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ABSTRACT. The radical intermediate of pyruvate:ferredoxin oxidoreductase (PFOR) Wumarella
thermoaceticavas characterized using electron paramagnetic resonance (EPR) spectroscopy at X-band
and D-band microwave frequencies. EPR spectra, obtained with various combinations of isotopically labeled
substrate (pyruvate) and coenzyme (thiamine pyrophosphate (TPP)), were analyzed by spectral simulations.
Parameters obtained from the simulations were compared with those predicted from electronic structure
calculations on various radical structures. Thealues and“N/1*N-hyperfine splittings obtained from

the spectra are consistent with a planar, hydroxyethylidene-thiamine pyrophosphate (HE-TEeéiegl,

in which spin is delocalized onto the thiazolium sulfur and nitrogen atoms HiHeyperfine splittings

from the methyl group of pyruvate and tR€-hyperfine splittings from C2 of both pyruvate and TPP are
consistent with a model in which the pyruvate-derived oxygen atom of the HE-TPP radical forms a hydrogen
bond. The hyperfine splitting constants apdalues are not compatible with those predicted for a nonplanar,
a/n-type cation radical.

Pyruvate:ferredoxin oxidoreductase (E.C.1.2.7.1) (PHOR serving as way-stops for electrons exiting the active site in
is a member of the 2-keto acid oxidoreductase family. This the forward reaction?). PFOR fromMoorella thermoacetica
enzyme plays a central role in anaerobic fermentative is homodimeric and contains one molecule of TPP and three
metabolism by catalyzing the reversible, CoA-dependent, [4Fe—4S] clusters per subunit. Structures for a similar PFOR
oxidative decarboxylation of pyruvate to acetyl-CoA and,CO from Desulfaibrio africanushave revealed the location of
(3). The two electrons generated in the oxidative reaction the active site and the positions of the three [4B8] clusters
are transferred through [4FdS] clusters in PFOR to an (4, 7).

oxidized ferredoxin4). PFOR is found in microbes lacking Whenever PFOR fromHalobacterium halobiumwas
mitochondria from all three kingdom$) PFOR enzymes  incubated with pyruvate in the absence of CoA, a persistent
from different species have been grouped into three typesiagical intermediate was detected by EPR spectrosa@py (
depending on subunit compositioB)( The different types  Thjs radical was attributed to a one-electron-oxidized, radical

of PFOR enzymes have between one and three{48¢  form of HE-TPP 8, 9). The kinetic competence of the
clusters. The [4Fe4S] clusters are electron-transfer cofactors analogous HE-TPP radical in the reactionMbfthermoace-

tica PFOR was subsequently demonstrat&@).(Thus, in
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tion of unpaired spin and therefore the same electronic MATERIALS AND METHODS

structure.

Experiments with [3Hs]pyruvate yielded an EPR spec-
trum with modestly narrowed line width, which indicated

that the methyl protons of the substrate contribute hyper-

fine splitting to the radical EPR signall@. A modest
influence of [213%C]pyruvate on EPR spectra of the inter-
mediate in PFOR fronM. barkeriwas reported, but thEC
effects were not evaluated quantitativel¢3. ENDOR

Preparation of Labeled TPP and Pyrate. 4-Methyl-5-
(B-hydroxyethyl)thiazole labeled withN at N3 ([3+°N]TPP)
or 13C at C2 ([233C]TPP) of the thiazole ring was prepared
by condensing 3-chloro-4-oxopentyl acetate with eitfidr
or 13C-labeled thioformamide, followed by acidic hydrolysis
(19, 20). The isotopically labeled thiazole compound was
then converted to TPP using the previously described
enzymatic synthesi®(). The presence of the isotopic labels

spectroscopy was also used to study the pyruvate-derivedyas confirmed by mass spectrometry (MA426 g mot™).

radical in theM. thermoaceticaenzyme 2). These experi-
ments detectetH- and?H-hyperfine coupling from samples
of PFOR prepared with pyruvate and with{ds]pyruvate,
respectively. In addition, CW ENDOR revealed a weak,
isotropic 3'P-hyperfine coupling from the pyrophosphate
moiety of the TPP cofactor. The ENDOR data were
interpreted in terms of two possible models for the radical
intermediate, an acetyl-type radical intimately associated
with TPP or ar-type radical wherein the unpaired spin was
delocalized over the thiazolium rin@), The delocalized
m-type radical structure for this intermediate had been
suggested earlierld).

[3-?Hs]Pyruvate was prepared by overnight incubation of
~3 g of unlabeled pyruvic acid in 0.10 L &f,0 from Isotec
(Sigma-Aldrich, St. Louis, MO) at 118C in a sealed, high-
pressure bottle. The reaction mixture was concentrated by
rotoevaporation under vacuum, followed by vacuum distil-
lation of ?H,-pyruvic acid. Sodium [3H;]pyruvate was
prepared by recrystallization in a NaOH/ethanol mixture,
followed by lyophilization. [213C]Pyruvate and [3°C]-
pyruvate were purchased from Cambridge Isotopes (Andover,
MA). All other chemicals were obtained from Sigma-Aldrich.

Reconstitution of PFOR with Labeled TPPFOR was
isolated fromM. thermoaceticas described previous|y(,

Questions regarding the electronic structure of the radical 16). Purification of PFOR is routinely carried out in the
have arisen from a recent X-ray crystallographic investiga- presence of 1 mM TPP and 2 mM MgClt was found that

tions of PFOR fronD. africanus(11, 15). Crystals lacking

removal of these two compounds led to the loss of PFOR

CoA were soaked with pyruva‘[e prior to freezing and data activity without loss of [4Fe4S] clusters from the protein.
collection. EPR spectra of similarly treated crystals revealed Furthermore, addition of TPP and MgChat pH <8.0

that the radical intermediate state was achieved. Electronr€constituted the PFOR activity t890%. A method could
density in the active site suggested that the thiazolium ring therefore be developed to remove the bound TPP from PFOR

of TPP was bent and that there was a long bond (1.95 ang@nd reconstitute the enzyme with labeled TPP. To remove

1.75 A for the two independent PFOR molecules in the
asymmetric unit) between C2 of the thiazolium ring andC2

of the substrate-derived moiety. These structural features o

the intermediate were interpreted in terms of an unus(mal
type cation radicalX(1, 15).

Addition of CoA to solutions of the radical intermediate

bound TPP from PFOR, 2.4 mg/mL PFOR in 50 mM Tris/
HCI, pH = 8.6, was dialyzed for a totalf@ h against two

fchanges of 0.5 L of the same buffer. Removal of TPP from

PFOR was monitored using the standard assay buffer for
PFOR activity but omitting TPP and Mg£IThe assay
contained 50 mM MOPS/NaOH, p& 7.5; 2 mM DTT; 1

mM CoA; 10 mM pyruvate; and 8 mM methyl viologen

complex of PFOR dramatically accelerates the decay of the \v/) at 55 °C. More than 95% of the dialyzed PFOR was
intermediate 10). Several mechanisms have been suggested¢onsidered to be TPP-free based on the specific activity as
for the subsequent steps leading to further oxidation of the measured by the modified assay. After concentration of the

HE-TPP radical, production of acetyl-CoA, and transfer of
the second electron into the [4F4S] electron-transfer
conduit @3, 16). Among these proposals are (1) oxidation of
CoA to a thiyl radical and subsequent radical combination
with the HE-TPP radical; (2) CoA-gated further oxidation
of the HE-TPP radical to acetyl-TPP, followed by nucleo-
philic attack by the CoA thiolate; (3) nucleophilic addition
of the CoA thiolate to the HE-TPP radical to form a radical

enzyme to 3.2 mg mt!, 0.4 mL of PFOR was dialyzed
against 50 mM Tris/HCI, pH= 7.4. After dialysis, each
sample of TPP-free PFOR was subjected to a TPP recon-
stitution step. Two microliters aliquots of 10 mMN- or
13C-labeled TPP and 20 mM Mggstock solutions (made

in the same buffer as the enzyme to be reconstituted) were
added to the PFOR solution. The solution was allowed to
equilibrate for 10 min, and the specific activity was measured

anion that subsequently transfers an electron to the proximalusing the TPP-free reaction mixture described above. The

[4Fe—4S] cluster 10); and (4) fragmentation of the/n-
type cation radical to an acetyl radical followed by radical
recombination with a CoA-thiyl radicallQ). Elucidation of

addition of TPP was stopped when the specific activity
became constant (0-2. mM TPP).
Preparation of Samples for EPR MeasuremeRBOR

the structure of the HE-TPP radical intermediate is essential (100 M) in 50 mM Tris/HCI, pH 7.4, containing 2 mM
to an eventual understanding of the subsequent steps in th®TT, 2 mM MgCl, and either 1 mM unlabeled TPP or

overall reaction of PFOR. A more detailed EPR investiga- between 0.5 and 1 mM labeled TPP, was reacted with 10
tion of the radical intermediate in PFOR was therefore mM labeled or unlabeled pyruvate. The reaction was stopped
initiated in order to gain a clearer understanding of the after 1 min by immersion of the tube in liquid nitrogen.
electronic structure of this species through EPR measure-X-band EPR spectra were collected immediately after the
ments of the distribution of unpaired spin. In addition, the samples were frozen. The X-band spectra were recorded with
electronic structure of the radical was explored with elec- a Bruker ESP300e/EMX spectrometer. Sample temperature
tronic structure calculations using Gaussian 948) (and was maintained at 8& 3 K with an Oxford Instruments
ORCA 2.4-41 18). continuous flow Helium cryostat model ESR 900. The double
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integrals of the EPR signals were compared to that of a 1.1
mM Cu(CIQy), standard to determine the number of spins
per monomer. Power saturation analysis was performed to
ensure that the signals were not saturated under the experi-
mental conditions. Spin concentrations betweehl1 and

0.2 HE-TPP radical/monomer were obtained with all of the
samples. Scan averaging was used to collect the spectra with
high S/N. For X-band spectra, resolution of hyperfine
splitting was enhanced by Fourier metho@g, (23).

High-Field EPR Spectroscopi-Band (130 GHz) EPR
spectra were acquired on a spectrometer assembled at Albert
Einstein College of Medicine. The magnetic field is generated
by a specially designed T superconducting magnet with a
+0.5 T superconducting sweep/active shielding coil. The
guadrature detection microwave bridge, capable of generating
100 mW pulses at its output, was designed and built by HF
EPR Instruments, Inc. (V. Krymov, New York). The probe
uses cylindrical resonators operating in the,ikBhode and
slotted to allow penetration of RF fields used in ENDOR.
Typical /2 pulse widths of 3650 ns can be achieved with
the available power. Samples were contained in quartz
capillary tubes with outer and inner diameters of 0.6 and
0.5 mm, respectively, and an active volume of QL2 Field-

N

swept, two-pulse, echo-detected spectra were obtained I B AR BT S A
because CW spectra suffered from saturation effects even  2.030 2.020 2,010 2.000 1.990 1.980
at high temperatures and low microwave powers. To facilitate g-value

field calibration anc_i maXi_mize sensitivity, the eCho'deteCFEd Ficure 1: Stack-plot of EPR spectra obtained from solutions of
spectra were acquired with 10 G, 300 Hz square-wave field pEFOR incubated with (A}*N3-TPP and [3-2HgJpyruvate, (B)
modulation, yielding the derivative presentation directly from unlabeled TPP and [3?H]pyruvate, (C) unlabeled TPP and
the spectrometer without further need for data manipulation. pyruvate, (D) unlabeled TPP and {3:]pyruvate, (E) unlabeled
The magnetic field was calibrated to an accuracy~6fG TPP and [2X%C]pyruvate, and (F)3C2-TPP and unlabeled pyruvate.

. - The experimental parameters were temperature, 80 K; receiver gain,
using a sample of Mn doped into Mg@4). The temperature 5 " 13- modulation frequency, 100 kHz; modulation amplitude,

of the sample was maintained to an accuracy of ap-0.40 G; center field, 3400 G; sweep width, 100 G; microwave
proximately+0.3° using an Oxford Spectrostat continuous- power, 0.4 mW; and number of scans,~34.

flow cryostat and ITC503 temperature controller. Specific

experimental parameters are given in figure legends. 1C) were next analyzed, and tHel-hyperfine splitting
Spectral SimulationsThe EPR spectra were analyzed parameters obtained from the simulation were incorporated
using the following spin Hamiltonian: into the fixed parameter set. Finally, the EPR spectra acquired
from samples prepared witiC-labeled pyruvate or TPP
H = B-g-S+ Z('i'Ai'S) (1) were simulated using the fixed parameter set, andi8e
I

hyperfine parameters were obtained. The simulation param-

eters were refined by trial-and-error until reasonable fits and
The first term in eq 1 represents the Zeeman interaction of & self-consistent set of parameters were obtained. Because
the HE-TPP radical with the external magnetic field. The of the visual, trial-and-error nature of the fitting method, it
second term represents a sum of the relevant nuclearis difficult to provide a rigorous estimate of the uncertainties
hyperfine interactions. The hyperfine interactions were inthe parameters. However, it is possible to determine peak
treated to first-order, which makes the energy matrix block positions to within+1 G, and this is an “operational” error
diagonal in the nuclear spin quantum numimar,Strategies estimate for the hyperfine splitting parameters. On the basis
for the simulation of field-swept powder EPR spectra were Of the precision of magnetic field measurement in the D-band
described previously 26). The g-values and hyperfine  Spectra, the-values have an error withig0.0001.
splitting parameters were variables in the fitting procedure.  Electronic Structure Calculationg o aid in the interpreta-
Initially the EPR spectra obtained from samples prepared tion of the parameters obtained from the EPR simulations,
with [3-Hz]pyruvate and [3*N]TPP (Figure 1A) and [3H3]- estimates for theg-values and hyperfine parameters of
pyruvate and unlabeled TPP (Figure 1B) were fitted simul- different truncated models of the HE-TPP radical were
taneously using*N/*N-hyperfine parameters scaled by their obtained from electronic structure calculations. These trun-
magnetogyric ratios. They-values were determined by cated models are shown in Scheme 1. Models 1 and 2 consist
simulation of the corresponding high-field (D-band) EPR of the geometry-optimized structures of the protonated and
spectra (Figure 2) in which the thrgevalues are resolved.  unprotonated forms of the HE-TRRradical, respectively.
Theg-values and hyperfine splitting parameters thus obtained Models 3 and 4 consist of the geometry-optimized structures
were fixed and their influences incorporated into the simula- of two different tautomers of the putativ@n-type cation
tions of the other spectra. The EPR spectrum obtained fromradical that were proposed to account for the electron density
samples prepared with unlabeled pyruvate and TPP (Figureobserved in the X-ray crystal structure of PFOR fr@m
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A o Scheme 1: Models Used in Electronic Structure
7 exparment Calculations
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rmsd’s between the heavy atoms of the geometry-optimized
structures (models -14) and the corresponding X-ray
coordinates (modelst4') were obtained by overlaying the
structures and employing a simulated annealing algorithm
(26) to minimize the differences in atomic coordinates.
Single-point calculations were then performed on the
optimized structures using the B3LYP hybrid functional in
combination with the DFT-optimized valence tripleasis,
PR N R [ N TZVP, which has been shown to give accurate estimates for
46195 46245 46295 46345 46395 46445 hyperfine parameters of nuclei from the first three rows of

Gauss L .
Ficure 2: Comparison of the experimental and simulated high- the periodic table}{?, 28). Est!mates O.f thg-tenso.rs of ef"‘Ch
field EPR spectra of solutions of PFOR incubated with (A}S}- model were obtained from smgle-pomt calculations with the
TPP and [3H:]pyruvate and (B) unlabeled TPP and 33s]- ORCA 2.4-41 software package using the same B3LYP/

pyruvate. Spectral simulations of panel B were performed with and TZVP scheme 18).

without inclusion of a contaminating free radical signal at a spin

concentration of 15% that of the HE-TPP radical (upper and lower RESULTS AND DISCUSSION
traces, respectively). The contaminant haghalue of 2.0032 and

a line width 4< greater than that of the HE-TPP radical. The CW EPR Spectra of the HE-TPP Radical in PFE®R
experimental parameters for the D-band two-pulse echo-detected . . Lo
spectra were as follows: EPR frequency, 129.9997 GHz; pulse spectra of samples of PFOR prepared with various combina-

averages per data point, 300; temperature, 50 K. The following Figure 1. Inspection of the spectra corresponding to samples

parameters were used to simL_JIate the_ speatréensor (2.0079; made up with [28C]pyruvate (Figure 1E) and with [#C]-

2.0053; 2.0021); (A}*N hyperfine splitting tensor|f| = 2 G, TPP (Figure 1F) is immediately revealing-Radicals

|Al| = 18 G); (B) “N hyperfine splitting tensor|f-| = 1 G, |A)| . 0 . 2.

= 13 G). In panels A and BA; was collinear with theg, y and A, typically exhibit (?'hYPeff'”e splittings of>100 G @9),

was collinear withg,. A line width of 3.5 G and Gaussian line Whereas the substitution &iC at each end of the C2C2a

shape were used. bond linking the hydroxyethylidene moiety to TPP has a
much smaller influence on the EPR signals. The impression

africanus(11, 15). Models 1—4' consist of the same radical garnered from all of the data in Figure 1 is that none of the

structures as the corresponding unprimed models, but withisotopic substitutions has a pronounced influence on the

the positions of heavy atoms restricted to those reported inspectrum, whereas all substitutions do have a modest

the crystal structure (PDB ID no. 1KEKLYD. influence on the spectrum. This circumstance is expected if

Geometry optimizations and single-point hyperfine tensor there is extensive delocalization of the unpaired electron onto
calculations were performed on each model starting from both the hydroxyethylidene and TPP moieties of the radical.
the X-ray coordinates (PDB ID no. 1KEK) of the HE-TPP EPR Spectral Simulations of the HE-TPP Radidak-
radical using Gaussian98%). Geometry optimizations were  perimental and simulated high-field EPR spectra of PFOR
performed using Becke-style 3-Parameter Density Functional prepared with [FHz]pyruvate and unlabeled or [3N]TPP
Theory (DFT) with the Lee Yang—Parr correlation func-  are shown in Figure 2. The EPR spectra are rhomipic(
tional (B3LYP) and Pople’s polarized douhles-31G* basis 2.0079, g, = 2.0053,g, = 2.0021). The anisotropy is
set. In the case of models-34', the positions of heavy atoms  expected to arise from significant spin density on S1 of the
assigned in the electron density maps from the crystal thiazolium ring 80). Theg, = 2.0021 peak in the high-field
structure were frozen during the geometry optimization, and EPR spectrum of the sample prepared withJS}JTPP is
only the positions of the H-atoms were allowed to vary. The split into a doublet. This splitting results from an axially
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--- simulation
— experiment

P TR SR R
3370 3390
Gauss

P
3410

3330 3350 3430

--- simulation
— experiment
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3330 3350 3370 3390
Gauss

N
3410

3430

Ficure 3: Comparison of the experimental and simulated X-band
EPR spectra of solutions of PFOR prepared with {B3-TPP

and [34Hz]pyruvate and (B) unlabeled TPP and?33s]pyruvate.
Spectral simulations of (B) were performed with and without
inclusion of a contaminating free radical signal at a spin concentra-
tion of 15% that of the HE-TPP radical (upper and lower traces,
respectively). The contaminant hadyavalue of 2.0032 and a line
width 4x greater than that of the HE-TPP radical. The resolution
of the experimental EPR spectra in panels A and B was enhance
using cosine window functions with a line widthf 8 G and a
truncation parameter of 0.5°& In addition to theg-tensor and
141N hyperfine splitting tensors (see legend of Figure 2), two
isotropic doublet splittingSfisol = 5 G, |Asol = 3 G) were included.

A line width of 1.3 G and Gaussian line shape were employed in
the simulation.

symmetric hyperfine interactionAq| = 2 G, |A| = 18 G)
with the *®N-nucleus [ = 1/2). The corresponding triplet (
= 1) N-splitting in the high-field EPR spectrum of the
sample prepared with unlabeled TRRA =1 G, |A| = 13

Mansoorabadi et al.

--- simulation
— experiment

PR NS R BT RY
3370 3390
Gauss

N
3410

3330 3430

--- simulation
— experiment

A PR |
3350

3370

PRI Y
3390
Gauss

N -
3410

3330 3430
FiIGURE 4: Comparison of the experimental and simulated X-band
EPR spectra of solutions of PFOR prepared with unlabeled TPP
and (A) unlabeled pyruvate and (B) {3<]pyruvate. The resolution

of the experimental EPR spectra in panels A and B was enhanced
using cosine window functions with a line widtf 8 G and a
truncation parameter of 0.5°& The simulations included the
parameters listed in the legend of Figure 3. In panels A and B, two
isotropic, doublet hyperfine splitting$Aiso] = 10 G, |Aisol = 5 G)

were included. In panel B, an isotropic doublé€C-hyperfine
splitting was included|Qso] = 5 G).

thiazolium ring of TPP (5'H and 3-H, respectively).
Isotropic 'H-hyperfine splittings are a characteristic of

gf-proton hyperconjugation with an adjacertsystem {).

Such an interaction is expected if there is significant spin
density at C5 and at N3 of the thiazolium ring. A significant
amount of unpaired spin residing in tleorbital at N3 is
consistent with the axially symmetri¢‘N/*>N-hyperfine
tensors.

The experimental and simulated X-band EPR spectra of
PFOR incubated with unlabeled TPP and either unlabeled
pyruvate or [3%C]pyruvate are shown in Figure 4. To
reproduce the features of the EPR spectrum obtained with
unlabeled substrate and cofactor, two isotropic, doublet

G) is partially obscured due to the presence of a small amounthyperfine splittings |Qsol = 10 G, |Aisdl = 5 G) were

of a contaminating free radical signal. The magnitude of the
N/*SN-hyperfine splitting together with the axial symmetry
indicates that there is significant-spin density on N3 of
the thiazolium ring.

In addition to the“N- or !®N-hyperfine tensor, two
isotropic hyperfine interactiong4isol = 5 G, [Aisd] = 3 G)

included. Since these splittings are not present in samples
prepared with [3H;]pyruvate (Figure 3), these interactions
arise from two of the thretH'’s of the CZ3-methyl group of

the hydroxyethylidene moiety. Hyperconjugation follows a
cog ¢ dependence, whekg is the dihedral angle between
the s-hydrogen and the normal to the thiazolium rirfg. (

are required to account for all the peaks in the correspondingThe third*H-atom of the methyl group has an unfavorable

X-band EPR spectra of PFOR prepared witl#{B}pyruvate
and unlabeled or [32N]TPP (Figure 3). These two doublet
hyperfine interactions likely arise from one of the H-atoms
from each of the two bridging methylene groups that link
the pyrophosphate and amino-pyrimidine moieties to the

dihedral angle for hyperconjugation. Thid-hyperfine
interactions are similar in both number and magnitude to
those obtained earlier from ENDOR spectroscopic measure-
ments on PFOR from. thermoaceticg2). These3-proton
hyperfine interactions are most easily interpreted as arising



Electronic Structure of the Radical Intermediate in PFOR Biochemistry, Vol. 45, No. 23, 2006127

from protons on a methyl group experiencing hindered A
rotation. The cryogenic temperature of the EPR measurement
could, by itself, freeze rotation of the methyl groupil).
The crystal structure of thB. africanusPFOR, however,
shows that the methyl group of Thr 838 and one of the
O-atoms of the tightly bound COnolecule are within van
der Waals contact of the @G2methyl group of the substrate
and could provide a barrier to free rotatiahil).

Previous ENDOR results were interpreted in terms of two
populations of radicals having different hyperfine couplings,
but with both having rapid rotation of the methyl group at

cryogenic temperature®)( The alternative explanation to e
3330 3350

--- simulation
— experiment

P PR B
3370 3390 3410 3430

rapid rotation, namely, that the two signals represented two Gauss
1H-atoms having slightly different dihedral angles, was not
considered. The ENDOR spectra were powder patterns B :g;;g'r?ggg .

having a slight anisotropy, and powder patterns are not
consistent with rapid methyl rotation. Rapid rotation was
originally invoked to account for the fact that thréd-
hyperfine couplings were not observed. However, as noted
above, one of théH-atoms of the methyl group must have
an unfavorable dihedral angle if the other two are almost
eclipsed with respect to the normal of the thiazolium ring.
The weak hyperfine coupling of the thiftH could easily
escape detection by CW ENDOR. The latter explanation also
circumvents the problem of having to invoke an equilibrium el
between two forms of the radical having an equilibrium 3300 3320
constant of unity.

The EPR trum obtained from sampl repared with FIGURE 5: Comparison of the experimental and simulated X-band
© spectrum obtained from samples prepared EPR spectra of solutions of PFOR prepared with (A) unlabeled

_[3 3C]p_yruvat_e contains additional splittings frpm hyperfine 1pp and [2XCJpyruvate, and (BJC2-TPP and unlabeled pyruvate.
interactions with thé*C-nucleus = 1/2). A relatively small  The resolution of the experimental EPR spectra in panels A and B
isotropic hyperfine interaction&iso] = 5 G) was obtained  was enhanced using cosine window functions with a line width of

from the simulations (Figure 4). Small isotropf€-hyperfine 3 G or 2 G, respectively, and a truncation parameter of 0:5 G
splittings are typical ofg-carbons that experience spin There is a small amount of contaminating signal evident in the EPR

larization f ohbort ‘ 9. Thus. both  SPectrum of panel B. However, attempts were not made to
polarization from a neighboring-system £9). Thus, bo incorporate the contaminant into the simulations. The simulations

the 'H- and **C-hyperfine splittings from the G2methyl included the parameters listed in the legend of Figure 3 and those
group of the hydroxyethylidene moiety are consistent with in the legend of Figure 4A. In additior3C-hyperfine splitting
a radical structure in which there is significanspin density ~ tensors (A) (Al = 6 G, |A| = 18 G); (B) (Aol =4 G, |A| =9
on the adjacent carbon atom (€2 G)_were”_lnclude_ctihln the simulationds is collinear withg,y, and
To characterize further the HE-TPP radical structure, EPR Auls collinear withg;

spectra were acquired from samples prepared with(2- Thus. the electrochemical studies also su -
. ; ; , pport the notion of
pyruvate or with [23C]TPP (Figure 5). Thé3C-hyperfine significant unpaired spin density at €2

tensors obtained from simulations of these EPR spectra were Theg-values and hyperfine parameters obtained from the

202 axially_s;gmgeftrich(gggz 6 ij |£“g2: 1f8 t(;’] an:g‘?llsp analysis of the CW EPR spectra of the HE-TPP radical are
’ |'?“| I_ Th Ior . “Igﬂ Oféﬂ‘eﬁZa 'f h ' fully consistent with those expected forraradical in which
respective y): € largest Splitting comes 1r orthe spin is delocalized throughout the thiazolium ring and onto

hydroxyethylidene moiety. The observation of substantial the substrate-derived portion of the HE-TPP radigd).(The

spin density at C& is compatible with the magnitudes of . iar observation of a weak isotropi® h : :
1. 13~ ; e ; N , yperfine coupling
the *H- and**C-hyperfine splittings from the adjacent &2 (2) is also consistent with the extensive delocalization of spin.

methyl group derived from the substrate. Although an earlier The 31P-nucleus is especially sensitive to small amounts of

. 1 . .
EPR study with [2*Clpyruvate in PFOR fronM. barkeri unpaired spin such that0.005% unpaired spireaking into

(13)_t_conctlﬁ_ded thit there was t“neglligiblg _spig”ta_'i t?_'r? the 2s orbital of phosphorus via spin polarization would
position, this spectrum was not analyzed in detail. The ..o i%0r the observed coupling) {

spectrum from théV. barkeri PFOR sample prepared with Persistent cation radicals analogous to the HE-TPP radical

{i'ﬁgtpgu&attehg‘rglgaiaertligr?;'g%ﬁ? Iisn V;:rlt;l?lg Téntg:gltlh have been generated via electrolysis of aldehyde derivatives
Lo : ' of TPP analogues in acetonitrild4). The isotropiag-values
spectra exhibit m_homoge_neous broa_demng fror_n the unre'(gisoz 2.0054) and isotropi&N-hyperfine splitting constants
solved *C-hyperfine splitting. Extensive delocalization of (an = 4.71-4.89 G) reported for these model radicals in
spin onto the thiazolium moiety diminishes the magnitude ' '
1 ) "
of the**C-hyperfine splitting from that expected for a central 2 The isotropic coupling calculated for an electron in a valence-shell

13, . ;
3(.: ato.m @). An earlier eleCtrOChemICal study of model s orbital on3'P is 10, 178 MHz 1). The measured isotropic coupling
thiazolium salts demonstrated formation of hydroxyeth- (951 MHz) @) thus corresponds te0.005% of an unpaired spin in

ylidene radical cations that dimerized throughoC@2). the 2s orbital on phosphorus.

I
3340

PR Y
3360
Gauss

P
3380 3400




7128 Biochemistry, Vol. 45, No. 23, 2006

Mansoorabadi et al.

Table 1: Comparison of Experimental and Calculatdgperfine Splitting Tensors|A, |Al, |A;] in Gauss) for the Different Models of the
HETPP Radical Structure Shown in Figure 6 of Nuclei That Were Confirmed by Isotopic Substitution

source N3 C23-Ha C26-*Hp C26-Hc BC26 13C20 BC2
experiment 1,1,13 10,10,10 55,5 - 55,5 6,6,18 4,49
[1] 0,0,12 17,17,20 8,8,11 1,13 55,5 2,2,35 11,10,9
[2] 1,1,10 3,35 3,35 1,1,1 3,3,2 9,7,1 4,4,25
[3] 1,1,20 1,12 1,1,0 1,0,0 2,24 3,37 6,54
[4] 0,0,15 0,1,1 10,1 1,10 1,1,2 12,12,17 8,8,7
[11 9,9,14 14,14,16 4,47 22,1 0,0,1 36,37,76 68,72,87
21 11,11,16 1,1,2 0,0,2 1,10 3,34 13,15,22 95,96,139
[31 4,4,26 1,10 0,0,1 0,0,0 3,35 2,21 12,11,8
[41 8,8,19 0,1,2 1,10 1,10 4,57 3,3,7 13,12,10

a Calculations were performed with Gaussian %8nteractions that could be large enough to give rise to resolvable splittings are highlighted

in bold.

Table 2: Comparison of the Magnitude of Experimental and CalciiatédHyperfine ParametersAyl, |A/l, |A; in Gauss) for the Different
Models of the HETPP Radical Structure Shown in Figute 6

source C3H.s C3-Hye C5-tH C5-1Hye C4-H, C4-Hy C4-*H, C23-O-H C2'H C5-H
experiment 5,55 - 3,3,3 - - - - - - -
[1] 4,5,6 1,13 6,6,7 0,0,1 1,1,2 0,0,1 0,0,1 4,43 - -
[2] 7,7,9 1,0,2 3,35 0,0,1 2,21 2,21 1,0,0 - - -
[3] 5,6,8 2,25 1,1,2 0,0,1 25,16,5 24,16,5 - - 8,9,11 2,11
[4] 4,4,6 3,35 10,10,13 0,1,3 45,6 234 111 - 19,20,22 -
[17 1,2,3 0,0,1 1,1,2 1,0,1 2,21 0,0,1 0,0,0 4,32 -
[21 1,13 0,0,2 0,0,1 1,11 3,22 22,1 0,0,1 - - -
[31] 12,13,16 1,0,1 2,23 1,01 22,155 20,144 - - 27,27,31 9,8,7
[41 8,9,11 0,0,2 8,8,11 11,2 22,4 0,0,2 1,10 - 43,43,46 -

a Calculations were performed with Gaussian $anteractions that could be large enough to give rise to resolvable splittings are highlighted

in bold. ¢ The C3 and C5 methylene groups (twéHs) of the HE-TPP radical are approximated by methyl groups (theg in the truncation
models. The largest-hyperfine splitting from these methyl groups was therefore omitted from the table for each of the models. This omission is
consistent with the experimental EPR parameters and the binding mode of TPP observed in the crystal structure.

Table 3: Comparison of Experimental and Calculagdensors
for the Different Models of the HETPP Radical Structure Shown in
Figure 6

source Ox Oy (o
experiment 2.0079 2.0053 2.0021
[1] 2.0079 2.0060 2.0021
2] 2.0094 2.0057 2.0020
3] 2.0044 2.0034 2.0016
[4] 2.0094 2.0063 2.0019
11 2.0079 2.0043 1.9997
2] 2.0082 2.0060 1.9985
3] 2.0061 2.0044 2.0001
[4] 2.0110 2.0091 2.0022

a Calculations were performed with the program ORCA.

liquid solution are similar to the averagevalue (2.0051)
and isotropic!“N-splitting (5 G) obtainetl from analysis
of the spectra of the HE-TPP radical bound to PFOR.

are actually more consistent with thosemfadicals. Models

3/3 are more accurately described as aza-allyl cation radicals.
Addition of a proton to C2 of TPP effectively reduces
delocalization of the unpaired electron onto the hydroxyeth-
ylidene portion of the HE-TPP radical, such that it cannot
account for théH-hyperfine splittings that derive from the
C2B8-methyl group. Stretching the GZ2a bond to 1.95 A

(by freezing the heavy atoms of the radicals to the positions
observed in the crystal structure), while increasing the spin
density at C2 of TPP, actually decreases the spin density at
C2a, and thetH-hyperfine splittings remain far too small to
be consistent with the values obtained from the experimental
spectra. In addition, protonation at C2 increases ‘the
hyperfine splittings of the cofactor-derived H-atoms, which
would give rise to additional peaks not observed in the
experimental EPR spectra. The calculaggdnd gy, values

for model 3 are much smaller than those obtained from the

Similarities in these EPR parameters indicate that the enzymespectra. Shifting the geometry of model 3 to that seen in the

does not appreciably distort the electronic structure of the
HE-TPP radical from that of analogous species in liquid
solution.

Electronic Structure Calculations on Models of the HE-
TPP Radical.To obtain further insight into the electronic

structure of the HE-TPP radical, the EPR parameters obtained®

from the simulations were compared with those obtained
from DFT calculations (Tables-43) on various models of

crystal structure (model'Bincreasesy, and g, to values
closer to those obtained from the simulations, but simulta-
neously decreasegto too small a value. Conversely, model
4 hasgy andgy values that are larger than seen in the D-band
pectra, and shifting the geometry to that of modehds
the effect of increasingy and gy, even further. Thus, it is
clear that models 3/3and 4/4 are not compatible with the

the HE-TPP radical structure (Scheme 1). As can be seen inEPR spectra of the radical intermediate in PFOR. More-
Figure 6, the spin densities of the models that represent theOVer, the electronic energies calculated for models in which

postulatedo/n-type cation radicals (models 3/8nd 4/4)

3 The isotropicg-value and isotropic hyperfine splitting are given
by 1/3 of the trace of the corresponding tensor.

the X-ray coordinates of heavy atoms were fixed (models
1'—4') are ~100 kcal mot* greater than those calculated
for the corresponding geometry-optimized model (models
1-4).
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Ficure 6: Isosurface plots of the spin densities of different
truncation models of the HE-TPP radical structure: [1] geometry-
optimized protonated HE-TPR-radical, [2] geometry-optimized
unprotonated HE-TPR-radical, [3] geometry-optimized HE-TPP
oln-type cation radical, [4] geometry-optimized HE-TBR-type
cation radical C5C4 tautomer, [1] protonated HE-TPR-radical
from X-ray coordinates (PDB code 1KEK), J2inprotonated HE-
TPPx-radical from X-ray coordinates, BHE-TPPo/n-type cation
radical from X-ray coordinatesl(), [4'] HE-TPPo/n-type cation
radical C5-C4 tautomer from X-ray coordinate%). Surface plots
were generated with the program Molekel 4.38)( from the
corresponding Gaussian log files using a cutoff of 0.005. Gray
clouds represent positive spin density, and blue clouds represen
negative spin density.

It is also instructive to examine the rnfsehlues between
the geometry-optimized structures of the models and the
heavy atom coordinates of the X-ray structure. The resulting
superpositions are shown in Figure 7. Thecation and
neutral radicals (models 1 and 2) exhibit rmsd’s of 0.4 A,
whereas the/n-type cation radicals (models 3 and 4) exhibit
rmsd’s of 1.1 and 0.8 A, respectively.

In contrast to the predictions of models 3&nd 4/4,
models 1 and 2 (which correspond to the protonated and
unprotonated forms of the proposed HE-TRFPadical,
respectively) yield hyperfine parameters that more closely

resemble those obtained from the analysis of the EPR spectra

However, model 1 overestimates the magnitude of thg-C2
IH- and®*C20-hyperfine splittings. In contrast, model 2 leads
to underestimates of these hyperfine splitting parameters.
This situation suggests that the &€Bydroxyl group of the
HE-TPP radical is not fully protonated or deprotonated, but
rather forms a hydrogen bond with a neighboring functional
group. The most likely candidate to form a H-bond with the

4We are grateful to a reviewer for suggesting this comparison.

t
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Ficure 7: Overlays of heavy atoms of geometry-optimized
models of the HE-TPP radical (red) with X-ray coordinates (blue)
from PDB accession code 1KEKL]). (A) Protonatedr—radical
&model 1), rmsd 0.4 A; (B) neutrat-radical (model 2), rmsd 0.4

: (C) a/n-type cation radical (model 3)17), rmsd 1.1 A; (D)
C5—'&(\:4' tautomer ofo/n-type cation radical (model 41%), rmsd
0.8 A.

hydroxyl group is the exocyclic amino group from the
pyrimidine moiety of the HE-TPP radical or the correspond-
ing 1, 4-imino tautomer 85, 36). The presence of this
intramolecular H-bond was revealed in the crystal structure,
where the amino group was found to be 2.9 A from the.C2
hydroxyl group of the HE-TPP radical{). In addition to
greatly elevating the electronic energies, restricting the heavy
atoms of the radicals to the positions reported in the crystal
structure (models'land 2) increases the magnitude of the
3C-hyperfine splitting derived from C2 of TPP such that
these models cannot account for the more modest hyperfine
splitting observed experimentally. In addition, tpevalues
obtained from models'land 2 are much smaller than those
obtained from the experimental spectra. Thus, the EPR
properties of the radical intermediate of PFOR are fully
compatible with an HE-TPR-radical, whose geometry is
consistent with a planar ground-state in which the unpaired
electron is delocalized throughout the thiazolium ring and
hydroxyethylidene moieties (models 1 and 2, Figure 6). The
highly delocalizeds-radical electronic structure is also
consistent with the known persistence of the radical even at
room temperature8j. The'H-hyperfine splittings of the Q2
methyl group and th&C-hyperfine splittings of C2 and @2

are part way between those predicted for the protonated
(model 1) and unprotonated (model 2) structures of the HE-
TPP radical, which suggests that the hydroxyl group of the
hydroxyethylidene moiety is H-bonded.

With regard to the possible mechanisms of the next steps
in the PFOR reaction, the current study deems generation
and fragmentation of a/n-type cation radical to an acetyl
fadical and subsequent radical recombination with a CoA
thiyl radical 1) unlikely, since the electronic structure of
the HE-TPP radical is fully consistent withraradical. The
electronic structures of the delocalized HE-TR#adicals
(cation and neutral) render @somewhat electropositive,
perhaps promoting nucleophilic attack by the thiolate of CoA
with consequent formation of a radical anion addud)(
One-electron oxidation of such a radical anion would lead
to formation of acetyl-CoA and release the second reducing
equivalent into the electron-transfer chal®) An analogous
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scenario involving a radical anion intermediate has been
suggested for the reaction of POX froimactobacillus
plantarum where R is the second substrate and acetyl-
phosphate is the ultimate produ&7}. Equally plausible is
CoA (P)-gated oxidation of the HE-TPP radical, in which

binding of a negatively charged thiolate (phosphate) in the 17.

active site could trigger the second electron-transfer step in
PFOR (POX) 16). Radical coupling involving a thiyl radical
(one electron oxidized) form of CoA might be possible in
PFOR, but such a scenario is not available for POX. Further
experiments will be required to distinguish between these
mechanisms for the subsequent steps in PFOR and other
2-keto acid oxidoreductases.
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