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ABSTRACT. The structural relationship between substrate taurine and the non-heme Fe(ll) center of taurine/
o-ketoglutaratedKG) dioxygenase (TauD) was measured using electron spin echo envelope modulation
(ESEEM) spectroscopy. Studies were conducted on TauD samples treated with NO, cosubsEate

and either protonated or specifically deuterated taurine. Stimulated echo ESEEM data were divided to
eliminate interference frofH and“N modulations and accentuate modulations féémFor taurine that

was deuterated at the @osition (adjacent to the sulfonate grouth), ESEEM spectra show features that
arise from dipole-dipole and deuterium nuclear quadrupole interactions from a single deuteron. Parallel
measurements taken for taurine deuterated at be#in@ G show an additional ESEEM feature at the
deuterium Larmor frequency. Analysis of these data at field positions ranginggrerd to g = 2 have
allowed us to define the orientation of substrate taurine with respect to the magnetic axes of the Fe(ll)
NO, S= 3%/,, paramagnetic center. These results are discussed in terms of previous X-ray crystallographic
studies and the proposed catalytic mechanism for this family of enzymes.

The Fe(ll)b-ketoglutarate {KG)* dependent dioxygena-  acid) to sulfite and aminoacetaldehydé); as illustrated in
ses are non-heme, mononuclear iron-containing enzymes thaScheme 1. Taurine is found at high concentrations within
catalyze key reactions in the biosynthesis or biodegradationeukaryotic cells and is a component of the bile salt tauro-
of a wide range of compoundg)( Well-studied examples  cholate (7, 18). TauD-like enzymes decompose these and
of this enzyme family include prolyl hydroxylases that other sulfonates, providing an important source of sulfur for
function in both collagen biosynthesi®)(and intracellular many microorganismsl@). Because TauD is available in
signaling B, 4), isopenicillinN synthasef), and clavaminate  large amounts, highly soluble, and relatively stable, it has
synthase §) that produce important antibiotics, TfdA that been the subject of numerous mechanistic studiés 29).
degrades the herbicide 2,4-dichlorophenoxyacetic atid ( Insights gained from studies involving the oxidative chem-
8), and AIkB that repairs methylation damage to nucleic acids istry of TauD are likely to apply to many other members of
(9, 10). These enzymes are unified by a common jellyroll the Fe(Il)&kKG dioxygenase family.

or double-strandef-helix structure {1) containing a 2-His- A reasonable mechanism of the Fe@G hydroxylases
1-carboxylate iron-binding motif 1, 13) with solvent  jsillustrated in Scheme 2. The resting Fe(ll) cenferiginds
molecules occupying the three remaining coordination sites the aKG cosubstrate as a chelate, accompanied by dissocia-
Of the OCtahedraI Iron. OX|dat|Ve ChemIStry Catalyzed by tion of two water mo'ecu|esa)_ Subsequent b|nd|ng of
various family members includes hydroxylation, ring forma- supstrate near the active site is accompanied by dissociation
tion, ring expansion, desaturation, and, as only very recently of the last water moleculeQ), creating a five-coordinate
revealed 14, 15), chlorination reactions. _ Fe(ll) site that is primed to react with oxygeBO-32). For

“The archetype Fe(IKG hydroxylase is taurineKG example, the X-ray crystal structure is known for the
dioxygenase (TauD), arEscherichia colienzyme that  anaerobic taurineaKG—Fe(ll)TauD species33, 34), as
catalyzes the conversion of taurine (2-aminoethanesulfonicshown in Figure 1. The binding of dioxygen leads to an Fe-
(Ill) —superoxo or Fe(I\W-peroxo speciesl}) that partici-
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methods, we exploited the known ability of NO, a surrogate additives were prepared in 25 mM Tris buffer (pH 8.0) and
of molecular oxygen, to bind to non-heme iron sites and deoxygenated through repeated cycles of air evacuation and
produce an electron spB= 3/, center 85, 36). Specifically, flushing with pressurized Ar. Additions were made through
we examined the NO-bound taurineKG—Fe(Ill)TauD sealed septa by using gastight Hamilton syringes. Anaerobic
species (with the taurine deuterated on both carbons or onsamples were treated with NO by flushing the headspace
the carbon adjacent to the sulfur atom) by electron spin echowith the gas, resulting in conversion of the purpl&G—
envelope modulation (ESEEM) spectroscopy to measure theFe(ll)-TauD complexes into a dark yellow species. After
distance and relative orientation of the substrate deuteronsapproximately 10 s, the excess NO was removed under
with respect to the Fe(H)NO bond. When combined with  vacuum and the headspace filled with Ar. All preparative
the results of X-ray crystallographic studies, these spectro-procedures were performed at ambient temperature.
scopic results provide a more detailed structure of the EPR Spectroscopfontinuous wave and pulsed-EPR data
catalytic intermediate(sp, in Scheme 2. Because catalysis were collected on a Bruker E-680X spectrometer operating
involves the hydroxylation of a specific €H bond on at X-band and equipped with a model ER4118-MD-X-5-
substrate taurine, spectroscopic studies that elucidate they1 probe that emplay a 5 mmdielectric resonator. The
structural relationship between Fe and substrate hydrogenssample temperature was maintained at 4.2 K using an Oxford
provide important details for understanding the enzyme |nstruments liquid helium flow system equipped with a CF-
mechanism. These studies with TauD will also provide 935 cryostat and an ITC-503 temperature controller. ESEEM
calibration of this approach for use with related enzymes of data were collected using a three-pulse, stimulated echo
unknown structure. sequence (90-7—90°—T—90°) with 90° microwave pulse
widths of 16 ns (full width at half-maximum) and peak
EXPERIMENTAL PROCEDURES powers of 250 W. A four-step phase cycling sequent¢s, (
Materials.General chemicals were purchased from Sigma- X, +X), (=X, +X, +X), (X, =X, +X), (=X, =X, +X), together
Aldrich and used without purification. Perdeuterated taurine With the appropriate addition and subtraction of the integrated
was obtained from C/D/N Isotopes. An ammonium salt of Spin echo intensities served to actively remove the contribu-
taurine deuterated atQthe carbon adjacent to the sulfonate tions of two-pulse echoes and baseline offsets from the data
group) was a gift from J. C. Price and M. Bollinger and (37). An integration window of 24 ns was used to acquire
prepared as described previoushr spin echo amplitudes, and data set lengths were 512 points.
Enzyme Purification, Assay, and Sample Preparation. The deuterium contribution to each ESEEM spectrum was
Wild-type TauD apoprotein was purified as previously elucidated by using the ratio method of Mims together with
described 22). Protein samples and stock solutions of processing tools available in the Xepr data acquisition and
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Ficure 1: TauD active site. The three metal liganding amino acid
side chains (His 99, Asp 101, and His 255), the chelatkes,

and the substrate taurine are depicted for monomer A of the four
molecules per unit cell in PDB entry 10s7.

amplitude

processing software provided by Bruker. Specifically, three-
pulse ESEEM data collected for enzyme samples prepared
with [?H]- and [*H]taurine were normalized by dividing each
data set by its maximum amplitude. The normaliZét
ESEEM data were then divided by the corresponding,
normalized'H ESEEM data to obtain a resulting ESEEM A 2 N TR A
pattern dominated by théH contribution to the ESEEM. 0 2 4 6 8 10
Short phase memory times precluded the use wélues frequency (MHz)
longer than 200 ns for three-pulse ESEEM, and the use of Ficure 2: Time domain ESEEM ratio (top) and Fourier transform
two-pulse ESEEM data, for the processing?bf data by (bottom) generated by dividing time domain ESEEM data obtained
using the ratio method3@). The time domain data that fof the Fe(Il"NO—TauD species treated withkG and G [*H]-

. . . . taurine with data obtained under identical conditions for the Fe-
resulted from this ratio process were tapered with a Hamming ) _NO—TauD species treated withKG and taurine. Data sets

window and Fourier transforme@%). ESEEM spectra were  were normalized to their maximum amplitudes prior to division. A

obtained by taking the absolute value of the real portion of second-degree polynomial was used to remove residual background
the transforms. decay. ESEEM data were collected under the following condi-

. . _ . . tions: microwave frequency, 9.723 GHz; magnetic field strength,
ESE,EM Slmqlatlons of the = _1' deuterlum ligand 171.0 mT; 90—7—90°—T—9C° sequence with 16 ns pulsesyalue,
hyperfine couplings were accomplished by using software 136 ns;Tincrement, 16 ns; repetition rate, 1 kHz; number of events
written in FORTRAN (Absoft). Calculations used the density averaged per time point, 100; scans, four; and sample temperature,

matrix formalism of Mims to simulate the time domain 4.2 K.

ESEEM data40, 41). MATLAB scripts were then used (0 g 4 the Fe(I-NO bond @5). Identical ESE-detected EPR

assemble the simulations a_lccording to the product.ml)e ( spectra were obtained for Fe(HNO TauD treated witluKG
and to complete the Fourier analysis to obtain simulated and deuterated taurines.

ESEEM spectra. The processing and Fourier transformation Three-pulse ESEEM spectra were collected at 171.0

procedure was ide_ntical to th_at o_utlined above for the Bruker 172.8, 190.0, 290.0, 345.0, and 346.0 mT. These spectra were
software. Orientation selection in the ESEEM spectra Was .o mplex  showing contributions from the histidyl ligands,
identified using the method described by Hoffman and co- 1, \nq NO, and at least two different sets of strongly coupled
workers to lntegratg the ESEEM response glong a C_Ontourprotons. Two-dimensional ESEEM (HYSCORE) spectra and
of a constant effectivg value @2). A parabolic searching  jqq10nic substitution studies are being used to assign these
algorithm was used to compute orientations of th_e_ Fe(ll) peaks, and the results will be the focus of a future publication.
NO center that were resonant at a given field positiéB).( A sample three-pulse ESEEM spectrum is shown in the
Supporting Information as Figure S2. To reveal the ESEEM
contributions from substrate protons, FeNO TauD

The electron spin echo (ESE)-detected EPR spectrum ofsamples treated withKG and taurine deuterated af ®@ere
the Fe(ll)-NO form of TauD treated witlaeKG and taurine compared to data collected under identical conditions using
shows axial symmetry with gn of 4.00 and &g, of 2.00 protonated taurine. Figure 2 (top) shows the time domain
(see Figure S1 of the Supporting Information). This observa- ESEEM contribution of the taurine deuterons at 171.0 mT
tion is typical for Fe(ll)>NO complexes and arises from the obtained by dividing the normalized ESEEM data from the
Ms = =+, Kramers doublet of thés = 3/, coupled spin C, deuterated taurine sample by the normalized ESEEM data
system. The line shape reflects an axially symmetric zero collected for the enzyme treated with protonated taurine. The
field splitting interaction with its principal axis directed along data of Figure 2 show pronounced modulations from

RESULTS
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FiGURE 3: Magnetic field dependence &fl ESEEM spectra—<) obtained for Fe(Il-NO—TauD samples treated withKG and G [?H]-

taurine using the ratio method described for Figure 2. The field positions displayed are (a) 171.0, (b) 190.0, (c) 290.0, and (d) 346.0 mT.
Simulations of theséH ESEEM spectra{ — —) are plotted along with the data. Hamiltonian parameters used for the simulations were as
follows: principalg values, 4.0, 4.0, and 2.0; principal deuterium hyperfine valu€s25, —0.25, and 0.50 MHz; Euler angles for the
hyperfine tensor, 9 17°, and 0; €qQ, 0.20 MHz; %, 0; and Euler angles relating ngi to hyperfing, 23, and C.

deuteron hyperfine interactions that have an initial modula- difference portion of our study. The narrow peak at 0.7 MHz
tion depth of ~15% of the echo amplitude. For TauD resolved in the 290 mT ratio (Figure 3c) and the broad
samples, we found that the three-pulse data showed afeatures that range from 5 to 7 MHz for the 346 mT data
background decay characterized by ah #me of ~2 us. (Figure 3d) are likely due t&*N ESEEM that is not fully
This led to substantial noise in the ratio data at longer times compensated by the data division procedure. Approximations
and often required that a first- or second-order polynomial that stem from the data division procedure used to obtain
fit be used to correct the baseline. The absolute valuethe data presented in Figures-2 have been discussed in
spectrum obtained after applying a Hamming window and detail elsewhere4d).
cosine Fourier transform to the ESEEM ratio revealed Figure 4 show$H ESEEM data for Fe(Il-NO TauD
ESEEM frequencies at 0.95 and 1.39 MHz that could be treated witha KG and taurine deuterated at both] and Q
assigned to the (euterons of taurine [Figure 2 (bottom)].  positions. Figure 4a shows data collected in ¢hgerpen-
Figure 3 shows théH ESEEM spectra that result from dicular region at 172.8 mT where thréd ESEEM com-
repeating the measurement and processing procedure deponents at 0.9, 1.1, and 1.3 MHz are now resolved. A
scribed for Figure 2 at 190.0 mT (Figure 3b), 290.0 mT comparison of these data to data collected at 171.0 mT for
(Figure 3c), and 346.0 mT (Figure 3d). Figure 3a shows that the G deuterated taurine sample showed that addition of two
in the gy region, a pair of ESEEM frequencies at 0.95 and deuterons at £served to add a new ESEEM feature at 1.1
1.39 MHz is observed. These coalesce to a single broadMHz, the Larmor frequency of deuterium at this magnetic
feature centered at 1.2 MHz at 190.0 mT (Figure 3b) and field strength. TheH ESEEM spectra of panels b and ¢ of
begin to split again at 290.0 mT (Figure 3c) wheitd Figure 4 are dominated by a single, broad peak centered at
ESEEM components at 1.8 and 2.0 MHz are resolved. Whenthe deuterium Larmor frequencies of 1.2 MHz (190 mT,
g = 2.0 at 346.0 mT (Figure 3d), where one samples Figure 4b) and 1.9 MHz (290 mT, Figure 4c), respectively.
orientations of the enzyme with the laboratory magnet field A comparison of the data of Figures 3b and 4b shows that
nearly parallel to the principal axis of the zero field splitting the amplitude of the peak at 1.2 MHz increases for the
(ZFS) interaction, theH ESEEM spectrum exhibits two  perdeuterated taurine sample, indicating that addition of
well-resolved peaks at 2.0 and 2.5 MHz. Further examination deuterons to the £position of the substrate also serves to
of Figure 3 reveals other frequencies in the ratio data. add an additional feature at the deuterium Larmor frequency.
Specifically, a minor peak at 0.2 MHz is found in all of the Similar conclusions can be made from comparing e
spectra, and we have attributed it to the baseline processingESEEM data of panels ¢ and d of Figure 4 with those of
and windowing procedure used to process the data. The broagbanels ¢ and d of Figure 3. For both cases, addition of the
ESEEM peaks centered at 6.0 and 8.1 MHz for the spectraC, deuterons to taurine yields extra ESEEM intensity at the
taken at 171 (Figure 3a) and 190 mT (Figure 3b), respec- deuterium Larmor frequencies of 1.9 MHz (290 mT) and
tively, are likely due to protons and may reflect the proton 2.25 MHz (346 mT).
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Ficure 4: Magnetic field dependence %l ESEEM spectra obtained for FetHNO—TauD samples treated wittKG and taurine deuterated

at both G and G. Data were obtained using the ratio method described for Figure 3. The field positions displayed are (a) 172.8, (b) 190.0,
(c) 290.0, and (d) 345.0 mT. Simulatéd ESEEM spectra for the {and G deuterated taurine are plotted along with the data-(—).

For the stronger coupled;@euteron, Hamiltonian parameters identical to those in Figure 3 were used. Hamiltonian parameters used for
a second deuteron on,@ere as follows: principal deuterium hyperfine value$.13,—0.13, and 0.26 MHz; Euler angles for the hyperfine
tensor, 0, 63, and 0; €qQ, 0.20 MHz;#, 0; and Euler angles relating ngi to hyperfing, 23, and C.

Analysis.Analysis of thes8H ESEEM data to determine  data division procedure described above for our three-pulse
the hyperfine parameters and the number of contributing ESEEM experiments was not able to eliminétd andH
nuclei was accomplished by spectral simulation. The spin ESEEM contributions to the data that serve to mask the
Hamiltonian used to model the deuterium ligand hyperfine deuterium sum combination frequency. This difficulty is
interaction consisted of nuclear Zeeman, electnonclear likely a consequence of the overlap of three- and four-pulse
hyperfine, and nuclear quadrupole terms. The simulation echoes in these experiments that cannot be separated by phase
software computes ESEEM patterns using the approachcycling. Fortunately, we found that for four-pulse ESEEM
described in Experimental Procedures. Because the micro-data collected at higher fields, 290.0 and 346.0 mT, a clean
wave pulses used in our experiments have a finite bandwidth,spectral window was realized in the region of the deuterium
ESEEM patterns were calculated ove 4 mT width of sum combination peak (Figure S3 of the Supporting Infor-
magnetic field strengths centered about the experimental fieldmation). However, the deuterium sum combination peak
value with each discrete ESEEM pattern weighted accordingresolved at both of these magnetic field positions was
to a Gaussian distribution {&width of 2 mT). Deuterium featureless and centered at twice the Larmor frequency of
hyperfine and nuclear quadrupole tensors were transformeddeuterium. This poor resolution was a result of the damping
into the g tensor axis system at the start of the calculation, time observed for the four-pulse study, which was on the
and the resonance conditions, magnetic field setting andorder of 0.5us for the data collected at 290 mT (see Figure
microwave frequency, were used to compute orientations of S3).
the magnetic axes that contributed to the ESEEM. Orientation For simulation of the’H ESEEM data of Figure 3, we
averaging was accomplished by converting the line integral sought to determine a set of spin Hamiltonian parameters
about the constant effectivg value to a definite integral  that would reproduce the frequencies, relative amplitudes,
over ¢ where the integrating factors are determined numeri- and initial modulation depths of the data. Furthermore, a

cally (42). single set of Hamiltonian parameters should be able to
In an attempt to directly measure the deuterium quadrupoleaccount for the data obtained at each field position that was
coupling parameters for taurine deuterated at thpdSition, studied. For our calculations, the nuclear quadrupole coupling

four-pulse ESEEM measurements were undertaken. In four-constant,e?qQ, was fixed at 0.2 MHz and the asymmetry
pulse experiments, the ESEEM spectrum features additionalparametery, was set to zero on the basis of literature values
peaks at the sum combination frequencies of the fundamentaffrom nuclear quadrupole resonance studie3. Because the
hyperfine frequencies resolved in the three-pulse ESEEM deuterium hyperfine interaction is expected to be a through-
experiment. For deuterons, the sum combination peaks shouldspace interaction [substrate taurine is not bound to the Fe-
yield a pair of frequencies separated by the deuterium nuclear(ll) —NO center], the isotropic hyperfine coupling was set
quadrupole coupling constant and the details of the nqi ten-to zero and the hyperfine tensor was fixed to axial symmetry.
sor orientation with respect to ttgetensor 45, 46). These In practice, these hyperfine couplings must be scaled to their
measurements were problematic for our samples because theffective values using the ratio of the appropriate effective
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g value that describes the EPR signal within Me= +1/,
doublet of thisS = ¥/, spin system with the free electran
value, 2.0048, 49). Examination of the €?H ESEEM data
(Figure 4, solid lines) shows that a pair of frequencies
separated by 0.4 and 0.5 MHz is resolved at lgpthndg;,
respectively. Because the effectigevalue doubles as you
go from g, to gn, the experimental results lead one im-
mediately to the conclusion that the deuteron giving rise to
the ESEEM is oriented close @ or the principal axis of
the ZFS tensor.

Computer simulations of the;CH ESEEM spectra are
shown with dashed lines in Figure 3 for the four field

Muthukumaran et al.

fixed at the value obtained for analysis of the stronger
coupling.

Only one G deuteron was considered in the calculations
discussed above and summarized in Figure 4. Because the
addition of two deuterons to Cesulted in only the addition
of a single spectral feature to the data, it is possible that
both G deuterons contribute to the ESEEM. The X-ray
crystallographic data (Figure 1) indicate that both deuterons
on G, would be directed away from the open coordination
site on the Fe where NO is likely bound. Computer
simulations of the ESEEM arising from both @euterons
yielded an average dipolar coupling strength of Gt09.005

positions that were studied. Except for the details of the line MHz and an angle betweeg, and a hyperfine tensor

shape resolved at 190 mT, these simulations faithfully

principal axis of 63+ 5°. These are “average “ values as

reproduce the observed ESEEM frequencies, relative am-only one set of hyperfine parameters were used together with
plitudes, and modulation intensities, or depths. Because ofthe spherical model approximation to the product rule to

the axial symmetry ofj, hyperfine, and nuclear quadrupole
tensors, the simulations were sensitive only to the *

obtain simulations comparable to those in Figur&3.(The
anisotropic hyperfine coupling range determined above

rotation” of the Euler angle rotation schemes that were usedtranslates to a dipotedipole distance of 5.1 0.2 A if a

to relate the deuterium hyperfine tensor to theensor and
the nuclear quadrupole tensor to the hyperfine tensay. (

referenceg value of 2.00 is used.

The deuterium peak frequency separations at 171 mT (FigureDISCUSSION

3a) and 346 mT (Figure 3d) were best simulated by an
electror-nuclear dipolar interaction of 0.3@ 0.05 MHz,
and a colatitude with respect to tiyg axis of 20+ 3°. The
angle describing the relative orientation of the deuterium
hyperfine and nuclear quadrupole principal axes was:23

A detailed description of the electronic structure of the
Fe(I)-NO model complexes and other non-heme iron
dioxygenases has shown that the paramagnetic center giving
rise to the EPR spectrum (Figure S1 of the Supporting

3°. This range of hyperfine couplings corresponds to a range Information) is best described as a high-spin Fe@# */>

of dipole—dipole distances (based on our referegaalue
of 2.00) of 3.4+ 0.2 A. We accounted for the modulation
depths by considering that only one of the @euterons
contributed to the observeti ESEEM.

Computer simulations of thi#d ESEEM spectra obtained

ion antiferromagnetically coupled to &~ 1, NO™ ligand
(35). Furthermore, Brown et al. point out that the lack of
ligand hyperfine coupling and the anisotropy observed in
the®Fe hyperfine coupling of Fe(H)NO model complexes
and the extradiol dioxygenases?f show that the paramag-

for the samples with both taurine carbons deuterated arenetism of this center is best described by a model in which
shown as dashed lines in Figure 4. The addition of deuteronsthe two unpaired electrons on the N@gand are spin paired
to C, serves to add a feature centered at the Larmor frequencyWith unpaired spins in the Feidand g, orbitals, leaving
of deuterium to the ESEEM data obtained at the four the remaining three, unpaired 3d electrons to account for

magnetic field positions displayed in Figure 4. ¢\ 172.8
mT (Figure 4a), this feature is clearly resolved, while at the
other three field strengths, the addition of this “matrix”

the S = %/, spin state. As noted above, the large zero field
splitting interaction observed for these complexes gives rise
to an EPR spectrum due to tig = 41/, Kramers doublet.

ESEEM component manifests itself in an apparent decreasdf the electron spin Hamiltonian is taken to consist of an

in spectral resolution. The requirement tAdtESEEM data

axial ZFS term and an isotropic electronic Zeeman term with

be resolved at the Larmor frequency across the entire Fe-2d of 2.00, it can be shown that the resulting EPR spectrum

(I —NO EPR spectrum placed an upper limit on the value
of the axial hyperfine coupling strength, while the amplitude

will range fromg = 2.00, when the laboratory magnetic field
is directed along the principal axis of the ZFS interaction,

of this spectral feature at each field position placed restric- t0 g = 4.00, when the field is directed perpendicular to the
tions on both the deuterium hyperfine coupling strength and Principal axis of the ZFS tensoBg).
a colatitude angle that describes the relative orientations of This quantum mechanical model for the-f¢O EPR

g, and the hyperfine principal axis. For the simulations
depicted in Figure 4, a dipolar hyperfine coupling strength
of 0.13 MHz and an angle of 83betweeng, and the
hyperfine principal axis were used. Application of the
dipole—dipole model to the 0.13 MHz hyperfine field yields
a distance of 4.5 A for this weaker interaction. The
simulations of Figure 4 yield initial modulation depths of
14, 19, 11, and 5% for spectra (dashed lines) in panets a
of Figure 4, respectively. These agree well with experimental
values for the data of Figure 4 (solid lines) which were 17,

spectrum was used by Yang et al. to interpret ligand
hyperfine couplings resolved fi electron nuclear double-
resonance (ENDOR) experiments for substrate naphthalene
bound to Fe(Il)-NO naphthalene 1,2-dioxygenase (NDO).
These authors used a point dipeliipole model to extract
Fe—2H distances from théH hyperfine coupling aniosotropy
and used tensor axis orientations to define the location of
these coupled deuterons with respect to the [RgD) bond

axis @48). Using an identical picture for the paramagnetic
center, the dipoledipole distances determined from analysis

20, 12, and 6%, respectively. These simulations were notof our ESEEM spectra can be summarized as described in
sensitive to the nuclear quadrupole coupling parameters ofthe legend of Figure 5. Specifically, ESEEM results for
the weaker coupled deuteron, so the value of the angletaurine deuterated at the @osition are best described by a
between the hyperfine and quadrupole principal axes wassingle deuteron that is 34 0.2 A from the iron atom and
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axis of the nqi tensor directed along the-€H bond. In
our simulations, we found that the principal axis of the nqi
made a 23t 3° angle with the principal axis of the deuterium
hyperfine tensor. Taking the;€2H bond length to be 1 A,
we can place a third cone in Figure 5 at the position of the
proximal G deuteron to mark the locus of positions for C
of taurine. Taking the bonding about © be sg hybridized
and the?lH—C—2H bond angle to be 109we find the distal
C. deuteron will lie~5 A from the iron. The resulting dipolar
hyperfine coupling for this deuteron will give rise to weak
ESEEM as the modulation intensities are inversely propor-
tional to the dipole-dipole distance raised to the sixth power
(51). The contributions of the distal deuteron to the ESEEM
spectra of Figures 2 and 3 would be centered at the deuterium
FIGURE 5: Schematic drawing of the geometrical relationship Larmor frequency. The best chance of seeing this contribu-
between the coupled deuterons at the@d G positions of taurine  tion would be ag = 2 for the G-deuterated taurine sample
and theg; axis, co-incident with the FeN(O) bond. (Figure 3d) where there is a fairly clean window in the
ESEEM spectrum. Simulations of tRe ESEEM for these

lies on a cone that makes a 203° angle with the unique  conditions that consider a dipetelipole distance of 5.0 A
axis of the ZFS interaction, or the Fe(HNO~ bond axis. and an angle of Tlbetween the FeN(O) bond axis and
For perdeuterated taurine, an additional deuterium ESEEMthe principal axis of the?H hyperfine tensor predict a
interaction could be described by including a second modulation depth or intensity of 0.5%. Because the modula-
deuteron, positioned 4% 0.2 A from the iron on a cone tions due to the stronger coupled deuteron, characterized by
that makes a 63 5° angle with the FeN(O) bond axis, in g 3.4 A dipole-dipole distance, are about 6%at= 2, we
our simulations. Alternatively, both Qleuterons could be  conclude that the ESEEM from the distal @2uteron is too
responsible for this weaker interaction showing an averageweak to resolve in our experiments. This decreased modula-
distance of 5.1 A from the Fe and also positioned on a conetion depth for the distal Cdeuteron stems from its increased
making a 63 angle with the FeN(O) bond axis. dipolar distance and its orientation close to the-R¢O) or

These results are similar to those reported fréimh 0 axis where integrating factors in the orientation averaging
ENDOR studies on the Fe(HNO adduct of NDO where  are small.
the G and G deuterons of substrate naphthalene were found Taken together, the relative contributions of the twp C
4.3 and 5.0 A from the Fe atom, respectively. The principal deuterons to the ESEEM and the intermediate contribution
axis of the hyperfine tensor for the; @euteron of substrate  of one or both of the €deuterons provide important details
naphthalene made a ‘Ll@ngle with the FeNO bond axis. about how substrate taurine is positioned for specific
For NDO, X-ray crystallographic analysis of reduced forms hydroxylation of G and the subsequent harvesting of sulfite.
of the protein prepared with naphthalene and oxygen showsConsidering NO to be a reasonable surrogate fgi @r
distances from iron to Cand G of naphthalene of-4 A. O, * in Scheme 2 (specieB), our ESEEM measurements
This would place the naphthalene deuterons bound to theseshow that one of the euterons is positioned 3.4 A from
carbons 3-4 A from the iron, distances somewhat shorter the Fe at an angle with respect to the-’O) axis that
than what was found in the ENDOR studies, but in good would result in the distance to the NO nitrogen atom being
agreement with the distance reported here for the proximal 1.8 A. Because the other; @euteron does not contribute to
C: deuteron of substrate tauringdj. If one takes the FeN the ESEEM, @ must be oriented so that this second deuteron
bond length for the NO ligand to be 1.8 A, commensurate is directed away from the nitrogen of the NO group and close
with X-ray absorbance fine structure spectroscopic resultsto the g, axis. The larger angle and distance needed to
on FeEDTA-NO 85), the proximal G deuteron of taurine  describe the location of the,@euteron(s) likely show that
will be positioned 1.8 A from the nitrogen of the bound NO  substrate taurine has been oriented to position theHC
group. The angle defining the orientation of the-FgO) bonds so they are not able to react with the Fed®}o
bond with the coupled Cdeuteron of taurine (26 3°) is species thought to trigger the—& bond hydroxylation
somewhat wider than that measured for then@phthalene  chemistry (Scheme E).
deuteron of reduced NDO by ENDOR (}0or estimated To compare our ESEEM results with the X-ray structure
from X-ray crystallography on that enzyme-13°) (48). (34), the most recent TauD structure was downloaded from
These differences in substrate deuteron (proton) distanceshe PDB and the program Refmac was used to model protons
and orientations are modest given the different catalytic onto the carbon framework of substrate taurine. Because the
functions and cosubstrate requirements of TauD and NDO. X-ray results are from crystals grown anaerobically, the NO
In both cases, the measured deuterium hyperfine couplingsligand was modeled into the crystal structure by using bond
provide metrical information that is commensurate with the lengths and angles from model compound studd& 4nd
substrate €H bond(s) to be hydroxylated. by placing the FeN(O) bond 180 from the “axial” Fe-

In our analysis of théH ESEEM data obtained from Fe-  N(histidine) bond. The results show that the proximal C
(I —NO—TauD samples treated with taurine deuterated at proton is 3.0 A from the Fe atom and makes & 3gle
C,, we considered only the contributions of the proximal with the Fe-N(O) bond while the closest{proton is 4.4
deuteron (Figure 3). The nuclear quadrupole interaction (ngi) A from the Fe and makes an angle of°5&ith the Fe-
for the stronger coupled deuteron is axial, with the principal N(O) bond. Given that there could easily be & &oror in
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FiIGUurRe 6: Structure of the TauD active site as taken from monomer
A of the four molecules per unit cell in PDB entry 10s7. The taurine
protons and NO ligand were modeled into the structure using
Refmac. The carbon framework of taurine was rotated slightly from
the structure supplied to the Protein Data Bank (Figure 1) to achieve
Fe—proton distances of 3.3 A for the,@roximal proton and 4.4

A for the closest g proton.

-

the orientation of the FeN(O) bond axis, one can easily
justify moving the Fe-N(O) bond to match the correspond-
ing angles from our ESEEM measurements (Figure 5). In
addition, the low resolution of this structure and, more
specifically, the taurine electron density map readily allow
for modest reorientation of the taurine carbon framework.

Figure 6 shows the results of these modest adjustments of 15

the crystal structure and provides a structure that is in
excellent agreement with our ESEEM results.

16.
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SUPPORTING INFORMATION AVAILABLE

ESE-detected EPR spectrum of the Fe{NO—TauD
species treated witttKG and taurine (Figure S1), an
example three-pulse ESEEM data set for the Fe(ND—
TauD species showing both time domain data and its
corresponding ESEEM spectrum (Figure S2), and four-pulse
ESEEM data and spectrum collected for the Fe(NO—
TauD species treated witkKG and taurine (Figure S3). This
material is available free of charge via the Internet at http://
pubs.acs.org.
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