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Abstract: Near-IR MCD and variable temperature, variable field (VTVH) MCD have been applied to
naphthalene 1,2-dioxygenase (NDO) to describe the coordination geometry and electronic structure of the
mononuclear nonheme ferrous catalytic site in the resting and substrate-bound forms with the Rieske 2Fe2S
cluster oxidized and reduced. The structural results are correlated with the crystallographic studies of NDO
and other related Rieske nonheme iron oxygenases to develop molecular level insights into the structure/
function correlation for this class of enzymes. The MCD data for resting NDO with the Rieske center oxidized
indicate the presence of a six-coordinate high-spin ferrous site with a weak axial ligand which becomes
more tightly coordinated when the Rieske center is reduced. Binding of naphthalene to resting NDO (Rieske
oxidized and reduced) converts the six-coordinate sites into five-coordinate (5c) sites with elimination of a
water ligand. In the Rieske oxidized form the 5c sites are square pyramidal but transform to a 1:2 mixture
of trigonal bipyramial/square pyramidal sites when the Rieske center is reduced. Thus the geometric and
electronic structure of the catalytic site in the presence of substrate can be significantly affected by the
redox state of the Rieske center. The catalytic ferrous site is primed for the O, reaction when substrate is
bound in the active site in the presence of the reduced Rieske site. These structural changes ensure that
two electrons and the substrate are present before the binding and activation of O,, which avoids the
uncontrolled formation and release of reactive oxygen species.

Introduction dependent dioxygenast®, extradiol dioxygenase$;!! and
pterin-dependent hydroxylas&s!* providing insight into the
coordination geometry and electronic structure of the catalytic
ferrous site. However, our knowledge of Rieske dioxygenases
has been relatively limited due to the difficulty in obtaining

Nonheme iron containing oxygenases mediate a wide range
of chemical transformations where the coordination geometry
and the electronic structure of the iron site are thought to be
optimized for catalytic functiod? Much less had been known
about the active site in the nonheme iron containing oxygenases (4) pavel, E. G.: Zhou, J.; Bushy, R. W.: Gunsior, M.; Townsend, C. A.;

i i Solomon, E. 1.J. Am. Chem. Sod.998 120 743-753.
relative to the heme systems gs the no.nheme iron centers are 5) Zhou, J.; Gunsior, M.; Bachmann, B. O.; Townsend, C. A.; Solomon, E. I.
less spectroscopically accessible, particularly at the ferrous J. Am. Chem. S0d.998 120, 13539-13540.

i H (6) Zhou, J.; Kelly, W. L.; Bachmann, B. O.; Gunsior, M.; Townsend, C. A;
oxidation level. Our group has developed a methodology for Solomon. £ 13, Am. Chem. So@00i 133 7388.7398.
the analysis of nonheme ferrous active sites emphasizing (7) Neidig, M. L.; Kavana, M.; Moran, G. R.; Solomon, E.J. Am. Chem.

So0c.2004 126, 4486-4487.
magnetlc circular dichroism (MCD) spectroscopy to observe (8) Neidig, M. L.; Decker, A.; Choroba, O. W.; Huang, F.; Kavana, M.; Moran,

the ligand-field (LF) excited-states and variable temperature G. R.; Spencer, J. B.; Solomon, E.Rroc. Natl. Acad. Sci. U.S./2006

; - ; ) 103 12966-12973.
variable field (VT\(H) MCD spectroscopy to obtalln the ground (9) Neidig. M. L.: Brown, C. D. Kavana, M. Choroba, O. W.: Spencer, J. B.
state sublevel splittings for these non-Kramers ions that rarely Moran, G. R.; Solomon, E. U. Inorg. Biochem2006 100, 2108-2116.

i ; . : (10) Mabrouk, P. A.; Orville, A. M.; Lipscomb, J. D.; Solomon, E.JIl. Am.
exhibit electron paramagnetic resonance (EPR) signahis Chem. Soc1991 113 4053-4061. '
MCD methodology has been applied to stud¥etoglutarate- (11) Davis, M. I.; Wasinger, E. C.; Decker, A;; Pau, M. Y. M.; Vaillancourt, F.

H.; Bolin, J. T.; Eltis, L. D.; Hedman, B.; Hodgson, K. O.; Solomon, E. I.
J. Am. Chem. SoQ003 125 11214-11227.

TSta}nforcj University. (12) Loeb, K. E.; Westre, T. E.; Kappock, T. J.; Mitit\.; Glasfeld, E.;
* University of Minnesota. Caradonna, J. P.; Hedman, B.; Hodgson, K. O.; Solomon, JEAmM. Chem.
(1) Solomon, E. I.; Brunold, T. C.; Davis, M. I.; Kemsley, J. N.; Lee, S.-K,; S0c.1997 119, 1901-1915.
Lehnert, N.; Neese, F.; Skulan, A. J.; Yang, Y.-S.; ZhouClem. Re. (13) Kemsley, J. N.; MiticN.; Zaleski, K. L.; Caradonna, J. P.; Solomon, E. I.
200Q 100, 235-349. J. Am. Chem. S0d.999 121, 1528-1536.
(2) Neidig, M. L.; Solomon, E. IChem. Commur2005 5843-5863. (14) Kemsley, J. N.; Wasinger, E. C.; Datta, S.; Mifit; Acharya, T.; Hedman,
(3) Solomon, E. |.; Pavel, E. G.; Loeb, K. E.; CampochiaroC8ord. Chem. B.; Caradonna, J. P.; Hodgson, K. O.; Solomon, B. IAm. Chem. Soc.
Rev. 1995 144, 369-460. 2003 125 5677-5686.

10.1021/ja0747690 CCC: $40.75 © 2008 American Chemical Society J. AM. CHEM. SOC. 2008, 130, 1601—-1610 = 1601
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spectroscopic information on the mononuclear ferrous catalytic
site in the presence of the Rieske 2Fe2S cluster in this class of
enzymes.

Rieske dioxygenases catalyze the stereo- and regiospecific
dioxygenation of aromatic compoundsdis-dihydrodiols, as a
first step in the metabolism of aromatic compounds in bacteria.

They biodegrade toxic aromatic compounds, thus attracting  Indole
interest in the development of bioremediation technofS@nd Wat]
are useful for synthetic applicatiot.

Recent X-ray crystallographic studies of the oxygenase
component of Rieske nonheme iron oxygenases (R@sye
shown common structural features of a mononuclear nonheme
iron site and a Rieske 2Fe2S clust&r?2 The mononuclear iron
site activates @for reaction with substrate, Whll? the _RIeSke_ Figure 1. One of the specific crystal structures of Rieske dioxygenase from
center transfers an electron to the mononuclear iron site duringnaphthalene dioxygenase (NDO) with bound indole (PDB: 1EGO).
the catalytic cycle. The crystal structures of ROs show that each
a-subunit contains a Rieske 2Fe2S cluster and a mononuclearesidues forming four-coordinate iron sites. The catalytic site
nonheme iron center separated %4 A. But the functional  and electron-transfer site can be bridged by a conserved aspartic
pair appears to involve the Rieske cluster and mononuclear acid residue present at the subunit interface, which may be
nonheme iron in neighboring subunits separated~#2 A important for electron transf& or regulatiod®3¢ during the
(Figure 1). The mononuclear nonheme iron site is coordinated catalytic cycle. Several spectroscopic studies have been per-
by two histidine residues and one carboxylate residue, termedformed on this class of enzymes, including resonance Ra-
a 2-His-1-Carboxylate facial triad, which is a versatile platform man37:38 electron nuclear double resonance (ENDGRJ3
of nonheme iron containing oxygenasésn most RO crystal EPR35:36.4449 nyclear magnetic resonance (NMRextended
structures, the carboxylate residue is bidentately coordinated toX-ray absorption fine structure (EXAFS&}22and X-ray absorp-
the ironl9-2528.29 although a monodentate structure is also tion near edge spectroscopy (XANEZSY2 but most of those
reported in a few casé8273932 Additional water molecules  studies have focused on the nature of the Rieske center or
are found to be coordinated to the iron, forming a five- or six- indirectly probed the catalytic ferrous site using metal substituted
coordinate catalytic ferrous site, depending on the number wateror nitric oxide (NO) bound enzymes. The mononuclear ferrous
molecules. The Rieske diiron centers are bridged by two sulfides, site is far less studied because it is more difficult to access
one iron center is terminally coordinated by two histidine spectroscopically.

residues, and the other iron is coordinated by two cysteine  One of the most thoroughly studied Rieske dioxygenases,
- — naphthalene 1,2-dioxygenase (NDO), catalyzes the conversion
(15) Gibson, D. T.; Parales, R. Eurr. Opin. Biotechnol200Q 11, 236-243.

(16) Hudlicky, T.; Gonzalez, D.; Gibson, D. Rldrichimica Actal999 32, of naphthalene tois-(1R,29)-dihydroxy-1,2-dihydrohaphthalene

35-62. . _ in the assimilation of carbon from naphthalene (Schenté%).
(17) Some Rieske cluster containing nonheme iron enzymes are known to

mediate monooxygenation as a native reaction. Rieske nonheme iron

oxygenases (ROs) include both dioxygenases and monooxygenases. (34) Parales, R. E.; Parales, J. V.; Gibson, DJ.Bacteriol.1999 181, 1831~
(18) Ferraro, D. J.; Gakhar, L.; RamaswamyB®chem. Biophys. Res. Commun. 1837

His&3'

Cys81'
His208 is104'

Cysl101'

2005 338 175-190. (35) Beharry, Z. M.; Eby, D. M.; Coulter, E. D.; Viswanathan, R.; Neidle, E.
(19) Kauppi, B.; Lee, K.; Carredano, E.; Parales, R. E.; Gibson, D. T.; Eklund, L.; Phillips, R. S.; Kurtz, D. M., JrBiochemistry2003 42, 13625-13636.
H.; Ramaswamy, SStructure1998 6, 571-586. (36) Tarasev, M.; Pinto, A.; Kim, D.; Elliott, S. J.; Ballou, D. Biochemistry
(20) Carredano, E.; Karlsson, A.; Kauppi, B.; Choudhury, D.; Parales, R. E.; 2006 45, 10208-10216.
Parales, J. V.; Lee, K.; Gibson, D. T.; Eklund, H.; Ramaswamyj, $lol. (37) Kuila, D.; Fee, J. A.; Schoonover, J. R.; Woodruff, W. H.; Batie, C. J.;
Biol. 200Q 296, 701-712. Ballou, D. P.J. Am. Chem. S0d.987, 109, 1559-1561.
(21) Karlsson, A.; Parales, J. V.; Parales, R. E.; Gibson, D. T.; Eklund, H.; (38) Kuila, D.; Schoonover, J. R.; Dyer, R. B.; Batie, C. J.; Ballou, D. P.; Fee.
Ramaswamy, SScience2003 299, 1039-1042. J. A.; Woodruff, W. H.Biochim. Biophys. Actd992 114Q 175-183.
(22) Karlsson, A.; Parales, J. V.; Parales, R. E.; Gibson, D. T.; Eklund, H.; (39) Cline, J. F.; Hoffman, B. M.; Mims, W. B.; LaHaie, E.; Ballou, D. P.; Fee,
Ramaswamy, SJ. Biol. Inorg. Chem2005 10, 483-489. J. A.J. Biol. Chem1985 260, 3251-3254.
(23) Gakhar, L.; Malik, Z. A.; Allen, C. C.; Lipscomb, D. A.; Larkin, M. J.; (40) Gurbiel, R. J.; Batie, C. J.; Sivaraja, M.; True, A. E.; Fee, J. A.; Hoffman,
Ramaswamy, SJ. Bacteriol.2005 187, 7222-7231. B. M.; Ballou, D. P.Biochemistryl989 28, 4861-4871.
(24) Ferraro, D. J.; Okerlund, A. L.; Mowers, J. C.; Ramaswamy, Bacteriol. (41) Gurbiel, R. J.; Doan, P. E.; Gassner, G. T.; Macke, T. J.; Case, D. A;;
2006 188 6986-6994. Ohnishi, T.; Fee, J. A,; Ballou, D. P.; Hoffman, B. Biochemistryl996
(25) Martins, B. M.; Svetlitchnaia, T.; Dobbek, Ktructure2005 13, 817— 35, 7834-7845.
824. (42) Yang, T. C.; Wolfe, M. D.; Neibergall, M. B.; Mekmouche, Y.; Lipscomb,
(26) Furusawa, Y.; Nagarajan, V.; Tanokura, M.; Masai, E.; Fukuda, M.; Senda, J. D.; Hoffman, B. M.J. Am. Chem. SoQ003 125, 2034-2035.
T. J. Mol. Biol. 2004 342, 1041-1052. (43) Yang, T. C.; Wolfe, M. D.; Neibergall, M. B.; Mekmouche, Y.; Lipscomb,
(27) Ferraro, D. J.; Brown, E. N.; Yu, C.-L.; Parales, R. E.; Gibson, D. T.; J. D.; Hoffman, B. M.J. Am. Chem. So®Q003 125, 7056-7066.
Ramaswamy, SBMC Struct. Biol.2007, 7, 10. (44) Coulter, E. D.; Moon, N.; Batie, C. J.; Dunham, W. R.; Ballou, D. P.
(28) Najiri, H.; Ashikawa, Y.; Noguchi, H.; Nam, J.-W.; Urata, M.; Fujimoto, Biochemistry1999 38, 11062-11072.
Z.; Uchimura, H.; Terada, T.; Nakamura, S.; Shimizu, K.; Yoshida, T.; (45) Wolfe, M. D.; Parales, J. V.; Gibson, D. T.; Lipscomb, J.JDBiol. Chem.
Habe, H.; Omori, T.J. Mol. Biol. 2005 351, 355-370. 2001, 276, 1945-1953.
(29) Ashikawa, Y.; Fujimoto, Z.; Noguchi, H.; Habe, H.; Omori, T.; Yamane, (46) Wolfe, M. D.: Lipscomb, J. DJ. Biol. Chem2003 278 829-835.
H.; Nojiri, H. Structure2006 14, 1779-1789. (47) Wolfe, M. D.; Altier, D. J.; Stubna, A.; Popescu, C. V.;"Nuk, E.;
(30) Friemann, R.; Ivkovic-Jensen, M. M.; Lessner, D. J.; Yu, C.-L.; Gibson, Lipscomb, J. DBiochemistry2002 41, 9611-9626.
D. T.; Parales, R. E.; Eklund, H.; Ramaswamy,JSMol. Biol. 2005 348 (48) Tarasev, M.; Rhames, F.; Ballou, D. Biochemistry2004 43, 12799~
1139-1151. 12808.
(31) Dong, X.; Fushinobu, S.; Fukuda, E.; Terada, T.; Nakamura, S.; Shimizu, (49) Tarasev, M.; Ballou, D. FBiochemistry2005 44, 6197-6207.
K.; Nojiri, H.; Omori, T.; Shoun, H.; Wakagi, TJ. Bacteriol.2005 187, (50) Tierney, D. L.; Gassner, G. T.; Luchinat, C.; Bertini, I.; Ballou, D. P.;
2483-2490. Penner-Hahn, J. BBiochemistry1999 38, 1105%-11061.
(32) Jakoncic, J.; Jouanneau, Y.; Meyer, C.; StojanoffFEBS J.2007, 274, (51) Tsang, H. T.; Batie, C. J.; Ballou, D. P.; Penner-Hahn, Bi&hemistry
2470-2481. 1989 28, 7233-40.
(33) Koehntop, K. D.; Emerson, J. P.; Que, L.,drBiol. Inorg. Chem2005 (52) Tsang, H.-T. Batie, C. J.; Ballou, D. P.; Penner-Hahn, J. Biol. Inorg.
10, 87—-93. Chem.1996 1, 24—-33.
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Scheme 1.
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determine whether the coordination geometry and electronic
structure of the catalytic ferrous site are synergistically modu-
lated with binding of substrate and reduction of the Rieske
center. It should be noted that temperature-dependent MCD
intensity requires a paramagnetic ground state. Since the

Spectroscopic and kinetic studies established that NDO canOxidized Rieske center has two ferrls = > Fe(lll) ions

catalyze thecis-dihydroxylation of naphthalene in a single-

antiferromagnetically coupled to generateSsn 0 ground state,

turnover reaction if both the Rieske and mononuclear nonhemeit Will not contribute to the temperature-dependent MCD signal.

iron centers are reducéellt was further shown that the binding
of the G, surrogate nitric oxide (NO) to the ferrous catalytic

The reduced Rieske site has &n= %, Fe(lll) ion antiferro-
magnetically coupled to a&= 2 Fe(ll) ion to generate aB=

site is regulated by both binding of substrate and the reduction /2 ground state. While this is paramagnetic and will contribute
of the Rieske 2Fe2S cluster, suggesting that structural reorga-to the temperature-dependent MCD, our previous studies have

nization occurs at the vicinity of the ferrous site during these
steps® There is, in fact, evidence from crystallography for an
allosteric effect of the redox state of the Rieske site in
2-oxoquinoline 8-monooxygenase (OM®)It was found that

shown that, in the ferrous-ed transition energy region, the
contributions of the reduced Rieske center are comparable in
magnitude to that of the ferrous catalytic it his signal can

be subtracted out, using an apoenzyme which lacks the catalytic

reduction of the Rieske 2Fe2S cluster modulates the restingferrous center but contains the Rieske site.

ferrous catalytic site through a chain of conformational changes

Herein we present NIR MCD and VTVH MCD analyses of

across the subunit interface, resulting in the displacement of the NDO enzyme addressing the coordination geometry and the

the nonheme iron and its histidine ligand away from a substrate-

binding site. The resting ferrous catalytic site changes its
coordination number from five- to six-coordinate, which would
be relevant to the inhibition of NO binding to resting ferrous
sites with the Rieske center reduced as found for KDédd
other RDOS*®4748However, the crystal structure of the catalytic
ferrous site in NDO with a reduced Rieske center is modeled
as five-coordinaté! inconsistent with the results found for
OMO.

Binding of a substrate to the active site of RDOs is a key
step in regulation of the reactivity towar@d@QJsing near-infrared
(NIR) MCD spectroscopy, we and others have previously
studied the Rieske dioxygenase, phthalate dioxygenase ®80),

and found that the resting PDO enzyme with the Rieske center

oxidized showed features indicative of a six-coordinate ferrous
site; substrate binding converted the site to two different five-

electronic structure of the catalytic ferrous site in the resting
and substrate-bound forms with both oxidized and reduced
Rieske sites. These studies allow correlation with the crystal
structures of NDO and other ROs and provide molecular level
mechanistic insights for this class of enzymes.

Experimental Section

Chemicals. All commercial reagents were used without further
purification: MES (Sigma), naphthalene (9%9%; ACROS), EDTA
(99+ %; Aldrich), 2,2-dipyridyl (99 > %; Fluka), DO (99.9% atom
% D; Cambridge Isotope Laboratories), glycetgl(98% atom % D;
Cambridge Isotope Laboratories), NaOD (Sigma), sodium dithionite
(Sigma).

Protein and Sample Preparation.All experiments were performed
using NDO purified fromPseudomonasp. NCIB 9816-4, as described
previously*> Mononuclear iron remaining in the isolated and purified
NDO was removed by dialysis using a 100 mM MES buffer (pH 6.8)

coordinate species. This six- to five-coordinate conversion upon containing 10 mM EDTA and 5 mM 2/2lipyridyl for 15-20 h,
substrate binding to the resting enzyme is in line with a general followed by dialysis using a 100 mM MES buffer (pH 6.8) for-480
mechanistic strategy observed for other nonheme iron containingh in a cold room. The apo NDO enzyme with the Rieske center oxidized
oxygenases where substrate binding leads to a coordinatively(@poNDOox) was further run through a Chelex-100 (Sigma) column

unsaturated ferrous site for the @actiont25” However, the

in 100 mM MES (pH 6.8) to remove any remaining iron. The apoNDO

crystal structures of the catalytic ferrous sites in the resting and Samples were then exchanged into a deutrated 100 mM MES buffer

substrate-bound forms of NDO (with the Rieske center reduced)

did not show a significant change in coordination environment
maintaining five-coordinate structur&sin addition, the five-
coordinate ferrous catalytic site in OMO with the Rieske center

(pD 6.4), and diluted 50% (v/v) by anaerobic addition of glycetol-
The concentrations of apoNDOox samples were determined via their
absorbance at 280 nm, usiag= 129 mM @)~ cm™%, as reported
previously. The holo NDO enzyme, FeNDOox, was made by the
addition of 0.9 equiv of a degassed stock solution of Fe{NBO,),-

oxidized also does not show a change in coordination numbergH,0 in D,0 to the apoNDOoXx-glyceraks solution. For preparation

when a substrate is bound to the active $ifEhus spectroscopy

of naphthalene-bound NDO samples, both apoNDOox and FeNDOox

and currently available crystal structure data have provided samples were exchanged into a naphthalene-saturated buffer (50% (v/

different descriptions of the structural mechanism for the
catalytic ferrous site in ROs.

v) degassed glycerol/2100 mM MES buffer at pD 6.4) by centrifugation
in microcon concentrators (Microcon (Millipore)) in a refrigerated

Thus it is important to study a Rieske dioxygenase such as Microfuge in a glovebox. The concentration of naphthalene in the MES

NDO with NIR MCD and VTVH MCD where crystallographic
information is available for correlation with spectroscopy to

(53) Jeffrey, A. M.; Yeh, H. J.; Jerina, D. M.; Patel, T. R.; Davey, J. F.; Gibson,
D. T. Biochemistryl975 14, 575-584.

(54) Ensley, B. D.; Gibson, D. T.; Laborde, A. . Bacteriol.1982 149, 948—
954

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

(56) Gassner, G. T.; Ballou, D. P.; Landrum, G. A.; Whittaker, J. W.
Biochemistryl993 32, 4820-4825.

(57) Shu, L.; Chiou, Y. M.; Orville, A. M.; Miller, M. A.; Lipscomb, J. D,;
Que, L., Jr.Biochemistryl995 34, 6649-6659.

buffer/glycerol (50:50) was determined @200 uM (usinge = 6000

M~ cm™ at 275 nm)85° Reduced Rieske samples (apoNDOred and

FeNDOred) were prepared by the anaerobic addition of excess sodium

dithionite to the oxidized Riske samples of apoNDOox and FeNDOox.
NIR MCD Spectroscopy.NDO samples for NIR MCD spectroscopy

were in the form of a glass with 50% (v/v) degassed glycdgd00

mM MES buffer at pD 6.4 and were typically 0.6 to 0.9 mM in active

sites. Samples were injected anaerobically into an MCD cell made by

(58) Berlman, I. BHandbook of Fluorescence Spectra of Aromatic Molegules
Academic Press: 1971.
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compressing a 0.3 cm thick neoprene gasket between two quartz pIatesA
Low-temperature NIR MCD spectra were obtained using either a
JASCO 200D or JASCO 730 spectropolarimeter with a liquiddbled

InSb detector equipped with an Oxford Instruments Spectromag 4000
superconducting magnet/cryostat (Oxford SM4000-7 Tesla (T)). The
MCD spectra shown were recordeti®mK and 7 T with the natural

CD (0 T) subtracted unless otherwise stated. To obtain the MCD
spectrum of the mononuclear ferrous site of NDO, the MCD spectrum

of a matched apoNDO sample was subtracted from that of FeNDO.
The matched apoNDO sample came from the same degassed proteit
stock solution of FeNDO. VTVH MCD spectra were collected at a
range of magnetic fields at each chosen temperature, measured usin

a calibrated Cernox resistor (Lakeshore Cryogenics, calibrated 1.5 B
300 K) inserted into the sample cell to accurately measure the )
temperature. VTVH MCD data were collected at an energy where there
is no contribution of the apoNDO; thus the VTVH behavior of the
signal intensity can be associated with the mononuclear ferrous site.
The VTVH MCD data were normalized to the maximum observed
intensity over all isotherms for a given wavelength, and the ground-
state parameters were extracted by fitting in accordance with published

0
procedure§’ KT BLU2KT

Figure 2. Ligand field MCD and VTVH MCD data for resting NDO with
oxidized Rieske. (A) MCD spectratd K and 7 T of resting NDO;

; ; FeNDOox (gray line), apoNDOox (gray dashed line), and the difference
NDOox. The 5 K7 T MCDspectrum of resting NDO with (FeNDOox— apoNDOox) (dark green line) spectra. (B) VTVH saturation

the oxidized Rieske site is shown in Figure 2A. NIR MCD  ;gnetization behavior of resting NDO with oxidized Rieske measured at
spectroscopy is a powerful method for observing*#gexcited- 7810 cnt! (1) and 10 200 cmt (2). The normalized data are plotted vs
state LF splitting A5Eg) of nonheme ferrous active sites, which ~ H/2KT for a series of fixed temperatures (1.7, 2, 3, 5, 7, 10, 15, 25 K).

allows assignment of the ferrous coordination number (six- The temperature of_|sotherm curves increases as the c_olor of_ curve_s_changes
from purple to red in the spectral color order. Errors in the intensities are

coordinate: two LF transitions centered at 10000 tsplit by also shown by error bars. The best fit (solid lines) to the data was generated
~2000 cnt?; five-coordinate: one LF transition at10000 by the parameters described in Table 1.
cm! and second LF transition at5000 cnt?; four-coordi-
nate: two LF transitions at5000-6000 cnt?).3% The low- f is the Bohr magneton arldis Boltzmann's constant), along
temperature MCD spectrum of FeNDOox indicated by the gray with the best fit to the data. The inverse relationship between
line exhibits two peaks at8000 and 9700 Cfﬁ', which includes MCD intensity and temperature is characteristic ©term
spectroscopic contributions from both the oxidized Rieske site pehavior arising from a degenerate electronic ground state. The
and the catalytic ferrous site. The apo spectrum shown by the saturation magnetization behavior is well described by a negative
gray dashed line is the temperature-independent MCD signal zES non-Kramers doublet model (see ref 3 for details), and the
of the S= 0 diamagnetic oxidized Rieske site. The difference ground-state spin Hamiltonian parameters obtained from the fit
spectrum indicated with the dark green line obtained by to the data argy, = 9.3 andd = 3.7 cnv'? for both bands, as
subtracting the MCD spectrum of apoNDOox from that of |isted in Table 1§ is the energy splitting of théls = +2 non-
FeNDOox revealed two-dd transitions centered at9300 cnt? Kramers doublet ground state agm is its Zeeman Sp||tt|ng)
with the °Eg split by 2750 cm* (A%E,) indicative of a distorted  The difference in saturation behavior between the 7810 and
six-coordinate ferrous site, in agreement with the previous MCD 10 200 cn? transition intensities reflects different contributions
study of the resting PDO enzyme. TA&E, splittings of resting  from B-terms and the polarization ratidg/My, (Table 1). On
NDO are relatively large compared to the splittings observed the basis of these parameters, fifeg ground state energy
for PDCP>%6and other nonheme iron containing oxygendsés, splitting parameters = dy, — Oysdyz V = o, — dy,) are
indicative of the presence of a relatively weak axial ligand at determined (see ref 3) to beA ~ 450 cntt andV ~ 160
the ferrous site of resting NDO. cm~1 which are in the range found for distorted six-coordinate
To obtain the ground-state ZFS of tise= 2 ferrous site, ferrous sites. Thus, from the MCD and VTVH MCD data, the

VTVH MCD data were taken at 7810 (position 1 in Figure 2A) resting NDO enzyme with an oxidized Rieske site contains a
and 10 200 cm! (position 2 in Figure 2A), because the oxidized high-spin ferrous active site with a distorted six-coordinate
Rieske site does not exhibit MCD signal intensity at these geometry. ThgV/2A| of 0.18 is far from the rhombic limit of
energies. Figure 2B shows these data plottefH&RKT (where 0.33, implying weak axial coordination to the catalytic ferrous
site consistent with the relatively largeE,.
(59) There are n&q values in literature for naphthalene dioxygenases because NDOox-Naph. Figure 3A shows te 5 K 7 T MCD spectra

the substrates are colorless, the binding is tight, and the Rieske cluster . . .

masks small spectroscopic changes from the Fe(ll). A value foKthe of naphthalene-bound holo- and apo-NDO with the Rieske site

from steady state kinetics is 1M (Lipscomb et al., unpublished results).  gxidized. The gray line is the spectrum of FeNDOox-Naph, the

The reaction is completely saturated by 30@ and mostly saturated at . . .
100 uM. We have estimatey by competition with ANS which is gray dashed line is of the apoNDOox-Naph, and the navy line

Ae /M lem™'T!

Normalized Int

Results and Analyses

fluorescent when bound to NDO. From this tkg for naphthalene is in i i _ _
the range 26-40uM (Lipscomb et al., unpublished results). For the studies is the difference spectrum (FeNDOOX Naph aquDOOX .
presented here the yield of NDOox-Napiy(~ 30 «M) and NDOred- Naph). Although the apoNDOox-Naph spectrum is essentially

Naph K4 = 12 uM) can be estimated as 88% and 96%, respectively. _
(60) Pavel, E. G.; Kitajima, N.. Solomon, E.J. Am. Chem. Sod 998 120, the same as that of apoNDOox, the spectrum of FeNDOox

3949-3962. Naph exhibits a large increase in signal intensity~d0 000
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Table 1. Summary of VTVH MCD Analyses

NDOox NDOox-Naph NDOred NDOred-Naph
transitions 7950 10 700 10 290 8060 10 350 8165 10575
ASEy 2750 >5290 2290 >3165 >5575
olcm1 3.7+0.1 3.7£0.1 3.3+0.1 3.0+£0.1 3.0£0.1 1.2+ 0.° 3.8+£0.1
g 9.3+0.1 9.3+ 0.1 8.9+ 0.1 9.2+ 0.1 9.3+ 0.1 8.5+ 0.1 9.0+0.1
—Alcmt 4504+ 125 4504+ 125 800+ 150 310+ 50 350+ 50 a 700+ 200
|VI2A| 0.184+0.01 0.18+0.01 0.30+ 0.01 0.14+ 0.01 0.14+ 0.01 a 0.30+0.01
\% 160+ 50 160+ 50 500+ 110 90+ 20 100+ 20 a 425+ 135
M2/ Myy -0.6 —-05 -0.2 0.04 -0.2 -1.00 -0.2
B-term 11 4.3 1.0 0.5 1.9 22 1.2

a 5T,y Hamiltonian not applicable to the trigonal bipyramidgl’. ® VTVH MCD data analyses obtained at 8890 thprovideds of 1.4 + 0.1 cn1?,
gy of 8.5+ 0.1, M/Myy of —1.0%, andB-term of 2.3%.

3B compared to the curves observed for a six-coordinate ferrous
site in FeNDOox in Figure 2B reflects a small@rvalue of
3.351 Using theo and g, from the VTVH MCD fit, the 5Ty
energy splittings are-A ~ 800 andV ~ 500 cn1?, which are
typical for a five-coordinate site. Thus, from the MCD spectrum
and VTVH MCD data, FeNDOox-Naph contains a high-spin
ferrous catalytic site with a five-coordinate geometry. The
formation of a five-coordinate site is consistent with the high
intensity of the MCD signal compared with the signal from a
six-coordinate site in FeNDOox. A five-coordinate site would
have increased absorption intensity relative to a six-coordinate
site, because its low symmetry allows higher energy intense
transitions to mix into parity forbidden-ed transitions. MCD
intensity is proportional to absorption intensty.
NDOred. The reduced Rieske site with a paramagn8tie
1/, ground state show€&-term MCD intensity. Therefore, to
access the spectroscopic data on the ferrous catalytic site in
Ml resting NDO with the Rieske site reduced, we recorded the MCD
spectra of both FeNDOred and apoNDOred from the same batch
BH2KT of stock protein under identical conditions, and the apo
ﬁ’g‘ge\‘lv -?t-h I&E;Zgéﬂ?‘egglj(:;&\ép{sHehﬂgf ;}?t:;ggnﬁgmganggg”d contribution was subtracted from the FeNDOred spectrum.
bound NDO with oxidized -Rieske; Fel\?DOox-Naph (gray Iine)‘? apoNDOoXx- Fl_gure 4A _ShOWS _tb SK7T MCDspectrL_Jm (_)f resting NDO
Naph (gray dashed line), and the difference (FeNDOox-NapipoNDOoX- with the Rieske site reduced. The gray line is the spectrum of
Naph) (navy line) spectra. (B) VTVH saturation magnetization behavior of FeNDOred, the gray dashed line is of the apoNDOred, and the
naphthalene-bound NDO with oxidized Rieske measured at 10 34@ cm green line is their difference spectrum. The MCD spectrum of
(1). The normalized data are plotted W#$1/2kT for a series of fixed B .
temperatures (2, 3, 5, 10, 15, 25 K). The temperature of isotherm curves @P0NDOred reveals that the signal due to the Rieske center has
increases as the color of curves changes from purple to red in the spectraichanged considerably, providing direct spectroscopic evidence
c_olor qrde_)r. Errors in the intensities are also shown by error bars. The be_Stthat the two sets of samples are indeed in different oxidation
fT'taf)SIg"f_ lines) to the data was generated by the parameters described ingyq05 conditions that are difficult to ascertain and maintain in
crystallographic experiments. The difference spectrum shows
cmt compared to the spectrum of FeNDOox (Figure 2A). The two peaks centered around 9200 ¢mimplying the presence
difference spectrum (navy line) clearly demonstrates the pres-0f @ six-coordinate ferrous catalytic site. The smalléiE,
ence of a single intense MCD band at 10 290-&nwhich splitting of 2290 cm* compared to the 2750 crh splitting
suggests formation of a five-coordinate ferrous site. A five- observed for the ferrous site in FeNDOox (in Figure 2A)
coordinate site also has a second ligand transition in the energyindicates that the weak axial ligand in the nonheme ferrous site
range of~5000 cnt?, which is not observed in FeNDOox- becomes stronger upon reduction of the Rieske site.
Naph but can be below our instrument cutoff. VTVH MCD data on the nonheme ferrous site were obtained
VTVH MCD spectroscopy was applied to probe the ground- at 8810 cm?! (position 1 in Figure 4A) and 10010 crh
state splitting by monitoring the signal intensity at 13 040&m  (position 2 in Figure 4A) for a series of different fields at fixed
(position 1 in Figure 3A) for a series of different fields at fixed temperatures. At these transition energies the apoNDOred
temperatures. At this transition energy, only the mononuclear spectrum of theS = %/, Rieske center (dashed line in Figure
ferrous site contributes to the MCD signal intensity because 4A) has no MCD signal intensity. Figure 4B shows these data
the MCD spectrum of apoNDOox-Naph has a crossing point. plotted vsSH/2KT, along with the best fit to the data. The
Figure 3B shows these data plottedftd/2kT, along with the
best fit to the data. The saturation magnetization behavior is (61) Aso increases the nesting of the saturation magnetization curves increases.
R X An increased degree of nesting is reflected in an increase in the spacing
well described by the negative ZFS non-Kramers model, and among a series of isotherm curves taken over the same temperature range.
the ground-state spin Hamiltonian parameters are listed in Table(62) Solomon, E. |.; Hanson, M. A. ltnorganic Electronic Structure and

- X . . . SpectroscopySolomon, E. |., Lever, A. B. P., Eds.; Wiley-Interscience:
1. The decrease in the nesting of the isotherm curves in Figure New York, 1999; Vol. II, pp +129.
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Figure 4. Ligand field MCD and VTVH MCD data for resting NDO with
reduced Rieske. (A) MCD spectra & K and 7 T ofresting NDO with C
reduced Rieske; FeNDOred (gray line), apoNDOred (gray dashed line), and
the difference (FeNDOred- apoNDOred) (light green line) spectra. (B)
VTVH saturation magnetization behavior of resting NDO with reduced
Rieske measured at 8810 ch(1) and 10 010 cm! (2). The normalized
data are plotted vAH/2KkT for a series of fixed temperatures (1,7, 2, 3, 5,
7,10, 15, 25 K). The temperature of isotherm curves increases as the color 0.0
of curves changes from purple to red in the spectral color order. Errors in ’
the intensities are also shown by error bars. The best fit (solid lines) to the
data was generated by the parameters described in Table 1. PH/ZKT

saturation magnetization behaviors at these transition energieggure > Ligand field MCD and VTVH MCD data for naphthalene-bound
9 9 NDO with reduced Rieske. (A) MCD spectre%K and 7 T ofnaphthalene-

are well described b_y the n.egatllve ZFS non-Kramers model. bound NDO with reduced Rieske; FeNDOred-Naph (gray line), apoNDOred-
The ground-state spin Hamiltonian parameters obtained from Naph (gray dashed line), and the difference (FeNDOred-NaphoNDOred-
the fits to the data arg, = 9.3 andé = 3.0 cm'! for both Napr?)h(allqua lki)ne) zpectrg (_B%VTQ/H S;turatisn magnetizatioggge&a\;qor of
; ; g ; naphthalene-bound NDO with reduced Rieske measured at t
bands as listed in Table 1. Tr?§29 splittings ar? determmed and 10 010 cm! (2). The normalized data are plottedAid/2kT for a series
from these to be-A ~ 330 cnt* andV ~ 95 cnT*, which are of fixed temperatures (1,7, 3, 5, 7, 10, 15, 25 K). The temperature of
in a range for distorted octahedral six-coordinate ferrous sites. isotherm curves increases as the color of curves changes from purple to
The difference in saturation behavior between the 8810 and ed in the spectral color order. Errors in the intensities are also shown by
L - o . - error bars. The best fit (solid lines) to the data was generated by the
10 OZITO C_ml transition intensities again _reflgcts th_e different parameters described in T(able 1.(C) )Corrected VTVH satgration magn):etiza-
contributions from theB-terms and polarization ratios (Table  tion behavior of naphthalene-bound NDO with reduced Rieske obtained
1)_ Thus, from the MCD and VTVH MCD data, resting by subtraction of 35% of the intensities of normalized VTVH MCD data

; ihocni ; ; ; ., calculated at 10 010 cm from the normalized VTVH MCD intensities
FeNDOred contains a high-spin ferrous active site with a six experimentally obtained at 8890 cf The normalized data are plotted vs

coordinate distorted octahedral geometry. The rhombidity — giy5¢T for a series of fixed temperatures (1,7, 3, 5, 7, 10, 15, 25 K). The
2A| of 0.14 is a little smaller than that of NDOox (0.18), which  temperature of isotherm curves increases as the color of curves changes

would seem inconsistent with the IOWéEg excited-state from purple to red in the spectral cqlor 0rde_r. Errors in the intensities are
splitting. However, the excited-state splitting pattern depends ‘g‘;s?hsehg‘z’iv:;%fergrd?;csr'iJ:g i?]e%';')tlési"d lines) to the data was generated
on o d-orbital interactions with the ligands, while the ground-
state splittings reflect d-orbital interactions with the ligands, the gray dash line are essentially the same as those of
in particular the carboxylate? Importantly, —A and V both apoNDOred, there is a difference in the spectral pattern between
decrease in FeNDOred compared to FeNDOox consistent with FeNDOred-Naph (shown by the gray line) and the corresponding
a stronger sixth ligand. Thus, upon reduction of the Rieske site, substrate free form, in particular an increase of the MCD signal
a structural change is transmitted across the subunit interfaceat ~11 000 cnt! in the substrate-bound form. The MCD
to the ferrous site, which results in stronger axially coordinated difference spectrum (FeNDOred-Naph apoNDOred-Naph)
water, while thes-donor carboxylate ligation becomes per- indicated by the aqua line exhibits two bands at 8165%camd
turbed. Importantly, the MCD spectral features of the ferrous 10 575 cnt!. VTVH MCD data were used to assign the species
catalytic site in FeNDOox and FeNDOred are generally the associated with the new bands by monitoring the MCD intensity
same, and thus alteration of the redox state of the Rieske siteat 8890 (position 1 in Figure 5A) and 10 010 ch{position 2
does not significantly affect the coordination number of the in Figure 5A) for a series of different fields at fixed tempera-
mononuclear ferrous site in the absence of a substrate. tures. Again, at these energies the reduced Rieske site in
NDOred-Naph. Figure 5A shows ta 5 K 7 T MCD spectra apoNDOred-Naph does not exhibit signal intensity, which
of naphthalene-bound NDO with the reduced Rieske site. enables VTVH MCD analysis on the ferrous catalytic site.
Although the spectral features of apoNDOred-Naph shown by Figure 5B shows these data plotted/ts/2kT, along with the
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Figure 6. Experimentally determined d-orbital energy levels. Ligand field parameters are listed in Table 1.

best fits. However, a band fitting analysis of the two MCD the square pyramidal sites is converted to a second 5c species
signals of NDOred-Naph indicates that the MCD signal intensity in FeNDOred-Naph (Figure S1). This species is associated with
at 8890 cmi! has a 65% contribution from a band centered at 8165 cn* band and is characterized by a smaifalue of 1.2
8165 cm! and 35% from a 10575 cm band (at 7 T, 5 K; cm1 which is consistent with a five-coordinate trigonal
Figure S2 in Supporting Information). The VTVH MCD data bipyramidal ferrous catalytic site. The small valuedofor the
obtained at 10 010 cm has no contribution from the lower trigonal bipyramidal site reflects the out-of-state interaction of
energy band. To access the VTVH MCD data for the 8165'cm  the spin-orbit coupling of the’E” ground state with both the
band, normalized VTVH MCD intensities experimentally S5E' and %A; excited states (vide infr&f° For the square
obtained from the VTVH MCD analysis at 8890 ciwere pyramidal ferrous site the spirorbit coupling is in-state>{2g)
corrected for the 35% contribution from the 10 575<¢rhand which leads to a larger ZFS.

(at 7 T, 5 K) and renormalized. This was accomplished by  d-Orbital Energy Levels. From the experimental excited-
subtraction of 35% of the intensity of normalized VTVH MCD  state splittings and ground-state VTVH MCD analyses, experi-
data collected at 10 010 crhfrom the normalized VTVH MCD mental d-orbital energy level diagrams have been constructed
intensities experimentally obtained at 8890¢@nThe resulting for the ferrous catalytic sites in FeENDOox, FeNDOox-Naph,
curves were then renormalized. Figure 5C shows these dataFeNDOred, and FeNDOred-Naph (Figure 6). For the resting
plotted vs BH/2kT, along with the best fit. The saturation NDO enzymes (FeNDOox and FeNDOred in the first and third
magnetization behaviors of both bands are well described by columns), the observetkE, excited-state d-orbital energies at
the negative ZFS non-Kramers model, but in contrast to ~8000 and 10 000 cmt are consistent with a distorted six-
FeNDOox-Naph, fits to FeNDOred-Naph can only be achieved coordinate ferrous center. TR&,4 ground-state gorbitals lie

by using different ground-state parameters for the two transitions at 0, 160, and 530 cm and at 0, 95, and 385 crhin FeNDOox

as listed in Table 1. The energy of the LF transitions observed and FeNDOred, respectively, which are typical splittings
for each species and the VTVH MCD data indicate the presenceobserved for six-coordinate complexes with oxygen and nitrogen
of two different five-coordinate ferrous sites. The second, low ligand set$:3%The energies of these five d-orbitals are similar,
energy, LF transition would be below the 5000 ¢nautoff of implying that, in the absence of substrate, the geometric and
our NIR MCD instruments. The species associated with the electronic structure of the catalytic ferrous site are not signifi-
10 000 cnt! MCD transition is characterized bydeof 3.8 cnt?! cantly perturbed with change in the redox state of the Rieske
and g, of 9.0. The®T, splittings calculated from those spin  site. This is in contrast to the X-ray crystal study of OMO but
Hamiltonian parameters are almost the same as those obtainedonsistent with the observation that @oes not bind to the

for the oxidized substrate bound form indicative of a square ferrous mononuclear iron in the absence of substrate for either
pyramidal ferrous site; thus the species associated with the 10000edox state of the Rieske clustér.

cmt band in FeNDOred-Naph is equivalent to the five- The observed excited-state energy for the substrate-bound
coordinate ferrous site found for FeNDOox-Naph. The decreasedNDO with the oxidized Rieske site (FeNDOox-Naph) occurs
MCD signal intensity of NDOred-Naph compared to FeNDOox- at 10 290 cm?. The ground-state LF splittings of 0, 500, and
Naph at 10 000 cmt indicates that approximately one-third of 1050 cnt are in the range found for five-coordinate square
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pyramidal geometries36° Therefore, a six- to five-coordinate  reduced which can be viewed as a distorted five-coordinate
conversion of the nonheme ferrous catalytic site occurs upontrigonal bipyramidal site with a water, His213, and one of the
substrate binding to the resting NDO enzyme. Again this result oxygen atoms of Asp362 defining the trigonal pl&hérom
is not consistent with the crystallography on ROs but in line the crystal structures of OMO, reduction of the Rieske site is
with solution studies which showed rapid oxygen binding believed to protonate the histidine ligand of the Rieske center
following addition of substrate when the Rieske center is that now H-bonds to an Asp, which in turn bridges to a histidine
reduced?® ligand coordinated to the ferrous site resulting in a conforma-
Upon reduction of the Rieske site in the substrate bound form, tional change that alters the active site geometry (Figure 1).
two different five-coordinate species are generated in a 2:1 From the MCD data, reduction of the Rieske center also changes
mixture (fourth and fifth columns in Figure 6). The observed the five-coordinate catalytic ferrous site structure in the presence
excited-state energy of the five-coordinate square pyramidal of substrate. This structural reorganization in the Rieske
species is 10 575 cm, and theST,4 ground-state gorbital dioxygenase could play a role in the electron transfer from the
splittings are 0, 425, and 910 cfh The trigonal bipyramidal Rieske cluster or regulation of oxygen activation chemistry at
five-coordinate species exhibits an LF transition at 8165%cm  the mononuclear iron. A summary of the coordination environ-
A trigonal ferrous LF produces &' ground state with (g, ments of the catalytic ferrous site in NDO constructed with the
dy,) lowest in energy, &' (d-y2, dy) as the first excited state,  spectroscopy and crystallography is presented in Scheme 2.
and a®A;’ (d2) as the highest LF excited state. Thus, thereisa  Mechanistic Considerations. The six- to five-coordinate
large change in the geometric and electronic structure of the conversion upon substrate binding observed for the ferrous site
catalytic ferrous site upon reduction of the Rieske site in the of NDO is in line with the general mechanistic strategy observed
presence of substrate, which could contribute to gse@ctivity. for other nonheme iron containing oxygenases in creating a
coordinatively unsaturated site for the binding and activation
of O, only in the presence of substratetd)” The allosteric
Correlation to Crystallography. Recent structural informa-  effect on the ferrous site upon reduction of the Rieske site in
tion on the Rieske nonheme iron oxygenases provides a startingthe absence and presence of the substrate would further provide
point for mechanistic studies. More than 34 crystal structures a mechanism for regulation of the reactivity towarg O
of 11 different enzymes are available from the Protein Data The formation of a relatively strong axial six-coordinate
Bank as of June 2007. However, in most of the crystallographic ferrous site in resting NDO when the Rieske site is reduced
studies the coordination environment and redox state of the metalhas relevance to NO binding studies of NfYCand other
centers are not well defined. An important role of spectroscopy RDOs264748NO can bind to the resting ferrous site with the
is to provide complementary information on the geometric and Rieske site oxidized, but not when the Rieske is reduced. The
electronic structures of the metal centers providing molecular weak axial six-coordinate ferrous catalytic site with the oxidized
level insight into the catalytic mechanism. Rieske site would allow binding of NO to eliminate a weakly
The MCD data demonstrate the presence of a six-coordinatecoordinated water, but when the Rieske center is reduced the
catalytic ferrous site with a weak axial ligand in resting NDO tighter six-coordinate site would inhibit NO binding. This
when the Rieske site is oxidized, but the X-ray crystal structures structural change suggests a regulation mechanism limiting O
of the corresponding NDO species show a five-coordinate binding to the resting ferrous site when the Rieske center is
ferrous site?1-63 A water would likely be the missing ligand in  reduced. From our previous studies, liinding to a coordina-
the crystal structures of resting NDO because the structure oftively unsaturated ferrous site with one-electron reduction to
the ferrous site of resting (OMO) (with a reduced Rieske site) superoxide is unfavorabfé.However, the two-electron reduc-
shows two water molecules coordinated to a six-coordinate iron tion of O, would be favorable which is possible with the Rieske
(other ligands: two histidines and one bidentate carboxyfate). center reduceéf Thus this allosteric effect in resting NDO
The catalytic ferrous site of the resting NDO enzyme with the would avoid uncontrolled formation and release of activated
Rieske cluster reduced was also characterized by the MCD dateO, species. This additional regulation of the nonheme ferrous
as being six-coordinate. Again, the crystal structure of resting catalytic site parallels the behavior of other nonheme iron
NDO with a reduced Rieske center assigned the ferrous site ascontaining oxygenases which require both cofactor and substrate
five-coordinate?! for activation of Q. It was found from previous MCD studies
Although the X-ray structure of naphthalene-bound NDO with of the a-KG and pterin dependent nonheme iron oxygenases
the Rieske site oxidized is not available, our MCD data indicate that when only the redox active cofactor is present the site is
that the catalytic ferrous site now has a five-coordinate square six-coordinate preventing the,Qeaction until the substrate
pyramidal geometry. The crystal structure of the corresponding binds to the active sitg?
substrate-bound ferrous OMO enzyme was in fact modeled as From the crystal structures of resting OMO, reduction of the
having a distorted five-coordinate square pyramidal site. Reduc- Rieske site displaces the nonheme iref.8 A away from a
tion of the Rieske site in the substrate-bound form is found to substrate binding site and apparently increases the distance
convert one-third of the five-coordinate catalytic ferrous sites between the iron and a proximal residue, Asn215 (corresponding
to trigonal bipyramidal sites. This distortion to a trigonal to Asn201 in NDO), allowing binding of an exogeneous sixth
bipyramidal structure is consistent with the crystal structure of water ligand®® In addition, crystal structures of resting OMO
the ferrous site in substrate-bound NDO with the Rieske center exhibit large conformational changes in His221 (corresponding

Discussion

(63) Although in ref 21 the oxidation state of the Rieske cluster in the x-ray (64) Schenk, G.; Pau, M. Y. M.; Solomon, E.J.. Am. Chem. So2004 126,

crystal structure is described as oxidized, the x-ray beam is known to reduce 505-515.
the Rieske cluster (Karlsson A.; Parales, J. V.; Parales, R. E.; Gibson, D. (65) Holm, R. H.; Kennepohl, P.; Solomon, EGhem. Re. 1996 96, 2239-
T.; Eklund, H.; Ramaswamy, S. Inorg. Biochem200Q 78, 83—87). 2314.
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to His208 in NDO) upon reduction of the Rieske center (a 1.5
A shift in its Ca atom and 20twist of its side chain$>¢6Thus

in resting NDO reduction of the Rieske site might displace the
iron due to perturbation on His208, creating a more open site.
allowing a tightly bound sixth ligand (#©). The conversion of
the square pyramidal to the trigonal bipyramidal structure in

results for the substrate complexes of NO-bound NB&The
ENDOR study showed that there were two substrate binding
sites (A and BY?243When the Rieske center is reduced, the
substrate is displaced 0.5 A away from the iron (the B site)
compared with the A site which is dominant with the Rieske
center oxidized. The MCD data suggest that this change in the

naphthalene-bound NDO upon reduction of the Rieske centersubstrate position with change in the redox state of the Rieske

would also appear to be due to perturbation of the histidine
ligand (His208) coordinated to the catalytic iron and involved
in the ET pathway. The structural alteration might only occur
in one a subunit of theasBs structure based on the partial
conversion.

The formation of two coordination geometries in naphthalene-
bound NDO with the reduced Rieske site relates to the ENDOR

(66) The crystal structure of the catalytic ferrous site in resting OMO with an
oxidized Rieske center shows a distorted square pyramidal 5¢ site having
a His225-Fe bond along itg-axis. The largest liganémetal-ligand angles
in this species are betwednans equatorial ligands, (His221)NFe—
O(Asp365) and (Asp365)0Fe—0O(H;0O), which are 147 and 160,
respectively. Upon reduction of the Rieske cluster of resting OMO, these
angles change to 18@&nd 150, respectively. Assuming that (His2213N
Fe—0O(Asp365) becomes the nezaxis of the catalytic ferrous site in the
Rieske reduced resting enzyme, the equatorial ligand angles (His225)N
Fe—O(H;0), (H,0)O—Fe—0(Asp365), and (Asp365)0Fe—N(His225) are
112, 150, and 92, respectively. The corresponding angles in the catalytic
ferrous site in resting OMO with the Rieske center oxidized afe B8,
and 93, respectively, thus showing a larger deviation from an idealized
trigonal bipyramidal structure.

site is correlated to a change in the coordination geometry of
the catalytic ferrous site from square pyramidal to trigonal

bipyramidal. The partial formation of the second species
observed by ENDOR is also consistent with the MCD results
on the catalytic ferrous site.

From the crystal structures of ND@D, adducts’! O, is
suggested to bind to the iron in a side#phO,—Fe structure.
The trigonal bipyramidal site could control binding of @
this orientation by elimination of its apical water ligand. The
observed weak axial ligand set of NDO would generate a high-
spin ferric (hydro)peroxide through two-electron transfer (one
electron from the catalytic ferrous site and the second electron
from the reduced Rieske center). It was found from previous
model and computational studies that homolytic cleavage of a
peroxide O-O bond is not favorable at a high-spin ferric site
compared to its low-spin analogf&®® However, heterolytic
cleavage of the ©0 bond was not evaluated in these studies.

J. AM. CHEM. SOC. = VOL. 130, NO. 5, 2008 1609



ARTICLES Ohta et al.

In fact, the substoichimetric incorporation ¥D into product binding to resting NDO causes a six- to five-coordinate
via peroxide shunt turnover in the presencésaf labeled HO,, conversion at this ferrous site; (3) a relatively weakly bound
H20, or O, may suggest that the-6D bond is cleaved priorto  water ligand at the ferrous catalytic site in the resting enzyme
substrate attacté. A recent mechanistic study of NDO using becomes more tightly coordinated upon reduction of the Rieske
diagnostic probe molecules has suggested that their monooxy-site; (4) a square pyramidal five-coordinate catalytic ferrous site
genation reaction is mediated by an®F@xo-hydroxo inter- in the substrate-bound enzyme is partly converted to a trigonal
mediate®® Alternatively, this high oxidation state would be bipyramidal site when the Rieske site is reduced; the geometric
difficult to achieve in a nonheme ligand environméhEurther and electronic structures of the catalytic site in the presence of
study is required to elucidate the nature and reactivity of the substrate are thus significantly affected by the redox state of
FeQ species reported for NDO. the Rieske center. These molecular structural insights are
In summary, the MCD spectra and VTVH MCD data and relevant to protein dynamics that regulate the reactivity toward
analyses presented here provide new insight into the coordina-O, during the catalytic cycle, where both substrate binding and
tion geometry and electronic structure of the catalytic ferrous reduction of the Rieske center are required foraotivation.
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