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Abstract: Using a single ferrous active site, clavaminate synthase 2 (CS2) activatasdCcatalyzes the
hydroxylation of deoxyguanidinoproclavaminic acid (DGPC), the oxidative ring closure of proclavaminic acid
(PC), and the desaturation of dihydroclavaminic acid (and a substrate analogue, deoxyproclavaminic acid (DPC)),
each coupled to the oxidative decarboxylation of cosubsteatestoglutarate ¢-KG). CS2 can also catalyze

an uncoupled decarboxylation afKG both in the absence and in the presence of substrate, which results in
enzyme deactivation. Resting CS2/fes a six-coordinate Eesite, andu-KG binds to the iron in a bidentate

mode. The active site becomes five-coordinate only when both substrate li@dare bound, the latter still

in a bidentate mode. Absorption, CD, MCD, and VTVH MCD studies of the interaction of CS2 with DGPC,
PC, and DPC provide significant molecular level insight into the structure/function correlations of this
multifunctional enzyme. There are varying amounts of six-coordinate ferrous species in the substrate complexes,
which correlate to the uncoupled reaction. Five-coordinate ferrous species with similar geometric and electronic
structures are present for all three substeat€éz complexes. Coordinative unsaturation of the' fie the
presence of both cosubstrate and substrate appears to be critical for the coupling of the oxidative decarboxylation
of o-KG to the different substrate oxidation reactions. In addition to the substrate orientation relative to the
open coordination position on the iron site, it is hypothesized that the enzyme can affect the nature of the
reactivity by further regulating the binding energy of the water to the ferrous species in the enzyme/succinate/
product complex.

Introduction

Mononuclear non-heme iron enzymes catalyze a variety of
important reactions involving the binding and activation of
dioxygenl—3 Enzymes which activate Qin their high-spin
ferrous states include extradiol dioxygenasptgrin-dependent
hydroxylases$,a-ketoglutarateq-KG)-dependent hydroxylases
(or oxygenase8)® and related enzymes (including isopenicillin
N synthase (IPNS)nd 1-aminocyclopropane-1-carboxylic acid
oxidase (ACCOY1), and the Rieske-type dioxygenadés.
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Clavaminate synthase 2 (CS2) is an interesting member of the
o-KG-dependent enzyme class in that it is able to catalyze three
different types of reactions using a single ferrous active site:
hydroxylation, oxidative ring closure, and desaturation, depend-
ent upon substrafé:14

CS2 (MW = 35774 kDa), an isozyme isolated from
clavulanic acid-producingtreptomyces clailigerus, plays a
central role in the construction of a strained bicyclic clavam
ring structure in the biosynthesis of clavaminic acid, an advanced
precursor of the poteifi-lactamase inhibitor clavulanic aclé.
This enzyme has kinetic and physical properties and sequence
homology (82% identity and 87% similarity) very similar to
those of its isozyme CS1 (MW 35 347 kDa), also isolated
from S. clavuligerug.*>16As shown in Figure 1, CS2 is similar
to many othen-KG-dependent non-heme iron enzymes in that
it catalyzes the hydroxylation of deoxyguanidinoproclavaminic
acid (DGPC) to guanidinoproclavaminic acid, coupled to the
oxidative decarboxylation of cosubstrateKG to succinate and
CO,. During this reaction, one atom of,@ incorporated into
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P NH H NH PC substrate has been suggested to be able to bind through the
0 NY\/\NJ\NH _CS2Fe" ﬂr\(s\A )J\NH 3-OH group to the reactive iron speci®@skEarlier studies on
H 2 KGO, © N 2 . L S
COOH 2 Coon H the primary ando-secondary tritium kinetic isotope effeéts
(DGPC) PAH and more recent studies of tifesecondary deuterium kinetic
i isotope effec® in the ring-closure and desaturation reactions
NH, o H favor a h_omolytic C-H abstraction by the re_active oxo-fgrryl
;@if <CS2.Fe OBI NH, intermediate to form a carbon-centered radical (or possibly an
0 COoH o-KG,0, COOH organoiron species), resulting in the cyclization of substrate to
(PC) produce dihydroclavaminate and the release of water. Thus,
CS2,FC”\LQ-KG,02 instead of conventional dioxygenase activity, CS2 was suggested
to promote radical (or cation) captunetramolecularly with
J;(O __—NH, ;fo —/"NH substrate-derived oxygen rather thiatermolecularly with a
o N\zj :> o) N{L dioxygen-derived species. In the desaturation reactions, dihy-
COOH COOH droclavaminate (the bracketed species in Figure 1) largely
Figure 1. Biosynthetic pathway of clavulanic acid. remains in the active site as a new oxo-ferryl species is generated
from second equivalents ofKG and Q. Hydrogen abstraction
Scheme 1 is then proposed to occur at C-3 to form a carbon-centered
;J} . radical, leading to desaturation of dihydroclavaminate to cla-
0PN N, _CSLFe vaminate?!
COOH aKG.0, In the absence of substrates, an uncoupled reaction occurs
(DPC) in many of the a-KG-dependent enzymes but proceeds at

J__Ilq J/:'q H rates significantly below those of normal substrate turnover
o) \‘/\/\NHZ + 0 -NH,

(1—6%)2°734 It has been proposed that, in the uncoupled
COOH COCH reaction, the reactive oxo-ferryl species resulting frasKG
90% (PC, 10%) decarboxylation is quenched by water or a nearby protein ligand,
thus inactivating the enzynié For prolyl 4-hydroxylase, lysyl
the hydroxylated prOdUCt and the other appears in succin#te. hydroxy|a3e’3,5v36 and y-butyrobetaine hydroxy|a§é’the un-
Before CS2 catalyzes further reactions, proclavaminate amidinocoupled reaction is accelerated by substrate analogues that
hydrolase removes the guanyl group to form proclavaminic acid cannot be hydroxylated. For thymine hydroxylase, the uncoupled
(PC)1920CS2 then catalyzes the oxidative ring closure of PC reaction occurs only in the presence of substrate anald§ges.
to dihydroclavaminic acid and its SUbsequent desaturation to For CS2, the uncoup|ed reaction occurs both in the absence
clavaminic acid, both of which are coupled to the oxidative and in the presence of substrate (PC), but the rate in the presence
decarboxylation ofbx-KG.*32!In the ring-closure and desatu-  of substrate is reduced to about one-third (enzyme inactivation
ration reactions, the second atom of oxygen is not incorporatedith substratet;» = 17 min,k = 0.04 mirm%; without substrate,
into the product but is reduced to water. A substrate analoguet,, = 5 min, k = 0.14 mirr%).15
Study indicated that deoXyprOClaVaminiC acid (DPC) is converted Four X_ray Crysta| structures for CS1 have recently been
by CS2 to a major desaturation product and a minor hydroxy- pyplished: the CS1/Hecomplex (PDB ID 1DS0), CS1/ké
lation product, PC (Scheme ). a-KG complex (PDB ID 1DS1), CS1/tén-KG/N-a-L-acety-
Proposed mechanisms for CS2 incorporate observed sequentarginine (NAA) complex (PDB ID 1DRY), and CS1/ite
tial kinetics and begin with the binding of Fex-KG, substrate, a-KG/PC complex (PDB ID 1DRT}8 The main chain of CS1
and Q. This is followed by nucleophilic attack of the iron-  contains a core of 1@-strands, eight of which are folded into
bound dioxygen onto the-keto carbon, which results in the  a distorted jellyroll structure. The jellyroll structure is sand-
oxidative decarboxylation ai-KG to yield succinate, C&) and wiched between two-helical regions. In the CS1/Eeomplex,
a reactive iror-oxygen specie¥;! proposed to be an oxo-  the six-coordinate Feion appears in the center of the jellyroll
ferryl (FEV=0'"") intermediate for othera-KG-dependent : :
enzymes$2-24 In the hydroxylation reaction, this reactive iron Co(nzqr?ul%\afggée)éé};;ggStholson, N. H.; Sime, J.X Chem. Soc., Chem.
species inserts oxygen to hydroxylate DGPC substrate with (26) Bésak, A Salowé, S. P.: Townsend, CJAAM. Chem. Sod99Q
retention of configuration and removal of the ¥¢-R) hydro- 112, 16544656.OI C. A Basak Aletiahedronl99L 47 25912602
gen:® For the PC substrate, the-(pro-9 hydrogen was B3 [BSelnL & el o neend, . & Am- Chem. Soc
specifically lost in the process of cyclization to the 3-OH group, 1999 121 11356-11368.
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1993 32, 14023-14033.
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structure and has three protein ligands, His144, Glul46, andtion curves (i.e., nonsuperimposed isotherms when plotted as a
His279 (corresponding to His145, Glul47, and His280 in CS2, function of SH/2kT). For negative zero-field splitting (ZFS)
respectively), and three water molecui®spnsistent with earlier ~ systemsD < 0, Ms = 42 lowest), this behavior is due to the
spectroscopic studies on CS2 (vide inftd)n the CS1/Fé/a- rhombic zero-field splitting{) of the Ms = +2 ground state.
KG complex,o-KG binds to the F&ion through itsa-keto- Ground-state spin Hamiltonian parameters are obtained by
carboxylate moiety in a bidentate manner, replacing two numerically fitting experimental VTVH MCD data to eq 1 in
coordinated water moleculé%which is again consistent with  ref 44. Positive ZFS system® (> 0, Ms = 0 lowest) show
earlier spectroscopic results on CS2 (vide inffajhe remaining VTVH MCD behavior qualitatively similar to that of the
water molecule coordinated to the'Feccupies the position  negative ZFS systems but can be distinguished by their larger
trans to His279 and cis to the plane formed by thé &ed the nesting, which arises from the pseudodoublet ground-state
o-KG a-keto-carboxylate moiet§E A stable analogue of DGPC,  behavior of theMs = 0 and one component of thds = 41
N-a-L-acetylarginine (NAA), which lacks the'€€ atom and sublevels (at an energy ofD).#245 The ground-state spin
thus, in contrast to DGPC, has an ogfactam ring, binds in Hamiltonian parameters can be used to directly obtain the
the active site pocket, positioning its guanidino group to form splitting of the5T,4 state A = dy,y,— dyy andV = dy, — dy,)
a major planar electrostatic interaction with the side chain of and, hence, thedorbital energie$? Thus, the combination of
Asp233 while its carboxylate group is bound to Arg297 through NIR MCD and VTVH MCD spectroscopies provides a complete
a water molecule. The Esite is still described as six-coordinate  experimental description of the d orbital energies for a given
with an elongated Fe-water bond length (from 2.2 Ain the  Fé' site, which can be used to probe oxygen and substrate
CS1/Fé/a-KG structure to 2.35 A in the CS1/Hei-KG/NAA reactivity and to obtain mechanistic insight on a molecular level
structure)®® Alternately, spectroscopic studies on the CS®/Fe  for non-heme iron enzymés'2
a-KG/DGPC complex indicate a more complete conversionto  We have applied these techniques to directly probe the ferrous
a five-coordinate ferrous speci#sThe 3-pro-R) C—H bond active site in resting CS2 and its interaction withKG
of NAA, the counterpart of which becomes oxidized in DGPC, cosubstrate as well as the DGPC subs#aféNIR CD, MCD,
projects toward the coordinated water in the CSHE&KG/ and VTVH MCD data show that the CS2/Feomplex contains
NAA complex. In the CS1/Pa-KG/PC complex, the PC  a six-coordinate ferrous center and that additionceKG
substrate is located in the active site in the same general manneperturbs the site to produce a different six-coordinate center with
as NAA, except that the amino group in PC binds less rigidly relatively strongr-interactions between Eeando-KG.3° UV/
than the guanidino group of NAA and that the hydroxyl group vis absorption, CD, and MCD spectroscopic studies of the CS2/
in PC is hydrogen-bonded to Ser134, thus prevented from beingFé'/a-KG complex showed the appearance of low-lying metal-
coordinated to Feion. The Fé site in the CS1/FEa-KG/PC to-ligand charge-transfer (MLCT) transitions and established a
complex has a five-coordinate structdfe. bidentate binding mode of-KG to Fé' 3° which was confirmed
Non-heme ferrous sites have been difficult to study by by the later X-ray crystallographic studies on DAC€&nd
spectroscopic means as these lack strong absorption featurethe more recent results on CS1 (vide sugfajurther studies
and are non-Kramers ions that are generally EPR silent. We on the interaction of CS2 with DGPC substrate demonstrated
have developed a protocol utilizing room-temperature circular that the ferrous site is converted into a five-coordinate species
dichroism (CD), low-temperature magnetic circular dichroism when both substrate, DGPC, and cosubstraiéG, are bound,
(MCD), and variable-temperature, variable-field (VTVH) MCD the latter to the Pk again in a bidentate mod&.The open
spectroscopies to probe the geometric and electronic structurecoordination position would allow rapidQeaction to generate
of high-spinS= 2 Fd' centers*43 The °D ground state for  a highly active oxygen intermediate in the proximity of bound
d® Fe' is split under octahedral symmetry into®&,4 ground substrates. This provided significant insight into the coupling
state (corresponding to an extra electron jp d, ok,) and a of the oxidative decarboxylation af-KG to the hydroxylation
SEy4 excited state (corresponding to an extra electrondnyl of the substrate and defined a general strategy utilized by a
d2), separated by T0g ~ 10 000 cn? for biologically relevant number of non-heme ferrous enzymes to generate a reactive
O and N ligands. Near-IR (NIR) MCD spectroscopy allows the O, intermediates in the presence of substpefe.
direct observation of the-ed transitions between theT,g We now expand the substrate binding studies on DGPC
ground state and th¥, excited state, and the splitting of the  (hydroxylation substrate) and extend them to include two other
°Ey excited state A°Eq = de-y — d7) is sensitive to the  substrates, the oxidative ring-closure substrate PC and a substrate
coordination number and geometry of the site. In general, six- that favors the desaturation reaction to the hydroxylation reaction
coordinate distorted octahedral'Fsites show two transitions  (DPC, >9:1). These studies allow us to probe the molecular
at~10 000 cnt?, split by ~2000 cn1? (ASEg ~ 2000 cnr?), mechanism that controls the different reactivities toward dif-
five-coordinate sites show two transitions~ét0 000 and~5000 ferent substrates and lead to the hypothesis that the protein may
cm 1t (ASEy ~ 5000 cnt?), and distorted four-coordinate sites  regulate the reactivity of the ferrous site by affecting its affinity
show two transitions in the 4067000 cn1? region. for coordinated water, in addition to the substrate orientation
VTVH MCD provides complementary ground-state electronic relative to the open coordination position on the iron site.
structure informatiod:**42 The MCD intensity for non-Kramers
Fé' centers shows an unusual temperature and field dependencezxperimental Section

which is characterized by a set of nested saturation magnetiza- . . .
Isolation of CS2 and Synthesis of SubstratesThe isozyme CS2

(39) Pavel, E. G.; Zhou, J.; Busby, R. W.; Gunsior, M.; Townsend, C. was overexpressed and purified according to published procedures and
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Figure 2. Near-IR CD titration studies of substrate binding to CS2/F8) DGPC titration in the absence ofKG. Solid line, CS2/F¢& dotted

line, CS2/Fé with 1.5 equiv of DGPC. (B) DGPC titration to CS2/He-KG. DGPC added is 0, 0.5, 1.0 (thick dashed line), and 1.5 equiv relative
to CS2/Fé/a-KG. (C) PC titration to CS2/Hein the absence ofi-KG. Solid line, CS2/F& dotted line, CS2/Pewith 2 equiv of PC. (D) PC
titration of CS2/F&/a-KG. PC added is 0, 1.0 (thick dashed line), and 2.0 equiv relative to C'824R&. (E) DPC titration to in the absence of
o-KG. Solid line, CS2/F& dotted line, CS2/Fewith 8 equiv of DPC. (C) DPC titration to CS2/He-KG. DPC added is 0, 1.0 (dashed line), 4.0,
and 8.0 equiv relative to CS2/fe-KG. Note: Data have been smoothed to clearly distinguish the low-energy bar6i080 cnt. The low-
energy bands at5000 cnt? in the spectra are cut off due to solvent-at900 nm (5260 cnt?).

modifications’*#7 The substrates DGPC, DPC, and PC were synthesized up to 7 T and temperatures from 1.5 to 300 K. Room-temperature UV/

as previously described:?* vis (190-820 nm) electronic absorption spectra were recorded on an
Preparation of Samples for SpectroscopyAll commercial reagents HP 8452A diode array spectrophotometer.

were used without further purification: MOPS buffer (Sigma)COD CD samples were maintained at a temperature of 278 K using a

(99.9 atom % D; Aldrich), sodium deuterioxide (99atom % D; recirculating water bath and thermostatic cell holder (HP) on each

Sigma), glycerold; (98 atom % D; Cambridge Isotopes Laboratory), spectropolarimeter. CD spectra are baseline corrected by subtracting
o-ketoglutaric acid (2-oxopentanedioic acid) sodium salt (Sigma), and the buffer and cell backgrounds from the raw data. Depolarization of
ferrous ammonium sulfate (FeAS, [Fe®)](NH4)(SOy)2; MCB frozen MCD samples was judged to b&% by comparing the CD
Manufacturing Chemists, Inc.). All samples for spectroscopy were spectra of a nickelK)-tartrate solution placed before and after the
prepared under an inert atmosphere inside ;gpiNged wet box. sample. The reported MCD spectra and the VTVH MCD data are the
ApoCS2 was made anaerobic by purging the apoenzyme with argonaveraged subtraction of the negative field raw data from the positive
gas on a Schlenk line and alternating quick cycles of vacuum and argon.field raw data so as to avoid subtraction problems due to shifting
Fe', a-KG, and substrates were added in microliter quantities from baselines in poor quality frozen glasses.
anaerobic stock solutions of Fea-KG, and substrates in degassed Fitting Procedures. Saturation magnetization data were normalized
MOPS buffer, pD 7, respectively. Fresh stock solutions fdt &ed to the maximum observed intensity and fit according to published
o-KG were prepared for each set of experiments. For substrates, stockprocedures to extract ground-state paraméteéBsth the negative and
solutions were made anaerobic 20 times of freeze pump—-thaw positive ZFS models were applied to the VTVH MCD data in
on a Schlenk line every time before use. CS2/g@mples contain 0.8 determining the best fit. Binding constants were estimated from CD
equiv of Féd relative to apoenzyme, and CS2/ke-KG samples had titration data using the method of Rose and Drégo.
15 equiv ofa-KG relative to apoenzyme.

Samples for absorption and CD spectroscopy-{2.5 mM apoCS2) Results and Analysis

were kept anaerobic in a custom-made 0.5-cm-path length masked A. NIR CD Titrations of Substrate Binding. CD spectros-

optical cell (Wilmad) fitted with a gastight Teflon stopcock (LabGlass). Lo
Titration additions into the anaerobic optical cell were carried out in COPY has been used to probe substrate binding to CSpifth

the wet box using gastight syringes fitted with custom 5-in.-long needles i the presence and in the absence of the cosubstr¥® and
(Hamilton Co.); volumes were adjusted to account for the added t0 estimate binding constants.

solution. Samples for MCD spectroscopy (3220 mM apoCS2) were 1. In the Absence ofa-KG. The dotted line in Figure 2A
prepared by the anaerobic addition of FeAS to the apoenzyme, followed (and Figure 2C,E) shows the NIR CD spectrum of CSP/&e

by addition ofa-KG where appropriate, and 585 vol % of degassed 278 K prior to addition of substrate or cosubstrate. This has a
glycerol-ds. MCD samples were injected into a cell with a 0.3-cm- very weak and broad positive asymmetric composite band
thigk neOprgrE)e spacer SandWiChec: bet""eelT two i”ffrasn q“a(;tz f_”Sk_Zassigned as-ed transitions of F& bound at the active site in

and secured between two copper plates; cells were frozen under liquid,, resting CS2/Mecomplex3® Addition of DGPC, PC, or DPC

N2 immediately upon removal from the wet box. to this CS2/F& complex in the absence ofKG results in no

Instrumentation. NIR (600—2000 nm) CD and MCD spectra were e
recorded on a Jasco J200D spectropolarimeter with a liqeHcodled change of the CD spectrum (solid line in Figure 2A, C, and E,

InSb detector and an Oxford Instruments SM4000-7T superconducting FeSPectively). This indicates that in the absence-#G, either
magnet/cryostat (87 T, 1.5-300 K). UV/vis (3006-850 nm) CD and DGPC, PC, or DPC substrate does not bind to the C42/Fe
MCD spectra were obtained on a Jasco J500C spectropolarimeter withcomplex or the binding does not affect the iron site.

an extended S-20 photomultiplier tube (Hammamatsu) and equipped 2. In the Presence ofu-KG. The dashed line in Figure 2B
with an Oxford Instruments SM4-7T magnet/cryostat capable of fields (and Figure 2D,F) shows the NIR CD spectrum of the

(47) Busby, R. W.; Chang, M. D.-T.; Busby, R. C.; Wimp, J.; Townsend, (48) Connors, K. ABinding Constants: The Measurement of Molecular
C. A. J. Biol. Chem.1995 270, 4262-4269. Complex StabilityJohn Wiley & Sons: New York, 1987; Chapter 4.
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Table 1. Ligand Field MCD Transition Energies, Ground-State Spin Hamiltonian Parameters, and Ligand Field Parameters

CS2/Fé/a-KG/DGPC CS2/Fda-KG/PC CS2/F&o-KG/DPC
peak positions ~520, 8800 cm?! ~5200, 8600 cmt ~5200, 8600 cm!
energy splitting 3600 cmt 3400 cntt 3400 cnt?t

VTVH positions 6060 cm* 8500 cnt® 10000 cm® 6060 cm?  8140cm 9200 cm*  8000cm® 9600 cm?
-D o (cm™) 2.1+0.2 2.1+0.2 1.9+ 0.2 1.9+ 0.2 1.8+ 0.3
ai 8.8+ 0.2 8.8+ 0.2 8.8+ 0.2 8.8+ 0.2 8.9+ 0.2
M M,2 -0.2 -0.3 0.1 -0.2 0.1
B tern? —-0.2 1.7 0.1 0.7 0.6
+D  D(cmd) 9+0.2 6+ 0.2 7+0.2
IE] (cm™Y) 1+0.1 1+0.1 1.4+0.1
A (cm™) —1300+ 250 750+ 100 —1250+ 250 1000+ 100  —1250+ 250 1000+ 100
|VI2A| 0.274+ 0.05 0.13+ 0.02 0.25+ 0.05 0.18+ 0.02 0.25+ 0.05 0.23+ 0.02
V| (cm™) 800+ 300 2004+ 100 700+ 300 400+ 100 700+ 300 450+ 100

aFor gp fixed at 1.0.° Reported as a percentage of fhderm intensity scaling factor (see ref 42).

CS2/Fé/a-KG (5 equiv) complex, which contains a broad
negative band associated with the-d transitions of a six-
coordinate Féwith a-KG coordinated in a bidentate mode at
the active site in the CS2/Ite-KG complex3®

Addition of increasing aliquots of either DGPC, PC, or DPC
substrate to the CS2/Het-KG complex results in the appear-
ance of a new low-energy band a6000 cnt? (solid lines in
Figure 2B, D, and F). In the case of DGPC, the high-energy
band shifts to higher energy and decreases in intensity. The
changes saturate at 1 (Figure 2B, dark dotted +iie} equiv,
from which an estimated binding constantky > 5000 M1
is obtained for DGPC binding to CS2/He-KG. This is
consistent with steady-state kinetic studies which gig
(DGPC)= 250 4+ 25 uM.'” For PC and DPC substrate, the
high-energy band in the NIR CD shifts to higher energy and
increases somewhat in intensity (Figure 2D,F). These changes
saturate at 1 (dark dotted line in Figure 2£2) equiv for PC,
and an equilibrium constant for PC binding in the CS2/&e
KG/PC complex is estimated to g (PC)> 1000 M1, again . . . . ; .
consistent with steady-state kinetic resuli,(PC) = 440 6000 8000 10000 12000 14000 16000
uM).*° For DPC, the changes saturate aequiv (Figure 2F), Energy (m™)
indicating a weaker binding interaction for this non-natural
substrate to the enzyme (estimat&gDPC) > 200 M~1). The
changes for PC and DPC are smaller than those for DGPC but

—_

OF

6060 cm™!

< Norm. Int.

are reproducible. -D

The completely converted species for all three substrates has 0 CH
a low-energy NIR CD transition at5000 cnt? and a high- 0 05 1 150 05 1 is0 o5 1 1s
energy transition{8600 cnt? for DGPC, Figure 2B dark dotted BH/2KT BH/2KT BH/2kT

line; ~9000 cnt? for PC and DPC substrates, Figure 2D,F dark ) o
dotted line), indicating the presence of a 5 Bite in all three Ztlg;rli 3% ¥e;r(-:|§2|\//||:CéDpsr;g?|§)s ((zifazr?e'?jcliggdgngdt(;f?esrz(ll(é)e'\gﬁis
CSZ/Fé/a-KG/.slubstrate complexes. . solid line) the addition of DGPC substrate in the absence-&fG.
Further addition of cosubstrate-KG up to 10 equiv does gy MCD at5K, 7 T of theCS2/Fé/a-KG/DGPC (1.5 equiv) complex.
not change the spectrum of all of the above CSPlEKG/ Verticle bars indicate the energy positions where the VTVH MCD data
substrate complexes, suggesting that the spectral changes arer plots C, D, and E were collected (from low to high energy,
also saturated relative to the cosubstrat€G. Further, identical respectively). (C, D, E) VTVH MCD data (symbols) and their best fit
spectra are obtained from the addition ®KG to the three (lines) for the CS2/PEa-KG/DGPC (1.5 equiv) complex collected at
CS2/Fé substrate complexes, indicating that formation of all 6060 (C), 8500 (D), and 10 000 cth(E).
three CS2/PHo-KG/substrate complexes is independent of the
order of substrate/cosubstrate addition. Addition of 60% (v/v) CS2/Fd/a-KG complex are shown in Figures-3, respectively.
glycerolds; does not alter the above CD spectra; thus, glycerol The excited-state transition energies, ground-state splitting, and
may be used as a glassing agent for low-temperature MCD ligand field parameters for three CS2/FeKG/substrate
spectroscopy. complexes are summarized in Table 1.
B. NIR MCD and VTVH MCD. The NIR MCD and VTVH The 5 K, 7 T MCD spectrum of resting CS2/Fédashed
MCD data for DGPC, PC, and DPC substrate binding to the |ine) and that of CS2/Fein the presence of substrate (solid
line) are shown in Figure 3A for DGPC, Figure 4A for PC,
(49) Lawlor, E. J.; Elson, S. W.; Holland, S.; Cassels, R.; Hodgson, J. . L.
E.; Lloyd, M. D.; Baldwin, J. E.; Schofield, C. Jetrahedron1994 50, and Figure 5A for DPC. In the absence @G, addition of
8737-8748. the substrate DGPC, PC, or DPC does not change the MCD
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Figure 4. Near-IR MCD studies of PC binding to CS2. (A) MCD at
5 K, 7 T of CS2/F¢ prior to (dashed line) and after (2 equiv, solid
line) the addition of PC substrate in the absence-#G. (B) MCD at

5 K, 7 T of the CS2/Fé/a-KG/PC (2 equiv) complex. Vertical bars
indicate the energy positions where the VTVH MCD data for plots C,
D, and E were collected (from low to high energy, respectively).
Inset: Low-field (2 T) MCD &5 K of the CS2/Fé/a-KG/PC (2 equiv)
complex indicating the negative feature~at1 000 cnT? (arrow). (C,

D, E) VTVH MCD data (symbols) and their best fit (lines) for the
CS2/Fé/a-KG/PC (2 equiv) complex collected at 6060 (C), 8140 (D),
and 9200 cm! (E).

spectrum of the CS2/tespecies, indicating that either the

J. Am. Chem. Soc., Vol. 123, No. 30, 2843
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Figure 5. Near-IR MCD studies of DPC binding to CS2. (A) MCD at
5 K, 7 T of CS2/F¢ prior to (dashed line) and after (8 equiv, solid
line) the addition of DPC in the absencewKG. (B) MCD at5 K, 7

T of the CS2/F&a-KG/DPC (8 equiv) complex. Vertical bars indicate
the energy positions where the VTVH MCD data for plots C and D
are collected (from low to high energy). (C, D) VTVH MCD data
(symbols) and their best fit (lines) for the CS2/keKG/DPC (8 equiv)
complex collected at 8000 (C) and 9600 &n(D).

(indicated with an arrow) at-11 000 cnmil. This negative
feature is not observed in the 5, K T MCD spectrum and
reflects the fact that the intensity of the positive band- 8500
cm™! has a different saturation behavior (vide infra) which

substrate does not bind or its binding has no effect on the iron overcomes the intensity of the weak negative band at higher

site, consistent with the CD studies (vide supra).
1. NIR MCD of Substrate/a-KG Complexes.The 5K, 7 T
MCD spectra of the CS2/lta1-KG (5 equiv)/DGPC (1.5 equiv),

magnetic field. This negative feature further requires that there
is more than one species contributing to the MCD intensity in
this energy region. This nagative feature is clearly present at

PC (2 equiv), and DPC (8 equiv) complexes are presented in 11 300 cnt? for the DPC complex (Figure 5B), again indicating

Figures 3B, 4B, and 5B, respectively. All of them contain at
least two bands, one at low energy5200 cnT?, and one at
high energy, 8800 (DGPC complex) or 8600¢nPC and DPC
complexes) (see Table 1). The presence of~&®00 cnr?!
transition combined with a transition in thed000 cnt! region
indicate that there is a five-coordinate''Fsite in all three

the presence of more than one species. The low-energy band at
~5200 cnt?! for the CS2/F&/o-KG/DPC complex has about
one-third of the intensity of the corresponding low-energy band
in the MCD spectra of both the CS2/He-KG/DGPC and the
CS2/Fé/a-KG/PC complexes. This could have two possible
origins: (1) the low-energy band could be shifted to lower

substrate complexes. Consistent with CD studies, further addi-energy which would decrease the intensity~&200 cnr?, or

tion of o-KG and substrate does not change the MCD spectra. (2) the amount of five-coordinate species could be lower in the
The asymmetric band shape of the high-energy band in the CS2/Fé/a-KG/DPC complex than in the CS2/He-KG/DGPC
spectra implies that there is more than one species contributingand CS2/Féa-KG/PC complexes. Spectral simulation indicates
to its intensity for all three substrate complexes, especially on that only the latter will reproduce the band shape, which suggests
the higher energy side. Subtraction of the MCD spectrum of that the addition of DPC substrate results in a lower conversion
the resting CS2/Hecomplex or the CS2/M¢o-KG complex to the five-coordinate ferrous species.

from the MCD spectra of the CS2/He.-KG/substrate com- 2. NIR VTVH MCD of Substrate/ a-KG Complexes.
plexes does not improve the band shape, suggesting that the/TVH MCD was used to probe the ground-state splittings of
asymmetric shape of the high-energy band does not derive fromthe five-coordinate species in the substrate complexes by
an unconverted component of either of these species. The insetnonitoring the MCD intensity at the low-energy band. It could
of Figure 4B presents the MCD spectrum of the CS®/Fe then be used to characterize the species contributing to the high-
o-KG/PC complex 85 K and 2 T, showing a negative feature energy MCD band by monitoring the MCD intensity at both



7394 J. Am. Chem. Soc., Vol. 123, No. 30, 2001 Zhou et al.

the higher-energy and the lower-energy sides of the high-energy T T - T
band. Figures 3€E, 4C-E, and 5C,D show these data 8 A 18
(symbols) plotted vgH/2KT along with the best fit (lines) to 3

the data for the DGPC, PC, and DPC complexes, respectively. = or 16 f’_\
As seen from these plots, the MCD intensity decreases with g . <
increasing temperature, indicative of a high-spirf Eenter. “2 i 1 Z_
Importantly, the data show different nesting behavior for the by g
different positions in the spectrum (larger nesting at higher < =

energy), confirming that more than one species contributes to
the intensity of the high-energy band.

The saturation magnetization behavior for the five-coordinate
species in both the DGPC complex (Figure 3C) and the PC
complex (Figure 4C) could be obtained directly by monitoring
the low-energy band at 6060 cf This is well described by
the negative ZFS non-Kramers model (see Table 1 for ground-
state spin Hamiltonian parameters). The valueda$ within
the range expected for a five-coordinate site. Based on these
parameters, the ground stéfeg splittings are determined (Table
1). The saturation magnetization behavior monitored on the
lower-energy side of the high-energy band at 8500 tfor
the DGPC complex (Figure 3D) and at 8140 ¢nfior the PC C
complex (Figure 4D) could be fit by the negative ZFS non-
Kramers model with the same ground-state spin Hamiltonian
parameters as those of the low-energy band but with different
values ofM/M,y and theB term (see Table 1). For the DPC
complex, the low-energy band is too low in intensity to obtain
reliable VTVH MCD data. The VTVH data taken at 8000 ¢
(Figure 5C) are almost superimposable (little nesting), and the
saturation magnetization behavior is well described by the 15000 20000 25000 30000
negative ZFS non-Kramers model (see Table 1 for ground-state Energy (cm™!)
spin_HamiItonian parameters), which are very similar to those Figure 6. UVivis abs, CD, and MCD studies of CS2/¥e-KG
ok_)talned f_rom the I_ow-energy_ band-$200 cn) associated substrate complexes. (A) Abé at 298 K (solid line), CD at 298 K (dashed
with the five-coordinate species of the DGPC and PC com- |ine) and MCD at 5 K7 T (dotted line) of the CS2/ft&-KG/DGPC

plexes. Thus, from the CD, MCD, and VTVH MCD data, all (1.5 equiv) complex. (B) Abs at 298 K (solid line), CD at 298 K (dashed
three CS2/PHa-KG/substrate complexes contain a major line), and MCD at 5 K7 T (dotted line) of the CS2/tté-KG/PC (2

component with a high-spin ferrous active site with a similar equiv) complex. (C) Abs at 298 K (solid line), CD at 298 K (dashed
five-coordinate distorted square pyramidal geometry. line), and MCD at 5 K7 T (dotted line) of the CS2/Ffx-KG/DPC
On the other hand, the saturation magnetization behavior on (4 €duiv) complex.

the higher-(lane_rgy side of the high-energy band for '_DGPC (@ amount of the five-coordinate species present for the three
10 000 cm?, Figure 3E), PC (at 9200 cm, Figure 4E; note  gypgtrate complexes are95% for DGPC,~90% for PC, and
that the negative feature atl1 000 cmt is too weak to resolve 5o, for DPC. Thus. less five-coordinate and more Six-
reliable VTVH MCD data), and DPC complexes (at 9600€m  cqordinate component is present for the DPC substrates

Figure 5D) shows in all cases a large nesting which could not complex relative to the DGPC and PC CS2/lgeKG com-
be fit with the negative ZFS non-Kramers model. Fitting to a pjexes,

positive ZFS non-Kramers model gives the result in Table 1, © ¢ yy)vis Abs, CD, and MCD of the CS2/Féd /o-KG/
where theD value is large, which corresponds to a smaller gypstrate ComplexesFrom our earlier studies on the CS2/
splitting of ST%Q, indicating that a six-coordinate component is gdi/o-KG complex,a-KG is bound in a bidentate mode through
also present in each complex. its a-keto carboxylate moiet$£ This results in low-lying
Thus, the energy position and the saturation magnetization Fe'-to-o-KG MLCT transitions ando-KG n—x* transitions
behavior of the intensity on the higher-energy side of the high- in the visible and near-UV spectral regions, which contain
energy band indicate that a minor§%) six-coordinate ferrous  information about the interaction of theKG cosubstrate with
species is present in the DGPC complex in addition to the five- the Fél ion. The effects of the three substrates binding to the
coordinate species. The six-coordinate component is also presenCS2/Fé/a-KG complex on these spectral features were studied
in the PC complex and is more clearly observed by the small using UV/vis absorption, CD, and MCD spectroscopies and are
negative feature in the low-temperature MCD spectrum at low summarized in Figure 6.
magnetic field for the PC complex (inset, Figure 4B). The The solid lines in Figure 6AC show the 278 K absorption
amount of six-coordinate component present is larger than thatspectra for the CS2/itax-KG/DGPC, CS2/F8a-KG/PC, and
in the DGPC complex (from the more unsymmetrical band shape CS2/Fé/a-KG/DPC complexes, respectively. There are two
of the higher-energy NIR MCD band and the more visible transitions, one broad band centered around 20 00C ¢5600
negative feature in the low-field MCD spectrum; this is nm) and another band at28 500 cnt! (350 nm). These are
estimated atv10%). The six-coordinate species is even more more clearly observed in the CD (dashed lines) and MCD
significant in the DPC complex (from the significant negative (dotted lines) spectra. The CD spectra for the three complexes
feature at~11 000 cn1t in Figure 5B). Assuming the five-  show a weak broad band with a gradual increase in intensity
coordinate ferrous species have similar low-energy bands, theabove 13 000 cmt, a peak at 24 500 cm, and a relatively
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narrow strong band at 28 500 cf The MCD spectra at 5 K,  closure substrate PC, and approaches 50% in the desaturation
7 T for all three complexes contain a broad intense peak centeredsubstrate DPC complex.

around 20 000 cm* and another band at28 000 cmt. The Structural Model for the Six- to Five-Coordination

band at 20 000 crrt in the CS2/F&/o-KG complex has been  Conversion. The conversion from a resting six-coordinate
assigned as an f+¢0-0-KG MLCT transition®* MLCT intensity ~ ferrous species to a five-coordinate ferrous species in the
requires direct orbital overlap, thusKG binding to the F& presence of substrate (and cosubstrate) has been observed for a

center. From model studié$;%* the MLCT spectrum of the  number of the non-heme iron enzymes, and a general mecha-
CS2/Fé/a-KG complex requires that-KG binds in a bidentate nistic strategy for dioxygen activation by ferrous sites has been
mode3® The fact that these transitions remain at virtually the proposed“° The six-coordinate ferrous site is coordinatively
same energy with similar intensities for gll three substrates saturated and fairly stable in the presence gfl@pon substrate
demonstrates that the cosubstrat&G remains bound to Pe  (and cosubstrate) binding, the five-coordinate ferrous site
in a bidentate mode in all three substrate active site Comp|exeS.provides an open coordination position for the dioxygen to
interact with the iron site to generate a highly reactive ion
Discussion oxygen intermediate for the direct hydroxylation (or oxidation)

. ) ) of substrate (and cosubstrate). A survey of the mononuclear non-
o-KG-dependent non-heme iron enzymes activate dioxygen heme enzymes with available X-ray crystal structefé&ss5e
for direct hydr.oxylatlon or ox[datlon of substrate with the jgicates that the conversion of a six-coordinate iron site to a
coupled oxidative decarboxylation of cosubstratéG. Some fiye_coordinate iron site generally involves the loss of a

members of the class of KG-dependent enzymes can catalyze qqrdinated water molecule upon substrate (and cosubstrate)
different oxidation reactions for different substrates. Thymine binding (Figure 7). For IPNS, a water molecule bound to the

7-hydroxylase catalyzes three consecutive oxidative reactionsqatal ion trans to Asp216 is lost upon ACV binding with its
of thymine to S-hydroxymethylruacil, 5-formyl uracil, and  igjate directly coordinated to the metal (Figure 7A%SS
uracil-5-carboxylic acid:?® Deacetoxycephalosporin C synthase  ajthough the structure with both the substrate and cosubstrate
catalyzes two consecutive reactions in the biosynthesis of ), nq is not available for DAOCS, parallel to CS2 (vide infra),
antibiotic cephalosporin: ring expansion and hydroxyla#on. it is anticipated that the only water molecule coordinated to the
CS2 is able to catalyze three nonsuccessive different types ofte o jon in the cosubstrate-bound féfrtFigure 7C) will be
reactions: hydroxylation of DGPC, oxidative ring closugf of |ost upon substrate binding. For the pterin-dependent phenyla-
PC, and desaturation of dihydroclavaminic acid and BPE: lanine hydroxylase, there are three coordinated water molecules
This makes CS2 an appropriate system for studies directed;, o resting and cosubstrate analogue-bound forms (the iron
toward understanding structure/reactivity correlations for this i in the ferric state}7-81t is reasonable to propose that one of
class of enzymes. We have addressed this through the use ofq hree coordinated water molecules is lost when both the
CD, MCD, and VTVH MCD spectroscopies to study the qqypstrate and substrate are bound (MCD studies on phenyl-
geometric and electronic structure of the active site complexes 413nine hydroxylase show a six- to five-coordinate conversn).
formed with DGPC, PC, and DPC substrates. For CS1, with botha-KG and the DGPC substrate analogue
NIR CD titrations at 5°C show that in the absence of NAA bound, a water molecule trans to His279 is at a longer
cosubstrate-KG, either the three substrates do not bind to the djstance from the iron than that in the structure with al(G
enzyme or their binding has no effect on the ferrous site. pound (2.35 vs 2.20 A) (Figure 7D,E.This water molecule
However, in the presence ofKG, all three substrates bind to  js in fact, lost in the structure with both-KG and the PC
the enzyme at the active site, converting thé Fem six- to substrate bound (Figure 7.
five-coordinate as reflected by the appearance of a low-energy |1 js important to consider the structural reasons for loss of
ligand field band at~5000 cn™. The binding constants for \yater ypon substrate (and cosubstrate) binding. For IPNS, it
DGPC and PC estimated from the titration studies are consistent,, 55 suggested that the presence of the hydrophobic valine side
with steady-state kinetic results. The low-temperature ligand -nain from substrate ACV at the position trans to Asp216

field MCD spectra (5 K, 7 T) of the CS2/F-KG/DGPC, prevents the water molecule from bindiffgExamination of
CS2/Fé/a-KG/PC, and CS2/Féa-KG/DPC complexes and  he environment of the coordinated waters suggests that there

VTVH MCD studies demonstrate that all three five-coordinate e aqditional interactions that help stabilize their binding to

ferrous sites are very similar. The MLCT and-n* transitions e ferrous center (see Figure 7). In the structure of resting IPNS,
in the UV/vis absorption, CD, and MCD spectra demonstrate 1,q coordinated waters are connected to surrounding cluster of
that o-KG remains bound to Pein a bidentate b|n_d|ng mode.  \yater molecules by hydrogen bonds. When substrate ACV
In the case of the CS2/Fe-KG/PC complex, this excludes  yingg the hydrophobic valine side chain excludes the two water
the possibility of the direct binding of the substrate-derived mqjecyles that helped stabilize the coordinated water trans to
hydroxyl group to F&. In addition to the five-coordinate ferrous Asp216. In contrast, the coordinated water trans to His214

S||oecies,_ '\SCD ang VTXH MCD St”qiisl' of these threfe COM- remains bound to the metal ion and maintains its water cluster.
plexes indicate that there are variable amounts of a six- In addition to the surrounding water cluster, there is a

coordinate ferrous species present when substrate is bound. Th o . .
amount of six-coordinate component&% in the hydroxyl- ‘ﬁydrogen bonding interaction with the uncomplexed carboxylate

ation substrate DGPC complex,isLl0% in the oxidative ring- (55) Roach, P. L.; Clifton, I. J.; Fap, V.; Harlos, K.; Barton, G. J.;
Hajdu, J.; Andersson, |.; Schofield, C. J.; Baldwin, JN&ture1995 375,

(50) Chiou, Y.-M.; Que, L., JrJ. Am. Chem. Sod 992 114, 7567 700-704.

7568. (56) Roach, P. L.; Clifton, I. J.; Hensgens, C. M. H.; Shibata, N;
(51) Chiou, Y.-M.; Que, L., JrJ. Am. Chem. Sod995 117, 3999~ Schofield, C. J.; Hajdu, J.; Baldwin, J. Bature 1997, 387, 827—830.

4013. (57) Erlandsen, H.; Fusetti, F.; Maraz, A.; Hough, E.; Flatmark, T;
(52) Ha, E. H.; Ho, R. Y. N,; Kisiel, J. F.; Valentine, J.|80rg. Chem. Stevens, R. CNat. Struct. Biol.1997 4, 995-1000.

1995 34, 2265-2266. (58) Erlandsen, H.; Bjorgo, E.; Flatmark, T.; Stevens, RBiGchemistry
(53) Baldwin, J. E.; Abraham, BNat. Prod. Rep1988 5, 129-145. 200Q 39, 2208-2217.
(54) Krol, W. J.; Basak, A.; Salowe, S. P.; Townsend, CJAAm. Chem. (59) Kemsley, J. N.; Mitic, N.; Loeb Zaleski, K.; Caradonna, J. P.;

Soc.1989 111, 7625-7627. Solomon, E. I.J. Am. Chem. Sod.999 121, 1528-1536.
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Figure 7. Active site X-ray crystal structures of some mononuclear non-heme iron enzymes. (A3uMstituted resting IPNS; (B) ACV-bound

IPNS; (C) o-KG-bound DAOCS; (D)a-KG-bound CS1; (E)-KG- and NAA-bound CS1; and (Rx-KG- and PC-bound CS1. Figures were
generated from PDB IDs 1IPS, 1BKO0, 1RXG, 1DS1, 1DRY, and 1DRT using software Rasmol. Metal ions, side chains of protein ligands of the
metal ions, substrates, cosubstrate, and water molecules are shown as balls and sticks. Mn atom is in dark gray. Fe atoms are in golden yellow.
Substrates (ACV in B, NAA in E, and PC in F) are in yellow. CosubstatéG is in green. Protein ligands of the metal ions are in blue.
Coordinated water molecules are in red. Noncoordinated water molecules are in pink. Protein backbone is in magenta. All other atoms are shown
in light lines. Coordination bonds shown in solid black lines; hydrogen bonds shown in dashed black lines. The perspective is the metal-distant
histidine bond, which is almost perpendicular to the plane of the paper, while the carboxylate ligand is on the top and the proximal histidine is on
the left.

oxygen of the monodentate iron ligand in the structure of the  Molecular Mechanism for the Uncoupled Reaction.The

two a-KG-dependent enzymes, DAOCS and CS1, as well as five-coordinate ferrous species in the presence of both cosub-

IPNS, which may play an important role in stabilizing the strate and substrate is critical for the coupled reaction of CS2

coordinated water (see Figure 7&).5° Further (co)substrate  and perhaps all the-KG-dependent non-heme iron enzymies.

binding can affect this internal hydrogen bond. From Figure In the absence of substrate, an uncoupled reaction in which the

7E,F, in the structures of CS1/He-KG/NAA and CS1/F&/ o-KG is decarboxylated occurs at a rate that is a few percent

a-KG/PC, the acetyl group of the substrate analogue NAA and of that of the coupled reactidi. 34 From CD, MCD, and VTVH

the monocyclics-lactam ring of the substrate PC are in van MCD, in the absence of substrate, the CSB/&eKG complex

der Waals contact with ©of Glu146. Therefore, the binding s pure six-coordinate witlu-KG bound to the irorf® Thus,

of the substrate can affect the conformation of the side chain the reaction ofi-KG is promoted by Pk coordination, but a

of Glu146, interfering with the internal hydrogen bond to the six-coordinate ferrous species is involved in the uncoupled

bound water. In fact, in the structure of CS1/FeKG/PC the reaction in the absence of substrate. Ther@st compete with

carboxylate plane is rotated away from the normaF)38ore the bound water for the iron site; thus, the reaction rate is very

than in CS1/FHa-KG (33°) or CS1/Fé/a-KG/NAA (28°). This slow. This reaction would activate dioxygen for attack of the

reduces or eliminates an important hydrogen-bonding interaction o-keto carbon, leading to the oxidative decarboxylation-¢¢G

and could contribute to the loss of the water. The acetyl group and the possible generation of an oxo-ferryl intermediate. In

of the substrate analogue NAA is less rigid, which is consistent the absence of substrate, this intermediate may oxidize a nearby

with the fact that the water is not lost but is at a longer distant protein residue, resulting in a deactivated enzyme. Substrate

from the ferrous center. analogues, which bind in a similar manner as the substrate, but
(60) In IPNS/F&/ACYV, there is a hydrogen-bonding interaction between Cannot be hydroxylated or oxidized, would induce the six- to

the uncomplexed © atom of Asp216 and the water trans to His214 five-coordination conversion and accelerate the rate of un-

(proximal His). In DAOCS/F¥a-KG, the coordinated water hydrogen i HEG-
bonds with the uncomplexed ®Oof Aspl185. In CS1/PHa-KG, the coupled reaction as observed from some o dependent

coordinated water is trans to His279 (distant His), and th@fd5Iu146 is enzymes (e.g., prolyl 4-hydroxylase, lysyl hydroxyle$é?and
still in a good position to hydrogen bond to the water. y-butyrobetaine hydroxylagg. Interestingly, the uncoupled




Substrate Interactions with Claminate Synthase 2 J. Am. Chem. Soc., Vol. 123, No. 30, Zlga7

reaction occurs even in the presence of substrate for most ofScheme 2

the a-KG-dependent enzymes, including CS2, as evidenced by RH,

the facts that the amount of decarboxylation product, CO o'

exceeds the hydroxylation (oxidation) product and that the Glur. ”IV\‘\O>_R~

enzymes are slowly deactivat&d’ For CS2, when PC is the ’H|Is HORH
substrate, the rate of enzyme inactivation (which is related to T

the rate of the uncoupled reactfénin the presence of substrate + N . fe ”\ >R
is about one-third of the rate in the absence of substPdmm 'R'BH_ \,0\,;\5 5 His H.s

CD, MCD, and VTVH MCD studies of the CS2/le-KG/PC Glus_] a0 «©

complex, approximately 10% of the sites remain six-coordinate /F?\ R R (*‘)OH

with substrate PC bound. The facts that both the rate of the His ‘?5% Glus Ly 0 ,
uncoupled reaction and the amount of six-coordinate species “oq @) /F| ~o >R
are significantly decreased in the presence of substrate PC are His

consistent with the proposal that the six-coordinate ferrous

species catalyzes the uncoupled reaction in the presence ofpecies, similar to the hydrogen abstraction step in the lipoxy-
substrate. In the six-coordinate ferrous species, the substrate magenase reactiof?. This would result in a six-coordinate ferrous
bind in a different conformation such that it is not efficiently ~species and a substrate diradical, which would then form either
hydroxylated (oxidized) by the possible oxo-ferryl intermediate, a ring or a double bond (R). Due to the complication of ring
which would lead to deactivation of the protein. strain in the ring-closure reaction, the following discussion

Structure/Reactivities Correlations. From these MCD and ~ considers only the desaturation (and hydroxylation) reaction.
VTVH MCD studies, CS2 is converted by the binding of each ~ The driving force of the rebound step (branch a) is related to
of the three substrates into a similar five-coordinate species, the strength of the €OH bond produced and the 'ff'e OH~
which would catalyze the coupling of the oxidative decarboxy- bond broken, which through a Born scheme is related to the
lation of a-KG with three different types of oxidative reac- Fe''/OH™ interaction energy and the reduction potential of the
tions: hydroxylation of DGPC, oxidative ring closure of PC, five-coordinate F&/Fe' couple: the lower the Fe-OH-
and desaturation of dihydroclavaminic acid and DPC. Insight interaction energy, the larger the driving force for the rebound
into the structural origin of these different reactivities comes step. 8 The driving force of the second hydrogen atom
from the recent CS1/Mén-KG crystal structures with the  abstraction step (branch b) is related to the strength of thel O
hydroxylation substrate DGPC analogue NAA and the ring- bond produced in the six-coordinate ferrous species, the diradical
closure substrate PC bound in the substrate-binding pétket. reorganization energy (in the case of desaturation, this equals
The guanidine and carboxylate groups of the bound NAA have thex bond strength), and the strength of the i€ bond broken
extensive electrostatic and hydrogen-bonding interactions, with in *‘RH. A Born scheme relates the driving force of this reaction
the amino acid side chains and peptide backbone lining the to the K, of water complexed to six-coordinated ferrous species
substrate binding pocket. This orientation projects itpi@~ and the reduction potential of the six-coordinate' Fred!

R) C—H bond, which is to be oxidized, toward the water couple: the higher thelq, of the ferrous bound water, the higher
coordinated to the iro® The binding mode of PC is only  the driving force for the second hydrogen abstraction &tep.

slightly different from that of NAA, with its amine group less The difference in the ability of the ferric hydroxide species

rigidly bound. The hydroxyl group is closest to the open to carry out the rebound reaction versus the second hydrogen

coordination position with an ©F¢! distance of 4.20 A. atom abstraction can be estimated from the difference of the
The generally considered molecular mechanisnoaG- heats of formation of the products of the two reactions, i.e., the

dependent non-heme iron enzymes invokes an oxo-ferryl heat of formation of the hydroxyl product plus a five-coordinate
species, which results from the nucleophilic attack of the ferrous species and that of the desaturation product plus a six-
activated dioxygen on thew-keto group ofa-KG and the coordinate ferrous species with water bound. A simplified model
subsequent collapse of the bridged peroxo spé¢iEthe oxo- is considered which compares the heat of formation of 2-butanol
ferryl intermediate would then abstract the hydrogen atom from and 2-butene plus water and its interaction energy with a five-
a nearby G-H bond of the substrate (R} generating a sub-  coordinate ferrous specie&((vater—Fe'sc)). The product of
strate radical*RH) and a ferric hydroxide species (Scheme 2). hydroxylation (2-butanol) is more exothermie 70 kcal mof™)

The cosubstrate product succinate may bind to the iron in athan the product of the desaturation (2-butene and wat&) (
bidentate mode. At this stage, the reactivity of the resultant ferric + (—58) = —60 kcal mof't), which shows that the rebound
hydroxide species would branch to either the hydroxylation or reaction is more favored than the second hydrogen atom
the ring-closure (or desaturation) reaction (Scheme 2). The abstraction, not including the contribution frd&water—F€'sc)
hydroxylation reaction mechanism would involve a rebound step in the latter stepE(water-Fé'sc) can be correlated to the
which can be considered to be a homolytic cleavage of tHe-Fe  thermodynamic parameters of the individual steps (vide supra),
OH~ bond, giving a five-coordinate ferrous species and a which gives an estimation @&(water—Fé'sc) of approximately
hydroxyl radical, which then combines with the substrate radical, —14 kcal mot 1,65 comparable to the heat of formation differ-
forming the hydroxylation product (HORH). Alternately, the ence. The larger the value B{water—Fe'sc), the more likely
oxidative ring-closure and desaturation reaction involves a the water will stay bound at the ferrous site, which favors the
second hydrogen atom abstraction step by the ferric hydroxide second hydrogen atom abstraction over the rebound reaction in

(61) In the absence of external reductants, e.g., ascorbic acid, the rate of (62) Solomon, E. |.; Zhou, J.; Neese, F.; Pavel, ECBem. Biol.1997,
enzyme deactivation should equal the rate of the uncoupled reaction, since4, 795-808.
that would lead to oxidization of the active site. However, the deactivation (63) AG°(rebound)= AG°(OH —Fe'') — 23.1E°(5C,Fé'/Fe') — 45
rate is measured in the presence of ascorbic acid, and under these conditiongkcal moi?).
the rate of enzyme deactivation would be decreased by the ascorbate- (64) AG°(2nd H abstractiony= —11 — 1.36(K, — 23.1E°(6C,Fé'/Fe')
dependent reduction of the oxidized active site. (kcal mol?).
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Scheme 2. Therefore, we hypothesize that the protein could alscSummary

contributeto the reactivities of the ferric hydroxide species to oy studies of the CS2 interaction with three substrates having
carry out either the rebound reaction or the second hydrogengifferent reactivities provide significant molecular level insight

atom abstraction by regulatirig(water—Fé'sc) in the enzyme- into the structure/function correlations of this multifunctional
product complex. As presented above, MCD and VTVH MCD  enzyme.a-KG binds to a six-coordinate Fgpromoting its
studies of the enzymesubstrate complex CS2/He-KG/DPC uncoupled decarboxylation. Varying amounts of six-coordinate

show the presence of the highest amount of six-coordinate waterferrous species in the substrate complexes may be correlated to
bound species, consistent with that fact this complex mostly the uncoupled reaction in the presence of substrate. Similar five-
undergoes the desaturation reaction. Alternatively, for DGPC a coordinate species are present for all three substrate complexes
dominant five-coordinate species is present with substrate boundwith a-KG bound, which appears to be critical for the coupling
indicating a low value of the wateiF€'sc interaction energy, of the oxidative decarboxylation ofi-KG to the different

thus favoring the rebound and hydroxylation reaction. While oxidative reactions of the substrates. A hypothesis is considered
the energetics considered above involves the strength of thethat the enzyme may contribute to the type of reactivity by
water-Fé' bond in the product complex, the MCD data do show regulating the binding energy of water to the five-coordinate

that this bond strength can be affected by the different substratesferrous species in the enzyme/succinate/product complex. A
weakly bound water would favor the rebound mechanism and

(65) E(water-F€'5C) = —23.1[E°(6C,Fd!/Fe!) — E°(5C,Fd!/Fel)] — thus the hydroxylation reaction, while a highet'FéH, bond
1.36[(pKa(water) — pKa(water-Fe')] + AG°(OH —Fe") = —14 kcal strength would favor the second hydrogen atom abstraction

mol~%, in which the first term is the reduction potential difference of a six- . . .
and five-coordinate iron site (estimated at abe@t5 V), the second term mechanism and thus ring closure or desaturation.

is the K, difference of a free and Fecoordinated water (estimated at about ;
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