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In anaerobic organisms, the decarboxylation of pyruvate, a crucial component
of intermediary metabolism, is catalyzed by the metalloenzyme pyruvate:
ferredoxin oxidoreductase (PFOR) resulting in the generation of low potential

electrons and the subsequent acetylat

ion of coenzyme A (CoA). PFOR is the only

enzyme for which a stable acetyl thiamine diphosphate (ThDP)-based free
radical reaction intermediate has been identified. The 1.87 A-resolution struc-
ture of the radical form of PFOR from Desulfovibrio africanus shows that,

despite currently accepted ideas, th

e thiazole ring of the ThDP cofactor is

markedly bent, indicating a drastic reduction of its aromaticity. In addition, the

bond connecting the acetyl group to

ThDP is unusually long, probably of the

one-electron type already described for several cation radicals but not yet found

in a biological system. Taken togethe

r, our data, along with evidence from the

literature, suggest that acetyl-CoA synthesis by PFOR proceeds via a conden-

sation mechanism involving acetyl (PF

The oxidative decarboxylation of pyruvate is
coupled, in most organisms, to the reduction
of low potential electron carriers and the
subsequent formation of an energy-rich thio-

OR-based) and thiyl (CoA-based) radicals.

ester bond between the nascent acyl group
and coenzyme A (CoA). In mitochondria and
respiratory eubacteria, these reactions are cat-
alyzed by the multienzyme complex pyruvate

dehydrogenase (PDH) and use NAD as the
electron acceptor (/, 2). Alternatively, when
pyruvate is oxidized by anaerobic organisms,
electrons are transferred to acceptors with
more negative potentials than NAD, such as
ferredoxins (Fd). The corresponding reaction,
CH,-CO-COO™ + Fd,, + CoA < CH,-CO-
CoA + Fd_, + CO, is catalyzed by the
[4Fe4S] cluster-containing pyruvate:ferre-
doxin oxidoreductase (PFOR) (3). Although
both PFOR and PDH are thiamine diphos-
phate (ThDP)—containing enzymes, only the
former can carry out the reverse reaction, that
is, the reductive carboxylation of acetyl-CoA
to yield pyruvate. This reaction constitutes
the basis for CO, fixation in green photosyn-
thetic and acetogenic bacteria (4) and in
methanogens (5). Pyruvate synthesis by
PFOR is thought to have taken over the pri-
mordial double carbonylation reactions, lead-
ing to pyruvic acid synthesis postulated in the
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the acetyl-ThDP radical species of several PFOI
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this species has been shown to be transient (37). The thiazolium moiety
is represented with the conventional C4-C5 double bond. (B) Postulated radical species of the hydroxyethyl-ThDP intermediate (R = 5’-methyl,
4’-aminopyridimine; R’ = pyrophosphate), models 1 to 4 proposed by Barletta et al. (37), Docampo et al. (22), Menon and Ragsdale (72), and Bock
et al. (20), respectively. These models require a planar conformation for the thiazolium moiety; (C) the model proposed in this work on the basis of
crystallographic analysis. The unpaired electron and the positive charge are depicted between C2 and C2a as is customary for one-electron bonds (27).
The proton is assumed to be bound to C2. As indicated in the text, after C2-C2a fragmentation, the reactive species is likely to be an acetyl radical
with significant spin density at C2a. (D) EPR spectra of PFOR incubated with pyruvate at pH = 9.0 (74). (a) Crystals, 10 scans; (b) protein in solution,
1 scan. Both spectra display a signal centered at g = 2.005 that exhibits line widths and hyperfine structures identical to those already reported for

Rs (13, 14, 24).
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“iron-sulfur world” theory of the origin of life

(6, 7). Other ThDP-containing enzymes are
involved in 2-oxoacid decarboxylations of
both the nonoxidative and oxidative types.
Examples of the first class are pyruvate de-
carboxylase and benzoyl-formate decarbox-
ylase; a related enzyme is transketolase,
which transfers a ketol group from a keto-
sugar to an aldosugar. In addition to PFOR
and PDH, oxidative decarboxylations are also
catalyzed by pyruvate oxidase. PFORs can
have different oligomeric structures, but they
are all phylogenetically closely related (8, 9).

Hypotheses concerning the catalytic
mechanism of ThDP-containing enzymes in
general (/0) are based on two observations:
that the enzyme-bound ThDP adopts the “V”
configuration, bringing the 4’ amino group of
the aminopyrimidine (amino-Pyr) ring close
to the C2 carbon of the thiazolium ring (Fig.
1A) and that hydrogen bonding of the car-
boxylate group from a glutamate residue to
N1’ of the amino-Pyr increases the basic
nature of the 4’ position by generating the
4’-imino tautomer. Accordingly, catalysis is
thought to proceed through (i) the generation
of a carbanion by proton extraction from C2
(probably by the 4’-imino group) (/1); (ii)
protonation of the carbonyl oxygen of the

A
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substrate (probably from the 4’-imino spe-
cies) (/1) and attack of the carbonyl carbon
by the C2 carbanion; (iii) cleavage, in the
case of pyruvate, of the Cla-C2a bond fol-
lowed by (iv) release of CO, and generation
of the enamine (or the equivalent C2a-car-
banion) species. From this point on, the reac-
tion mechanism varies depending on the en-
zyme. In PFORs, one of the two electrons
involved in the reaction is subsequently trans-
ferred from the cofactor to one of the [4Fe4S]
cluster [cluster-A (/2)] generating a substi-
tuted ThDP-based radical species (Fig. 1, B
and C). This radical intermediate can be char-
acterized when the reaction is carried out in
the absence of CoA because, under those
conditions, the second electron is not readily
removed from the active site (/3). There has
been some controversy concerning the gen-
erality of the radical species in PFORs. In this
regard, Menon and Ragsdale have proposed
that the radical adduct is an intermediate
species in all PFORs but may decay if the
sample is not frozen rapidly enough before
electron paramagnetic resonance (EPR) spec-
troscopic analyses (12). The free radical spe-
cies of the homodimeric PFOR (M, = 266
kD) from Desulfovibrio africanus, an anaer-
obic sulfate-reducing bacterium, is unusually
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Fig. 2. Stereo pairs of the omit 1.87 A-resolution Fourier maps of the thiazole radical adduct of
molecule A (Table 1). (A and B) Electron density maps calculated after removing 20% of the
corresponding native structure contribution from both phases and structure factor calculations.
(78). The maps have been contoured at the 3¢ level. This figure was prepared using Turbo-Frodo

(38).

stable, a property that may be related to the
relative oxygen insensitivity of the enzyme
(14). PFORs belong to an increasing number
of enzymes that are reported to use a radical-
based mechanism. Spectroscopic evidence
for such mechanisms has been well docu-
mented for the tyrosyl radical of aerobic ri-
bonucleotide reductase (RNR) (/5), and the
5'-deoxyadenosyl radical of pyruvate for-
mate-lyase, biotin synthase, and anaerobic
ribonucleotide reductase generated either
from S-adenosylmethionine (SAM) or from
adenosylcobalamin (/6). In both systems,
radical formation is initiated by one electron
donated from a dinuclear Fe center in RNR,
an [Fe-S] cluster in SAM-dependent en-
zymes, or the homolytic cleavage of a Co-C
bond in adenosylcobalamin-containing pro-

Table 1. Crystallographic analysis. Crystals of
PFOR were grown aerobically from micro-seeds as
described (77) except that the buffer was 100 mM
Tris-maleate, pH 9.0. The crystallization plates
were subsequently transferred to a glove box un-
der 10% H, and 90% N,, and their reservoir
solutions were bubbled with this gas mixture for
30 s. This procedure was sufficient to remove any
detectable amounts of oxygen from the solutions.
A solution (2 pl) containing 15% (v/v) PEG 6000
and 200 mM pyruvate in the crystallization buffer
was slowly added to the 2-ul crystallization drop.
The same pyruvate concentration was added to
the cryoprotecting solutions. After a 15-hour soak,
the crystals were flash-cooled in liquid propane
inside the glove box (33) and stored in liquid
nitrogen. Data were collected from one such crys-
tal at the ID14 EH3 beam line of the European
Synchrotron Radiation Facility. Subsequent data
reduction was carried out using MOSFLM and
programs from the CCP4 suite (34). The structure
was solved by molecular replacement using X-Plor
(35) and the native PFOR atomic coordinates (PDB
accession code 1bOp) and subsequently refined
with the Crystallography and NMR System (CNS)
(36). rmsd, root mean square deviation.

Parameter Value
Data collection

Space group P 2,22,

Unit cell parameters (A) a = 86.1,
b = 1458,
c = 2103

Wavelength (A) 1.005

Resolution (A) 1.87

Redundancy (last bin) 36

Completeness (last bin) (%) 94.4 (97.3)

1/2(1) (last bin) 5.8 (1.4)

Ry (last bin) (%) 8.4 (29.3)

Refinement statistics

Resolution range (A) 30-1.87

No. of unique reflections 20,0561

Ryor/Risee (%) 18.3/23.8

No. of protein atoms 20,783

Average B-factor 317,272
(A2), molecule A, molecule B

No. of water molecules 1912

rmsd bond length (A) 0.0014

rmsd bond angle (°) 1.9

*R.... = 3l1= (172 11], where the summation is over all

sym
symmetry equivalent reflections.
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teins. Subsequently, free radical formation is
propagated through the enzyme by hydrogen
atom abstraction, either from the substrate or
from glycine or cysteine residues, resulting in
the corresponding glycyl or thiyl radicals
(16). In PFORs, radical generation results
from one electron abstraction, and the radical
species does not propagate through the en-
zyme. Relative to its tyrosinyl and glycyl
counterparts, the acetyl-ThDP radical, being
a reaction intermediate, should be intrinsical-
ly less stable. However, radical stability in
PFORs seems to be significantly increased by
the ThDP cofactor and the protein environ-
ment which shelters it from nonspecific reac-
tions. We conclude that PFORs have a radi-
cal-based mechanism that differs appreciably
from the others reported so far.

We have recently solved the structure of
the uncomplexed D. aftricanus PFOR at 2.3
A resolution using crystals grown at pH 6.2
(17). Here, we report on the 1.87 A-reso-
lution, active-site structure of this PFOR
solved from crystals soaked with pyruvate
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at pH 9.0 in an anaerobic glove box (Table
1) (18). Under these conditions, the sub-
strate gets decarboxylated, and a stable rad-
ical species is present in the crystalline
enzyme with an occupancy of about 1.6
spins for the PFOR dimer, as indicated by
EPR measurements (/8) (Fig. 1D). This
report on the structure of a putative cata-
lytic intermediate of a ThDP-containing en-
zyme describes one of the few cases where
a radical species has been characterized in a
protein crystal in general (19), and substan-
tial conformational changes are observed.
As expected, these active site changes are
the only significant differences between the
structure presented here and the native
PFOR. Superposition of the radical and
native forms into the electron density cal-
culated after crystallographic refinement
suggested that, as indicated by the EPR
analysis, a fraction of the PFOR molecules
had not reacted [Web fig. 1 (1/8)]. Indeed,
omit maps that were calculated to include a
20% native thiazolium contribution to

NO86

Fig. 3. (A) Stereo pair of the acetyl-ThDP moiety and the bound CO, molecule of PFOR and their
protein environment. (B) Stereo pair of the superposition of a part of the active site of PFOR in the
uncomplexed (green), and radical forms. The movements of the thiazole ring and the side chains
of Asn®% and Tyr®®* are concerted, and the S1 atom from the thiazole ring keeps its hydrogen bond
to Asn®%8 in the two conformations. Part (A) was prepared using Molscript (39) and Raster3d (40);

(B) was prepared with Turbo-Frodo (38).
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phases and structure factors show a very
good fit of the radical thiazole to the elec-
tron density (Fig. 2). The positions of the
bound ThDP acetyl and CO, groups are
indicated in Fig. 3A. The C2a atom of the
acetyl-ThDP lies about 3.1 A away from
the carbon atom of CO,, suggesting than
only minor rearrangements have occurred
upon cleavage of the substrate Cla-C2a
bond, as expected from the minimal-move-
ment, maximum-orbital overlap principle
(20). This unusual arrangement at the ac-
tive site with a tightly bound CO, would
also be required for an intermediate state in
the reverse reaction, that is, the synthesis of
pyruvate from acetyl-CoA and CO,.

The most surprising observation, howev-
er, is the drastic reduction of the aromaticity
of the substituted ThDP thiazole ring, a pro-
cess generally considered to be unfavorable
(21). This significant loss of aromaticity may
have resulted from the ketonization of either
the enamine intermediate (21), or the radical
species (Fig. 4). In our electron density maps,
the ring bends along a line connecting N3 to
CS, apparently because of the, at least partial,
sp> hybridization of these two atoms (Fig. 2,
A and B). In addition, the pyruvate-derived
group does not lie in the plane defined by S1,
C2, and C5, and the C2-C2a bond is unusu-
ally long (see below). The most consistent
proposition for the stereochemistry of thia-
zole in the radical species implies the tau-
tomerization of the double bond between C5
and C4 to a C4-C4a double bond, a change
that maintains the coplanarity of C4, N3,
C4a, and C5, as observed (Fig. 2, A and B).
This observation is important because it ex-
plains, at least in PFORs, the role of C4a, for
which no function could be assigned previ-
ously (21).

All the models of the radical adduct of
PFORs advanced so far have preserved the
full aromaticity of the thiazole ring (Fig. 1B)

(3, 12, 22-25), probably because a m-system

in the ring has been traditionally considered
essential for catalysis and even for cofactor
integrity (21). However, if, as is generally
accepted, the PFOR radical species corre-
sponds to a reaction intermediate, our crys-
tallographic results indicate that thiazole aro-
maticity is greatly reduced in this adduct and,
consequently, the delocalization of the un-
paired electron over this ring [the w-model
(23, 26)] is extremely unlikely. Alternative
models where the unpaired electron spin re-
sides mostly in either the oxygen atom or in
the C3a of the substrate-derived group (Fig.
1B) have been put forward based on EPR
experiments using either 3C-labeled (22, 23)
or 2H-labeled pyruvate (1/2) or other
2-oxoacid substrates (3). In this respect, we
observe that, for the two independent PFOR
molecules in the asymmetric unit, the C2a-
C2 bond, connecting the acetyl group to the
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Fig. 4. Postulated mecha-

nism of acetyl-CoA synthe- R
sis by PFOR. Only the thia-
zolium ring moiety of ThDP
is fully depicted (R and R’
as in Fig. 1, B and C). (A)
Deprotonated  carbanion /
species (see Fig. 1A). The

proton is putatively bound
to 4'-iminopyridimine (not
shown). (B) Pyruvate decar-
boxylation and hypotheti-
cal enamine formation; the e
CO, reaction product stays
in the active site. (C) One
electron transfer from the
active site to one of the
[4Fe4S] clusters. Hypothet- G4
ical n cation radical forma- “
tion. (D) Observed a/n cat-
ion radical with a long C2-
C2a bond (27) and a bent R
thiazole ring (Fig. 2). Note

that (i) ketonization of the
enamine (B) upon radical
formation (C) and (ii) tau-
tomerization of the C5-C4
double bond to a C4-C4a
double bond, in going from R
(B) to (C), are required to HCua |
explain the observed stereo- _N!
chemistry of the adduct. The 04 3}\ .
net result of these two rear- “5 ] /C
rangements is a significant f~—g
reduction in the aromaticity

of the thiazole ring. Because R
this process is generally con-
sidered to be unfavorable,

B Enamine

C n-type cation radical R

CH,COCO0

A Thiazolium carbanion

REPORTS

D o/n-type cation radical

E C-C fragmentation

CoASH

CH,
CoAS* «C 20
i <

F Thiyl radical Acetyl radical

CH,CO-SCoA

the protein environment is thought to play a key role in the stabilization of (C) and (D). The loss
of one electron from the active site and the bending of the thiazole ring are shown here as a
single step because we do not know the detailed sequence of events. (E) Hypothetical fragmented
C-C bond resulting in carbocation and acetyl radical species (28, 29). Upon fragmentation, the
aromaticity of the thiazole ring is thought to be restored (A), closing the cycle. (F) Acetyl-CoA
synthesis through condensation of a thiyl CoA radical with the acetyl radical. Although the reac-
tion is shown in the direction of acetyl-CoA synthesis, PFORs are capable of catalyzing the reverse

reaction.

thiazole ring, is refined to minimally re-
strained values of about 1.95 A (molecule A)
and 1.75 A, (molecule B), instead of the
expected distance of 1.54 A for a single C-C
bond. These long bonds are consistent with
the omit electron density map and the crys-
tallographically refined temperature factor
parameters (Table 1 and Fig. 2). The ob-
served C2a-C2 bonds are reminiscent of the
one-electron (long) bonds reported in cation
radicals of vicinally difunctional molecules
(27), a state intermediate in the fragmentation
of C-C bonds into a carbocation and a radical
species (28-30). Indeed, studies on the facile
one-electron electrochemical oxidation of
thiazole enamines strongly suggest that the
radical species detected in PFORs could be a
thiazolium cation radical. (37). If the ob-
served long bonds have o/n-type radical char-
acter (27), then the unpaired electron could
be formally located at either the thiazole C2
or the substrate-derived C2a (Figs. 1C and
4). Support for an acetyl radical such as

CH,-C =0 in PFORs comes from ENDOR
studies of the enzyme from Clostridium ther-
moaceticum (23) and its comparison with
EPR studies on a trapped acetyl radical (32)
[see (18) for a more elaborated discussion
concerning the radical].

Taken together, the EPR and ENDOR data,
the literature on long C-C bonds, and our own
crystallographic results indicate that the un-
paired electron is localized either at one or more
atoms from the acetyl moiety or, less likely, at
the C2 atom from the thiazole moiety but is
significantly not delocalized over the thiazole
ring. If an acetyl radical, or a related species, is
in fact an intermediate state in the reaction, and
given the description in hydrogenosomes of a
CoA thiyl radical (22) and the report for several
PFORSs of reduction of one [4Fe4S] cluster by
CoA, which could result in thiyl radical forma-
tion, (12, 25), the synthesis of acetyl-CoA by
PFOR could take place via the condensation of
an acetyl (PFOR-based) and a thyil (CoA-
based) radical species (12, 22). Radical chem-

istry in an anaerobic, ancient enzyme (3) would
not be unexpected. Furthermore, it would high-
light the versatility of ThDP as a cofactor ca-
pable of performing in aerobic, as well as an-
aerobic, environments through apparently dif-
ferent reaction mechanisms. Finally, our results
indicate that the widespread description of the
PFOR radical as an hydroxyethyl thiamine spe-
cies is inappropriate and that an acetyl thiamine
radical description, as the one used here, is the
correct one.
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KLF6, a Candidate Tumor
Suppressor Gene Mutated in
Prostate Cancer
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Kruppel-like factor 6 (KLF6) is a zinc finger transcription factor of unknown
function. Here, we show that the KLF6 gene is mutated in a subset of human
prostate cancer. Loss-of-heterozygosity analysis revealed that one KLF6 allele
is deleted in 77% (17 of 22) of primary prostate tumors. Sequence analysis of
the retained KLF6 allele revealed mutations in 71% of these tumors. Functional
studies confirm that whereas wild-type KLF6 up-regulates p21 (WAF1/CIP1) in
a p53-independent manner and significantly reduces cell proliferation, tumor-
derived KLF6 mutants do not. Our data suggest that KLF6 is a tumor suppressor
gene involved in human prostate cancer.

Prostate cancer is a leading cause of cancer
death in men, with more than 198,000 new
cases and 32,000 deaths annually in the
United States alone. Loss of heterozygosity
(LOH) analyses of sporadic prostate can-
cers and linkage studies of familial prostate
cancer have provided strong evidence for
the existence of prostate cancer—suscepti-
bility genes (/). Although a number of
tumor suppressor genes, including the reti-
noblastoma susceptibility gene (RBI), the
putative protein tyrosine phosphatase gene
(PTEN), and p53, have been implicated in
prostate cancer, no single gene has yet been
identified which is responsible for the ma-
jority of cases (2).

KLF6 (Zf9/CPBP) (GenBank accession
number AF001461) is a ubiquitously ex-
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pressed Kruppel-like transcription factor
whose in vivo role has not been fully clarified
(3-5). KLF6 contains a proline- and serine-
rich NH,-terminal activation domain, and
like other Kruppel-like factors, three COOH-
terminal C2H2 zinc fingers. KLF6 directly
interacts with DNA through a GC box pro-
moter element (3). Putative transcriptional
targets of KLF6 include the genes encoding a
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placental glycoprotein (4), collagen a1(I) (3),
transforming growth factor B1 (TGFBI),
types I and II TGFP receptors (6), urokinase
type plasminogen activator (uPA) (7), and the
human immunodeficiency virus long terminal
repeat (HIV-1 LTR) (5).

The KLF6 gene maps to human chromo-
some 10p, a region deleted in ~55% of spo-
radic prostate adenocarcinomas (8, 9). Given
the role of Kruppel-like factors in the regu-
lation of many cellular processes that include
differentiation and development (0), we ex-
amined primary prostate tumor samples for
specific LOH of the KLF6 gene. Microsatel-
lite markers flanking KLF6 were analyzed in
paired normal prostate tissue and in well to
poorly differentiated prostate tumor speci-
mens from 22 patients (/1, 12). Of the 22
samples analyzed, 17 (77%) displayed LOH
of the KLF6 locus (Fig. 1A). To define the
minimal region of loss, we designed two
microsatellite  markers, KLF6MI and
KLF6M2, which flank the KLF6 gene by
~42 kb and ~12 kb, respectively (12). Tu-
mor DNA from patients 9 and 10 showed loss
of only the tightly flanking KLF6MI and
KLF6M2 microsatellite markers, whereas
that from patients 14 and 21 demonstrated
loss of only KLF6M1 (Fig. 1A). Representa-
tive fluorescent electropherograms for micro-
dissected tumor samples with loss of
KLF6M1 are shown in Fig. 1B.

Fig. 1. LOH at the KLF6
locus in human pros-
tate tumors. (A) Sum-
mary of LOH patterns
of 22 prostate tumors.
Retained microsatellite
markers are indicated
in white, markers dem-
onstrating allelic loss in
black, and noninforma-
tive markers in gray. A
hatched circle indicates
DNA that could not be
amplified. Patient data
was grouped according

Patient No.

Normal (N)

Tumor (T)

to degree of LOH. Ge-
netic map is not drawn
to scale. (B) Representa-
tive fluorescent electro-
pherograms for micro-
satellite marker KLF6M1
for patients with LOH. A
Xion score of less than

Xion 0.52 Total loss

0.55 0.49

0.7 was used for deter-
mination of LOH (72).
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