JIAIC[S

COMMUNICATIONS

Published on Web 03/07/2006

Pulsed Electron Paramagnetic Resonance Experiments Identify the
Paramagnetic Intermediates in the Pyruvate Ferredoxin Oxidoreductase
Catalytic Cycle

Andrei V. Astashkin,’ Javier Seravalli,* Steven O. Mansoorabadi,” George H. Reed," and
Stephen W. Ragsdale*#

Department of Chemistry, Umérsity of Arizona, Tucson, Arizona 85721-0041, Department of Biochemistry,
University of Nebraska, Lincoln, Nebraska 68588, and Department of Biochemistryensity of Wisconsin,
Madison, Wisconsin 53726-4087

Received December 16, 2005; E-mail: sragsdalel@unl.edu

Pyruvate ferredoxin oxidoreductase (PFOR3 a thiamine D
pyrophosphate (TPP)-dependent enzyme that catalyzes the anaerobi }, )‘X:_\:Pﬂ
oxidation of pyruvate (with CoA) to acetyl-CoA, GQand two Y' s ¢ -
electrons that are transferred to ferredoxin (ed I.this paper, » ) e Af gf&gf
the PFOR electron-transfer mechanism is examined. Early steps in c ‘./‘
the catalytic cycle follow the Bresloiimechanism of TPP activa- ,’z'}a

tion. After deprotonation, the carbgnlon at C-2 of TPP reacts with Figure 1. HE-TPP radical and the Fe clusters (A, B, and C) in PFOR.
pyruvate to form 2-IactyI-TPF_>, which dgcar_boxylateg to generate The protein surface near cluster C is shown as a gray shell. From the PDB,
CO; and the resonant enamine/carbanion intermediate, hydroxy- gccession 1KEK.
ethylidene-TPP (HE-TPP). The fate of this intermediate differs

among the TPP-dependent enzymes. In PFOR, oxidation of

the intermediate is linked to reduction of an external electron

acceptor, for example, the clostridial ferredoxin, which contains

two [4Fe—4S] clusters.

CoASH + pyruvate+ ferredoxin, =
H,C—CO—SCoA+ CO, + ferredoxin.g (1)
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Alter _format'on of HE-TPP, the next step in the PFOR Figure 2. Cosine FTs of the dipolar ESE modulation (ESEEM) obtained
mechanism is one-electron transfer from HE-TPP to one of three in pulsed ELDOR (trace 1) and RIDME (trace 2) experiments. Trace 2 is

[4Fe—4SP* clusters, which generates a paramagnetic 4%+ obtained as the difference between the traces obtained at the temperatures
cluster and an HE-TPP radicalThis paramagnetic intermediate  of 13 and 4.2 K3
forms at a rate constant of 1401sat 10°C (~3000 s* at the reaction mixture in liquid nitrogen before the onset of radical d€cay.

growth temperature of 55C).# On the basis of the PFOR structdre,  This simultaneous trapping makes it possible to determine the
cluster A, located only 9.5 A from the thiazole sulfur of HE-TPP, distance between the radical and the [4BS&Et cluster by

is one of three [4Fe4S] clusters that are separated by-1@ A measuring their magnetic dipole interaction by pulsed electron
(Figure 1)¢ Since biological electron transfer is facile whenever paramagnetic resonance (EPR) techniques. In this work, two
the donor and acceptor are withifl5 A, clusters A (proximal), B such techniques were used, electrefectron double resonance
(medial), and C (distak~4 A from the surface) are ideally posi- (ELDOR) and relaxation-induced dipolar modulation enhancement
tioned to sequentially transfer electrons to the surface and the ex-(RIDME).1!

ternal ferredoxin. Cluster A is logically the first to be reduced, since  In the pulsed ELDOR experiment, the primary electron spin
clusters B and C are 20 A from the radical center on HE-TPP.  echo (ESE) signal of the [4FelS} cluster was observed, while

The goal of the work described here is to better understand the the pumping microwave pulse was in resonance with the HE-TPP
paramagnetic intermediate with regard to which-Becluster is radical. The Fourier transform (FT) spectrum of the time-domain
reduced® A subsequent electron transfer from the HE-TPP radical ELDOR trace exhibits a prominent peak at 1.5 MHz and a smaller
leaves two reduced [4FeiSI* clusters. The rate of this redox feature at 2.7 MHz (trace 1 in Figure 2). Although this spectral
reaction and, hence, the stability of the HE-TPP radical dependsshape is reasonably close to that expected in a situation of complete
strongly on the presence of CoA. In its absence, the half-life of the orientational disorder, some orientational selectivity caused by the
HE-TPP radical at 10C is ~11.5 min; however, in the presence g-anisotropy of the [4Fe4SJt center cannot be excluded. To
of CoA, it decreases to about 5 rhs. remove the ambiguity, a RIDME experiment was perforriele.

The ground state of [4Fe4SP" clusters is diamagneticS(= this experiment, we observed a refocused stimulated ESE signal
0), whereas the HE-TPP radical and the [4B&SJ* cluster have of the HE-TPP radical, while the longitudinal relaxation of the
S = Y,. This intermediate paramagnetic state is generated by [4Fe—4SJ* center (instead of pumping at a different microwave
reacting PFOR with pyruvate for 30 s and freeze quenching the frequency) served the purpose of modifying the local magnetic field
for the radical spin. Since the [4F4ST" center at any orientation

T University of Arizona. ; ; [P ; ; ; :
* University of NebraskerLincoln. is supjgct .to longitudinal rela>.<at|dﬁ,there is no orientational
TUniversity of Wisconsin. selectivity in the RIDME experiment.
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The RIDME experiment was performed at 13 and 4.2 K. At 13
K, the cluster relaxes much more rapidly than at 4.2 K. The
difference between the two stimulated ESE spectra gave the RIDME
spectrum shown by trace 2 in Figure 2. The only reliable line
observed in this spectrum is located at 1.48 MHz, close to the low-
frequency feature in the ELDOR spectrum. The smaller features
mostly originate from noise. By assigning 1.48 MHz to the dipolar
coupling constantD,, and using a point dipole approximation, we

pyruvate oxidation to the anaerobic metabolism of some microbes
and amitochondriate eukaryotes that it is the target of metronidazole
and tinidazole, which are common treatments against infections by
Helicobacter pyloriand the protozoan parasite§jardia and
Trichomonaswvaginalis'® The low potential generated by the
pyruvate/acetyl-CoA redox couple leads to the formation of nitro
radicals by these pharmaceuticHls.
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FeS cluster to b& ~ 33 A. Numerical simulations taking into
account the finite time integration window give a corrected value
of Re to be 31.84+ 0.2 A.

To assign thiR. to one of the FeS centers, it is necessary to
take into account the distribution of unpaired spin in the HE-TPP
radical and in the [4Fe4ST* cluster. The detailed analysis (see
Supporting Information) used the coordinates from the crystal
structure and spin distribution in both paramagnetic centers from
electronic structure calculations. The dipelipole tensor was
calculated for each cluster using six possible geometries of the
oxidized and reduced Fe’s. Protonated and neutral forms of the
HE-TPP radical were used with each geometry, thus requiring a
total of 36 tensors. Tensors calculated for cluster B were all close
to the experimentally determined dipolar interaction, whereas those
for cluster A were far too large and those for cluster C were too
small.

The pulsed EPR results indicate that the HE-TPP radical is
magnetically coupled to cluster B. However, this cluster is much
too far from HE-TPP to accommodate an electron-transfer rate
greater than 100 8. Thus, the electron from HE-TPP must
have been transferred from cluster A to cluster B. The pyruvate/
acetyl-CoA half-cell reaction is at520 mV, and the [4Fe4S]
centers in thé®. africanusPFOR exhibit midpoint redox potentials
of —540, —515, and—390 mV}* although these potentials have
not been assigned to specific clusters.

Rapid removal of the electron from cluster A to either of the
other Fe-S clusters in the protein is important because it returns
cluster A to the state of an oxidant. This scenario would facilitate
the next electron-transfer reaction. However, in both Pfair
PO}5 the HE-TPP radical is relatively stable unless their co-
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