decarboxylation ~ chemistry, as well ag-KG-dependent hydroxylation, depending
appears to be more effective when thd(eto—carboxwate on the substrate. The resting enzyme Is described as six-
moiety can retain the bidentate b|nd|ng mode to the iron. coordinate distorted octahedral and has falrly typlcal Ilgand field
Models 1 and 2 have four ligands fixed by their tetradentate Splittings for O and N ligation. ~Addition of thea-KG
ligand groups and would require theketo acid to become cosubstrate perturbs the ¥Fecoordination environment and
monodentate in order for Qo bind to the iron. Decarboxy-  increases the ground-state ligand field splittings, indicating
lation of BF by these models occurs at a significantly slower 7-back-bonding with the metal. UpanKG binding, new low-
rate than that of modeB (days vs minutes), which has a €nergy MLCT transitions are observed which requires direct
tridentate ligand group and an exchangeable solvent ligand andmetat-ligand overlap. Comparison with models shows that
could thereby retain the bidentate binding mode ofSBF. o-KG binds in a bidentate fashion, thereby displacing two
The presence of the MLCT transitions for GB@-KG ligands from the resting active site. Furthermore, changes in

indicates some degree afback-bonding between Feand the o-KG n — a* transition, which becomes CD and MCD

s ; tive upon cosubstrate binding, support a nearly planar
o-KG, as supported by the large splitting of the arbitals. ac !
. : e arrangement of tha-keto—carboxylate moiety. As decarboxy-
This back-bonding may serve a mechanistic purpose, perhapﬁationgofoL-KG to generate succir?ate Qcanglya reactive high)f

tivating theo-KG for reaction with oxygen through . >
by activating thea-KG for reactio oxyge oug valent iron-oxygen species is purported to occur before

imparting some radical character to the cosubstrate or b . . . -
actFi)vating the iron center for reaction with dioxygen Significanty hydroxylation, cyclization, or desaturation, the spectroscopic
: characterization of the active site withKG bound provides

iat;]?iac(;l:]-f ;ngggn?at)si elz)en?; ;Aﬁé’ iﬁb\?viri\(/:idtlhnetrk]; (?If E;)hnedrir:% "OMinsight into the catalytic mechanism. These results suggest that

serves to stabilize the initial Fe—0,~ intermediate from loss (t:)L)ns?JlEgtgtg-fﬁfré?;\iﬁobnevafﬁ Zisjfrye?:tgﬁgég aﬁﬂ\r/:lie ;hi%'r;er{f
of superoxide and promotes the formation of the ferperoxy Y9 Y, 9 P

activated bleomycin specié$%’ It should be noted, however, ing some radical character toKG via z-back-bonding, or to
that the MLCT transitions observed for C8a-KG are less position thea-keto group of the cosubstrate for attack by an

intense than those observed for bleomycin, indicating a weakerggg,;?xygen species formed througf @ctivation by the iron
covalent interaction. Thus, the back-bonding in €82KG ’

may not be as significant and may simply reflect the fact that Acknowledgment. This research was supported by grants
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