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ABSTRACT

INTERACTION OF S-ADENOSYLMETHIONINE WITH
THE IRON-SULFUR CLUSTER OF
PYRUVATE FORMATE-LYASE ACTIVATING ENZYME

By

Wei Hong

Pyruvate formate-lyase activating enzyme (PFL-AE) is a member of a growing
family of enzymes that utilize [4Fe-4S] clusters and S-adenosylmethionine (AdoMet) to
generate catalytically essential radicals. PFL-AE generates a glycyl radical on pyruvate
formate-lyase (PFL), and converts AdoMet stoichiometrically to methionine and 5’-
deoxyadenosine. An AdoMet-derived adenosyl radical has been implicated as the
intermediate responsible for abstraction of the pro-S hydrogen atom of PFL Gly734. In
order to probe the mechanism by which the Fe-S cluster interacts with AdoMet to
generate the adenosyl radical intermediate, the methyl group of AdoMet was labeled with
?H and "°C, and the sulfonium sulfur was replaced by selenium. Investigations of the
interaction between AdoMet and the Fe-S cluster of PFL-AE were carried out with the
isotopically labeled AdoMet and Se-AdoMet, using a variety of spectroscopic methods.
A close association of the PFL-AE [4Fe-4S] cluster with AdoMet has been demonstrated
for the first time by using 2H and 13C ENDOR spectroscopy. Our results suggest that

the Fe-S cluster of PFL-AE is directly involved in generating the putative adenosyl

radical from AdoMet.
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CHAPTER1I

INTRODUCTION

11 Pyruvate formate-lyase

Pyruvate formate-lyase (acetyl-CoA:formate C-acetyltransferase, EC 2.3.1.54;
PFL) catalyzes the first committed step in anaerobic glucose metabolism in Escherichia
coli (E. coli) cells, the conversion of pyruvate and coenzyme A (CoA) to formate and

acetyl-CoA (Scheme 1.1) (1-3). Knappe et al. identified PFL as the first enzyme known

o

o’ PFL 2 2
HiC + HSCoA ——— )l\ + M
H 0 CoAS CH

o

3

Scheme I.1  PFL catalyzed interconversion of pyruvate and CoA to

acetyl-CoA and formate

to contain a stable glycyl radical. The catalytically essential radical of PFL was shown to
be located on the a-carbon of glycine 734 through isotopic labeling, EPR spectroscopy,
and analysis of the products of oxygenolytic cleavage of the activated PFL (4). The
glycyl radical (Scheme 1.2) is stable in the absence of dioxygen, and its stability can be
i
NNerNy
C N
e
o H

Scheme 1.2 Structure of the glycyl radical in PFL






attributed to the summation of the effects of resonance electron withdrawal by the glycyl-

carbonyl group and resonance electron donation by the adjacent amide nitrogen through
its lone electron pair. Gly734 does not directly participate in catalysis, but rather serves
as the source of an unpaired electron that can be relayed to the active site in the form of a
cysteinyl-thiyl radical, which is directly involved in homolytic cleavage of the pyruvate
C-C bond (5, 6). Based on steric relationships among the amino acid residues, the
Gly734 radical was proposed to abstract a hydrogen atom from Cys419, and the Cys419
thiyl radical in turn relays the radical center to Cys418, which is in the pyruvate binding
site (7).

PFL from E. coli is a homodimeric protein of 170 kDa. The enzyme can exist in
an active form (PFL,), which contains one glycyl radical per dimer, and an inactive form
(PFL)) in which the glycyl radical is reduced (1). The catalytically essential glycyl
radical of PFL is post-translationally generated under anaerobic conditions by the
stereospecific abstraction of the pro-S hydrogen atom of the Gly734 methylene group (8).
The interconversion of PFL between its inactive and active forms requires the pyruvate
formate-lyase activating enzyme (PFL-AE), S-adenosyl-L-methionine (AdoMet),
flavodoxin, and flavodoxin reductase (Scheme 1.3) (1). In addition, a “deactivase”, a
regulatory component of the PFL system, reduces the glycyl radical of PFL to glycine,

preventing its destruction by O, (9, 10).



5-deoxyadenosine
+
methionine

A
PFL, PFL-AE

Glye 2
(ﬂavodoxin reductase)

NADPH

NAD*

PFL; PFL-AE
NADH

GlyH [4Fe-4S)"*

S-adenosyl-L-methionine

Scheme 1.3  The activation / deactivation of PFL by generation or quenching of the

glycyl radical on PFL.

1.2 Pyruvate formate-lyase activating enzyme

Pyruvate formate-lyase activating enzyme (PFL-AE) generates the glycyl radical
at G734 on PFL. PFL-AE requires S-adenosylmethionine (AdoMet) as a co-substrate in
the radical generation, subsequently cleaving it to methionine and 5’-deoxyadenosine (5’-
dAdo) (Scheme 1.4) (2). The hydrogen atom abstracted from Gly734 of PFL has been
shown to be incorporated into the 5’-dAdo product by isotopic labeling, suggesting that
the role of AdoMet is to produce an adenosyl radical intermediate as the immediate
hydrogen atom abstractor. By using an octapeptide analogous to the Gly734 site of PFL,
but with a dehydroalanyl residue in the glycyl position, Wagner et al. have trapped the

adenosyl radical intermediate by C-adenosylation of the dehydroalanyl residue (11).
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Scheme 1.4  AdoMet-dependent PFL glycyl radical generation by PFL-AE

PFL-AE was initially isolated bically from non-o ing E.coli cells

and found to be a 28 kDa monomer with a broad absorbance from 310 to 550 nm
suggesting the presence of a covalently bound cofactor (1). The catalytic activity of PFL-

TP PR PAEc)

AE was shown to be comp y dep on the p of exog iron in the

assay, which was the first indication of the role of iron in glycyl radical generation. The
first over-expression of PFL-AE in E. coli was reported by Kozarich et al. (12), but
solubility problems made it necessary to purify and then refold the denatured protein.
The refolded protein was able to bind stoichiometric quantities of Fe as well as other
divalent metals such as Cu(II) and Co(II), but it was found to have enzymatic activity
only in the presence of Fe(Il) and DTT. A cysteinal coordination sphere for the iron
center of PFL-AE was suggested because thiophilic metals such as Cu(II), Zn(II), Hg(I)
and Cd(II) were found to be inhibitors of PFL-AE activity.

The first isolation of PFL-AE in its native state under strictly anaerobic conditions
and identification of the presence of an iron-sulfur cluster in PFL-AE were achieved by

Broderick et al. (13, 14). PFL-AE with an intact Fe-S cluster has been purified and a






high specific activity (95 U/mg in the absence of added iron) was obtained for PFL-AE

containing 2.65 Fe per protein. When purified under anaerobic conditions in the absence
of DTT, PFL-AE was shown to contain primarily a [3Fe-4S]" cluster by a combination of
UV-visible, EPR and resonance Raman spectroscopic methods (14). A complete
description of the states of the cluster present in the enzyme was provided by Mossbauer
spectroscopy (15). The major component was confirmed to be the cuboidal [3Fe-4S]*
cluster, accounting for 66 % of the total iron. Minor contributions from [2Fe-2S]** (12 %
of the total Fe), [4Fe-4S]2+ (8 % of the total Fe) and linear [3Fe-4S]* (~10 % of the total
Fe) were also found in the Mdssbauer spectrum of as isolated PFL-AE. When PFL-AE
was anaerobically reduced with dithionite, complete conversion of all cluster types to
[4Fe-4S]1>*"* clusters was observed by Mossbauer spectroscopy.

The above work has clearly demonstrated that the Fe-S cluster of PFL-AE is
required for enzymatic activity, and that no ferrous iron is required for activity when an
intact cluster is present. Among the mixture of Fe-S clusters present in PFL-AE, the
[4Fe-4S] cluster was considered to be the catalytically relevant cluster, as PFL-AE
activity is observed in vitro only under anaerobic reducing conditions (1). A definite
assignment of the [4Fe-4S]l+ of PFL-AE as the catalytically active cluster was achieved
in a “single turnover” experiment (16). Deazariboflavin-mediated photoreduction
afforded quantitative reduction of PFL-AE to the [4Fe-4S]1+ state. After the excess
reductant was removed by placing the sample in the dark, either AdoMet alone, or
AdoMet plus PFL (equimolar to PFL-AE) was added to the reduced PFL-AE. Spin
quantitation of the resulting EPR spectra, taken as a function of illumination time, show a

1:1 correspondence between the amount of PFL glycyl radical generated and the amount



of [4Fe-4S)'* cluster present in the PFL-AE prior to addition of PFL. The [4Fe-4S]'* was

converted to an EPR silent state concomitant with glycyl radical formation, and
preliminary data suggest that the final cluster state is [4Fe-4S)**. This is the first direct
quantitative spectroscopic evidence that the [4Fe-4S]"* of PFL-AE is the catalytically
relevant cluster, and this cluster provides the electron necessary for AdoMet-dependent
glycyl radical generation.

Site-directed mutagenesis studies have identified Cys29, Cys33, Cys36 as cluster
ligands in PFL-AE (17). In general, a similar cluster-binding motif comprised of only
three cysteines (CXXXCXXC) is common to all of the Fe-S/AdoMet-dependent enzymes
for which the gene sequence is known (18-23). Considering that the [4Fe-4S] cluster of
PFL-AE is the catalytically relevant cluster, the fourth ligand to the [4Fe-4S] cluster is
presumably non-cysteine, therefore, resulting in a unique iron site, which may be

important in binding / interacting with AdoMet.

13 Adenosylmethionine-dependent iron-sulfur enzymes

Iron-sulfur clusters are widespread in biological systems and participate in a
broad range of functions (24-28), including electron transport, mediating redox catalysis,
and non-redox catalysis. Aconitase is one of the most thoroughly studied enzymes that
mediate non-redox catalysis, in which a [4Fe-4S]2+ cluster serves as a Lewis acid to
catalyze the interconversion between citrate and isocitrate (29). Fe-S clusters also play
roles in regulation of gene expression, for example in the iron-responsive protein (IRP)
(30), fumarate-nitrate reduction protein (FNR) (31), and SoxR (32) responding to

changes in levels of iron, oxygen, and superoxide respectively.






A new role for Fe-S clusters has emerged in recent years as a number of enzymes

have been identified that utilize Fe-S clusters and AdoMet to initiate radical catalysis.
This Fe-S cluster-mediated radical catalysis includes the generation of catalytically
essential glycyl radicals (4, 13, 33, 34), the generation of substrate radical intermediates
(35), cofactor biosynthesis (36-39), and repair of DNA damage (40). Amazingly, a novel
protein superfamily of more than 600 related enzymes that involve AdoMet-derived
radical biochemistry has very recently been discovered by iterative profile searches and
analyzed with bioinformatics and information visualization methods (41). This radical
SAM superfamily, as named by Sofia et al., has highly diverse functions in biochemical
pathways and reflects an ancient conserved mechanistic approach to difficult chemistries.
The following is a brief introduction of some defining members of the superfamily,
besides PFL-AE, that are being investigated in various laboratories.
The reduction of ribonucleotides into deoxyrebonucleotides is catalyzed by

ribonucleotide reductases (RNRs) in order to supply DNA precursors to cells (42-45).

All known RNRs fall into four distinct classes according to their metal cofactor, but all
use a protein radical to activate the ribonucleotide substrate (45). Class III RNRs are
utilized under anaerobic conditions by certain microbes, and are similar to PFL / PFL-AE
in that they have a glycyl radical and are AdoMet dependent. The anaerobic RNR

(aRNR) from E.coli was originally purified in an inactive dimeric a, form. In its active

form, a glycyl radical is generated by an activating enzyme, the 3 protein, which contains
an Fe-S cluster (46-49). Evidence has suggested that the [4Fe-4S]'* cluster of aRNR-AE

is catalytically relevant (34).



The activating enzyme of benzylsuccinate synthase is another probable member

of the Fe-S / AdoMet enzyme groups, which was found to have a high degree of
sequence homology with both PFL-AE and aRNR-AE, especially in the region of the
cluster-binding site (50). Benzylsuccinate synthase catalyzes the first step in anaerobic
degradation of toluene, the addition of the toluene methyl carbon to the double bond of
fumarate to form benzylsuccinate (Scheme 1.5) through a glycyl radical mechanism (51).
The sequence of benzylsuccinate synthase is significantly similar to that of PFL and

aRNR, with a highly conserved region around the glycyl radical site and an active-site

cysteine.
HOOC
CH;,
HOOC COOH
COOH
Toluene Fumarate Benzylsuccinate

Scheme 1.5  Reaction catalyzed by benzylsuccinate synthase activating enzyme

Lysine 2,3-aminomutase (LAM) from Clostridiumsubterminale SB4 catalyzes the
interconversion between L-lysine and L-f-lysine (Scheme 1.6). The reaction catalyzed by
LAM is analogous to those that are catalyzed by adenosylcobalamin-dependent
aminomutases, as well as other adenosylcobalamin isomerases. However, LAM
reactivity does not depend on adenosylcobalamin, but instead requires AdoMet, a Fe-S

cluster, and pyridoxal 5’-phosphate (PLP) (52-54). The [4Fe-4S]l+ cluster generated in



COO’

7
%,

H

L-lysine L-flysine

Scheme 1.6  The interconversion between L-lysine and L-f-lysine

catalyzed by lysine 2,3-aminomutase

the presence of AdoMet has been demonstrated to be the catalytically active species of
the enzyme that is directly involved in the generation of a substrate radical intermediate
(35). By using the cofactor analog S-3’,4’-anhydroadenosyl-L-methionine, Magnusson et
al. have recently provided the first spectroscopic evidence for an analog of the adenosyl
radical intermediate in the Fe-S / AdoMet enzymes (55, 56).

The biosynthesis of biotin from dethiobiotin (Scheme 1.7) is catalyzed by the
enzyme biotin synthase (BioB, the bioB gene product) with the absolute requirement of
AdoMet as a co-substrate and the presence of an Fe-S cluster (37, 57). Isotopic labeling
studies have demonstrated that the Fe-S cluster is actually the sulfur donor (37), and an
AdoMet-derived deoxyadenosyl radical is involved in the cleavage of the C-H bonds of

dethiobiotin (58).

0] 0o (0]
HNJ\NH /L — HN/u\NH

HN™ “NH
HSMCOOH Mecw z_ﬁ/\/\/coou

SX S

Dethiobiotin Thiol intermediate Biotin

Scheme 1.7  Biosynthesis of biotin from dethiobiotin catalyzed by biotin synthase






The lipA gene product lipoate synthase (LipA) has been found to be involved in
the biosynthesis of lipoate (59-61) by catalyzing the insertion of either one (59) or both
(21, 61) of the sulfur atoms into the backbone of octanoic acid to produce lipoic acid
(Scheme 1.8). LipA has also been shown to contain an Fe-S cluster(38), and the [4Fe-

481" cluster form of LipA appears to be the active enzyme state (62).

S—S

OH
— ——
o

O
Octanoic Acid Lipoic acid

Scheme 1.8 Reaction catalyzed by lipoate synthase (LipA)

Spore photoproduct lyase, an enzyme responsible for repairing DNA damage, has
recently been found to contain an Fe-S cluster (40). This enzyme has substantial
sequence homology to the Fe-S cluster binding regions of both aRNR-AE and PFL-AE
from E.coli (22, 63), and its in vitro activity is dependent upon reducing conditions and

the addition of AdoMet as cofactor (40).

L4 S-adenosylmethionine and the Fe-S cluster of PFL-AE in radical generation
Despite the differences in cluster properties for the AdoMet-dependent Fe-S
enzymes, evidence has pointed to a common mechanism involving an adenosyl radical
intermediate. The only other known source for 5’-deoxyadenosyl radical intermediates in
biology is adenosylcobalamin, an essential cofactor for numerous radical-mediated
rearrangements as well as ribonucleotide reduction in certain organisms (45, 64, 65). In
adenosylcobalamin, the adenosyl radical intermediate is reversibly generated by

homolytic cleavage of the weak Co-C bond. How the same radical intermediate can be

10






generated from the much simpler cofactor, AdoMet, through an interaction with an Fe-S

cluster is an intriguing mechanistic question. It has been shown for LAM (35), PFL-AE
(16), and aRNR-AE (34) that the [4Fe-4S]'* is the cluster that interacts with AdoMet to
initiate radical chemistry, and one-electron oxidation of the cluster appears to accompany
radical generation (16, 35). Based on this information, a general mechanistic framework
for the adenosyl radical generation in PFL-AE, as well as these related enzymes is
proposed (Scheme 1.9). In this scheme, the unidentified ligand to the labile iron site is
denoted as “X”. This ligand is likely to be an exogenous ligand in the resting enzyme or
in the environment, such as H;O, but may be displaced by AdoMet in its catalytically
relevant state (Step 1). The presence of AdoMet has been shown to dramatically affect
the EPR signal of the PFL-AE [4Fe-4S]'* (15, 16), suggesting the possibility of a direct
interaction between AdoMet and Fe-S cluster of PFL-AE, though the nature of the
enzyme-AdoMet complex is not clear. This direct interaction could occur through either
the iron or the sulfides of the cluster, and could involve the sulfonium, 5’-carbon,
hydroxyls, or amino and carboxylate functionalities of AdoMet. In the central and most
intriguing mechanistic step, the reduced cluster donates an electron to convert AdoMet to
methionine and 5’-deoxyadenosyl radical intermediate (Step 2). Label-transfer from the
glycine residue of PFL to 5’-dAdo product has provided indirect evidence for an
adenosyl radical intermediate (8), but direct spectroscopic evidence for the existence of
the adenosyl radical intermediate is not available due to the instability of this radical
intermediate. An allylic analog of the 5’-deoxyadenosyl radical has been detected in the
LAM catalyzed reaction (55, 56). The adenosyl radical intermediate then abstracts a

hydrogen atom from PFL Gly734 to generate 5’-dAdo and the glycyl radical (Step 3).
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PFL-AE consumes one AdoMet per turnover, and therefore, after release of methionine

of 5’-dAdo, an external reductant is necessary to reduce the [4Fe-4S]** to the [4Fe-4S]"*
cluster, enabling further turnover. In vivo, the source of reductant is flavodoxin /

flavodoxin reductase (1).
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Scheme 1.9  General mechanism for radical generation in PFL-AE
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The key question regarding the mechanism by which the Fe-S cluster interacts

with adenosylmethionine to generate an adenosyl radical intermediate remains to be
answered. As the sulfur-5’-deoxyadenosyl carbon bond is reductively cleaved during the
radical generation, the sulfonium center of AdoMet is likely to be positioned close to the
Fe-S cluster. In the work described here, the putative interaction between AdoMet and
the Fe-S cluster was probed. The sulfonium center of AdoMet was synthetically
modified, and used along with a variety of spectroscopic methods to investigate the
interaction between AdoMet and the Fe-S cluster of PFL-AE. Specifically, the methyl
group of AdoMet was labeled with 2H and '*C, and the sulfur was replaced by selenium
to take advantage of the natural abundance of "Se (7.50 %). All of these nuclei have
non-zero nuclear spins, and therefore, are effective probes in spectroscopic studies, such
as electron paramagnetic resonance (EPR) and electron nuclear double resonance
(ENDOR) spectroscopy, to demonstrate the possible interaction between AdoMet and the

Fe-S cluster of PFL-AE.
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CHAPTER 11

OVEREXPRESSION AND CHARACTERIZATION
OF PYRUVATE FORMATE-LYASE AND
PYRUVATE FORMATE-LYASE ACTIVATING ENZYME

II.1  Introduction

Pyruvate formate-lyase (PFL) plays a central role in anaerobic glucose
fermentation, catalyzing the reversible conversion of pyruvate and coenzyme A (CoA) to
acetyl-CoA and formate (Scheme I.1). The catalytic activity of PFL is regulated at both
the transcriptional and post-translational levels (66, 67). Under aerobic conditions, PFL is
expressed constitutively but is inactive; conversion of the inactive form to the active form
occurs post-translationally upon a shift to anaerobic conditions, and is catalyzed by the
pyruvate formate-lyase activating enzyme (PFL-AE) (Scheme 1.4), which requires S-
adenosylmethionine and flavodoxin as cosubstrates. Pyruvate or oxamate is also required
as an allosteric effector for PFL activation (66-68). The inactive form of PFL has an o,
oligomeric structure (2x85 kDa) and contains no cofactor (2). The active form of PFL
contains a stable glycyl radical located at residue 734 (4). During the PFL activation
reaction, the glycyl radical is formed by abstraction of the pro-S hydrogen atom of G734
of PFL, and AdoMet is converted stoichiometrically to methionine and 5’-
deoxyadenosine (5’-dAdo) (2, 8).

PFL-AE was first isolated by Knappe et al. from non-overexpressing E. coli cells
(2). The E. coli cells were grown anaerobically, but the enzyme was purified aerobically

and shown to be a 28 kDa monomer. A broad absorbance from 310 to 550 nm suggested
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the presence of a covalently bound chromaphore. The enzymatic activity was shown to

be completely dependent on the presence of exogenous iron in the assay.

The first over-expression of PFL-AE in E. coli was reported by Wong et al. (12).
The majority of the overexpressed protein, however, was found in the form of insoluble
inclusion bodies. PFL-AE was purified from these inclusion bodies by denaturation in
guanidine-HCI, followed by gel-filtration chromatography and refolding under anaerobic
conditions. Fe(II) was not required for refolding but could be included with a
stoichiometry of approximately 1:1, and was again an absolute requirement for activation
of PFL. The apo-enzyme could also be reconstituted with various divalent metals,
although none of these metal-substituted proteins showed activity in the absence of added
iron. Thiophilic metals such as Cu(II), Zn(II), Hg(II) and Cd(II) were found to be
inhibitors of PFL-AE activity, which was consistent with the proposal that cysteines are
the metal ligands.

The ability to isolate large quantities of native PFL-AE, without resorting to
denaturation and artificial reconstitution, is critical to understanding the nature of the iron
center in PFL-AE and its role in radical generation. The first isolation of PFL-AE in its
native state under strictly anaerobic conditions and identification of the presence of an
iron-sulfur cluster in PFL-AE were achieved by Broderick et al. (13, 14). When purified
under anaerobic conditions in the absence of DTT, PFL-AE was shown to contain
primarily a [3Fe-4S]" cluster by a combination of UV-visible, EPR and resonance Raman
spectroscopic methods (14). A complete description of the states of the cluster present in
the enzyme was provided by Mdssbauer spectroscopy (15), a method that can detect and

quantify all iron species in the samples. Detailed analysis of the Mdssbauer data
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indicates a mixture of Fe-S clusters with the cuboidal [3Fe-4S]" cluster as the primary

cluster form, accounting for 66 % of the total iron. Also present are [2Fe-2S]1** (12 % of
the total Fe), [4Fe:-4S]2+ (8 % of the total Fe) and linear [3Fe-4S]* (~10 % of the total Fe).
The isolated native enzyme has nearly a full complement of Fe-S cluster with
approximately 3 irons and 3 sulfides per protein molecule. It exhibits a high specific
activity (95 U/mg) in the absence of added iron, while the apo-enzyme exhibits no such
activity, indicating the cluster present in native enzyme is essential and sufficient for
enzymatic activity.

In the dithionite-reduced form of PFL-AE, all cluster types were converted into
the [4Fe-4S] form (15). By analogy to aconitase (69), the [4Fe-4S] cluster was expected
to be the catalytically relevant cluster, which is generated under the reducing conditions
present in the activity assay. Recently, Henshaw et al. have demonstrated that the [4Fe-
4S]" is the catalytically active cluster of PFL-AE and that it donates the electron required
for reductive cleavage of AdoMet (16). The purification of PFL-AE containing primarily
[3Fe-4S]" clusters implies a labile fourth iron site, and is consistent with the observation
that only three cysteines have been implicated in cluster coordination (17). These three
cysteines exist in a CX3CX,C motif that is common to all of the AdoMet dependent Fe-S
enzymes for which a sequence has been determined (18-23). The identity of the fourth
ligand to the [4Fe-4S] cluster‘in PFL-AE and these related enzymes is currently
unknown. By analogy to aconitase, in which substrate coordinates to the unique iron site
(70-72), and solvent binds in the absence of substrate or product (70), it is reasonable to
propose that exogenous ligands such as water or substrate may bind to the unique labile

iron site in PFL-AE.
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Currently, PFL-AE is purified under anaerobic reducing conditions in the

presence of DTT to yield essentially EPR-silent clusters, presumably in the [4Fe-4S]**
state, which can be readily reduced to [4Fe-4S] I+ _ the cluster that is responsible for

providing the electron necessary for AdoMet dependent glycyl radical generation on PFL.

I1.2  Experimental methods
[.2.1 Materials

The plasmids pMG-AE and pKK-PFL were obtained as a generous gift from John
Kozarich (Merck). The Escherichia coli BL21(DE3)pLysS strain and pCAL-n-EK
expression vector were obtained from Stratagene. 5-Deazariboflavin was previously
synthesized in our laboratory according to published procedures (73-75), and
characterized using NMR and TLC. All other chemicals were obtained commercially

and used as received.

I1.2.2 Growth and expression of PFL

pKK-PFL was used to transform BL21(DE3)pLysS. A single colony of
transformed cells was used to inoculate 50 mL LB media containing 50 4g/mL ampicillin
(LB/Amp). This culture was grown for 16 h to saturation and then used to inoculate
LB/Amp in a 9 L bench-top fermentor (New Brunswick). The 9 L culture was grown at
37 °C with continuous air purge and vigorous agitation to early log phase (ODggo ~ 0.6-

0.8), and then induced by addition of isopropyl-4-D-thiogalactopyranoside (IPTG) to
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1 mM. The culture was grown for 2 more hours before harvesting by centrifugation at

10,816 x g (8,000 rpm, Sorvall GS3 rotor). The supernatant was decanted and the cells

stored at -80 °C.

I1.2.3 Purification of PFL

PFL was purified from the BL21(DE3)pLysS/pKK-PFL cells. Cell paste
(typically approximately 10 g) was suspended in enzymatic lysis buffer (5 mL per gram
of cell paste) containing 20 mM Hepes, pH 7.2, 1 % (w/v) Triton X-100, 5 % (w/v)
glycerol, 10 mM MgCl,, 8 mg lysozyme, 1 mM PMSF, and trace amounts
(approximately 0.1 mg each) RNase A and DNase I. The suspension was agitated and
then incubated at ambient temperature for 1 hour. The lysed cells were centrifuged at
26,892 x g (15,000 rpm, SS34) for 20 min at 4°C. The crude extract (typically
approximately 50 mL) was decanted and loaded onto an Accell Plus QMA Anion
Exchange column (Quaternary Methylamine, 300 A, Waters Corp., 5 X 30 cm)
equilibrated with Buffer A (20 mM Hepes, pH 7.2, 1 mM DTT). The column was
washed with 300 mL of the same buffer prior to running a gradient from Buffer A to
Buffer B (20 mM Hepes, pH 7.2, 500 mM NaCl, 1 mM DTT) over 900 mL. PFL eluted
at approximately 240 mM NaCl. Fractions containing > 75 % pure PFL (as judged by
SDS-PAGE on a 5 % - 14 % Tris-HCI gel) were combined, flash frozen and stored at
-80 °C. Another 50 mL of crude extract was run through the same procedure, and the
> 75 % pure fractions from both runs were combined, dialyzed against Buffer C (40 mM
Hepes, pH 7.2, 1 M ammonium sulfate, ] mM DTT), and centrifuged to remove

precipitated protein. The supernatant was loaded onto a Phenyl-Sepharose column
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(Pharmacia 16/10) equilibrated with Buffer C. The column was washed with 50 mL of

Buffer C prior to running a gradient from Buffer C to Buffer A over 50 mL, followed by
a wash with 50 mL of Buffer A. PFL was eluted through the last half of the gradient.
Fractions containing > 95 % pure PFL (as judged by SDS-PAGE) were combined,

dialyzed against Buffer A, concentrated, flash-frozen and stored at —80 °C.

I1.2.4 Growth and expression of PFL-AE

A single colony of transformed BL21(DE3)pLysS/pCAL-n-AE3 was used to
inoculate 50 mL LB/Amp. This culture was grown for 16 h to saturation at 37 °C and
then used to inoculate 9 L of defined MOPS medium based on one previously described
(76). The media was modified to include (per 9 L) 75.6 g MOPS, 99 g casamino acid,
7.2 g tricine, 26.3 g NaCl, 14.4 g KOH, 4.6 g NH4Cl, 200 mL of 20 % glucose, 20 mL of
“O” solution, 20 mL of 1 M KH,PO,, 10 mL of 276 mM K,SO4, and SO mL of 0.1 M
CaCl,, The “O” solution consists of 0.1 g FeCl,-4H,0 in 10 mL concentrated HCI, 1 mL
of “T” solution which includes 8 mL concentrated HCl, 18.4 mg of CaCl,-2H,0, 64 mg
H3BO;, 40 mg MnCl,-4H,0, 18 mg CoCl,-6H,0, 4 mg CuCl,-2H,0, 340 mg ZnCl,, 605
mg Na,MoQ,-2H,0, and 2.68 g MgCl,-6H,0. Ampicillin (9 mL of 50 mg/mL) and 10
mg each of riboflavin, thioctic acid, vitamin B12, niacinamide, pantothenic acid,
piridoxine and folic acid were added to the 9 L culture right before the inoculation. The
9 L culture was grown at 37 °C in a bench-top fermentor (New Brunswick) with a
continuous air purge and vigorous agitation to early log phase (ODgg ~0.5), and then
induced by addition of IPTG to 1 mM. At this time the medium was supplemented with

750 mg Fe(NH4)2(SO4),. The culture was allowed to grow for an additional 2 h, purging
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with air before cooling down and purging with nitrogen for 20 min. The medium was
then supplemented with another 750 mg Fe(NH,),(SO,),. When the temperature was
reduced to 20 °C, the culture was incubated for 14-17 hours at 4 °C under argon. The
cells were harvested by centrifugation at 10,816 X g (8,000 rpm, GS3) under anaerobic
conditions. The harvested cells were stored under nitrogen at -80°C until used for

purification.

I1.2.5 Purification of PFL-AE

PFL-AE was purified from E.coli BL21(DE3)pLysS transformed with pCAL-n-
AE3, prepared as described above. All steps in the purification were performed in a
single day under strictly anaerobic conditions in a Coy anaerobic chamber (Coy
Laboratories, Grass Lake, MI) at ambient temperature except where noted. Solutions and
buffers used in the purification were thoroughly degassed or purged with nitrogen prior to
bringing them into the Coy chamber. Cell paste was suspended in enzymatic lysis buffer
(2 mL per gram of cells) containing 50 mM Tris-sulfate, pH 7.5, 200 mM NaCl, 1 %
Triton X-100, 5 % glycerol, 10 mM MgCl,, | mM DTT, 8 mg lysozyme, 1| mM PMSF
and trace amounts (approximately 0.1 mg each) of RNase A and DNase I. The
suspension was agitated with a 10 mL syringe and then incubated at ambient temperature
for 1 h. The suspension was centrifuged at 38,724 x g (18,000 rpm, SS34) for 30 min at
4 °C. The extract was decanted and used directly in purification. Up to 30 mL of the
crude extract was loaded onto a Sephacryl S-200 HR column (5 x 60 cm) equilibrated
with 50 mM Hepes, pH 7.5, 200 mM NaCl, 1 mM DTT. The protein was eluted with this

same buffer at 3 mL/min. PFL-AE eluted from the column in a relatively sharp peak at
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approximately 680 mL after injection. The fractions that had fairly dark red/brown color

were pooled and concentrated down to less than 10mL using an Amicon concentrator
with YM 10 filter membranes. Another aliquot of crude extract was run through the same
procedure. Fractions pooled from both runs were combined, concentrated to less than 20
mL, and re-run on the same column as above. The final fractions were checked by the
ratio of UV absorbance at 426 nm and 280 nm. Fractions that have the highest ratio
(greater than 0.15, but fractions with a blue-shifted 280 nm peak, indicating nucleic acid
contaminants, were avoided) were pooled, concentrated, flash-frozen, and stored at

-80 °C.

I1.2.6 Protein assays

Routine determinations of protein concentrations were done by the method of
Bradford (77), using a kit purchased from Bio-Rad, and bovine serum albumin as a
standard. Calibration of the results from the Bradford assays of PFL-AE was obtained by
amino acid hydrolysis of the purified enzymes, performed at the MCB Core Facility,
University of Massachusetts, Amherst. Actual protein concentrations could then be

determined by applying a correction factor of 0.65 to the Bradford assays.

11.2.7 Iron assays

Iron assays were carried out by using the method of Beinert (78).

I1.2.8 Sulfide assays
Sulfide assays were carried out with a modification of the method of Beinert (14,

79). The use of siliconized Eppendorf tubes was found to yield more reproducible
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results, perhaps due to the minimized head space for loss of sulfide as H,S. The tubes

were kept tightly capped except when adding reagents. Rather than using stir bars, the
tubes were closed and vortexed when mixing was called for. The procedure used was as
follows. The sample volumes were brought to 100 L with MQ H,O, pH 8.1. One at a
time, each tube was opened, 300 4L 1 % ZnOAc and 15 uL 12 % NaOH were added
simultaneously, the tube was closed tightly and vortexed. When all tubes had been
treated in this way, they were allowed to sit for 12 to 15 h before addition (again, one
tube processed at a time) of 75 4L DMPD (0.1 % in 5 M HCI) and 2 gL FeCl; (23 mM in
1.2 M HCI). Na,S-9H,0 was used as standard and prepared as follow: a small-to-
medium chunk of Na,S-9H,0 was rinsed with MQ H,O, pH 8.1, dried by gently patting
with Kim-wipe, weighed to 4 decimal places, and dissolved in 100 mL deoxygenated
0.1 M NaOH solution to make a standard solution of concentration between 1.2 to
2.7 mM. The standard solution was sealed with septum, purged thoroughly with

nitrogen, and was good for at least a month.

I1.2.9 Activity assay of PFL-AE

The activity of PFL-AE was assayed using a direct enzyme assay in which the
amount of glycyl radical on PFL generated by PFL-AE as a function of time was
quantified by EPR spectroscopy. The PFL-AE reaction mix contained in a final volume
of 1 mL: 0.1 M Tris-HCI, pH 7.6, 0.1 M KCl, 10 mM DTT, 10 mM oxamate (allosteric
effector), 10.01 mg PFL, 200 uM 5-deazariboflavin, 0.2 mM AdoMet, and 0.186 M
PFL-AE. This mix was made in an anaerobic chamber by combining reagents from

anoxic stock solutions in the order listed to the final concentrations indicated. The 1 mL
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miX was split into 5 EPR tubes and the reaction was initiated by illumination of the
samples with a S00 W halogen lamp. The samples were situated at a distance of 5 cm
from the lamp and maintained at ambient temperature (20-26 °C) during illumination by
immersion in a water bath to which ice was added as needed. After specified periods of
illumination, typically 5, 10, 20, 30, and 40 min, the samples were flash-frozen to stop
the reaction. The amount of glycyl radical generated was determined by EPR
spectroscopy. One unit of PFL-AE activity was defined as 1nmol of glycyl radical
generated per min, and the specific activity of PFL-AE was defined as the number of

units per mg of PFL-AE.

I1.2.10 EPR spectroscopy

EPR first-derivative spectra were obtained at X-band on a Bruker ESP300E
spectrometer equipped with a liquid He cryostat and a temperature controller from
Oxford Instruments. Spectra were recorded at 12 K for [3Fe—4S]” and [4Fe-4S]'+, and at
60 K to detect glycyl radical. Spin quantifications were done as described previously
(80). The double integrals of the EPR signals were evaluated by using a computer on-
line with the spectrometer. Spin concentrations in the protein samples were determined
by calibrating double integrals of the EPR spectra recorded under nonsaturating
conditions (i) with a standard sample of 0.1 mM Cu(Il) and 1 mM EDTA solution for the
cluster signals, or (ii) with a 1.04 mM K;(S03),NO solution for the glycyl radical signals.
The concentration of the K»(SO3),NO standard was determined using the optical

extinction coefficient (81).
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IL3  Results and Discussion

IL3.1 Expression and purification of PFL

PFL was purified from BL21(DE3)pLysS cells harboring the pKK-PFL plasmid.
The cells were lysed by an enzymatic procedure. Two portions of partially purified PFL
from the first ion-exchange column (chromatogram see Fig. II.1; SDS-PAGE gel see
Figure 11.2) were combined, dialyzed, and run on an hydrophobic column to yield > 95%
pure PFL (chromatogram see Fig. I1.2; SDS-PAGE gel see Figure I1.3). Yield was

approximately 50 mg of purified PFL per liter of bacterial culture.
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Figure I1.1
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