JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by ISTANBUL TEKNIK UNIV

Article

CD and MCD of CytC3 and Taurine Dioxygenase: Role

of the Facial Triad in 0-KG-Dependent Oxygenases

Michael L. Neidig, Christina D. Brown, Kenneth M. Light, Danica Galoni Fujimori, Elizabeth M. Nolan, John
C. Price, Eric W. Barr, J. Martin Bollinger,, Carsten Krebs, Christopher T. Walsh, and Edward I. Solomon

J. Am. Chem. Soc., 2007, 129 (46), 14224-14231« DOI: 10.1021/ja074557r « Publication Date (Web): 30 October 2007
Downloaded from http://pubs.acs.org on February 13, 2009

Intensity
1

CS2 CytC3

9 12
Energy (103cm™)

More About This Article

Additional resources and features associated with this article are available within the HTML version:

Supporting Information
Links to the 4 articles that cite this article, as of the time of this article download

Access to high resolution figures
Links to articles and content related to this article
Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications
Journal of the American Chemical Society is published by the American Chemical

High quality. High impact.
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja074557r

A\C\S

ARTICLES

Published on Web 10/30/2007

CD and MCD of CytC3 and Taurine Dioxygenase: Role of the
Facial Triad in a-KG-Dependent Oxygenases

Michael L. Neidig," Christina D. Brown, Kenneth M. Light,*

Danica Galoni¢ Fujimori,* Elizabeth M. Nolan,* John C. Price,® Eric W. Barr,8
J. Martin Bollinger, Jr.,8!" Carsten Krebs,8!' Christopher T. Walsh,* and
Edward I. Solomon*T
Contribution from the Department of Chemistry, Stanford dérsity, Stanford, California
94305, Department of Biological Chemistry and Molecular Pharmacology patdr Medical

School, Boston, Massachusetts 02115, and Departments of Biochemistry and Molecular Biology
and Chemistry, The Pennsghia State Uniersity, Uniersity Park, Pennsyhnia 16802

Received June 21, 2007; E-mail: edward.solomon@stanford.edu

Abstract: The o-ketoglutarate (a-KG)-dependent oxygenases are a large and diverse class of mononuclear
non-heme iron enzymes that require Fe", o-KG, and dioxygen for catalysis with the a-KG cosubstrate
supplying the additional reducing equivalents for oxygen activation. While these systems exhibit a diverse
array of reactivities (i.e., hydroxylation, desaturation, ring closure, etc.), they all share a common structural
motif at the Fe' active site, termed the 2-His-1-carboxylate facial triad. Recently, a new subclass of o-KG-
dependent oxygenases has been identified that exhibits novel reactivity, the oxidative halogenation of
unactivated carbon centers. These enzymes are also structurally unique in that they do not contain the
standard facial triad, as a Cl~ ligand is coordinated in place of the carboxylate. An Fe" methodology involving
CD, MCD, and VTVH MCD spectroscopies was applied to CytC3 to elucidate the active-site structural
effects of this perturbation of the coordination sphere. A significant decrease in the affinity of Fe' for apo-
CytC3 was observed, supporting the necessity of the facial triad for iron coordination to form the resting
site. In addition, interesting differences observed in the Fe'/a-KG complex relative to the cognate complex
in other a-KG-dependent oxygenases indicate the presence of a distorted 6C site with a weak water ligand.
Combined with parallel studies of taurine dioxygenase and past studies of clavaminate synthase, these
results define a role of the carboxylate ligand of the facial triad in stabilizing water coordination via a
H-bonding interaction between the noncoordinating oxygen of the carboxylate and the coordinated water.
These studies provide initial insight into the active-site features that favor chlorination by CytC3 over the
hydroxylation reactions occurring in related enzymes.

Introduction include the extradiol dioxygenases, pterin-dependent hydroxy-
lase Rieske dioxygenases, and theketoglutarate ¢-KG)-
Idependent oxygenases. Almost all-&tivating mononuclear
non-heme iron enzymes share a common structural motif at the
Fe' active site, termed the 2-His-1-carboxylate facial triad,
4 Where the ligation sphere of the resting' Bite consists of two
histidines and one carboxylate ligand from the amino acid
K backbone arranged on one face of an octahetirbithe role
of this facial triad is to provide three amino acid ligands for
iron binding. The three coordination positions not taken up by
amino acid ligands (occupied by water) are believed to provide
labile sites to bind substrates and cosubstrates (including

Oxygen-activating mononuclear non-heme iron enzymes
catalyze reactions of medical, pharmaceutical, and environmenta
significance as diverse as those of heme enzymeéJhese
systems utilize an Peresting site that directly binds Qo yield
iron—oxygen intermediates that react with substrate to yiel
product. As the one electron reduction of dioxygen is unfavor-
able because of its low redox potential and the resulting wea
Fe'—0O,~ bond that would forn¥, these enzymes can be
classified on the basis of the source of the extra reducing
equivalents required for oxygen activatibiThese classes

T Stanford University. dioxygen) together for catalysis.

- Harvard Medical School. . _ The a-KG-dependent oxygenases require' Fe-KG, and

§ Department of Biochemistry and Molecular Biology, The Pennsylvania di f VSi ith tha-K b Ivi h
State University. ioxygen for catalysis with the-KG cosubstrate supplying the

' Department of Chemistry, The Pennsylvania State University. additional reducing equivalents for oxygen activatidinzymes
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including hydroxylation (prolyl-4-hydroxylase, taurine dioxy- studies of SyrB2. From the crystal structure of SyrB2/Eé/
genase, TauD), desaturation and oxidative ring closure (cla- a-KG, the Fé active site is six-coordinate (6C) with a bidentate
vaminate synthase, CS2), and oxidative ring expansion (deac-o-KG ligand, two histidines, a water, and aGloordinated to
etoxycephalosporin C synthase) Enzymes in this class are iron.2! In this structure, the observed'FeCl bond length of
proposed to share a common mechanism involving oxidation ~2.44 A was suggested to be slightly elongated. Thus, in
of substrate with concomitant two-electron oxidationoeke- addition to its novel reactivity, SyrB2 is structurally unique
toglutarate to succinate and gQwhere one atom of Dis among the oxygen-activating mononuclear non-heme iron
incorporated into product (or 4@ for ring closure and desatu- enzymes characterized at present, as it does not contain the
ration reactions) and the other appears in succinate. In theseclassic 2-His--carboxylate facial triad. Another-KG-depend-
systems, the resting enzyme and complexes with either theent halogenase, CytC3, fro@treptomycesvas studied by a
substrate oo-KG are all six-coordinate (6C) shown by circular  combination of kinetic and spectroscopic meth&ds. contrast
dichroism (CD) and magnetic circular dichroism (MCD) to the a-KG-dependent hydroxylases, for which onéVFeO
spectroscopy 10 and crystallographic studiés:4 o-KG co- species was observed, two high-spidVFepecies (presumably
ordinates directly to the Hesite in a bidentate fashion. Binding also F&’=0 species, although the presence of this group has
of both a-KG and substrate leads to conversion to a five- not yet been demonstrated directly) have been observed in the
coordinate (5C) site, which reacts with, @ading to decar- chlorination reaction catalyzed by CytC3. At least one of these
boxylation of thea-keto acid to generate GDsuccinate, and ~ FéY complexes cleaves the target-@8 bond of the substrate,
an F&'=0 intermediate. The latter was trapped and character- as evidenced by the large deuterium kinetic isotope effect on
ized in twoo-KG-dependent dioxygenases, Tda@nd prolyl- decay of the two intermediates.
4-hydroxylaséf and identified as an B&=0 species. This A methodology developed in our laboratory, employing a
intermediate reacts with substrate by H-atom abstraction, ascombination of near-infrared CD, MCD, and variable-temper-
demonstrated by the large deuterium kinetic isotope effects for ature, variable-field (VTVH) MCD spectroscopies, provides a
decay of the intermediaté&!’ Formal recombination of a  way to directly studyS = 2 mononuclear non-heme 'Fsites
hydroxyl radical equivalent from the fe-OH species withthe  found in these and other enzynt8€4 Previously, this meth-
substrate radical yields hydroxylated product. The latter processodology was utilized to gain insight into the active-site structure
is known as the oxygen rebound mechaniém. of the a-KG-dependent oxygenase C%29 In addition, UV/
Recently, a new subclass @fKG-dependent oxygenases has vis MCD provided insight into the metal-to-ligand charge
been identified whose members exhibit a novel reactivity, the transfer (MLCT) transitions occurring in CS2 in its complex
oxidative halogenation of unactivated aliphatic carbon centers with a-KG. In the present study, this methodology has been
in the biosynthesis of several natural products of nonribosomal utilized to investigate active-site structural effects due to changes
peptide origint>2°In these enzymes, the amino acid substrates in the facial triad. Application to the-KG-dependent haloge-
that are halogenated are first activated by an adenylation domainnase, CytC3, has revealed interesting active-site differences
(A) followed by loading onto the phosphopantetheinyl arm of relative to CS2. Comparison with data from a parallel study of
the thiolation module (T), resulting in an aminoac@—T anotherr-KG-dependent oxygenase, TauD, provides insight into
protein that is the enzyme substrate. Examples include SyrB2,the CytC3 data and suggests an additional role of the facial
which catalyzes the chlorination of thg-methyl group of triad in the Q activation mechanism.
L-threonine tethered to the-AT didomain protein SyrB1? and
CytC3, which catalyzes the chlorination of themethyl group Materials and Methods
of L-2-aminobutyric acidi(-Aba) tethered to the carrier protein
CytC2 (i.e.,L.-Aba-S-CytC2)° Current structural insight into Overexpression and Purification of Proteins. The adenylation

the active sites of these enzymes derives from crystallographicdomain protein, CytC1, and the apo form of the thiolation domain
protein, CytC2, were purified by a modified version of the described

(8) Pavel, E. G.; Zhou, J.; Busby, R. W.; Gunsior, M.; Townsend, C. A.; protocol: following elution from the Ni-NTA resiff the proteins were

Solomon, E. I.J. Am. Chem. S0d.998 120, 743-753. ] ;
(9) Zhou, J.. Gunsior, M.. Bachmann, B. O. Townsend, C. A.: Solomon, E. I. loaded onto a gel filtration column (26/60 Superdex 200 for CytC1
J. Am. Chem. Sod.998 120, 13539-13540. and 26/60 Superdex 75 for apoCytC2), eluted in 100 mM Hepes, pH

(10) Zhou, J.; Kelly, W. L.; Bachman, B. O.; Gunsior, M.; Townsend, C. A;; 7.5 concentrated, frozen in liquid nitrogen, and storeel&® °C. The

Solomon, E. I.J. Am. Chem. So001, 123 7388-7398. s
(11) Valegard, K.; Vanscheltinga, A. C. T.; Lloyd, M. D.; Hara, T.; Ramaswamy, aPO (iron-free) form of the halogenase, CytC3, was overproduced and

S.; Perrakis, A.; Thompson, A.; Lee, H. J.; Baldwin, J. E.; Schofield, C. purified in analogy to the published proto@8hvith the exception that

(12) %:nﬂd% JH Ag‘éﬁrsjog “Sﬁ;ﬁ,ﬁ? SDMKS-OB&aﬁ;)\A?i'n 3 E- Harlos. k. the iron-reconstitution step was omitted. The holo form of CytC2 was
Schofield, C. JNat. Struct. Biol200Q 7, 127-133. ’ "7 prepared via incubation of apo-CytC2 (3381) with MgCl (15 mM),

(13) Elkins, J. M.; Ryle, M. J.; Clifton, I. J.; Hotopp, J. C. D.; Lloyd, J. S.;  coenzyme A (1.5 mM), and phosphopantetheinyl transferase Sfp (3.7
Burzlaff, N. I.; Baldwin, J. E.; Hausinger, R. P.; Roach, PBiochemistry

2002 41, 5185-5192. uM) in 20 mM Hepes pH 7.5 at 23C for 1.5 h. The mixture was
(14) Elkins, J. M.; Hewitson, K. S.; McNeill, L. A; Seibel, J. F.; Schlemminger,  subsequently concentrated and then loaded on to a 26/60 Superdex 75
L bugh. C. W Ratcliffe, P. J.; Schofield, C.1.Biol. Chem2003 278~ column equilibrated in 20 mM Hepes, pH 7.5. Eluted holo-CytC2
(15) Price, J. C.; Barr, E. W.; Tirupati, B.; Bollinger, J. M.; Krebs, C. ~ (monomer) was concentrated, frozen in liquid nitrogen, and stored at
Biochemistry2003 42, 7497-7508. —80°C20

(16) Hoffart, L. M.; Barr, E. W.; Guyer, R. B.; Bollinger, J. M., Jr.; Krebs, C.
Proc. Natl. Acad. Sci. U.S.2006 103 14738-14743.

(17) Price, J. C.; Barr, E. W.; Glass, T. E.; Krebs, C.; Bollinger, JJMAM. (21) Blasiak, L. C.; Vaillancourt, F. H.; Walsh, C. T.; Drennan, CNature
Chem. Soc2003 125 13008-13009. 2006 440, 368-371.
(18) Groves, J. TJ. Chem. Educl1985 62, 928-931. (22) Galonic, D. P.; Barr, E. W.; Walsh, C. T.; Bollinger, J. M.; KrebsNat.
(19) Vaillancourt, F. H.; Yin, J.; Walsh, C. TProc. Natl. Acad. Sci. U.S.A. Chem. Biol.2007, 3, 113-116.
2005 102 10111-10116. (23) Solomon, E. I.; Pavel, E. G.; Loeb, K. E.; CampochiaroC8ord. Chem.
(20) Ueki, M.; Galonic, D. P.; Vaillancourt, F. H.; Garneau-Tsodikova, S.; Yeh, Rev. 1995 144, 369-460.
E.; Vosburg, D. A.; Schroeder, F. C.; Osada, H.; Walsh, CCflem. Biol. (24) Pavel, E. G.; Kitajima, N.; Solomon, E.J. Am. Chem. Sod.998 120,
2006 13, 1183-1191. 3949-3962.
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Figure 1. 298 K CD spectra of (A) apoCytC3 (black), apoCytC3/Gt 2 equiv of Féd (green), and CytC3/HéCl~/o-KG (blue) and (C) CytC3/HECI~/
0-KG/L-Aba-S-CytC2. The low-temperature, 7T MCD spectra of (B) CytC8IEE/a-KG and (D) CytC3/F&/Cl-/o-KG/L-Aba-S-CytC2. VTVH data
(symbols) and their best fit (lines) for (E) CytC3/#€l-/a-KG collected at 7505 crmt and (F) CytC3/F&/Cl-/a-KG/L-Aba-S-CytC2 collected at 7225
cm L

TauD was overexpressed and purified as previously desctbed.  Results and Analysis

Preparation of L-Aba-S-CytC2 Substrate.The thiolation domain . _ .
of CytC2 was post-translationally modified with the phosphopanteth- The el_'lergles and splitting pa_lttern of CD/MC_:D bands provide
einyl group by incubation with purified Sfp protein and coenzyme A, mformatlor_l abqut the geometric and electronic structure of the
generating holo-CytC2. Incubation ofAba with holo-CytC2 in the ferrous active sites in CytC3 and TauD. In octahedral symmetry,
presence of CytC1, Mggland ATP in 100 mM HEPES, pH 7.5, at & 6C ferrous site has a doubly degenef&gligand field (LF)
23 °C for 1.5 h as previously described generateflba-S-CytC22 excited state and a triply degeneraieq ligand field ground
The amino acid-loaded CytC2 substrate was then concentrated,state split in energy by 1Dq = 10 000 cn1* for biologically
exchanged into deuterated HEPES buffer (100 mM, pD 7.5), and relevant nitrogen and oxygen ligands. In the low symmetry of

deoxygenated before addition to CytC3. a protein active site, these states further spii, (~ di2—,2 and
CD and MCD Spectroscopy.All samples for spectroscopy were  02) resulting in two ligand field transitions centerec~&t0 000
prepared under inert atmosphere inside,gNrged “wet box”. Apo- cm 1, split by ~2000 cnt? for a distorted 6C ferrous site. Five-

CytC3 was exchanged into deuterated HEPES buffer (100 mM, pD coordinate (5C) square-pyramidal sites show these transitions
7.5) and concentrated to 3:8.5 mM by using a 4-mL Ultrafree-4  at~10 000 and~5000 cnt?, and 5C trigonal bipyramidal sites
ultrafiltration cell with a 10 kDa cutoff membrane. The enzyme was exhibit one transition a£10 000 cnt! and one a5000 cntl.

made anaerobic by purging with argon gas on a Schlenk line°& 0 pjstorted four-coordinate sites show only low-energy ligand
for 1 h. NaCl (1 M), ferrous ammonium sulfate (120 mM}KG (1 field transitions in the 40067000 cnt? region, due to the much

M), andL-Aba-S-CytC2 (3.78 mM) were added in microliter quantities smaller value of 1Mq for tetrahedral complexes (1Dq (Tq)
from anaerobic stock solutions in degassed HEPES buffer (100 mM, _ —4/510 Dq (Op)).2324

pD 7.5). For cofactor and substrate binding, microliter additions were .
made until no further changes in the spectra were observed to ensure (1) CytC3. The 278 K CD spectrum of apo-CytC3 in the

saturation. The same procedure was followed for TauD with deuterated PréSence of 50 equiv of Clis featureless (Figure 1A, black).
TrisHCI buffer (100 mM, pD 7.5) and stock solutions of ferrous Addition of up to 2 equiv of Féto apo-CytC3/Cf results in
ammonium sulfate (120 mMy-KG (1 M), and taurine (250 mM). ~ no observable LF features in the CD spectrum (Figure 1A,
Glycerol-d; was added to 5060% (v/v) to the enzyme solutions for ~ green), indicating that Medoes not bind to apo-CytC3/Cl

preparation of MCD samples to give MCD samples of-1166 mM Further addition of PEleads to enzyme precipitation. Consider-
concentration. CD spectra were taken without and with glycerol addition ing both the minimal CD signal observable above baseline and
to ensure that the Eesite was unaffected by the glassing agent. the previousAe values observed for the CD spectra of resting

Near-IR (606-2000 nm) CD and MCD data were recorded on a ferrous active sites of mononuclear non-heme iron enzymes, a

Jasco J-200D spectropolarimeter with a liquigddoled InSh detector ~ maximum (association) binding constant fot' ke apo-CytC3/
and equipped with an Oxford Instruments SM4000-7 tesla (T) super- Cl~ can be estimated to be50 M~1. This binding constant is
conducting magnet. UV/vis (366800 nm) MCD data were recorded  significantly reduced (by>2 orders of magnitude) from that
on a Jasco J810 spectropolarimeter with an extended S-20 photomul-previously determined by near-infrared CD titration for another
tiplier tube and equipped with an Oxford Instruments SM4000-7T a-KG-dependent oxygenase, CXs(> 5000 M1).8
super_conductmg magnet. CD spectra were corrected for buffer and cell While Fé' does not bind to apo-CytC3/C] addition of 25
baselines by subtraction, and MCD spectra were corrected for the natural . . .

equiv of a-KG (saturating) to apo-CytC3/Cl+ 0.9 equiv of

CD and zero-field baseline effects by averaging the positive and | . - . .
negative field data at a given temperature. VTVH MCD data were Fe! results in F€ binding to the active site, as the CD spectrum

. ) o .
collected using a calibrated Cernox resistor (Lakeshore Cryogenics, "OW contains negative bands-af760 cnt and~11 550 cm

calibrated 1.5-300 K) inserted into the sample cell to accurately (Figgre 1A,.blue). Thusp—KQ significantly increases the
measure the sample temperature. VTVH MCD data were normalized binding affinity of the active site of CytC3 for Feby at least
to the maximum observed intensity over all isotherms for a given 2 orders of magnitude compared to that for CytC3 in the absence

wavelength, and the ground-state parameters were extracted by fittingof o-KG). (The binding affinity was estimated considering the
in accordance with published procedufe! maximum MCD intensity for free Fein solution that would

14226 J. AM. CHEM. SOC. = VOL. 129, NO. 46, 2007
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Figure 2. Low-temperature, 7T UV/vis MCD spectra of (A) CytC3/#e
Cl~/a-KG (blue) and CytC3/PECI /a-KG/L-Aba-S-CytC2 (red) and (B)

TauD/Fé/a-KG (blue) and TauD/Pda-KG/taurine (red).

be observable and the CD intensity observed, utilizing typical
Ae values fora-KG-bound complexes in other enzymes.) The
5 K, 7T MCD spectrum of CytC3/HéCl~/a-KG (Figure 1B)
contains positive LF features at7640 and~11 300 cnm. In
addition, an F&é — o-KG CT band at>15000 cnm! is
observed, indicating direct bidentate coordinatioroekG to

Fe' (Figure 2). The presence of two LF transitions at these
energies is consistent with a distorted 6C' Bie. The larger
splitting of these bandsACEy ~ 3460 cm') compared to the
typical 5y splitting for distorted 6C sites~2000 cn?) is
consistent with one of the six ligands (likely®) being weakly

coordinated.

To evaluate the ligand field effects of replacing the carboxy-
late ligand of the facial triad with a chloride anion on the-d
d transition energies, the Companigkomarynsky method was
employed®® An absorption spectrum dfans-Fe(py)Cl, was

28

0z = 17 730 cml, oy = 4690 cnml; a-KG carbonyl: o, =
17 700 cn?, ay = 5300 cntl; a-KG carboxylate:ap, = 17 250
cm1, oy = 5600 cnr™. Ligand field calculated vs experimental
energies for CS2 (d= 0 cm1): Calculated: ¢, = 0 cm?,
dy = 650 cml, d2z = 9690 cn?, de » = 11220 cm™
Experimental: ¢, = 190 cml, dy, = 495 cm'?, dz = 9210
cm 1, de-2 = 10900 cm.)

The a-KG-bound form of CS2 was approximated by replac-
ing the waters of the previous model with the parameters of a
strengthened amide carbonyl and a weakened carboxylate. Again
the orbital splittings matched well with those from experiment.
Replacement of the ligand field parameters of the facial triad
carboxylate with those of chloride led to a decrease, not increase,
in the 5Ey excited-state splitting of 150 cm (from 1620 cnm?
for the facial triad to 1470 cr¥). Therefore, this substitution
of chloride for carboxylate cannot be the source of the large
excited-state splitting in CytC3, which is instead attributed to a
weak water ligand.

The saturation magnetization MCD behavior for CytC3/Fe
Cl~/0-KG collected at 7505 cmi (Figure 1E) is well described
by a negative zero-field splitting (ZFS) non-Kramers doublet
model with ground-state spin-Hamiltonian parameters of
2.8+ 0.2 cnttandg, = 8.9+ 0.3 cn1? (0 is the ZFS of the
S= 2, Mg = +2 doublet, andy, defines its Zeeman splitting).
These values ob and g, give A = —900 + 150 cn1! and
[VI2A| = 0.28, which reflect the axialH,y, — Exy = A) and
rhombic Ex, — Ey, = V) splitting of the t4 set of dr orbitals
on the F&. The large observed splitting of tfi&,4 ground state
is consistent with backbonding between!' Fend the bound
a-KG, as previously observed for CS2/fe-KG.8

The 5 K, 7T UV/vis MCD spectrum of CytC3/BECI-/a-
KG (Figure 2A, blue) is nearly identical to that previously
reported for othew-KG-dependent oxygenases (e.g., €52
with MLCT and n— z* transitions at~19 100 and~28 000
cm1, respectively. Previous studies have shown that these
transitions arise from bidentate coordinationoeKG to Fe'.®
Thus, CD and MCD spectroscopic studies indicate that CytC3/
Fe'/Cl7/a-KG is a distorted 6C Fesite with a weak ligand

used to obtain Ilgand field parameters for chloride in a Charge- (||ke|y Water) and a bidentate]y coordinatedKG cofactor.

neutral complex at a bond distance of 2.4%onditions that
closely match those found in CytC3. Note that this bond length CYtC3/F4/Cl/o-
is also within the range reported for high-spin six-coordinate
Fe' complexes with two anionic ligand$:3! Ligand field

Addition of 2.5 equiv ofL.-Aba-S-CytC2 substrate (saturating)
KG results in a different CD spectrum with
a low-energy negative feature a5000 cnT?, two additional
negative features at7560 and~11650 cnt?, and a positive

parameters for histidine, water, and carboxylate were obtainedy, ;14 4t~9660 cntt (Figure 1C). The 5 K, 7T MCD spectrum
from previous studies as listed in ref 23. These latter parameters, ¢ ¢ ,nstrate-bound Cth3/F:/é:I‘/a-KG/L-Aba-S-CthZ (Fig-

when used to model the resting site of CS2, gave d orbital

ure 1D) contains a positive LF feature a6000 cnt! and

splittings that were in good agreement with experiment. (The ,y4itional positive LF features at7600 and~11 070 cnl.

ligand field parameters used were: His; = 19 185 cm?l, ay
= 7010 cn1?; carboxylate: o, = 17 000 cnT?, a4 = 5800
cm1; water: ap; = 18 000 cml, ay = 5680 cnv?; chloride:

(25) Companion, A.; Komarynsky, Q. Chem. Educl964 41, 257-262.

(26) Little, B.; Long, G.Inorg. Chem.1978 17, 3401-3413.

(27) Batten, M. P.; Canty, A. J.; Cavell, K. J.; Ruther, T.; Skelton, B. W.; White,

A. H. Acta Crystallogr.2004 C60, m316-m319.

(28) Hubin, T. J.; McCormick, J. M.; Collinson, S. R.; Buchalova, M.; Perkins,
C. M.; Alcock, N. W.; Kahol, P. K.; Raghunathan, A.; Busch, D. H.

Am. Chem. So200Q 122 2512-2522.

(29) Hardman, N. J.; Fang, X.; Scott, B. L.; Wright, R. J.; Martin, R. L.; Kubas,

G. J.Inorg. Chem.2005 44, 8306-8316.

(30) Halfen, J. A.; Moore, H. L.; Fox, B. Gnorg. Chem.2002 41, 3935-
3943

(31) Nunés, G. G.; Bottini, R. C. R.; Reis, D. M.; Camargo, P. H. C.; Evans, D.
J.; Hitchcock, P. B.; Leigh, G. J.; Sa, E. L.; Soares, Jnbrg. Chim. Acta

2004 357, 1219-1228.

In addition, an F& — o-KG CT band at>15 000 cm? is
observed, indicating that-KG remains directly coordinated to
Fe' upon substrate binding (Figure 2). The observation of at
least three features in the MCD spectrum of CytC3/EE/
o-KG/L-Aba-S-CytC2 indicates the presence of two distinct
ferrous species, since LF theory and experiment dictate that a
single Fé site can have no more than two-e d transitions in

this region. Because of its energy position, tk@600 band
corresponds to a 6C component, whereas the low energy of the
LF transition at<5000 cnt! indicates that it is associated with

a 5C component. VTVH MCD data (vide infra) indicate that
the positive bands at11 070 and~7600 cnt! arise from
different ferrous species, likely reflecting contributions of two
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Figure 3. 298 K CD spectra of (A) apoTauD (black), TauD/Rgreen), and TauD/Eéx-KG (blue) and (C) TauD/Rea-KG/taurine. The low-temperature,
7T MCD spectra of (B) TauD/Fe(green) and TauD/Pén-KG (blue) and (D) TauD/PHa-KG/taurine.

overlapping bands at this energy (i.e., the higher energydi noncoordinating oxygen of the carboxylate of the facial tfad.
bands for both the 5C and 6C components). This orientation has been observed in the crystal structures of
The saturation magnetization behavior for CytC3/Eé/ a-KG enzymesin boththe presence and absence of suB3g&itess

0-KG/L-Aba-S-CytC2 collected at 7225 crh(the 6C compo- However, the crystal structure of TauD/ffe-KG with taurine
nent, Figure 1F) is well described as a negative ZFS non- bound is different®3¢In this enzyme structure, the noncoor-
Kramers doublet with ground-state spin Hamiltonian parameters dinating oxygen of the carboxylate ligand is flipped down and
of =2.14+ 0.2 cmmtandg, = 8.8+ 0.3 cnT?, corresponding away from the open (i.e., water) coordination site. Therefore,
to A = —1200 + 150 cnt! and |V/2A| = 0.28. The large the ferrous active site of TauD was investigated to determine if
observed splitting of théT,q ground state is consistent with  this structural change affected water coordination to the iron.
analogous backbonding between' Fnd the boundx-KG as The 278 K CD spectrum of apoTauD is featureless (Figure
observed for CytC3/FéCl-/a-KG. The decreased nesting 3A, black), whereas addition of 0.9 equiv of'Feesults in a
observed for this band in the substrate-bound complex comparedspectrum with two positive LF bands at8850 and~10 600

to that for the analogous band in theKG complex indicates cm! (Figure 3A, green). The 1.8 K, 7T MCD spectrum of
that the 6C species is perturbed upon substrate binding. TheTauD/Fé (Figure 3B, green) also shows two positive ligand
saturation magnetization behavior at 11 085 tis significantly field features at~8900 and~10 700 cm®. The observed CD
more nested (Supporting Information, Figure S1) and cannot and MCD excited-state splittings and energies of the two
be fit to any single set of spin-Hamiltonian parameters, transitions of TauD/Feare consistent with a distorted 6C resting
consistent with the presence of overlapping bands at this energy ferrous site.

Therefore, the positive bands 7600 and~11 070 cni?t in Addition of 25 equiv ofo-KG (saturating) to resting TauD/
Figure 1D are associated with differemtKG and substrate-  Fé' results in a significant change in the CD spectrum, with a
bound ferrous active sites indicating the presence of a mixture positive band at-7400 cnr! and a negative band at11 150

of 5C and 6C species in the enzymmubstrate (ES) complex.  cm™ (Figure 3A, blue). The 1.8 K, 7T MCD spectrum of TauD/

The 5 K, 7T UV/vis MCD spectrum of CytC3/E&CI~/o- Fe'/a-KG (Figure 3B, blue) contains positive LF features at
KG/L-Aba-S-CytC2 (Figure 2A, red) is nearly identical to that ~8190 and~11 450 cni™. The presence of two LF transitions
observed for CytC3/HéCl~/a-KG with MLCT and n— z* at these energies is consistent with a distorted 6Cske. The
transitions at-19 100 ancd~28 000 cn1?, respectively, indicat-  larger splitting of these bandé¥Ey ~ 3260 cn') compared
ing that substrate binding does not affectthG coordination ~ to the typicalPEg splitting for distorted 6C sites¥2000 cnt?)
to Fé'. Thus, a combination of CD, MCD, and VTVH MCD is consistent with one of the six ligands (likely.®l) being
studies shows that the ES complex of CytC3 is a mixture of weakly coordinated.
distinct 5C and 6C species wheweKG is bound to F& in a The 1.8 K, 7T UV/vis MCD spectrum of TauD/He-KG
bidentate fashion, indicating that a 6€5C conversion occurs  (Figure 2B, blue) is nearly identical to that previously reported
upon substrate binding analogous to that previously observedfor othera-KG-dependent oxygenases (e.g., §Sdth MLCT
for CS2.

(2) TauD. As emphasized earlier, MCD studies of thé'Fe 32 L'\J/l ?2‘;23%}2{2;,Mc',’jj,%‘%?”8%2‘,#253555‘;'8ra?iosﬁiﬁ'iib?; Oppermann,
o-KG complex of CytC3 indicate the presence of a 6C ferrous (33) JalBIRELC: van PORecooR A G0 Moy Mo T io's: B Sehaneld, &
site with a weakly coordinated water ligand. This is in contrast J.; Hajdu, J.; Andersson, Nature 1998 394, 805-809.
to our previous results for the-KG complex of CS2, in which 34) g.'ifg?'s'-cﬂgf'%?;”'c'.--ﬁ¥§;§§rgﬁg}n’\go%é?% %éf;};ggs%f Wilmouth,
the water ligand binds tightly to Eelt has been proposed that  (35) Wilmouth, R. C.; Tumnbull, J. J.; Welford, R. W. D.; Clifton, I. J.; Prescott,
water coordination to CS2/ft&:-KG is stabilized through a A. G.; Schofield, C. JStructure2002 10, 93-103.

N . ) X (36) O'Brien, J.; Schuller, D.; Yang, V.; Dillard, B.; Lanzilotta, \Biochemistry
hydrogen-bonding interaction between the water ligand and the  * 2003 42, 5547-5554.
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and n— z* transitions at~19 100 and~ 28 000 cnt?,
respectively, indicating bidentate coordinatioreKG to Fée'.
Thus, CD and MCD spectroscopic data indicate that Taulb/Fe
o-KG is a distorted 6C Fesite with a weak ligand (likely water)
ando-KG cofactor bound in a bidentate fashion.

Addition of 10 equiv of taurine (saturating) to TauD/fe-
KG results in a different CD spectrum with a negative band at
~5000 cntt and a positive band at10 150 cnt? (Figure 3C).
The 1.8 K, 7T MCD spectrum of TauD/le-KG/taurine | | ]
(Figure 3D) contains an intense positive LF feature-&600 9 , 12 15
cmtand additional positive bandsa8550 and~10 400 cnT™. roure 4. Lo t E::ﬁf:éw CT ) { CSARBKE (rod)
The observation of at least three features in the MCD spectrum '9uré 4. - Low-temperature, spectra. 0 red),
of TauD/Fé/a-KG/taurine indicates the presence of two distinct Taub/F&/o-KG (green) and CYtC3/PECH /o KG.
ferrous species. The low-energy feature-&600 cnt! indicates
that a square-pyramidal 5C 'Fsite is one component of the
mixture. On the basis of the energy positions of the additional
positive bands at 855010 400 cn1?, the other component is a
distorted 6C site. The 1.8 K, 7T UV/vis MCD spectrum of
TauD/Féd/a-KG/taurine (Figure 2B, red) is nearly identical to
that for TauD/F&/a-KG with MLCT and n— x* transitions
at~19 300 and~28 000 cnt?, respectively. Therefore, CD and
MCD studies of TauD/PHa-KG/taurine indicate this species

SEy splitting (ASEg ~ 3260 cm'l) is also observed in TauD/
Fe'/oa-KG and must be due to the presence of a weak water
ligand. These results contrast with our previous MCD data for
CS2/Fé/0-KG, in which the®Eg splitting (ASEg ~ 1630 cnr?)

was consistent with a strong water ligand at the sixth coordina-
tion position (Figure 4, red). Given that the resting site of TauD
is 6C with water tightly bound to Fefrom MCD, we conclude
that it is the bidentate coordination ofKG cofactor, a good

. . . R donor (which replaces two water ligands in the resting site),
to be a mixture of distinct 5C and 6C ferrous sites with bidentate that leads to the weakening of the remaining water ligand in

coordination ofa-KG, indicating a 6C— 5C conversion upon
N the a-KG complexes.
substrate binding analogous to that observed for CytC3 and CS2. Although «-KG binding in CS2 could also lead to the

Discussion weakening of the water ligand, this weakening is not observed,
as MCD data show that the water is bound tightly td Eeen
The 2-His-1-carboxylate facial triad is a ubiquitous active- in the presence af-KG. An active-site feature that can stabilize
site structural motif in oxygen-activating mononuclear non-heme water binding in CS2 is a H-bonding interaction between the
iron enzymes. The-KG-dependent halogenases are structurally coordinated water and the noncoordinating oxygen of the
different, however, having a Clligand instead of the facial  monodentate carboxylate of the facial triad (observed in the
triad carboxylate. In the present study, CD, MCD, and VTVH crystal structure of CS2/tax-KG1?). Replacement of this
MCD spectroscopies have provided insight into the active-site carboxylate ligand in CytC3 by Cleliminates this H-bonding
geometric and electronic structures of theKG-dependent interaction, which could lead to weakening of the water ligand
halogenase CytC3. From a comparison to data on CS2 andupon a-KG binding. While TauD contains this carboxylate
parallel studies of TauD, these results provide insight into the |igand, it appears to be in an orientation (i.e., potentially flipped
role of the facial triad in ther-KG-dependent oxygenases. down as observed in TauD crystallography) that would preclude
A commonly considered role of the facial triad in oxygen- a stabilizing H-bond with the coordinated water, leading to its
activating mononuclear non-heme iron enzymes is to provide weakened ligation. Thus, a role of the facial triad in oxygen-
three amino acid ligands at the enzyme active site to tightly activating mononuclear non-heme iron enzymes appears to be
bind Fé'. By near-infrared CD, the effect of loss of the the regulation of water affinity to the site uponKG binding
carboxylate of the facial triad on [Edinding to the active site through H-bonding to the noncoordinating oxygen of the
of CytC3 was evaluated. No CD signal due td' Binding was carboxylate ligand.
observed, giving an estimate for the upper limit for the binding  Density functional theory calculations were utilized to gain
constant of F&to apo-CytC3 in the presence of Cthat is at further insight into the contribution of this H-bonding interaction
least 2 orders of magnitude lower than that for CS2. These to the water binding to the ferrous site (Figure 5). All complexes
results demonstrate the requirement of the facial triad for were geometry-optimized using the Gaussian 03 software
providing a site for high-affinity Pé binding. In CytC3, the packagée® with the spin-unrestricted BP86 functiofat® with
lack of Fé' binding with only two amino acid ligands is  10% Hartree-Fock exchange under tight convergence criteria.
overcome by the addition of the-KG cosubstrate. Crystal-  The starting geometry was taken from the crystal structure of
lography shows that the-KG cofactor binds to the active site  TauD/Féd/a-KG,* with a-KG truncated to remove the terminal
even in the absence of Fand supplies two additional ligands  carboxylate. Protein-derived ligands (His-99, His-255, and Asp-

to create a high-affinity iron-binding sifé. 101) were truncated with Me-imidizoles modeling histidines and
Importantly, MCD studies of CytC3/f4CI-/a-KG show the propionate modeling aspartate, and ¢hearbons of the protein
presence of a 6C ferrous site with a lafgg splitting (ASEg ~ ligands were frozen relative to each other to mimic the

3460 cnmY), indicating the presence of a weakly coordinated constraints of the protein backbone. Geometry optimizations
water ligand (Figure 4, blue). This assignment is based uponwere carried out using a split basis set of triglé-311G* for

LF calculations that indicate that the Cligand (at~2.44 A
from crystallography on the related enzyme SyrBZ) would not (37) Frisch, M. J.; et alGaussian 03Gaussian, Inc.: Wallingford, CT, 2004.

o (38) Perdew, J. PPhys. Re. B 1986 33, 8822-8824.
lead to the largéE, splitting observed. An analogously large  (39) Becke, A. D.Phys. Re. A 1988 38, 3098-3100.
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the presence of the H-bond to the terminal oxygen of the
carboxylate of the facial triad significantly increases the water
affinity of the Fé' site.

In a-KG-dependent oxygenases, the presence of a-8G
bound complex is important in preventing an uncoupled reaction
in the absence of substrate. From the above results, these
enzymes generally maintain the 6C site through H-bonding
between the carboxylate ligand and the coordinated water (as
for CS2). TauD and CytC3 do not, instead maintaining a weak
water ligand in theira-KG complexes that appears to be
sufficient to prevent the uncoupled reaction with oxygen. (The
weakened water ligand in TauD is sufficient to limit the O
reaction as the rate is1000-fold faster for TauD/Péo-KG/

Asp Down taurine than for the substrate-free TauDifleeKG complex?2:43
Fe-O 2.33A However, the weakened water ligand is not as effective as a
strong water ligand in preventing the uncoupled reaction, as

evidenced by the 5-fold increase in rate of the uncoupled
reaction for TauD over CS2:44 TauD and CytC3 appear to
employ additional second sphere interactions to prevent com-
plete loss of water ligation upom-KG binding, which would
generate a 5C site highly susceptible to uncouplgddiivation.
From crystallography, an Asn residue is present in TauD near
the water coordination position that could potentially H-bond
to the water to stabilize weak ligation. This residue is absent in
the available crystal structures of other-KG-dependent
enzymes. In CytC3, a second sphere H-bonding interaction
involving the coordinated Cl and the water ligand via a
noncoordinated water could serve the same stabilizing function
(according to the structure of the homologous SyrB2).

Asp H-bonded In addition to defining a role of the carboxylate of the facial
Fe-O 2.15A triad, CD and MCD studies of substrate binding in CytC3 and
AE1vaes= -8.6 keal/mol TauD provide insight into @ activation and the reaction

pathways of these enzymes. In both systems, substrate binding
leads to similar ES complexes withKG bound in a bidentate
fashion. The presence of the-€ligand in the first coordination

the iron and the two carbon and three oxygen atoms of the sphere of CytC3 has little direct effect on the electronic structure
a-keto acid moiety and double-6-31G* for the remaining ~ ©f the substrate-bound complex. The observed 6C5C
atoms. Optimized structures and molecular orbitals were visual- Conversion of the Fesites upon substrate binding to thekG

ized using Molden version 4%.Frequencies and thermody- COmplexes provides an open site fop @ bind and react,
namic parameters were calculated using the split 6-311G*/6- following a common mechanism for@ctivating mononuclear
31G* basis set. Energies were determined using single-point”on'heme iron enzymes Fhat.utlhze redox active cqfagtors. Upon
calculations with the above functional and split basis set, and Oz binding to the coordinatively unsaturated'Fsite in the
solvation effects were considered using the polarized continuumPresence of both cosubstrates, these enzymes would proceed
modef with a dielectric constant = 4.0 to model the protein ~ @long similar reaction coordinates with decarboxylation of the
environment. coordinatedx-KG leading to a similar irorroxygen intermediate

as has been demonstratéd?

It is interesting to consider the possible mechanistic role of
the weakened water ligands in CytC3 and TauD compared to
CS2 in the 6C— 5C conversion of the Mesite upon substrate
binding required for @ activation. From crystallography, the
substrate in CS2 binds directly above the water coordination
position, leading to the loss of the water ligand to generate the
5C sitel? In contrast, from crystallography of TauD, substrate
(taurine) does not bind directly above the water coordination
site but is more off-centéf36 Thus, the bound taurine would

Figure 5. Geometry-optimized structures of TauD/Fe-KG without and
with H-bonding to carboxylate.

To estimate the strength of the H-bond, two structures were
optimized: one with the carboxylate O in the plane of thKG
cofactor and the other with the carboxylate rotated to allow for
H-bonding to the water ligand. The difference in energy of the
two structures was found to be8.6 kcal/mol, giving an upper
estimate of the strength of the H-bond. This strong H-bond is
due to the anionic nature of the carboxylate, which also polarizes
the O—H bond of the water ligand, leading to more OH
character and a shorter+6 bond. This H-bonding to the water
decreases its binding energy to the 5C' Bige from AG =
+8.0 keal/mol (calculated without the H-bond, Figure 5, left) (42) Price, J. C. Ph.D. Thesis, The Pennsylvania State University, University

to AG = —1.0 kcal/mol with the H-bond (Figure 5, right). Thus, Park, PA, 2005.
(43) Ryle, M. J.; Liu, A.; Muthukumaran, R. B.; Ho, R. Y. N.; Koehntop, K.
D.; McCracken, J.; Que, L.; Hausinger, R.Bfochemistry2003 42, 1854

(40) Schaftenaar, G.; Noordik, J. Bl. Comput.-Aided Mol. De200Q 14, 123~ 1862.
134. (44) Salowe, S. P.; Marsh, E. N.; Townsend, CBfochemistryl99Q 29, 6499
(41) Cramer, C. J.; Truhlar, D. &hem. Re. 1999 99, 2161-2200. 6508.
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likely interact more weakly with the coordinated water ligand, in reduction of the PE—OH~ species, protonation of the
and hence, the weakened water ligand in TaulYt=&G would hydroxide ligand to generate an'FeOH; site would be strongly
facilitate its loss of water upon taurine binding. The presence coupled to and potentially help promote the chlorine transfer.
of a weak water ligand in CytC3 may also be required for the  |n symmary, CD and MCD spectroscopies have been utilized
6C — 5C conversion. The decreased fraction of 5C complex tq ejycidate the geometric and electronic structure obeHes-
_ger_lerated in CytC3 upon substrate bindi_ng (compared to TaUD)dependent halogenase CytC3, which has an unusuhl Fe
indicates that, even with a weak water ligandiba-S-CytC2  rdination site in which Clreplaces the carboxylate of the
substrate binding is not as efficient in destabilizing the water , i 1 _carhoxylate facial triad. This perturbation eliminates Fe

ligand. One possible explanation is that the CytC3 substrate doesoinoling to apo-CytC3, supporting the necessity of the facial triad
g ) ) ,
not approach as close to thefSite as observed in otherKG for iron coordination to form the resting site and the role of the

depende_nt OXygenases, possibly a consequence of its attaChmer(])Z[-KG in the chlorinase in forming the catalytic site. Interesting
to a carrier protein.

. LT . . . . differences in ther-KG complex indicate the presence of a weak
Finally, it is interesting to consider the active-site features

that could contribute to the observed chlorination rather than Wate_r ligand. Combined with paral_lel studies of TauD and past
. o . studies of CS2, these results define a role of the carboxylate
hydroxylation reactivity of CytC3. After H-atom abstraction by . B S o )
VAN ; . . ligand of the facial triad in stabilizing water coordination via a
the Fé"=0 intermediate generated in the, @eaction, the H-bonding interaction between the noncoordinating oxygen of
presence of the Clligand in the first coordination sphere of th b g lat dth dinated water. Finall ?h ygt di
the resulting F —OH~ species in CytC3 might allow the site € carboxylate and the coordinated water. Finally, these studies

to transfer either a hydroxy! radical (as in TauD) or a chlorine provi_de i_nitial insight into the_act!ve-site features that favor
atom to the substrate radical. From our MCD studies, the chlorination versus hydroxylation in CytC3.

substrate in CytC3 is likely fairly distant from the iron site,
consistent with the reduced rate of-@& bond cleavage for this
enzyme?? In this case, during the rebound reaction th# Fé&

(L = OH or CI") bond would largely be broken before
formation of the Gu—L bond. Therefore, the relative reaction
barriers for rebound hydroxylation versus chlorine atom transfer
would depend upon the energetic differences between the
homolytic cleavage of an Ble-OH~ bond or an Fé—CI~ bond.

As raised in ref 45, there is a difference in potential and, in
addition, a difference in bond dissociation energy-(@ <
C—OH by ~8—11 kcal/mol in aliphatic and aromatic com-
pound4), both of which will favor chlorination. It is also
noteworthy that because the chlorine atom transfer would result
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