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ABSTRACT
The radical S-adenosyl-L-methionine (SAM) superfamily of enzymes carry out
diverse and complex reactions through generation of a 5’-deoxyadenosyl (5’-dAdo•)
radical followed by transfer to substrate. These enzymes contain a [4Fe-4S] cluster
which binds and transfers an electron to SAM. The exact mechanism of 5’-dAdo•
generation is unknown and the studies herein provide further investigation into pyruvate
formate lyase activating enzyme (PFL-AE) and lysine 2,3-aminomutase (LAM) pre and
post SAM cleavage.
To understand the active site of PFL-AE prior to SAM cleavage, cation and small
molecule effects were examined by electron paramagnetic resonance (EPR) and electron
nuclear double resonance (ENDOR) spectroscopies. Previously, PFL-AE had been
observed to contain a valence localized cluster in the presence of small molecules and
this work used EPR and ENDOR spectroscopy to further probe the effects of these
molecules. These studies determined that these molecules do not directly bind the cluster
but rather an HxO species occupies the unique Fe site. The crystal structure of PFL-AE
revealed a cation site and to probe this site, EPR and ENDOR spectroscopies were
employed. Monovalent cations stimulated PFL-AE activity, with the greatest activity in
the presence of potassium. The identity of the cation perturbed the EPR signal of PFLAE which was more pronounced in the presence of SAM. ENDOR spectroscopy
determined that SAM coordination differed depending on the monovalent cation.
Due to its high reactivity, 5’-dAdo• has never been spectroscopically observed.
In order to examine any intermediate states, a SAM analog and rapid freeze quench
(RFQ) techniques were employed in conjunction with EPR and ENDOR spectroscopies.
LAM can cleave the SAM analog, S-3’,4’-anhydroadenosyl-L-methionine, to produce a
stable allylic radical which was coupled with isotopically labeled lysine for ENDOR
analysis. It was determined that radical generation is highly controlled with little
movement towards its substrate upon 5’-dAdo• production. During RFQ techniques on
PFL-AE, an organometallic intermediate species was observed. To probe this
intermediate, isotopically labeled SAM and an 57Fe labeled cluster were coupled with the
unknown paramagnetic species. It was determined that this intermediate was an
unprecedented organometallic Fe-adenosyl bound species post SAM cleavage.

1
CHAPTER 1

INTRODUCTION

Fe-S Clusters in Biological Systems
Iron is the fourth most abundant element in the earth’s crust [1], and as such, has
made its way into many diverse roles in biology. One major and ancient use for iron is
formation of Fe-S clusters which are composed of iron and inorganic sulfide and are
some of the most functionally versatile and ubiquitous prosthetic groups in proteins [2].
Fe-S clusters were first characterized in the 1960’s in ferredoxins for electron transfer
and the since then, the discovery of Fe-S clusters in other biological systems has
expanded into a vast array of biological functions.

Fe-S Cluster Function and Structure
The basic structure of Fe-S clusters is the Fe2S2 rhomb which can be combined to
form [2Fe-2S], [4Fe-4S], [3Fe-4S] clusters (Figure 1.1) and even more complex
structures. The Fe2S2 rhombs can be considered the building blocks of assembly: for
example, the cubane [4Fe-4S] clusters can be assembled from two [2Fe-2S] units
whereas the [3Fe-4S] clusters are formed from the loss of one Fe from the [4Fe-4S]
cluster. These prosthetic groups are ligated to the protein generally through cysteine side
chains to complete a tetrahedral sulfur coordination at each iron site. Other residues,
such as histidine, and to a lesser extent glutamine, serine, arginine, or even aspartate have
also been found to ligate clusters to proteins [3-5]. Fe-S cluster containing proteins range
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in size from 6 kDa to over 500 kDa, have been found to contain up to 9 clusters, and are
present in a vast array of cellular functions and cellular compartments [4]. The Fe-S
clusters themselves are intrinsically oxygen-sensitive but the extent of this oxygen
sensitivity is dependent on the protein and their polypeptide matrix.

Figure 1.1. Representative Fe-S clusters with a [2Fe-2S] cluster on the left, a [3Fe-4S]
cluster in the middle, and a [4Fe-4S] on the right. Each Fe is ligated by an inorganic
sulfur and a protein cysteine.

Aside from electron transfer, Fe-S clusters have versatile functions in
metalloproteins which include substrate binding and activation, Fe or cluster storage,
regulation of gene expression, structural roles, enzyme regulation, and sulfur donation,
just to name a few [3-5]. In these metalloenzymes, the cluster structure can vary from
[2Fe-2S] clusters to the more complex clusters such as the H-cluster of hydrogenase [6].
The flexibility of electron transfer of Fe-S clusters stems from their ability to
delocalize the electron density over all the iron atoms of the cluster. The surrounding
protein environment influences the redox potentials of the Fe-S cluster, allowing for
electron carrier proteins to operate over a wide range of oxidation-reduction potentials
[5,7]. Remarkably, the reduction potentials for Fe-S clusters spans a range of
approximately -700 mV to 400 mV due to the versatility of the protein environment [2,4].
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The primary mode of Fe-S cluster assembly are the Isc (iron sulfur cluster) and
Suf pathways which function under normal and oxidative stress conditions, respectively
[5,8,9]. The Nif pathway is also required for the FeMo-cofactor biosynthesis in
nitrogenase [5]. These pathways contain multiple proteins for the delivery of inorganic
sulfide, the assembly of the clusters, and delivery of the complete clusters. Sulfide is
generated through the activity of a cysteine desulfurase enzyme (NifS, IscS, or SufS) and
pyridoxal phosphate containing enzymes. These enzymes utilize cysteine as a substrate
and deliver the inorganic sulfide via a protein-bound persulfide to a scaffold protein
(NifU, IscU, or SufU) where Fe-S cluster assembly occurs. SufA and SufB (in a SufBCD
complex) can also serve as a scaffolds and/or carriers in the Suf pathway [9-12]. The Isc
machinery also includes the chaperone proteins HscA ATPase and HscB to facilitate
cluster transfer from IscU to the target protein [9,13]. The actual mode of sulfide and
iron transfer to these assembly proteins is still under debate but it is believed that the
cluster is fully assembled and transferred to its target protein [9].

Radical SAM Enzymes

One of the largest superfamily of enzymes is the radical S-adenosyl-L-methionine
(SAM) enzymes that are found in all kingdoms of life and catalyze a diverse set of
reactions [14]. They contain a [4Fe-4S] cluster which binds SAM and directs electron
transfer for radical generation on substrate. They perform similar radical chemistry as the
adenosylcobalamin (AdoCbl) dependent enzymes which initiate difficult transfer of
unreactive hydrogen atoms through the production of a highly reactive
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5’-deoxyadenosinyl radical (5’-dAdo•) by homolytic cleavage of the Co-C5’ bond of the
AdoCbl cofactor [15,16]. Radical SAM enzymes, on the other hand, carry out more
diverse reactions through homolytic cleavage of the much simpler cofactor SAM [15,17].

Structural Motif of Radical SAM Enzymes
Radical SAM enzymes all contain a similar fold, either a partial ()6
triosephophate isomerase (TIM) in most cases or full ()8 TIM barrel in other cases
[14,18]. This core domain is highly conserved in radical SAM enzymes. The [4Fe-4S]
cluster is housed at the base of the TIM barrel (Figure 1.2) and is ligated to the protein in
a tri-cysteine CX3CXC motif where is an aromatic residue and X is any residue
[18,19]. Variations of this motif have been found in other radical SAM enzymes such as

Figure 1.2. The radial SAM enzymes BioB (left), LAM (middle) and PFL-AE (right).
The -helixes (purple) and -strands (green) that comprise the partial ()6 (PFL-AE
and LAM) or the full ()8 TIM barrel are highlighted for each structure. SAM (blue
carbons) and substrates (brown carbons), or the 7-mer peptide in the case of PFL-AE,
increase from left to right coinciding with an increase of barrel size from left to right.

ThiC and HmdB which contain CX2CX4C and CX5CX2C motifs, respectively [20,21].
In the structurally solved radical SAM enzymes, the protein overall size and TIM
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barrel type reflects the magnitude of substrate [18,22]: larger substrates coincide with a
smaller protein and a partial TIM barrel that is more splayed such as in the case of the
smallest crystallized enzyme pyruvate formate lyase activating enzyme (PFL-AE) (Figure
1.2) whose substrate is a large homodimeric protein [23]. Smaller substrates correlate
with enzymes that contain either a more enclosed barrel or a full TIM barrel. Biotin
synthase (BioB), whose substrate is the small molecule biotin, contains a full TIM barrel
(Figure 1.2) [24]. Barrel size is thought to protect the highly reactive radicals produced
during catalysis. Additional protein elements in the C-terminal region and sometimes the
N-terminal region, another molecule, or substrate can contribute to blocking or plugging
the active site [18].
In addition to the common fold of radical SAM enzymes, SAM coordinates the
cluster similarly in all characterized radical SAM enzymes [14,18]. Since the cluster is
only bound to the protein via three cysteines, a unique iron is available to bind SAM
through its amino and carboxyl groups (Figure 1.3) which was first characterized through
electron nuclear double resonance (ENDOR) techniques on the radical SAM enzyme
PFL-AE [25]. This binding of SAM was later verified in the crystal structures of radical
SAM enzymes. Since SAM binds across the top of the TIM barrel in the loop regions
between -strands, it is difficult to identify specifically conserved residues, or SAM
binding motifs, that are consistent with all radical SAM enzymes. A glycine-rich region,
a GGE motif, has been identified as a SAM binding motif which hydrogen bonds with the
amino group of the methionine portion of SAM while a GXIXGXXE motif is utilized for
adenine coordination [26]. Each radical SAM enzymes seems to contain a unique SAM
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coordination system which may reflect the diversity of the substrates and how SAM must
abstract a hydrogen atom from these vastly different substrates in this large superfamily
of enzymes.

Figure 1.3. SAM coordination to the [4Fe-4S] cluster in radical SAM enzymes.

A Common Radical Initiation Reaction
Radical SAM enzymes initiate catalysis using a proposed common mechanism.
SAM is bound through its amino and carboxyl moieties to a unique Fe of a [4Fe-4S]
cluster. The [4Fe-4S]2+ cluster is reduced to the [4Fe-4S]+ state via an external source,
such as flavodoxin in vivo. Inner sphere electron transfer from the cluster to SAM
promotes homolytic cleavage of the S-C5’ bond of SAM, producing methionine and a
highly reactive 5’-deoxyadenosyl radical (5’-dAdo•). This radical can then abstract a
hydrogen atom from substrate to form a substrate radical and 5’-deoxyadenosine
(5’-dAdoH) [15]. This substrate radical can then undergo other radical-mediated
reactions. The SAM molecule can either be utilized as a cofactor where SAM is
regenerated or as a co-substrate. When SAM acts a co-substrate, SAM is used
catalytically and methionine and 5’-dAdoH must leave the active site and a new SAM
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molecule must enter for another round of catalysis (Figure 1.4). When SAM acts as a
cofactor, on the other hand, the substrate radical re-abstracts a H-atom from 5’-dAdoH to
produce the 5’-dAdo• radical which subsequently combines with methionine to form
SAM and the electron is donated back to the cluster (Figure 1.4). The majority of the
radical SAM enzymes characterized

Figure 1.4. SAM cleavage by radical SAM enzymes. The reaction is initiated by SAM
binding to the [4Fe-4S]2+ cluster and reduction to the [4Fe-4S]+ cluster. SAM is
homolytically cleaved to produce the 5’-dAdo• radical and cluster bound methionine.
When SAM is a co-substrate, the substrate radical (S•) is formed and 5’-dAdoH and
methionine leave the active site, allowing a new SAM molecule to bind. In the cofactor
case, the product radical (P•) abstracts a hydrogen from 5’-dAdoH, producing 5’-dAdo•
which recombines with methionine to from SAM (modified from [22]).
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thus far utilize SAM as a co-substrate with only a few known cases as a cofactor [22].
Currently, the 5’-dAdo• radical intermediate has never been observed but a
stabilized allylic radical with the use of a SAM analogue has been spectroscopically
analyzed. The radical SAM enzyme, lysine 2,3-aminomutase (LAM), is able to
homolytically cleave the SAM analogue S-3’,4’-anhydroadenosylmethionine (anSAM) to
produce the stable 5’-deoxy-3’,4’-anhydroadenosine-5’-yl (anAdo•) radical (Figure 1.5)
[27,28]. LAM can turnover -lysine to -lysine with anSAM, albeit with only ~0.25%
activity of that observed in the presence of SAM, showing that the 5’-dAdo• radical is an
intermediate in radical SAM catalysis [27,28].

Figure 1.5. Reaction of S-3’,4’-anhydroadenosylmethionine (anSAM) to the stable
5’-deoxy-3’,4’-anhydroadenosine-5’-yl (anAdo•) radical and methionine.

Functional Diversity
of Radical SAM Enzymes
Even though all radical SAM enzymes initiate catalysis through radical generation
of 5’-dAdo•, the substrates and products vary greatly between enzymes. A few examples
of the different reactions are shown in Figure 1.6 which include activating a substrate
protein through H-atom abstraction, isomerization, sulfur insertion, cofactor biosynthesis,
antibiotic synthesis, and post-translational and post-transcriptional modifications.
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Figure 1.6. Representative radical SAM enzyme reactions and the role of SAM as a cosubstrate or cofactor in each enzyme.

As mention above, radical SAM enzymes all contain the same TIM barrel
domain, but what gives them this ability to carry out such diverse reactions is the
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versatility of the 5’-dAdo• radical which can abstract a hydrogen from almost any
substrate.

The Radical SAM Enzyme PFL-AE

Pyruvate formate lyase activating enzyme (PFL-AE) (Figure 1.2) is the one of the
most highly characterized radical SAM enzymes. It belongs to a group of radical SAM
enzymes known as the glycyl radical enzyme activating enzymes (GRE-AE) whose
substrates are glycyl radical enzymes (GRE). GRE-AE utilize 5’-dAdo• to abstract a
hydrogen from a GRE, activating its respective GRE. PFL-AE activates the
homodimeric GRE protein pyruvate formate lyase (PFL) through abstraction of the pro-S
hydrogen on a glycine residue (G734) [29].

PFL-AE as a Model
for Radical SAM Enzymes
PFL-AE was first discovered as an unknown activase of PFL that required iron,
SAM and a reductant [30,31]. PFL-AE was later found to introduce an unprecedented
organic free radical localized on a PFL residue [16]. A sequence analysis later revealed
three cysteine residues that were thought to be significant for the Fe-binding property of
the enzyme: the conical CX3CX2C [4Fe-4S] cluster binding motif [32]. Initial UV-vis
spectroscopic analysis revealed that PFL-AE contains an Fe-S cluster and, upon further
analysis with Resonance Raman, electron paramagnetic resonance (EPR), and Mössbauer
spectroscopies, revealed that as-isolated protein contained a mixture of [2Fe-2S]2+,
[3Fe-3S]+, and [4Fe-4S]2+ clusters which could be reduced to a [4Fe-4S]+ cluster upon
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dithionite reduction [33-35]. Later, using EPR techniques, it was discovered that the
[4Fe-4S]+ cluster is the active state of the enzyme and that the cluster is oxidized to the
[4Fe-4S]2+ state concomitant with substrate turnover [36].
Since PFL-AE only contains three cysteines in the cluster binding motif, it was
proposed that a unique, site-differentiated Fe was present similar to the enzyme aconitase
which also contains a site-differentiated Fe site. Analysis of the radical SAM enzyme
lysine 2,-3 aminomutase (LAM) showed that there indeed is a labile Fe site and the
cluster converts to a [3Fe-4S] cluster upon oxygen exposure but could convert back to the
[4Fe-4S] state once anaerobic and mild reducing conditions were implemented [37].
Using these results, Broderick and coworkers were able to utilize Mössbauer
spectroscopy and strategic 57Fe labeling of the unique Fe site to determine that this
unique Fe site binds SAM [38]. SAM binding to the cluster wasn’t resolved until
electron nuclear double resonance (ENDOR) was conducted on PFL-AE. In ENDOR, a
paramagnetic species is coupled to an NMR active nuclei (such as 13C, 15N, or 14N) to
analyze how these two sites are interacting. A reduced cluster was coupled with different
isotopically labeled SAM molecules, namely 17O and 13C-labling in the carboxyl group
and 15N in the amino group of methionine, and revealed that SAM binds the unique Fe
via the amino and the carboxyl oxygen (Figure 1.3) [25,39]. SAM binds to the cluster in
the same geometry in both the +1 and +2 states of the clusters as shown though
cryoreduction of a frozen [4Fe-4S]2+ sample reduced to the EPR active [4Fe-4S]+ state
[40]. This SAM binding scheme was later verified in the crystal structure of PFL-AE in
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the [4Fe-4S]2+ state [41] and in all other radical SAM enzymes, verifying that SAM
binding plays a pivotal role in catalysis.

Unusual Aspects of PFL-AE
To investigate PFL-AE in vivo, Mössbauer spectroscopy was conducted on E. coli
whole cells overexpressing PFL-AE under aerobic and anaerobic conditions. It was
concluded that under aerobic conditions, about 44% of the total iron was present in
[4Fe-4S]2+ clusters while 6% was in [2Fe-2S]2+ clusters and the remainder 50% as
noncluser FeII and FeIII species. Once these cells were introduced to anaerobic
conditions, about 75% of the iron was present in [4Fe-4S]2+ clusters with the remaining
25% found as noncluster species with no [2Fe-2S]2+ clusters [42] suggesting that these
[2Fe-2S]2+ clusters either undergo reductive coupling to form [4Fe-4S]2+ clusters or that
the

[2Fe-2S]2+ clusters are scavenged and converted to [4Fe-4S]2+ clusters under

anaerobic conditions.
An unprecedented observation of the whole cell Mössbauer results showed that
100% of the [4Fe-4S]2+ clusters contain a valence localized FeII-FeIII pair (Figure 1.7a)
[42]. Purified protein only exhibits two valence delocalized Fe2.5+-Fe2.5+ pairs (Figure
1.7). It was proposed that a small molecule must be interacting with the unique Fe in
vivo to cause a charge buildup and molecules containing adenosine moieties were added
to purified protein to induce this unusual result. Only in the presence of
methylthioadenosine (MTA), 5’-deoxyadenosine, adenosine monophosphate (AMP), and
adenosine diphosphate (ADP) did the purified protein contain a valence localized cluster
(Figure 1.7b); however, not 100% of the purified protein was valence localized. AMP
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Figure 1.7. Mössbauer spectra of whole cells (a) and purified PFL-AE in the absence and
presence of different adenosine containing molecules (b). A) PFL-AE exhibits a valence
delocalized Fe2.5+-Fe2.5+ pair (purple) and a valence localized Fe2+-Fe3+ pair with the
cluster Fe2+ contribution shown in magenta and the cluster Fe3+ contribution in cyan. The
upper spectrum has a 50 mT applied field while the bottom has a 6 T applied field. B)
The purified protein contains only delocalized Fe2.5+-Fe2.5+ pairs (orange) while the
adenosine molecules contain an additional signal (blue) which is comprised of one
Fe2.5+-Fe2.5+ pair and one localized Fe2+-Fe3+ pair. Figure taken from [42].

was proposed to be the source of the valence localization in vivo because it is the only
adenosine containing molecule with high enough abundance in the cell to bind 100% of
PFL-AE [42].
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Pyruvate Formate Lyase
The substrate for PFL-AE is the GRE pyruvate formate lyase (PFL) which is a
homodimeric protein with half-site reactivity on one of its 85 kDa monomers (Figure 1.8)
[43,44]. PFL catalyzes the reaction of pyruvate and coenzyme A (CoA) to produce

Figure 1.8. Crystal structure of PFL. Only one of its monomers (illustrated in color) is
activated by PFL-AE by the abstraction of a hydrogen on G734 (orange circle).

formate and acetyl-CoA (Figure 1.9), providing the sole source of acetyl-CoA under
anaerobic conditions [29,45,46]. During catalysis, the 5’-dAdo• radical abstracts the
pro-S hydrogen from G734 on PFL, producing a glycyl radical. This glycine is located
on a highly dynamic loop which has been shown to move into an “open” conformation to
interact with PFL-AE for H-atom abstraction and a “closed” conformation where the
glycyl radical is used to produce formate and acetyl-CoA [47]. In the closed
conformation, the glycyl radical abstracts an H-atom from an interior cysteine, C419.
This thiyl radical is then transferred to C418 which then attacks the carbonyl carbon on
pyruvate, promoting C–C bond cleavage [43,44]. The resulting formate anion radical re-
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abstracts an H-atom from G734 to produce a glycyl radical ready for another round of
catalysis. The acetyl moiety residing on C418 then reacts with CoA to produce acetylCoA (Figure 1.9) [45,46,48].

Figure 1.9. Reaction of PFL after activation by PFL-AE. During catalysis, PFL converts
pyruvate and CoA to formate and acetyl-CoA through the production of two thiyl radicals
on C419 followed by C418.

Research Goals

Although extensive research has been conducted on PFL-AE, unknown details
into the mechanism still exist. For my research, I wanted to utilize spectroscopic
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techniques to explore the active site of PFL-AE prior to SAM cleavage and intermediates
during SAM cleavage.
Two of my research goals focused on PFL-AE prior to SAM cleavage to explore
some of the peculiarities of PFL-AE. The first goal explored how small molecules are
interacting with PFL-AE to induce a valance localized [4Fe-4S]2+ cluster through the use
of EPR and ultimately ENDOR spectroscopy. Since PFL-AE is difficult to crystallize, I
wanted to use ENDOR spectroscopy to obtain a 3D rendering of how AMP and
adenosine are interacting with the cluster to induce a valence localized state.
Mutagenesis was carried out on amino acids that were proposed to interact with the small
molecules followed by EPR analysis. EPR spectroscopy and mutagenesis work was
conducted at Montana State University while ENDOR samples were shipped to Brian
Hoffman’s lab at Northwestern University. The second goal was a continuation of a
cation effect on PFL-AE. Refinement of the crystal structure of PFL-AE revealed a
cation in the active site of PFL-AE and the identity of this cation affects the activity and
electronic structure of the [4Fe-4S] cluster. I wanted to perform activity assays and other
spectroscopic techniques with strictly cation free (M+-free) PFL-AE. PFL-AE is
typically purified in a NaCl containing buffer and previous lab members tried to buffer
exchange PFL-AE into M+-free buffer for activity assays and EPR analysis. They still
observed a stimulatory effect on activity even after buffer exchange. Thus, I wanted to
use PFL-AE purified in the absence of any cation for activity assays and EPR and
circular dichroism (CD) spectroscopic analysis to observe changes in the signals with the
addition of different monovalent cations. I also wanted to conduct ENDOR spectroscopy
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to observe any coupling between the cluster and different monovalent cations in addition
to observing whether SAM coordination is changed in the presence of different
monovalent cations. To investigate this cation binding site, activity assays and EPR
experiments were conducted on PFL-AE variants. These variants contained a change
from the two aspartate residues of the cation binding site to an alanine to restrict cation
binding in the active site.
The other half of my research goals focused on SAM cleavage mechanisms. The
highly reactive 5’-dAdo• has never been spectroscopically observed but the SAM
analogue (anSAM) can produce a stabilized anAdo• radical. PFL-AE has not been
shown to cleave anSAM but LAM can cleave anSAM. Thus, LAM was used to study the
movement of anSAM with respect to the cluster and substrate (-lysine) after cleavage
and production of anAdo•. In order to observe the movement of anAdo•, I purchased
different isotopically labeled lysine molecules and made ENDOR samples with these
labeled lysine molecules and anSAM along. Another lab member synthetized
[methyl-13C]-anSAM which was also used in ENDOR sample preparation. ENDOR
spectroscopy was conducted at Northwestern University. Another goal in my graduate
research focused on an intermediate species previously isolated in PFL-AE. During rapid
freeze quench (RFQ) techniques on PFL-AE, an unknown EPR signal was observed that
was not a [4Fe-4S]+ cluster nor a glycyl radical on PFL. To conduct RFQ, PFL-AE was
isolated from SAM and PFL and mixed for a specified amount of time after which the
reaction was quenched by freezing to isolate any intermediate states. I first wanted to
optimize the experimental parameters to obtain a stronger EPR signal. Next, in order to
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understand the origin of this novel intermediate signal, I synthesized isotopically labeled
SAM molecules and used an 57Fe labeled cluster in PFL-AE for ENDOR analysis. In
order to perform RFQ experiments, I traveled to Northwestern University and all
ENDOR analysis was conducted by the Hoffman laboratory at Northwestern University.
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CHAPTER 2

GENERAL METHODS

Growth and Purification of PFL-AE

The pCAL-n-EK plasmid containing the PFL-AE gene (E. coli gene pflA) was
expressed in E. coli BL21(DE3)pLysS (Stratagene) cells. One colony from a LBampicillin (50 μg/mL amp) plate was used to inoculate a 50 mL LB and 50 μg/mL
ampicillin starter culture which was grown overnight. This 50 mL starter culture was then
used to inoculate 10 L of minimal media in a bench-top fermentor (New Brunswick)
which also contained 50 μg/mL ampicillin and a solution of glucose and vitamins.
Included in the minimal media was 100 g Casamino acids, 84.2 g MOPS, 8.0 g Tricine,
14.7 g NaCl, 16.0 g KOH, 5.1 g NH4Cl and 9.8 L of water. A glucose solution was
sterile filtered prior to addition to the fermentor and contained the following: 50 g of
glucose in 200 mL water; 25 mL of an “O” solution; 25mL of 1 M KH2PO4; 12.5 mL of
276 mM K2SO4; and 62.5mL of 0.1 M CaCl2. The “O” solution was prepared with 0.1 g
FeCl2•4H2O dissolved in 10 mL of 12 M HCl, 2.68 g MgCl2•6H2O, and 1 mL “T”
solution (18.4 mg CaCl2•2H2O, 64 mg H3BO3, 40 mg MnCl2•4H2O, 18 mg CoCl2•6H2O,
4 mg CuCl2•2H2O, 340 mg ZnCl2, and 605 mg Na2MoO4•2H2O diluted to 100 mL with
H2O) and the “O” was brought up to a final volume of 50 mL with H2O. Additionally, 10
mg of the vitamins biotin, pantothenic acid, vitamin B12, thiamine, folic acid, riboflavin,
niacinamide, thioctic acid, and pyridoxine were added to the fermentor along with the
glucose solution. The growth was incubated at 37C, agitated at 250 rpm with a flow of
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5 L/min of compressed air. Once the cells reached an OD600 of ~0.5, 0.5 mM (final
concentration) of isopropyl-β-D-thiogalactopyranoside (IPTG) was added along with
0.75 g of Fe(NH4)2(SO4)2•6H2O. After ~2 hours, the cells were cooled and purged with
N2 once the culture was ~ 30C to stimulate anaerobic conditions. Once the culture was
~20C, another addition of 0.75 g of Fe(NH4)2(SO4)2•6H2O was added. The culture was
purged with N2 overnight in a 4C fridge. The cells were harvested after ~16 hours of
overnight purging by centrifugation at 6,000 rpm and 4C for 10 minutes in 1 L
centrifuge bottles. The pellet was flash frozen in liquid nitrogen and stored in a -80C
freezer until purification.
PFL-AE cell pellets were purified in an anaerobic Coy chamber. The cell pellets
were lysed in a 50 mM Tris, pH 7.5 buffer wtih 100 mM NaCl containing 5% w/v
glycerol, 1% w/v Triton X-100, and 10 mM MgCl2. Additionally, 18 mg of PMSF, 78
mg of DTT, 16 mg of lysozyme, and ~0.2 mg of DNase and RNase were added to 100
mL of lysis buffer. Approximately 2 mL of lysis buffer was added per 1 g of cell pellet
and the cells were allowed to lyse on ice for ~1 hour. When needed, a needle and syringe
were used to break up the cell pellet. After an hour, the lysis was centrifuged at 18,000
rpm and 4C for 30 minutes, which was repeated if necessary. The supernatant was
applied to a Superdex-75 resin equilibrated with 2 L of gel filtration buffer via a
superloop at 3 mL/min. The gel filtration buffer (50 mM Tris, pH 7.5 with 100 mM NaCl
and 1 mM DTT) was washed over the column at 5 mL/min and the dark brown fractions
were pooled and concentrated using a 10K MWCO Millipore Amicon Ultra centrifugal
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concentrator at ambient Coy chamber temperatures. Fractions eluted after ~2 hours (550600 mL) (Figure 2.1).
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Figure 2.1. A representative chromatogram from the first PFL-AE column purification
using size exclusion Superdex 75 resin and a 50 mM Tris, pH 7.5 buffer with 200 mM
NaCl. The blue line is the absorbance at 280 nm while the red line is the absorbance at
426 nm pertaining to the Fe-S cluster content. The fractions with the darkest brown
color, which came off around 550 mL to 625 mL (bracket) were concentrated.

The column was equilibrate again with another round of 2 L of gel filtration
buffer, after which the concentrated protein was run over the column a second time and
the fractions with the highest 426/280 nm ratio were pooled and concentrated using a
10K MWCO Millipore Amicon Ultra centrifugal concentrator. Cutoff 426/280 nm ratios
depended on the purification but a typical ratio for the best protein was >0.160 Protein
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was aliquoted into screw-top tubes and frozen in liquid nitrogen immediately following
removal from the Coy chamber and stored at -80C.

Growth and Purification of PFL

PFL was purified from BL21(DE3)pLysS cells containing the pKK223-3 plasmid
expressing the E. coli gene pflB. The cells were grown aerobically in a benchtop
fermentor. A single colony from an LB-ampicilin (50 g/mL) plate was used to inoculate
a 50 mL LB and 50 μg/mL ampicillin starter culture which was grown overnight and used
to inoculate 10 L of LB and 50 μg/mL ampicillin. The culture was incubated at 37C
with 300 rpm agitation and air flow at 5 mL/min from a compressed air tank. Once the
culture reached an OD600 of ~0.8, sterile filtered IPTG was added to a final concentration
of 1 mM to induce the cells. After 3 hours, the cells were harvested by centrifugation at
6,000 rpm and 4C for 10 minutes in a 1 L centrifuge bottle. Again, the cells were flash
frozen in liquid nitrogen and stored at -80C.
Cell pellets were lysed aerobically in a 20 mM Tris, pH 7.2 buffer containing 5%
w/v glycerol, 1% w/v Triton X-100, and 10 mM MgCl2. To 100 mL of lysis buffer, 18
mg of PMSF, 16 mg of lysozyme, and ~0.2 mg of DNase and RNase were added. Like
PFL-AE, approximately 2 mL of lysis buffer per 1 g of cell pellet was added to the cells
which stirred at 4C for ~1 hour upon which the lysate was centrifuged at 18,000 rpm and
4C for 30 minutes. The supernatant was applied to a Waters AP-5 300 mm column
containing Accell Plus QMA resin equilibrated with Buffer A (20 mM Tris, pH 7.2 with
1 mM DTT) via a superloop at 3 mL/min. The column was washed with 300 mL of
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Buffer A followed by a 900 mL linear gradient to 100% Buffer B (20 mM Tris, pH 7.2
with 500 mM NaCl and 1 mM DTT), and ending with 300 mL of 100% Buffer B. The
absorbance at 280 nm was monitored during the program. PFL eluted around 50%
Buffer B (Figure 2.2) and fractions were collected and analyzed via SDS-PAGE (Figure
2.3).

PFL 1
1 032315:10_UV1_280nm
032315:10_UV1_280nm
PFL

Collected
Fractions

PFL 1
1 032315:10_Conc
032315:10_Conc
PFL

PFL 1
1 032315:10_Fractions
032315:10_Fractions
PFL

mAU

3500

3500

90

280 nm
Buffer B (%)

3000

3000

80

2500

70

2500

60

2000

2000

50
1500

1500

40

Buffer B (%)

Absorbance (AU)

100

30

1000

1000

20
500
500

10

0

0

0

1 3 5 7 911 14 17 20 23 26 29 32 Waste36 39 42
0

0

200

50

400

100

150

200

600
800
1000
Volume of Buffer (mL)

250

1200

Waste

1400

cv

Figure 2.2. Representative chromatogram from the QMA anion exchange column from a
PFL purification. The absorbance at 280 nm is shown in blue and the percent Buffer B
(20 mM Tris, pH 7.2 with 500 mM NaCl and 1 mM DTT) is shown in green. Fractions,
analyzed by gel chromatography, are collected after about 900 mL, or approximately
60% Buffer B.

Most abundant and the purest fractions were pooled, concentrated, and buffer
exchanged into a high salt buffer (10 mM Tris, pH 7.2 with 1 M (NH4)2SO4 and 1 mM
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DTT). To buffer exchange PFL, the fractions was concentrated as much as possible
using a 10 K (or a 30 K) MWCO Millipore Amicon Ultra centrifugal concentrator at 4C.
Due to precipitation at high concentrations, PFL was concentrated to about 3-5 mL in the
15 mL centrifugal concentrator. High salt buffer was added up to 15 mL and PFL was
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66
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31
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6

Figure 2.3. Representative SDS-PAGE gels from an anion exchange PFL purification.
The protein ladder is labeled in kDa (far left). The fractions that were collected and
pooled are bracketed. Fractions with an increase of the band around 40 kDa were
excluded from the pool.

concentrated down again. This process was repeat about 8-10 times. After buffer
exchanging PFL and concentrating to less than 5 mL, the protein was loaded onto a
HighLoad High Performance 16/10 phenyl sepharose column equilibrated in high salt
buffer via a superloop at 1 mL/min. The column was washed with 50 mL of the high salt
buffer followed by a 50 mL linear gradient to 100% Buffer A (20 mM Tris, pH 7.2 with 1
mM DTT) and ended with a 50 mL wash of Buffer A. PFL eluted at 100% Buffer A
(Figure 2.4) and again was analyzed via SDS-PAGE. PFL was buffer exchanged into a
20 mM Tris, pH 7.2 buffer to remove excess M+ from purification and then degassed on a
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Schlenk line. It was then taken into the MBraun anaerobic glovebox where O2 levels are
maintained at <1 ppm, aliquoted into screw-top tubes, flash frozen in liquid nitrogen
upon removal from the MBraun chamber, and stored at -80C.
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Figure 2.4. Representative chromatogram from the hydrophobic phenyl sepharose
column from a PFL purification. The absorbance at 280 nm is shown in blue and the
percent Buffer B (20 mM Tris, pH 7.2 with 1 mM DTT) is shown in green. Fractions,
analyzed by gel chromatography, are collected after 0% Buffer B has been reached.

Protein and Iron Quantification

Protein concentrations were determined using the method of Bradford [1] using
dye reagent from Biorad. Bovine serum albumin (BSA) was used to produce a standard
curve (0, 1, 2, 3, 4, 5, and 6 g) and PFL-AE was diluted appropriately to fit on the
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curve. A correction factor, determined by acid hydrolysis [2], was utilized in the final
calculations of PFL-AE concentration. Iron content was determined using atomic
absorption (AA) spectroscopy or by the method of Beinert [3]. For both methods, a
standard curve (0, 0.4, 0.8, 1.2, 1.6, and 2.0 g) was made from a 1,000 ppm Fe standard
(purchased from Ricca Chemical Company) and PFL-AE was diluted appropriately to fit
on the standard curve. For the determination via AA spectroscopy, 2 mL of standard or
protein sample was prepared. For the Beinert assay, standards and protein samples were
diluted to appropriate concentrations for a final volume of 1 mL. To each solution, 500
L of a 1:1 ratio of 1.2 M HCl:4.5% KMnO4 was added and samples incubated for 2
hours in a 65C water bath. Then, 100 L of reagent B (4.9 g ammonium acetate, 4.4 g
ascorbic acid, 40 mg neocuproine, and 40 mg ferrozine were added to a total of 12.5 mL
H2O) was added to the samples and vortexed periodically over 30 minutes. The
absorbance at 562 nm was recorded and Fe content was calculated using the standard
curve.

Synthesis and Purification of SAM

SAM was synthesized in the laboratory and purified prior to experiments. In a
scintillation vial, the following was added in order: 8.275 mL of a 100 mM Tris, pH 8
buffer; 37 mg KCl; 53 mg MgCl2; 18 L 0.5 M EDTA; 73 mg ATP; 18 mg
L-methionine;

800 L -mercaptoethanol (ME); 1-5 L inorganic phosphatase

(depending on the stock of enzyme); and 1 mL SAM synthetase crude lyase. The
reaction was stirred overnight, for about 15-16 hours, at ambient temperatures after which
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the reaction is quenched with 1 mL of 1 M HCl. The solution was centrifuged at 18,000
rpm and 4C for 30 minutes. Half of the supernatant (5 mL) is applied to a Source15S
cation exchange column equilibrated with H2O via a superloop at 1 mL/min. The SAM
program was run with buffer A (H2O) and buffer B (1 M HCl) under the following
sequence at 2 mL/min: 1) 26 mL 0% buffer B; 2) a linear gradient of 16 mL up to 10%
buffer B; 3) 14 mL of 10% buffer B; 4) linear gradient of 104 mL up to 100% buffer B;
5) 20 mL of 100% buffer B; 6) linear gradient of 8 mL to 0% buffer B; 7) 40 mL of 0%
buffer B. Absorbance was monitored at 280 nm and SAM eluted after about 50% Buffer
B (Figure 2.5). The program is run again with the second half of the supernatant and
both purifications were pooled into a round bottom flask.
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Figure 2.5. Representative chromatogram of a SAM purification on a Source 15S cation
exchange column. SAM was collected (bracket) after about 50% Buffer B (1 M HCl).
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SAM was rotovapped down to ~1-5 mL after which it was lyophilized on the
Schlenk line overnight. For reconstitution, the lyophilized SAM was brought into an
anaerobic MBraun glovebox where a degassed 100 mM Tris, pH 8 buffer was added.
The pH was adjusted to be between 7.0 and 7.5 with addition of degassed 1 M NaOH
after which degassed water was added to bring the concentration of the buffer to 50 mM
Tris. SAM was aliquoted into screw-top vials, flash frozen in liquid nitrogen, and stored
at -80C. The concentration of SAM was determined by the absorbance at 260 nm and
the molar extinction coefficient of 16,000 M-1 cm-1.

Preparation of EPR and ENDOR Samples

EPR and ENDOR samples were prepared in an anaerobic MBraun glovebox with
<1 ppm O2. A “stock” of PFL-AE was photoreduced (as discussed below) and aliquoted
for addition of small molecule. For EPR experiments, a total volume of 250 L was
required while for ENDOR experiments, about 75-100 L is required but 100 L was
generally loaded into Q-band tubes. For the “stock” of photoreduced PFL-AE, the
protein was premixed in Eppendorf tubes in a Tris buffer (usually 50-100 mM Tris, pH
7.5 and 1 mM DTT) containing the appropriate salt (100-200 mM KCl or cation of
choice) and 5-deazariboflavin (100 M final concentration) and pipetted into a shortened
NMR tube. The 5-deazariboflavin was added last and the tube(s) were kept covered with
a glove or aluminum foil. Photoreduction was accomplished by placement of the sample
in a glass dish containing an ice bath and illumination of the sample with a 300 W
halogen lamp for an hour. Bath water was changed to maintain temperatures of ~0C.
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After photoreduction, the sample was placed in an Eppendorf tube and the evaporated
volume was accounted for by addition of buffer. A small molecule, such as SAM, was
added to bring the final concentration of PFL-AE to 200 M. If no small molecule was
added, buffer was added to bring the final concentration of PFL-AE to 200 M. PFL-AE
was generally photoreduced at a higher concentration to allow dilution to 200 M with
addition of small molecules. The samples were pipetted into X-band EPR tubes (a total
volume of 250 L) via a pulled glass Pasteur pipette or Q-band ENDOR tubes (a total
volume of 100 L) via a glass Pasteur pipette, capped with rubber septa, taken out of the
MBraun chamber, and flash frozen in liquid nitrogen. EPR samples were kept in a liquid
nitrogen dewer until EPR was run while ENDOR tubes were placed in individual
cryotubes with a small amount of glass wool at the top and bottom of the cryotube to
keep the samples from moving. The samples were then shipped to Brian Hoffman’s
laboratory at Northwestern University in a dry shipping dewer.

Activity Assays

Activity of PFL-AE was determined via a coupling assay (Figure 2.6). In a
Unilab MBraun anaerobic chamber containing ≤ 1 ppm O2, a 450 μL “activation
solution” was mixed containing 0.05 µM PFL-AE, 5 µM PFL, 0.1 mM SAM, 10 mM
oxamate, 8 mM DTT, 25 µM 5-deazariboflavin (added last in the dark) and 100 mM Tris,
pH 7.6 with 100 mM KCl buffer (all concentrations given are final concentrations). For
determination of activity in the presence of different monovalent cations, 100 mM of the
specific monovalent cation was added while for a divalent cation, 1 mM of different
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Figure 2.6. The PFL-AE coupled activity assay. In the activation solution, which is
applied to the lid of an anaerobic cuvette, inactivated PFL (PFLi) is activated (PFLa) by
PFL-AE through the cleavage of SAM and production of the glycyl radical on PFL. A
coupling solution containing the coupling enzymes citrate synthase and malic
dehydrogenase, the substrate for malic dehydrogenase (malate), and the substrates for
PFL (pyruvate and CoA) are placed in the cuvette. When the cuvette is inverted just
prior to placement into the UV-vis spectrometer, pyruvate and CoA are turned over to
formate and acetyl-CoA, respectively. Malic dehydrogenase turns over malate to
oxaloacetate through the reduction of NAD+ to NADH (red) which is monitored via UVvis spectroscopy. Citrate synthase turns over acetyl-CoA and oxaloacetate which
increases PFL turnover and malic dehydrogenase turnover to produce more NADH.

divalent cations were added. This activation solution was photoreduced by illumination
with a 300 W halogen lamp and the protein was kept in a 30°C ± 2°C water bath for 5
minutes (or another desired amount of illumination time) and then covered with foil to
prevent further reduction. To assay the activity, 5 µL of the resulting activation solution
was placed on a lid of an anaerobic cuvette containing 895 µL of coupling solution
containing 3 mM NAD+, 55 µM CoA, 0.05 mg/mL BSA, 10 mM pyruvate, 10 mM
malate, 2 U/mL citrate synthase, 30 U/mL malic dehydrogenase, 10 mM DTT, and 100
mM Tris, pH 8.1 (all final concentrations after mixing of activation solution and coupling
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solution which was 900 L) prior to sealing the cuvette and removing it from the
chamber. The two solutions were mixed by inverting the cuvette just prior to placing in a
thermostatted (30°C) Cary 60 UV-vis spectrophotometer. The production of NADH was
monitored at 340 nm for 90 seconds. Rates were calculated from the slope of absorbance
vs. time from 18 seconds to 90 seconds, when the slopes stabilized and were the most
linear. One unit of PFL activity corresponds to the production of one µmole of pyruvate
per minute, and 35 units of PFL is equivalent to 1 nmole of PFL active sites [4]. The
definition of one unit of PFL-AE activity is the amount that catalyzes the production of 1
nmole of active PFL per minute (Equation 1-5) [5]. The units of active PFL (PFLac) in
the 1 mL cuvette is calculated as follows (Equation 1):
𝑚𝑜𝑙

𝐴𝑈

106 𝜇𝑀𝑜𝑙

(min) ( 6200𝐿 𝐴𝑈 ) (9.0 × 10−4 𝐿 𝑎𝑠𝑠𝑎𝑦 𝑣𝑜𝑙) (

𝑚𝑜𝑙

)=

𝜇𝑚𝑜𝑙 𝑝𝑦𝑟𝑢𝑣𝑎𝑡𝑒
min

= 𝑈 𝑃𝐹𝐿𝑎𝑐

(1)

where AU/min is the rate of NADH production during a 1.5 minute (90 second) scan,
6200 AU mol-1 L-1 is the molar absorptivity of NADH, and 9.0 × 10-4 L assay vol is the
total assay volume in the cuvette after mixing. This equation holds true assuming 1
NADH molecule produced equals one molecule pyruvate turned over by PFL. The total
units of PFLa in the activation solution is calculated as follows (Equation 2):
𝑈 𝑃𝐹𝐿𝑎𝑐

(

5 𝜇𝐿

) (450 𝜇𝐿) = 𝑈 𝑃𝐹𝐿𝑎

(2)

where 5 L is the volume of the activation solution on the lid of the cuvette and 450 L
is the total volume of activation solution illuminated. The specific activity for PFL-AE
from units of PFL can be calculated as follows for a 5 minute photoillumination time to
reduce PFL-AE (Equations 3-5):

36
1 𝑛𝑚𝑜𝑙 𝑃𝐹𝐿𝑎

(𝑈𝑃𝐹𝐿𝑎 ) (
𝑛𝑚𝑜𝑙 𝑃𝐹𝐿𝑎
5 𝑚𝑖𝑛

35 𝑈

) = 𝑛𝑚𝑜𝑙 𝑃𝐹𝐿𝑎

= 𝑈 𝑃𝐹𝐿-𝐴𝐸

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (𝑃𝐹𝐿-𝐴𝐸) = (𝑈 𝑃𝐹𝐿-𝐴𝐸)/(𝑚𝑔 𝑃𝐹𝐿-𝐴𝐸)

(3)
(4)
(5)
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CHAPTER 3

MATERIALS AND METHODS

Spectroscopic Methods for
Radical SAM Enzymes: Fe-S Cluster Characterization

Many different spectroscopic techniques can be used to analyze Fe-S clusters
such as UV-vis, resonance Raman, Mössbauer, electron paramagnetic resonance (EPR),
and electron nuclear double resonance (ENDOR) spectroscopies. Ligand to metal
transfer bands occur between 305-450 nm for Fe-S clusters which are dependent on the
type of cluster and oxidation state. [2Fe-2S] and [4Fe-4S] exhibit absorptions in this
range in the oxidized state but become bleached in the reduced states [1]. Mössbauer
spectroscopy can determine the cluster type, oxidation state of the Fe, and the
delocalization patterns within a cluster [2,3]. Resonance Raman spectroscopy can
distinguish between the cluster types and identify ligands [4]. The type of cluster, its
coordination environment, and oxidation state can be explored through EPR and ENDOR
spectroscopic techniques [1,4,5]. The background of EPR and ENDOR spectroscopies
will be discussed in detail below along with how they are used to study Fe-S clusters.

Electron Paramagnetic Resonance Spectroscopy

Electron paramagnetic resonance (EPR) spectroscopy is a technique that probes
specific aspects of an unpaired electron’s environment through the interaction of the
paramagnetic center and an applied magnetic field. EPR spectroscopy is only applicable
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to species with one or more unpaired electrons such as inorganic and organic free
radicals, triplet states, and transition metal ions [4,6]. This technique has been widely
used in the analysis of metalloenzymes that contain transition metal centers.

Theoretical Background
In a typical EPR experiment, the microwave (mw) frequency () is held constant
and the magnetic field strength (Bo) is varied. It is also possible to carry out EPR
experiments wherein the magnetic field is held constant and the frequency is varied until
a transition occurs. When the appropriate magnetic field is reached to split the MS states
to allow for an absorption event of the applied microwave frequency, an EPR spectrum is
produced. The most common EPR experiments are performed at a microwave frequency
of about 9.3 GHz, known as X-band. Q-band (35 GHz) and W-band (95 GHz) are
common and P-band (15 GHz) and K-band (18 GHz) have also been used. EPR
spectrometers are tuned to detect signals that change amplitude as the field changes,
resulting in a signal which is output as the first derivative ( signal amplitude /
magnetic field) of an absorption spectrum [4,6].
An isolated electron in the absence of outside forces has an intrinsic angular
momentum spin (S) and since an electron is charged, the angular motion of the charged
particle generates its own magnetic field. Due to its charge and angular momentum, the
electron acts like a small bar magnet, or magnetic dipole, with a magnetic moment, μ, and
S ∝ μ. Like a bar magnet, the magnetic moment of an electron has no preferred direction
in space, but when an electron is placed under an external magnetic field, it experiences
Zeeman interactions. A bar magnet, like a compass needle that points north, tends to
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orient in an external magnetic field (Bo) into two orientations: a more favored orientation
and a least favored orientation with an infinite number of states in between. An electron,
on the other hand, has a set intrinsic angular momentum of S = ½. Therefore, an electron
only has two orientations in an external field: MS = ½ and MS = -½ (Figure 3.1). The
lower energy level, MS = -½, is aligned with the magnetic field (stabilized) and the higher

A)

Energy

MS = ½

MS = -½

B)

Absorption

C)

Derivative

Magnetic Field

Figure 3.1. A simple energy level diagram in the presence of a magnetic field and a
representative absorption and derivative spectrum. A) The splitting of the two MS = + ½
energy levels in the presence of a magnetic field is shown. The double headed arrows
represent the microwave quantum and when the difference in energy levels is equal to the
microwave quantum (blue arrow), an absorption of microwave energy occurs and an
absorption spectrum is generated (b). The derivative of the absorption (c) is generally
reported by the spectrometer.
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energy level, MS = ½, is aligned against the magnetic field (destabilized) [7]. The
interaction of an electron with a magnetic field to induce splitting of the energy levels is
called the Zeeman interaction. The energy of an electron with MS = + ½ is (Equation 1):
1

𝐸±1/2 = ± 2 𝑔𝑒 𝛽𝐵𝑜

(1)

where  is the Bohr magneton, the natural unit of an electron’s magnetic moment, and ge
is the spectroscopic g-factor of the free electron with the value ge = 2.0023 [4,6,7]. When
a uniform magnetic field is applied to a paramagnetic species, the ground state levels are
split into E1/2 and E-1/2, separated by E (Equation 2):
1

1

∆𝐸 = 𝐸1/2 − 𝐸−1/2 = (2 𝑔𝛽𝐵𝑜 ) − (- 2 𝑔𝛽𝐵𝑜 ) = 𝑔𝛽𝐵𝑜

(2)

In order for a transition to occur, or a spin flip from the lower energy level to the higher
energy level, energy (E) is required and is given by Equation 3:
Δ𝐸 = ℎ𝜈 = 𝑔𝛽𝐵𝑜

(3)

where h is Planck’s constant and  is the microwave frequency. When Equation 3 is
satisfied, the sample is in resonance and absorption of the microwave energy occurs
(Figure 3.1). For an EPR transition, MS can only change by + 1 unit [4,6,7].

Population Difference is
Key for an EPR Absorption Event
In order for absorption of a microwave to occurring during an EPR experiment,
there needs to be a net difference in population between the more-stable (MS = -½) and
the less-stable (MS = ½) states. This requires that the number of transitions from the
more-stable to less-stable states (by flipping the spin) exceed those in the opposite
direction, by either relaxation or emission to the MS = -½ state [6].
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Since X-band microwaves are used to irradiate samples, the separation between
the energy levels is small (~0.3 cm-1 for X-band) which causes the difference of spins
between the two MS levels to also be small. At room temperature, there is only ~0.5% net
excess of spins in the lower level [4]. With the application of microwaves, the
populations tend to equalize and thus decrease the observed absorption. During a spectral
scan, the radiation-induced MS = -½  MS = ½ transition has the same probability of
occurring as the opposite direction. Although there is an equal probability for a transition
in either direction, a net absorption is observed because there is more spin in the lower
level initially. Thus, the number of spins in the upper level will increase relative to the
lower level, resulting in a decrease in a population difference between MS states and
consequently decreasing the net absorption, which is also known as saturation. A
difference between the levels is maintained through non-radiative spin relaxation
processes, known as spin-lattice relaxation, which will decrease the number of spins in
the upper level. As long as the spin-lattice relaxation rate is greater than the rate of
radiation-induced transitions, the population difference will be maintained, absorption
can occur, and an EPR spectrum will be produced [6].

Electrons in Molecules
A paramagnetic species in a biological environment is surrounded by amino acids,
solvent, and other molecules, causing the unpaired electron to possess some orbital
angular momentum (L) in addition to its intrinsic spin angular momentum (S). The
magnetic moment depends on the total paramagnetism which involves both the spin and
the orbital angular moment. Generally, the orbital angular moment is approximately zero
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for an electron in the ground state where a spin-only system exists with an effective
g-factor equal to that of a free electron (ge = 2.0023). However, in most systems, mixing
of this ground state with excited states by spin-orbit coupling gives back some orbital
angular momentum, or a coupling contribution. The magnitude of the spin-orbit coupling
contribution is dependent on the size of the nucleus that the unpaired electron resides. In
the case of organic free radicals, such as a radical on H, O, C, and N atoms, a small
contribution from spin-orbit coupling is observed and its g-factor will be close to ge. If
an unpaired electron is associated with larger elements, such as transition metals, the
g-factor may be significantly perturbed from ge [4].

Anisotropy
Deviation from the g-factor of a free electron (ge) arises from the spin-orbit
coupling between the ground and excited states. Since orbitals are oriented in a
molecule, the magnitude of mixing is direction-dependent, or anisotropic [6]. In a
solution, the anisotropy is averaged out. However, in a fixed orientation, such as a
crystal, the g-factor would change as you rotated the crystal in the spectrometer due to g
anisotropy. In frozen samples, on the other hand, the paramagnets are not rapidly
rotating as in a solution nor are they aligned in a set direction like a crystal but they are
fixed in all possible orientations.
For each paramagnetic species, there is a unique axis system called the principal
axis and the g-factors measured along this axis are called the principal g-factors (gx, gy,
and gz). An EPR spectrum can be classified as one of three spectral types: isotropic,
axial, or rhombic (Figure 3.2). In an isotropic spectrum, the principal g-factors are the
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same (gx = gy = gz), the magnetic moment is independent of orientation, and the resultant
spectrum is a single symmetric line. In an axial spectrum, there is a unique axis that
differs from the other two (gx = gy ≠ gz). The unique g value is parallel to the axis, called
g||, while the two common g values that are perpendicular to it are referred to as g. Since
the g value has twice the probability of occurring than the g|| does, the spectrum is more
intense in the g region. A rhombic spectrum, on the other hand, occurs when all the
g-factors differ (gx ≠ gy ≠ gz) [4].

Figure 3.2. Representative EPR signals originating from S = ½ systems. The columns (ad) give the spectral type, the associated pattern of g anisotropy, a symmetry diagram as a
solid body, and the graphical absorption and derivatives. The isotropic symmetry body is
spherical while the axial symmetry can either be prolate (like a football) or oblate (like a
discus). The rhombic body is more like a partially inflated football. In the absorption
and derivative graphs, the dashed line correlate to the absorption peaks to its perspective
derivative feature. Figure taken from [4].
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Hyperfine Interactions:
The Effect of Nuclear Spin
In most systems, the paramagnetic species can be affected by neighboring
magnetic nuclei and these interactions are known as hyperfine interactions. Going back
to a classical bar magnet, a magnet will align itself with an external magnetic field
(Zeeman interactions). But the energy of the bar magnet can also be influenced by
interactions with a neighboring bar magnet (Figure 3.3) and the magnitude of these
interactions is dependent on the distance of separation and the alignment of the two
magnets [7]. An analogous interaction can occur between a paramagnetic species and a
neighboring magnetic nucleus (I > ½), known as the hyperfine interaction. The effect of
the hyperfine interaction can be added as a term to the energy expression for an EPR
transition (Equation 4):
Δ𝐸 = ℎ𝜈 = 𝑔𝛽𝐵𝑜 + ℎ𝐴𝑀𝐼

(4)

where A is the hyperfine coupling constant (measured in cm-1 or MHz) and MI is the
magnetic quantum number for the nucleus. Since there are 2I + 1 possible values of MI,
the hyperfine interaction thus splits the Zeeman transition into 2I + 1 lines of equal
intensity (Figure 3.3b) [6]. For examples, the interaction of an electron with a proton (I =
½) will produce an EPR spectrum which contains two lines (MI = ½, -½) while
interaction with 14N (I = 1) contains three lines (MI = 1, 0, -1). The energy separation
between these lines is equal to hA but is termed the hyperfine splitting constant (a) and is
measured and expressed in magnetic field units (Gauss or Tesla) [4]. These interactions
are the basis of ENDOR spectroscopy which will be discussed later.
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a

BI
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Figure 3.3. Origin of a hyperfine interaction with a bar magnetic representation (a). A
magnetic moment of a nucleus produces a magnetic field (BI) at the electron. This field
either opposes (top) or adds (bottom) to the applied magnetic field (B0) depending on the
alignment of the nucleus. When BI adds to the magnetic field, less applied magnet field
is required and the resonance field is lowered by BI; while if BI opposes the laboratory
field, the opposite is true, producing two absorption peaks (b). The spacing between the
two absorption peaks for an I = ½ system is equal to the hyperfine splitting constant a
(red arrow). Figure taken and modified from [7].

In addition to hyperfine interactions, a paramagnetic species can interact with
“satellite” magnetic nuclei rather than the parent nucleus, which is known as superhyperfine interactions. An example is an organic radical where the unpaired electron is
found in an orbital delocalized over a large aromatic framework, and thus might be under
the influence of a number of nuclei. Another example is when a paramagnetic metal
complex contains ligands with nuclear spin. For an unpaired electron exposed to n
equivalent nuclei, the number of lines the spectrum is split into is equal to 2nI + 1 but the
intensity of the individual lines vary. For an I = ½ nucleus, the intensity distribution is
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predicted by Pascal’s triangle where the four line pattern has the relative intensities
1:3:3:1 [4,6].

Advantages and Disadvantages
of EPR Spectroscopy
Like most spectroscopic techniques, EPR does have its downsides. As discussed
above, there are many conditions that must be fulfilled in order to obtain an EPR
spectrum. To begin, the system studied must contain a paramagnetic species. Most
metalloenzymes contain transition metals in their active sites which are, in most states,
paramagnetic. Secondly, the temperature of the sample is important. Most EPR samples
must be frozen and kept frozen during an experiment since most are prepared in aqueous
solutions that absorb microwaves, causing the sample to heat up. In order to maintain a
population difference between MS states, the sample must be run at the lowest
temperature possible, while keeping in mind that the optimal temperature does need to be
determined because samples can saturate at low temperatures and exhibit line broadening
at high temperatures [7]. The paramagnetic center must have a fast enough relaxation
time to maintain the population difference between MS energy levels or the sample
reaches saturation. Lowering the temperature can decrease the relaxation rate for some
systems. The appropriate microwave power must be also be optimized. If the power is
too high, too much absorption occurs and the system will become saturated. Many other
considerations must be taken for individual samples/systems.
For most metalloproteins, the advantages outweigh the disadvantages. EPR
spectroscopy can reveal information about the ground state, oxidation state, the local
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symmetry of the metal center, and geometric and electronic structure of the metal site.
Only a paramagnetic signal is visible in an EPR experiment, such as an active site metal
ion, while the rest of the protein is silent. Thus, in EPR, only the active site environment
gives rise to a signal and we can look at how the active site changes throughout its
catalytic process (with and without substrates, products, or inhibitors).

Electron Nuclear Double Resonance Spectroscopy

Many paramagnetic metalloproteins exhibit a broad, low symmetry (either an
axial or rhombic) EPR spectrum that can provide generic information about the
metalloprotein but it provides little detailed information. These systems are great
candidates for ENDOR spectroscopic investigation to provide more detail on the metal
coordination environment and possible mechanistic insight not obtainable from EPR
alone [8-10]. ENDOR spectroscopy can provide information related to the electronic and
magnetic properties of a metal site(s), insight into enzyme mechanisms such as transition
states, protein dynamics, and structural information such as coordination geometry,
valency of the metal site, and identification of ligands [9-11].
Metalloproteins generally don’t have well defined hyperfine splitting which
creates line broadening. In contrast, NMR exhibits narrow lines from a specific nucleus
that contains chemical shift and spin coupling information, but NMR is insensitive since
the nuclear magnetic moment is much smaller in comparison to an electron. Therefore,
ENDOR combines EPR and NMR by detection of the NMR resonances by observing
their effect on an EPR signal (EPR-detected NMR) [9]. The EPR signal is measured at a
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fixed magnetic field (a specific g value) and its intensity is varied by scanning an applied
radio frequency (rf) to probe the NMR active sites.

What ENDOR Spectroscopy Can Detect
ENDOR spectroscopy is used to study the magnetic interactions of an unpaired
electron with the spins of a magnetic nucleus, or the hyperfine interactions. It monitors
the actual NMR transitions induced by an rf field but does not directly detect the
transitions. With the application of a fixed microwave frequency, a specific EPR
transition (one g value) is promoted. When the rf field is applied and swept through a
selected range, the NMR transitions are monitored as a change in the EPR signal intensity
at this transition. The resulting spectrum has orders of magnitude better resolution than
an EPR spectrum at a specific g center. Thus, ENDOR spectroscopy can be used to
characterize hyperfine and quadrupole interactions of systems that show little or no
hyperfine splitting [4,11,12]. The nucleus, which contains a nuclear spin of I > ½, can
either be the parent molecule where the unpaired electron resides or on a nearby nucleus
which has orbital overlap with the unpaired electron.
The hyperfine coupling interaction between a paramagnetic center and a nucleus
can provide a wealth of information. Hyperfine coupling is related to the electron spin
delocalized onto a given nucleus, providing information on the type of bond, the
geometry, and structural information.
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General Theory
In an ENDOR experiment, a fixed magnetic field (for a specific g value) is chosen
and the EPR signal is saturated or partially saturated. The ENDOR signal can be
described as an NMR-induced desaturation of this EPR saturated signal. An example of
an energy level diagram is depicted in Figure 3.4 for the simplest system with one
paramagnetic species with S = ½ and one nuclear spin with I = ½. During application of
a magnetic field, the ground state levels are split into two levels: S = -½ and S = ½
(the Zeeman interactions as discussed in the EPR discussion). When a nucleus with a
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Figure 3.4. The energy level diagram for an S = ½ paramagnetic species interacting with
an I = ½ nuclear spin (a). EPR transitions are shown in blue while NMR (ENDOR)
transitions are shown in red. B) A simple stick representation of a weakly coupled
paramagnetic species and a nucleus for the energy diagram in (a). The numbered
frequencies () represent a transition (red arrows in (a)) between the corresponding
numbered energy level. The lines are split by the hyperfine constant (A) and centered at
the Larmor frequency (N). See text for more detail.
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nuclear spin I > ½ is present (hyperfine interactions), the S levels are further split into
two MI levels, MI = -½ and MI = ½. An EPR allowed transition has the selection rules
S = + 1 and MI = 0 while an NMR allowed transition has the selection rules of S
= 0 and MI = + 1. Following these selection rules, an EPR transition shown in Figure
3.4 is represented as a solid blue arrow and the NMR (ENDOR) transitions are
represented as a solid red arrow. During an ENDOR experiment, the magnetic field is set
to a specific EPR transition between 2 and 4, for example. This signal is saturated with
microwave power, equalizing the electron spin populations on these two levels. When
the rf field is scanned and the energy matches that of an NMR transition between 3 and 4,
an NMR transition occurs, increasing the population in level 4. The populations in levels
2 and 4 will no longer be equal, or the EPR levels are no longer saturated, and an EPR
absorption can occur. This new population difference allows for a net absorbance of the
microwave frequency in the EPR transition and thus an ENDOR signal is produced [13].
Figure 3.4b shows a simplified ENDOR stick spectrum that would occur for the
simple S = ½, I = ½ system. A nuclear transition in the upper levels from 3  4 (red
arrow from Figure 3.4a), will produce one ENDOR line while a transition between the
lower levels from 1  2 will produce another ENDOR line. Each unique nucleus (I > ½)
will produce two ENDOR peaks (a doublet) and the number of ENDOR lines for a
nucleus with spin I is given by the rule of 4I lines (2I NMR lines for each of the two Ms
states) [4]. The rf frequencies where these NMR transitions can occur (+) are related to
the Larmor frequency of the nucleus (N), which is specific for each nucleus, and the
hyperfine coupling constant (A) (Equation 7):
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𝐴

𝜈± = |𝜈𝑁 ± 2 |

(7)

In cases where the nuclear Zeeman splitting is dominant (also known as weak coupling),
the doublet is centered at the Larmor frequency and the peaks are split by A. When the
hyperfine splitting is dominant (or strong coupling), the signals are centered at A/2 and
split by 2N (twice the Larmor frequency). Generally, weak coupling is typical for a 1H
(I = ½) that has a large nuclear g-factor (gN). A strong coupling is typically found for
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Fe, which has a small gN value but large hyperfine coupling since, in most cases, the

paramagnetic species resides on the transition metal [10,11].

Different ENDOR Spectroscopic Techniques
There are two different types of ENDOR experiments: continuous wave (CW)
and pulsed techniques. CW ENDOR of metalloenzymes most often has better sensitivity
than pulsed because generally, a microwave pulse cannot flip all the electron spins in a
sample. On the other hand, pulsed ENDOR experiments often give better line shapes and
resolution and one can vary the pulse sequences to optimize for a given sample [10].

CW ENDOR. CW ENDOR spectroscopy is generally more sensitive than pulsed
techniques but with the expense of resolution [9]. Usually, CW experiments are done
first to investigate what signals are present in a sample before pulsed techniques are
employed to obtain higher resolution. Some signals are too weak for CW analysis and
other techniques are required. The CW experiment is conducted by the saturation of an
EPR signal through an increase in mw power. The recovery of this signal is then
monitored as a function of the frequency of continuously irradiated rf waves (as
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described above). When the rf matches the nuclear transition, the populations of the
energy levels are changed and microwaves can then be absorbed and this absorption is
detected [12].

Pulsed ENDOR Spectroscopy. Pulsed ENDOR techniques are based on the
electron spin echo (ESE) effect. An echo signal is created through the application of a
microwave pulse. An rf pulse is applied during a “mixing period” between microwave
pulses which drives nuclear spin transitions and changes the ESE intensity. The ENDOR
signal is then measured as the amplitude of this change when the rf is scanned. There are
two widely used pulsed techniques called Mims and Davies that are used to probe
different degrees of coupling between the paramagnetic center and the target nucleus.
The Mims pulsed technique is ideal for providing high resolution spectra of a
nucleus that has small hyperfine couplings (weak coupling, generally less than 2 MHz,
with the paramagnetic center). Good candidates for Mims are 2H, 13C, and 15N from
specifically labeled molecules which are interacting with a paramagnetic site via longer
range dipole coupling [9]. A Mims pulsed sequence is shown in Figure 3.5a. Both EPR
transitions are excited by a microwave pulse (/2). A delay time is present between the
first mw pulse after which there is a mixing period. During this mixing period, a
frequency-swept rf pulse is applied to cause transfer between the electronic and nuclear
transitions. A third mw pulse then generates the ESE which is observed during the
detection period. Usually this sequence is repeated for a sample (~20 pulsed sequences).
There is a delay time between repeats which ideally restores the EPR energy levels.
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Another pulsed technique termed Davies is useful for detection of strongly
coupled systems. A sequence is shown in Figure 3.5b. An initial mw pulse is applied
which inverts the EPR transition followed by the mixing period where a frequency-swept
rf pulse is applied to stimulate nuclear transitions. When the rf frequency is equal to a
nuclear frequency, a nuclear transition occurs, changing the population in the nuclear
levels, thus affecting the population of the EPR transitions as well. This effect is detected
by the echo intensity through the final part of the pulse sequence (/2----echo).
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Figure 3.5. The pulse sequence for Mims (a) and Davies (b) ENDOR. Each technique
has a different sequence of microwave (mw) pulses (blue boxes) to induce EPR
transitions and radiofrequency (rf) pluses (teal boxes) to induce NMR transitions. A wait
time, or delay time (white boxes) occurs at different times for each technique. After each
sequence, a spin echo is recorded.

55
Optimizing an ENDOR
Experiment for Metalloproteins
Most metalloprotein systems do not contain just one nucleus with I > ½ but rather
contain multiple nuclei which ligate the metal center. Many nuclei have Larmor values at
low frequencies (less than 5 MHz) and thus assignments are often complicated due to
overlapping signals [14]. A shit from X-band (9-10 GHz) to Q-band (35 GHz) frequency
is usually sufficient to move and separate the field-dependent Larmor frequency of a
proton, for example, from a nitrogen. The field-dependent hyperfine component is
unaffected.

Advantages and Disadvantages
of ENDOR Spectroscopy
ENDOR spectroscopy has similar advantages and disadvantages as an EPR
experiment but the information retrieved from an ENDOR experiment can be very
valuable and cannot be obtained from any other spectroscopic technique.
ENDOR spectroscopy can also give information about a metal containing active
site and it can discriminate against nuclei that are not part of the active site: signals only
arise from a nucleus that has hyperfine interactions with the electron-spin system under
observation, such as only the active site atoms. For example, it is possible to examine
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Fe resonances from one Fe-S cluster without interference from other unlabeled Fe-S

clusters or from excess 57Fe not bound to protein [10].
As stated previous, in order to have an ENDOR signal, there needs to be a nucleus
with I > ½ coupled to a paramagnetic species. Not all naturally abundant isotopes have
nuclear spin, which can actually be advantageous. Through isotopic labeling, one can
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characterize every atom associated with a paramagnetic center individually [9]. For
example, in radical SAM enzymes, the SAM molecule can be isotopically labeled on
select carbon molecules with 13C. Any 12C molecules (I = 0) cannot couple with [4Fe4S]+ cluster and do not produce an ENDOR signal. Multiple ENDOR experiments can
be conducted with individual 13C labeled SAM sites and the distances of each carbon can
be determined. This was done with the radical SAM enzyme PFL-AE with [methyl-13C]SAM and [carboxyl-13C]-SAM to determine how SAM was coordinated to the cluster
prior to SAM cleavage [15,16] (Figure 3.6).

Figure 3.6. SAM coordination to the [4Fe-4S] cluster determined with ENDOR
spectroscopy of PFL-AE in the presence of different isotopically labeled SAM molecules.
Colored 13C (red) and 15N (blue) isotopes were labeled in different SAM molecules which
were used for subsequent ENDOR experiments.

Isotope effects can also be monitored with ENDOR spectroscopy to determine if a
molecule is interacting with (or directly coordinated to) the paramagnetic center. An
example includes preparing samples in 2H2O which Werst et al. performed on the
[4Fe-4S] cluster containing protein aconitase [17]. When samples were prepared in
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2

H2O, a strongly coupled 1H ENDOR signal disappeared and a new strongly coupled 2H

signal appeared. The authors concluded that an HxO species was coordinated to the [4Fe4S]+ cluster in the presence and absence of substrate [17]. Another example in radical
SAM enzymes is with PFL-AE and an isotopically labeled 15N-amino-SAM (Figure 3.6).
With the addition of the 15N-amino SAM, the strongly coupled 14N signal disappeared
and shifted to become a strongly coupled 15N signal [16].
ENDOR spectroscopy can also obtain valuable information about intermediate
states during catalysis in metalloproteins that cannot be observed by other methods such
as x-ray crystallography. ENDOR spectroscopy, in conjunction with other techniques
such as rapid freeze quench, can trap and identify reaction intermediates.

EPR and ENDOR Spectroscopic Applications for Fe-S Clusters

EPR and ENDOR spectroscopic techniques can be applied to Fe-S containing
metalloproteins to obtain information about the cluster type and its coordination
environment, which will be discussed below. Due to the different oxidation states of FeS clusters, only some oxidation states are paramagnetic, or EPR active, which will also be
discussed below.

Electron Delocalization
and Spin States of Fe-S Clusters
The localization and delocalization patterns in Fe-S clusters are summarized in
Figure 3.7. In the simple case of an oxidized [2Fe-2S]2+ cluster, two Fe3+ atoms are
present in the cluster, each containing a 5/2 spin which are antiparallel and are
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antiferromagnetically coupled with a resulting spin of 0, an EPR silent state. In the one
electron reduced state, a [2Fe-2S]+ cluster, the electron settles on one Fe, producing a
Fe2+ and Fe3+ pair. These local spins, 4/2 (or 2) and 5/2, couple antiferromagnteically
with a resulting spin of ½ (Figure 3.8) which can be observed with EPR techniques. In
the case of an oxidized [4Fe-4S]2+ cluster, there are 2Fe3+ and 2Fe2+ resulting in two mixvalence pairs (two Fe2+-Fe3+ pairs) with spins of 9/2 which are antiferromagnetically
coupled, resulting in a net spin of 0. These clusters can be thought of as containing two

Figure 3.7. Localization and delocalization patterns of Fe-S clusters in different cluster
oxidation states as indicated with brackets. The localized Fe3+ (red circles) and Fe2+ (blue
circles) sites and delocalized Fe2.5+-Fe2.5+ pairs (green circles) are shown with bound
sulfur atoms (yellow circles). The overall spin state is shown below each cluster.
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delocalized Fe2.5+-Fe2.5+ pairs. Upon one electron reduction to the [4Fe-4S]+ state, a mixvalence pair (Fe2.5+-Fe2.5+ pair) and a Fe2+-Fe2+ pair are each ferromagnetically coupled
yielding spins of 9/2 and 8/2 (4), respectively. These pairs are then antiferromagnetically
coupled, resulting in a net ½ spin for the cluster [18].
The advantage of a delocalized Fe-S cluster is that an electron delocalized over a
metal cluster can be transferred more efficiently than from a single metal site [18]. The
delocalization spreads the electron out over a larger structure, reducing the reorganization
energy that is required for the interconversion between the oxidized and reduced
structures.
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Antiferromagnetic
Coupling
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Fe3+
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Coupling

Figure 3.8. Delocalization of spin for a symmetric Fe2+-Fe3+ dimer. Antiferromagnetic
coupling spin alignments are shown on the left and ferromagnetic coupling is shown on
the right.

EPR and ENDOR Spectroscopic
Considerations for Fe-S Clusters
Fe-S clusters usually contain non-isotropic EPR signals with line broadening due
to their lower symmetry, coordination environment within metalloenzymes which
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complicates an EPR spectrum. Nonetheless, EPR spectroscopy of Fe-S clusters can
provide information about the structure and biological function that other techniques
cannot. For example, [3Fe-4S]+ clusters exhibit isotropic signals while [2Fe-2S]+ and
[4Fe-4S]+ clusters have axial or rhombic signals. The electronic structures of the clusters
can be investigated through hyperfine interactions with isotopically labeling the clusters
with 57Fe and 33S and analysis by ENDOR spectroscopy. The redox states of clusters can
also be determined under different conditions along with the midpoint redox potentials
[19-21]. The type of Fe-S cluster present in a metalloenzyme can be determined since
each type of cluster produces a unique signal with different relaxation properties that are
affected by different temperatures and mw power (discussed below).
In a system with only one Fe-S cluster, the only possible interactions are the
superhyperfine interactions with a magnetic nucleus present in the second and higher
coordination spheres, such as 1H, naturally abundant 13C (1.11% abundance), and 14N
from coordinated residues and added substrates. In standard CW EPR spectroscopy, the
hyperfine splitting from ligands are not usually resolved and thus contribute to
inhomogeneous line broadening.

Temperature and Power
Effects on Fe-S Clusters
The EPR signals of Fe-S clusters are affected by temperature and mw power to
varying degrees depending on Fe-S cluster type. This property can be very useful in
determining the type of cluster(s) in the system of interest and extracting the individual
signal components from proteins that contain a complicated, multi-cluster spectrum. In
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general, Fe-S clusters are easily saturated with microwave power at lower temperatures
but less at higher temperatures since the relaxation times increase. But these relaxation
properties can be dependent on the Fe-S cluster. At higher temperatures, the excited
states (Ms = ½) becomes more populated which causes the signals to disappear,
particularly the signals from [4Fe-4S]+ clusters [5]. [4Fe-4S]+ clusters will only produce
an EPR signal below 30 K while [2Fe-2S]+ will produce a signal for temperatures < 100
K [22]. At low temperatures ( 15K) [2Fe-S]+ clusters are more susceptible to power
saturation with high mw power settings, while [4Fe-4S]+ clusters are more resistant and
do no exhibit signal saturation effects under these conditions [22]. These effects are due
to a more efficient electron-spin relaxation in [4Fe-4S]+ clusters and their ability to
delocalize the unpaired electron over two [2Fe-2S] rhombs which are
antiferromagnetically coupled. However, the rate of relaxation is dependent on the
geometry and the environment of the cluster and these effects can be an oversimplification.
EPR and ENDOR spectroscopies are powerful techniques that can analyze
metalloproteins throughout the different stages of catalysis and can be used in
conjunction with other spectroscopic techniques to obtain a more complete picture of its
active site. EPR and ENDOR spectroscopies can be applied to a wide range of
metalloproteins, not just Fe-S containing enzymes, which contain a transition metal
which is paramagnetic in at least one oxidation state to provide information about the
coordination of metal.
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CHAPTER 6

EPR AND ENDOR ANALYSIS OF SMALL MOLECULES INDUCING
VALENCE LOCALIZATION IN PFL-AE

Introduction

Fe-S cluster are some of the most versatile and ubiquitous prosthetic groups found
in biological systems [1,2]. They carry out roles such as electron transfer, substrate
binding, storage, or structural roles. The basic structure of Fe-S clusters is a Fe2S2 rhomb
which can be combined to form [2Fe-2S], [3Fe-4S], [4Fe-4S] clusters and even more
complex structures and thus, the Fe2S2 rhombs can be considered the building blocks of
assembly. For example, the cubane [4Fe-4S] clusters can be assembled from two
[2Fe-2S] units whereas the [3Fe-4S] clusters are formed from the loss of one Fe from the
[4Fe-4S] cluster [1,2].
A [4Fe-4S] cluster sits at the core of radical S-adenosyl-L-methionine (SAM)
enzymes. The [4Fe-4S] cluster is ligated to the protein via a CX3CXΦC motif, where Φ
is an aromatic residue, and this three-cysteine motif creates a unique Fe site in the
[4Fe-4S] cluster to which SAM coordinates through its amino and carboxyl moieties
[3,4]. Upon one electron reduction of a [4Fe-4S]2+ cluster to a [4Fe-4S]+ cluster, inner
sphere electron transfer to SAM occurs, reductively cleaving the S5’-C bond, generating
the highly reactive 5’-deoxyadenosyl radical (5’-dAdo•) and methionine (Figure 6.1).
Once 5’-dAdo• is generated, these radical SAM enzymes can carry out diverse reactions
such as activating a protein through radical generation, DNA repair, sulfur insertion, and
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isomerization [3]. The reactions of radical SAM enzymes are highly controlled within
the active site [5] which resides at the terminus of a partial ()6 TIM barrel in most
cases or a complete ()8 TIM barrel in other cases [4]. Pyruvate formate lyase
activating enzyme (PFL-AE) is a well-characterized radical SAM enzyme that activates
the homodimeric pyruvate formate lyase (PFL) protein. PFL-AE abstracts the pro-S
hydrogen from a glycine residue of PFL (G734), producing a stable glycyl radical (Figure
6.1). Once activated, PFL catalyzes the first step in anaerobic glucose metabolism
through the generation of formate and acetyl-CoA from pyruvate and coenzyme A (CoA)
[6-8].

Figure 6.1. Reaction of the reductive cleavage of SAM by radical SAM enzymes and the
activation of PFL by the radical SAM enzyme PFL-AE. After reduction of the cluster,
SAM is cleaved to produce the 5’-dAdo• radical (red) and methionine. In PFL-AE,
5’-dAdo• abstracts a hydrogen (green) from G734 on PFL to produce a glycyl radical
(purple) and 5’-dAdo, thus activating PFL.
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A typical [4Fe-4S]2+ cluster contains two valence delocalized Fe2.5+-Fe2.5+ pairs
(Figure 6.2a) while in the reduced [4Fe-4S]+ state, a Fe2.5+-Fe2.5+ pair and a Fe2+-Fe2+ pair
is present [1]. PFL-AE in whole cells was found to contain an unprecedented valencelocalized [4Fe-4S]2+ cluster containing one Fe2+-Fe3+ pair and one Fe2.5+-Fe2.5+ pair
(Figure 6.2b), based on Mössbauer spectroscopic studies conducted on E. coli cells
overexpressing PFL-AE [9]. While Mössbauer spectroscopic studies of purified PFL-AE

A)

B)

Figure 6.2. Representations of (a) a valence delocalized [4Fe-4S]2+ cluster with two
Fe2.5+-Fe2.5+ pairs (blue spheres) and (b) a valence localized [4Fe-4S]2+ cluster with a
Fe2.5+-Fe2.5+ and a Fe3+-Fe2+ (purple and green, respectively) pair.

had previously shown it to contain a typical valence-delocalized cluster [10], partial
valence localization was shown to be achieved upon the addition of 5’-deoxyadeonsine
(5’-dAdo), 5’-deoxy-5’-(methylthio)adenosine (MTA), adenosine 5’-monophosphate
(AMP), and adenosine 5’-diphosphate (ADP) [9]. The only previous report of a valencelocalized [4Fe-4S]2+ cluster in a protein is in the two-electron reduced form of
ferredoxin:thioredoxin reductase (FTR) where a free thiol (C87) is within van der Waals
contact of an Fe and a bound cysteine (C55) [11]. A strong H-bonding interaction is
formed between the protonated C87 and the S atom of C55, promoting a charge buildup
on the Fe to produce a valence localized Fe2+-Fe3+ pair while still retaining a delocalized
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Fe2.5+-Fe2.5+ pair [11]. In this case, valance localization is thought to be a means to prime
the active site for one-electron reduction and cleavage of the disulfide of thioredoxin.
The work described in this paper explores the valence localized phenomenon with
electron paramagnetic resonance (EPR) and electron nuclear double resonance (ENDOR)
spectroscopies to investigate the reduced, paramagnetic [4Fe-4S]+ cluster of PFL-AE in
order to understand how small molecules (notably AMP, MTA, 5’-dAdo, and adenosine)
interact with the cluster to induce valence localization.

Materials and Methods

Materials
All materials and chemicals were purchased from commercial sources and were
of the highest purity. Isotopically labeled [ribose-13C5]-adenosine was purchased from
Cambridge Isotope Laboratories, Inc. and [U-13C10,15N5]-AMP was purchased from
Aldrich.

Expression of PFL-AE
The Escherichia coli (E. coli) gene pflA (PFL-AE) was transformed into E. coli
BL21(DE3)pLysS (Stratagene) cells, as previously described. A 50 mL LB and 50
μg/mL ampicillin starter culture grown overnight was used to inoculate 10 L of minimal
media in a bench-top fermentor (New Brunswick) containing 50 μg/mL ampicillin, a
solution of glucose and vitamins. The minimal media consists of 100 g Casamino acids,
84.2 g MOPS, 8.0 g Tricine, 14.7 g NaCl, 16.0 g KOH, 5.1 g NH4Cl in 9.8 L of water.
The glucose solution was sterile filtered prior to addition to the fermentor and contained
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the following: 50 g of glucose in 200 mL water; 25 mL of “O” solution (0.1 g
FeCl2•4H2O dissolved in 10 mL of 12 M HCl, 2.68 g MgCl2•6H2O, and 1 mL “T”
solution [18.4 mg CaCl2•2H2O, 64 mg H3BO3, 40 mg MnCl2•4H2O, 18 mg CoCl2•6H2O,
4 mg CuCl2•2H2O, 340 mg ZnCl2, and 605 mg Na2MoO4•2H2O diluted to 100 mL with
H2O] and the “O” was brought up to a final volume of 50 mL with H2O; 25mL of 1 M
KH2PO4; 12.5 mL of 276 mM K2SO4; and 62.5mL of 0.1 M CaCl2. Additionally, 10 mg
of the vitamins biotin, pantothenic acid, vitamin B12, thiamine, folic acid, riboflavin,
niacinamide, thioctic acid, and pyridoxine were added to the fermentor. The growth was
incubated at 37C with agitation and a flow of 5 L/min of compressed air. Once the cells
reached an OD600 of ~0.5, isopropyl-β-D-thiogalactopyranoside (IPTG) was added to a
final concentration of 0.5 mM and 0.75 g of Fe(NH4)2(SO4)2•6H2O was added. After ~2
hours, the cells were cooled and put under anaerobic conditions by purging the cells with
N2 once the culture was ~ 30C followed by another addition of 0.75 g of
Fe(NH4)2(SO4)2•6H2O once the culture was ~20C. The culture was purged with N2
overnight in a 4C fridge. The cells were harvested and stored in a -80C freezer until
purification.

PFL-AE Purification
PFL-AE was purified in an anaerobic Coy chamber. The cell pellets were lysed
in a 50 mM Tris, pH 7.5, buffer containing 200 mM NaCl, 5% w/v glycerol, 1% w/v
Triton X-100, and 10 mM MgCl2. To 100 mL of this buffer, 18 mg of PMSF, 78 mg of
DTT, 16 mg of lysozyme, and trace amounts of DNase and RNase were added.
Approximately 2 mL of this lysis buffer per 1 g of cell pellet was added to the cells and
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allowed to lyse, with stirring, for ~1 hour upon which the lysate was centrifuged at
18,000 rpm for 30 minutes. The supernatant was decanted and applied to a Superdex-75
resin. The gel filtration buffer, 50 mM Tris, pH 7.5 with 200 mM NaCl and 1 mM DTT
was run over the column and the dark brown fractions were pooled and concentrated
using a 10K MWCO Millipore Amicon Ultra centrifugal concentrator. The protein was
run over the column a second time and the fractions with the highest 426/280 nm ratio
were pooled and concentrated. Cutoff ratios depended on the purification but a typical
426/280 nm ratio for the best protein was >0.160. The Bradford method was used and a
correction factor determined by acid hydrolysis [12] was applied to determine the PFLAE concentration. The iron number was determined by the method of Beinert [13]. The
average iron content for purified PFL-AE was between 3.5 and 3.8 Fe/protein.

PFL-AE Variants
Generation of PFL-AE variants was carried out using the QuikChange sitedirected mutagenesis kit from Stratagene and plasmids containing the mutant genes were
transformed into BL21(DE3)pLysS cells. The mutagenesis primers (IDT) were
specifically designed for the H37A site (GCT GCC TGT ATT GTG CTA ACC GCG
ACA), the H202A site (GCT TCT CCC CTA CGC CGA GCT GGG CA), the Y201A
site (CGA GCT TCT CCC CGC CCA CGA GCT G), the R166A site (ATG TGA AGG
TGT GGA TCG CCT ACG TTG TTG TCC CAG), and the D104A site (CAT TCA TAC
CTG TCT GGC CAC CAA CGG TTT TGT TC). The expression and purification
procedure was identical to that described above for WT PFL-AE, and the resulting

93
purified proteins had Fe content of 2.8 for H37A, 1.3 for H202A, 3.0 for Y201A, 3.9 for
R166A, and 4.2 Fe/protein for D104A.
Synthesis of [Ribose-13C5]-AMP
The synthesis of [ribose-13C5]-AMP from [ribose-13C5]-adenosine was performed
in a 25 mM Pipes, pH 7.0 buffer with 1.25 mM MgCl2•6H2O, and 0.01% w/v BSA.
Labeled adenosine was added to a final concentration 3 mM. Purified adenosine kinase
(1.5 mL) was added. A stock solution of 100 mM ATP was added slowly (over 3 hours)
to a final concentration of 3 mM. The pH of the solution was monitored and adjusted
after each addition of reactant. The reaction was stirred overnight at ambient
temperature. The reaction was spun down to remove particulates and purified on a
DEAE sephacel column with a linear gradient from Buffer A (H2O) to 100% Buffer B
(0.5 M NH4HCO3 pH 8.0). Fractions containing AMP (checked by HPLC) were rotovapped to solid.

Preparation of EPR Samples
EPR samples were prepared in an anaerobic Unilab MBraun box with <1 ppm O2.
All solutions were degassed on a Schlenk line and brought into the MBraun box prior to
sample preparation. For EPR samples, PFL-AE (WT or variant) was photoreduced in a
150 mM Tris, pH 7.6 buffer with 100 µM 5-deazariboflavin, 200 mM KCl (or NaCl), and
5 mM DTT. The solution was illuminated using a 300 W halogen lamp in an ice bath for
~1 hour in a shortened NMR tube. After photoreduction, PFL-AE was aliquoted into
Eppendorf tubes. Small molecules (5’-dAdo, AMP, ADP, ATP, MTA, NAD+, NADH,
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CoA, ribose, adenine, adenosine, oxamate, or buffer for a negative control) were added to
the Eppendorf tube at a final concentration of 2 mM for each small molecule and a 200
μM final concentration of PFL-AE for a total volume of 250 L. Stock solutions of the
small molecules were prepared in a Tris, pH 7.5 buffer. Due to the low solubility of
MTA in aqueous solvents, MTA was dissolved in DMSO prior to addition to PFL-AE.
PFL-AE in the presence of each the small molecule (250 L) was loaded into separate
X-band EPR tubes. Capped EPR tubes were taken out of the MBraun chamber and flash
frozen in liquid N2.

Preparation of ENDOR Samples
ENDOR samples were prepared in a similar fashion to EPR samples in an
anaerobic Unilab MBraun box with <1 ppm O2 and all solutions were degassed on a
Schlenk line prior to sample preparation. PFL-AE was photoreduced in a 150 mM Tris,
pH 7.5 buffer with 200 μM 5-deazariboflavin, 200 mM KCl, and 1 mM DTT in a
shortened NRM tube. After ~1 hour photoreduction, PFL-AE was aliquoted into
Eppendorf tubes and mixed with unlabeled AMP, [U-13C10,15N5]-AMP, adenosine,
[ribose-13C5]-adenosine, or [ribose-13C5]-AMP to a final concentration of 5 mM for the
small molecules and 500 μM or 250 μM PFL-AE at a total volume of 100 L. Samples
were then loaded into Q-band tubes by a Pasteur pipette, capped, and frozen in liquid N2
upon removal from the MBraun chamber.
For ENDOR samples prepared in D2O, PFL-AE was buffer exchanged into a TrisD2O, pD 7.5 buffer containing 200 mM KCl using a 10K MWCO Millipore Micron
Ultracel centrifugal filter. The Tris-D2O buffer was prepared in H2O with 200 mM KCl
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and the pH was adjusted to 7.5. The buffer was then lyophilized on a Schlenk line,
brought into the MBraun chamber where the appropriate amount of D2O was added. The
D2O buffer was then added to PFL-AE with about a 5 fold excess of buffer, concentrated
by centrifugation in a centrifugal filter. This process was repeated about 8 times. Small
molecules were brought into the MBraun and dissolved in Tris-D2O buffer prior to
addition to reduced PFL-AE. [U-13C10,15N5]-AMP was first lyophilized on a Schlenk line
and then dissolved in the Tris-D2O buffer. Photoreduction and sample preparation was
identical to that described in the previous paragraph.

EPR and ENDOR Spectroscopy
EPR spectra were recorded on a Bruker EMX X-band spectrometer equipped with
a liquid helium cryostat and temperature controller from Oxford Instruments. Typical
experimental parameters were T = 12 K, 9.37 GHz with 1.0 mW microwave power, 100
kHz modulation frequency, 10 G modulation amplitude, and an average of four scans.
Q-band pulsed EPR/ENDOR spectra were collected on a spectrometer described earlier
[14] equipped with a helium immersion dewar for measurements at 2 K. ENDOR
measurements employed the Mims pulse sequence (π/2-τ-π/2-T-π/2-τ-echo, RF applied
during interval T) for small hyperfine couplings or the Davies pulse sequence (π-T -π/2-τπ-τ-echo) for large hyperfine couplings [15]. For nuclei (N) of spin I = ½ (13C, 1H)
interacting with a S = 1/2 paramagnetic center, the first-order ENDOR spectrum for a
single molecular orientation is a doublet with frequencies (ν+/ν−):
𝐴

𝜈± = |𝜈𝑁 ± 2 |

(1)
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where 𝜈𝑁 is the Larmor frequency and A is the orientation-dependent hyperfine constant.
For a nucleus with hyperfine coupling, A, Mims pulsed ENDOR has a response R that
depends on the product, Aτ, according to the equation:
𝑅 ≈ [1 − 𝑐𝑜𝑠𝜃(2𝜋𝐴𝜏)]

(2)

This function has zeros, corresponding to minima in the ENDOR response (hyperfine
“suppression holes”), at Aτ = n; n = 0, 1, …, and a maxima at Aτ = (2n + 1)/2; n = 0, 1, …
[15]. The “holes” at A = n/τ, n = 1, 2, 3, … can be adjusted by varying τ. However, the
“central”, n = 0 hole at ν = 𝜈𝑁 persists regardless. This can be of significance in
distinguishing a tensor that is dominated by anisotropic interactions from one that is
dominated by isotropic ones. The latter would never lead to ENDOR intensity near 𝜈𝑁 ;
the former does so for certain orientations, but the ν = 0 Mims hole tends to diminish the
differences between the two cases.

Docking Studies
Docking of AMP into the active site of PFL-AE (PDB ID 3CB8) was performed
with the AutoDock Vina program [16]. Placement of polar hydrogens on AMP was
performed using Avogadro. Input files containing a flexible AMP ligand and a rigid
PFL-AE receptor were prepared using AutoDockTools 1.5.6. Polar hydrogens were
added to the protein and Gasteiger chargers were calculated with AutoDockTools. A
receptor grid large enough to encompass the cluster and any possible AMP binding sites
within the active site was used with the grid point dimensions of 22 x 20 x 20 Å with a
grid-point spacing of 1 Å. The binding modes of AMP were analyzed with PyMOL [17].
The process for docking of AMP into NosL crystallized with tryptophan and S-adenosyl-
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L-homocysteine (PDB

ID 4R33) was identical to PFL-AE except a receptor grid with the

dimensions of 24 x 24 x 24 Å was used.

Results

EPR Spectroscopy of WT PFL-AE
After the detection of a valence localized cluster in PFL-AE in vivo and in vitro
using Mössbauer spectroscopy, we wanted to further investigate how these small
molecules are interacting with the cluster using magnetic resonance techniques.
Although the Mössbauer experiments were conducted on the oxidized, [4Fe-4S]2+ state in
the report by Yang et al. [9], EPR spectroscopy must be conducted in the paramagnetic
[4Fe-4S]+ state. EPR samples were prepared with reduced PFL-AE in the presence of a
variety of adenosyl-moiety containing molecules including SAM degradation products
(MTA, 5'-dAdo, adenine, ribose), substrates and substrate analogs of PFL (CoA and
oxamate), and cellular metabolites (ATP, ADP, AMP, NAD+ and NADH).
The EPR spectrum of the [4Fe-4S]+ in PFL-AE was perturbed in the presence of
AMP, MTA, 5’-dAdo, and adenine (Figure 6.3), consistent with the Yang et al. [9]
results which showed that AMP, MTA, and 5’-dAdo induce valence localization in
purified PFL-AE. With the addition of MTA and 5’-dAdo, the most significant changes
in the EPR spectra were observed. The signal exhibited a shift to lower g values in both
g|| and g with a change to a more rhombic signal and an intensification of the signal.
These changes do not correspond to changes in the EPR spectrum in the presence of
SAM; however, since the EPR spectrum is perturbed in the presence of small molecules,
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Figure 6.3. EPR spectra of PFL-AE in the presence of ADP (purple), AMP (red), MTA
(blue), 5’-dAdo (green), SAM (gray), or in the absence of small molecule (black).
Vertical black lines correspond to g|| and g of PFL-AE alone (conformation A) and
vertical orange lines correspond to conformation B with the shifts in g values in the
presence of the small molecules that induce valence localization.

it is possible that these small molecules are directly interacting with the cluster. The EPR
spectra of PFL-AE in the absence or presence of small molecules or SAM can be
described as arising from three difference conformations: PFL-AE alone (conformation
“A”); PFL-AE with bound small molecules giving rise to a more rhombic signal
(conformation “B”); and PFL-AE with bound SAM (conformation “C”). The EPR
spectrum of conformations B and C have different shifts in their g values compared to
PFL-AE without any molecule (conformation A). Consistent with Mössbauer results
where the extent of valence localization in purified PFL-AE was dependent on the small
molecule and did not constitute 100% of purified protein, the EPR spectra in the presence
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of small molecules contains a mixture of the A and B conformations. With the addition
of MTA and 5’-dAdo, the EPR spectrum has the least amount of the A conformation
while in the presence of AMP, the EPR spectrum retained more of the A conformation.
PFL-AE contains a cation binding site in its active site and the enzyme activity
and EPR spectral properties are both dependent on the identity of this cation (manuscript
in preparation). The most significant changes in the EPR spectral properties are seen in
the presence of KCl and NaCl, where the EPR signal is nearly axial in the absence of
SAM. In the presence of SAM, the KCl signal becomes more rhombic while the NaCl
signal is still nearly axial but with a shift in the g values (manuscript in preparation). In
the presence of either MTA or 5’-dAdo, the EPR spectrum of PFL-AE was almost
identical regardless of whether NaCl or KCl was present in the buffer, suggesting that
cation binding is not important in these small molecule complexes or that cation identity
does not have appreciable effect on small molecule binding conformation (SI Figure 6.1).
Consistent with the Mössbauer results [9], the EPR spectra for PFL-AE were not
significantly perturbed in the presence of ATP, CoA, oxamate, ribose, NAD+, nor NADH
(Figure 6.4), suggesting these molecules do not interact with the cluster. They are
possibly too large to enter the active site or they lack the adenosyl-moiety which is
thought to hold these small molecules in the active site.
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A)

B)

Figure 6.4. (A) EPR spectra of PFL-AE in the absence of small molecules (black) or
presence of ATP (purple), NAD+ (red), NADH (blue), or CoA (green). The EPR
spectrum in the presence of these small molecules are identical to conformation A, or
PFL-AE in the absence of small molecules. (B) EPR spectra of PFL-AE in the presence
of ribose (pink), adenine (brown), or oxamate (cyan). Vertical black lines correspond to
the g values for conformation A and vertical orange lines correspond to changes to
conformation B in the presence of small molecules that bind and effect the EPR spectrum
of PFL-AE, as observed in Figure 6.3.

EPR Spectroscopy of Variant PFL-AE
Analysis of the crystal structure of PFL-AE revealed possible binding sites of
these small molecules. Since all the molecules in which valence localization has been
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observed contain an adenosyl-moiety, these small molecules may interact with PFL-AE
in the same fashion as SAM. Of particular interest are the side chains of H37 and H202
(Figure 6.5) which are oriented parallel to the purine ring of SAM with a distance of
about 3.0-3.5 Å.

D104

R166

H37
H202
Y201

Figure 6.5. The PFL-AE active site with amino acids involved in SAM (teal carbons)
binding. H37 and H202 (blue carbons) were of special interest for small molecule
coordination due to their proximity to the adenine portion of SAM. D104 (purple
carbons), was previously found to be involved in cation binding (purple sphere). R166
and Y201 (green carbons), are also thought to help coordinate SAM in the active site.
To probe a possible small molecule binding site, both histidines were changed to
alanine separately (H37A and H202A). First, activity assays were conducted to
determine if these mutations were detrimental to activity. Both H37A and H202A had
similar activities that were higher in activity than WT after accounting for Fe number (SI
Table 6.1). Next, to probe whether small molecules were able to bind in the active site,
EPR spectroscopy was conducted on the two variants in the presence of both NaCl and
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KCl. In the absence of small molecules, each variant have similar EPR signals as WT (SI
Figure 6.2) and have a slightly different spectrum in the presence of NaCl or KCl,
consistent with WT PFL-AE (manuscript in preparation). Presumably, if either histidine
is essential for small molecule binding, no EPR shift to conformation B will be observed.
These variants differed in the extent of shifting to conformation B with the addition of
small molecules which will be discussed below.
The PFL-AE H37A Variant. EPR spectroscopy of the H37A variant showed only
a slight shift in the g value to conformation B in samples prepared in NaCl and in the
presence of AMP, MTA, and 5’-dAdo (Figure 6.6) compared to PFL-AE H37A in the
absence of small molecule. On the other hand, in the presence of KCl, 5’-dAdo and
MTA samples had a shift in both g|| and g to conformation B and the 5’-dAdo sample
has some splitting in g|| (Figure 6.6) compared to PFL-AE H37A in the absence of small
molecule. The less drastic shift to conformation B with small molecule bound compared
to WT could be attributed to the requirement for interaction between H37 and small
molecule. How H37 interacts with the small molecule still needs to be determined.
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Figure 6.6. EPR spectra of the H37A PFL-AE variant (black) in the presence of AMP
(red), MTA (blue), or 5’-dAdo (green) prepared with NaCl (top) or KCl (bottom)
compared to WT in the presence of 5’-dAdo (purple). Vertical black lines correspond to
g values of conformation A of H37A in the absence of small molecules and vertical
orange lines correspond to conformation B of WT in the presence of 5’-dAdo. The
variant has a slightly different signal in the presence of KCl and NaCl, which is also
observed in WT. This causes the vertical black lines to differ in each case.
The PFL-AE H202A Variant. EPR spectroscopy of the H202A variant in the
presence of AMP showed very little difference in the presence of both NaCl and KCl
compared to PFL-AE H202A in the absence of small molecule, which is similar to WT
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(Figure 6.7). In the presence of NaCl, addition of either MTA or 5’-dAdo results in
spectral changes to conformation B with the addition of 5’-dAdo having slightly more
conformation A than MTA (Figure 6.7). In the presence KCl, addition of MTA showed

Figure 6.7. EPR spectra of the H202A PFL-AE variant (black) in the presence of AMP
(red), MTA (blue), or 5’-dAdo (green) prepared with NaCl (top) or KCl (bottom)
compared to WT in the presence of 5’-dAdo (purple). Vertical black lines correspond to
g values of conformation A of H202A and vertical orange lines correspond to
conformation B of WT in the presence of 5’-dAdo. Similar to H37A, the H202A variant
has a slightly different signal in the presence of KCl and NaCl, which is also observed in
WT. This causes the vertical black line to differ in each case.

105
spectral changes while in the presence of 5’-dAdo, the EPR spectrum only exhibits slight
changes compared to H202A in the absence of small molecule. This EPR data suggests
that H202 is not required for small molecule interactions.
Additional PFL-AE Variants. Other amino acid residues, chosen for their
proposed interactions with SAM and thus possible interactions with small molecules
which cause valence localization, were changed to alanine and small molecule
interactions were analyzed via EPR spectroscopy (SI Figure 6.3). These variants
included D104A, Y201A, and R166A and had varying activities (SI Table 6.1). Neither
the D104 nor the R166 residues directly interact with SAM but are completely conserved
and are in close proximity to the 5’-C of SAM. D104 was discovered to be involved with
cation binding (manuscript in preparation) and without this residue, the cation cannot
bind as efficiently. The aromatic side chain in Y201 sits parallel to SAM but shifted to a
distance of about 4.1 Å away from the adenine ring. All these variants show EPR
spectral changes in the presence of small molecules with AMP having the least amount of
g shift (SI Figure 6.3), consistent with WT. Since all these variants still contain spectral
changes to conformation B in the presence of small molecules, it is concluded that these
amino acids are not required for small molecule binding.

ENDOR Spectroscopy of
Isotopically Labeled Small Molecules
In order to investigate how these small molecules interact with the cluster,
ENDOR spectroscopy was employed to probe interactions between the paramagnetic
[4Fe-4S]+ cluster and isotopically labeled [U-13C10,15N5]-AMP, [ribose-13C5]-Ado, and
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[ribose-13C5]-AMP (Figure 6.8). Labeled AMP was chosen because, in vivo, it was
proposed to be interacting with the cluster [9]. Mössbauer experiments showed that
5’-dAdo had the greatest effect on valence localization [9] and EPR analysis reported
here revealed significant spectral changes in the presence of 5’-dAdo. Thus, labeled
adenosine (Ado) was also chosen for ENDOR experiments. Due to the limited
availability of isotopically labeled molecules, Ado not 5’-dAdo was purchased.

Figure 6.8. Isotopically labeled molecules used in this study including [U-13C10,15N5]AMP (left), [ribose-13C5]-Ado (center), and [ribose-13C5]-AMP (right) with the 13C
colored red and 15N colored blue.
P ENDOR. Since EPR spectral changes are observed in the presence of small
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molecules, it was proposed that these small molecules are directly coordinating to the
unique Fe to cause a charge build-up on the cluster. One plausible site of coordination
for AMP is through the phosphate group. Pulsed and continuous wave (CW) techniques
were performed on samples containing AMP to observe any 31P coupling with the cluster;
however, no 31P signal was observed (SI Figure 6.4), suggesting that the phosphate group
is not directly interacting with the cluster.
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C and 15N ENDOR. Mims 13C ENDOR, a pulsed ENDOR technique optimized

13

for observation of weaker coupled centers, was used to analyze coupling between
[U-13C10,15N5]-AMP, [ribose-13C5]-Ado, and [ribose-13C5]-AMP and the paramagnetic
cluster. The spectrum of [U-13C10,15N5]-AMP bound to reduced [4Fe-4S]+-PFL-AE
reveals two doublets: one with A(13C) = 0.72 MHz and one with A(13C) = 0.15 MHz
(Figure 6.9) coupling. The weaker coupled feature was also observed in the sample
prepared with [ribose-13C5]-Ado (Figure 6.9), suggesting that the adenine portion of AMP
is closer to the [4Fe-4S] cluster of PFL-AE and giving rise to the stronger-coupled signal.
A very small feature with A(13C) = 0.72 MHz coupling appears in the [ribose-13C5]-Ado
sample which we attribute to naturally abundant 13C. Simulations of the spectrum reveal
a 13C distance to the [4Fe-4S] cluster of approximately 3.5 Å for the stronger coupled
carbon in the adenine while a distance of approximately 5.0 Å was calculated for a
weakly coupled carbon in the ribose ring. Surprisingly, however, no 15N ENDOR signal
was observed for the sample made with [U-13C10,15N5]-AMP, despite the stronglycoupled carbon in the adenine portion of AMP suggesting coordination through a base
nitrogen (SI Figure 6.4).
In order to investigate whether the differences observed in Figure 6.9 were not
due to the absence of the phosphate moiety in Ado (although no 31P coupling was
observed in AMP), [ribose-13C5]-AMP was synthesized from [ribose-13C5]-Ado. The
EPR signal and the subsequent ENDOR signal were very weak but in the presence of
[ribose-13C5]-AMP, the signal displayed only one doublet with weak coupling at A(13C) ~
0.2 MHz (Figure 6.9) similar to the [ribose-13C5]-Ado containing samples; the conclusion
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from these results is that AMP and adenosine are oriented similarly relative to the cluster,
with the stronger coupled carbon arising from the adenine and the weaker coupled carbon
on the ribose.

[U-13C10,15N5]AMP

0.72 MHz

0.15 MHz

[Ribose-13C5]AMP

[Ribose-13C5]Ado

Figure 6.9. Mims 13C ENDOR spectra of PFL-AE in the presence of [U-13C10,15N5]-AMP
(red), and [ribose-13C5]-AMP (blue), [ribose-13C5]-Ado (black), and unlabeled AMP
(grey). Only the A(13C) = 0.15 MHz coupling is observed in the [ribose-13C5]-Ado and
[ribose-13C5]-AMP samples. Parameters include 34.628 GHz with 8.0 dB, rf = 14 dB, tau
= 500 ns and rep = 200 ms.
1

H ENDOR. To analyze the paramagnetic site further, samples of reduced

PFL-AE in the presence and absence of [U-13C10,15N5]-AMP and [ribose-13C5]-Ado were
prepared in 1H2O and 2H2O. The 1H ENDOR spectrum at g = 1.88 revealed coupling of
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A(1H) = ~6 MHz, which matches with the breadth of 2H Mims ENDOR signal from 2H2O
samples (Figure 6.10). This 1H coupling is similar to that observed for the 1H ENDOR
from H2O bound to the unique iron of aconitase (A(1H) = 6-10 MHz) in the absence and
presence of substrate [18]. These results suggest that the unique iron of PFL-AE is
directly coordinated by HxO both in the absence and presence of AMP or Ado.

[U-13C10,15N5]-AMP
2

H2O
H2O

H2O-2H2O

[Ribose-13C5]-Ado

H2O-2H2O

No Molecule

H2O-2H2O

Figure 6.10. 1H soft Davies ENDOR spectra at g = 1.88 of PFL-AE in H2O (red) or 2H2O
(blue) with the H2O and 2H2O difference (green) in the presence of [U-13C10,15N5]-AMP
(top), [ribose-13C5]-Ado (center), and absence of small molecule (bottom). The 2H Mims
ENDOR is also shown (black). The feature (black arrows) disappears in when samples
were prepared in 2H2O.
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Docking AMP into the Active Site of PFL-AE
The ENDOR results suggest that AMP may not be oriented in the active site in a
manner similar to SAM, because the SAM-type binding mode would place the ribose ring
closer to the cluster than the adenine. Docking was performed to find an orientation of
AMP that is consistent with the ENDOR results, with ~3.5 Å for a C in the adenine ring
and ~5 Å for a C in the ribose ring. Three different structures that agree at least partially
with the ENDOR results were obtained and discussed in detail below.
A SAM-Like Binding Model. The first AMP docking, termed a SAM-like model,
utilizes the inherent adenine binding pocket involving π-stacking with H37 and H202
which are involved in SAM coordination. Due to the flexibility of the phosphate group,
three different possibilities were observed (Figure 6.11). Each had minimal movement
for the adenosine position but placement of the phosphate group varied from a solvent
exposed position (1), to alignment with the sulfonium of SAM (2), to placement between
the unique Fe where the oxygens could interact with cation (3) (Figure 6.11). These three
binding affinities were very close: -9.2, -9.1, and -8.9 kcal/mol for 1, 2, and 3,
respectively. Models 2 and 3 do place the phosphate about 3.2 and 3.5 Å from the unique
Fe which would be detectable by ENDOR spectroscopy, while model 1 places the
phosphate at a distance of about 6.6 Å. Only model 1 permits an HxO species to bind the
unique Fe of the cluster. In all 3 models, only one carbon of the adenine ring is within
coupling distance of the cluster: about 3.8 Å from the closest sulfur of the cluster. Each
of the five carbons in the ribose ring have varying distances (SI Table 6.2). For each
case, the 2’-C carbon is the closest to the S of the cluster at a distance between 3.8 and
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4.1 Å, with the exception of model 3 in which the 5’-C is 3.5 Å of the cluster. Each mode
places the nitrogens of the adenine ring over 4.5 Å from the cluster, consistent with the
lack of ENDOR nitrogen coupling; however, none of these three models satisfies the
estimated ENDOR carbon distances.

1

2

3

Figure 6.11. SAM-like docking of AMP (teal carbons) into the active site of PFL-AE
with different phosphate positions. In (1), the phosphate is more substrate exposed while
(2) positions phosphate near the sulfonium of SAM (SAM not shown) and (3) places the
phosphate between the unique Fe and the monovalent cation. The two histidines (H37
and H202, purple carbons) that interact with the adenine ring of SAM are also shown.
These histidines are in position to interact with the adenine portion of AMP.
A π-Cation Binding Model. The localization event in vivo is very unusual and
one might expect an unusual binding of these small molecules in the active site to induce
valence localization. A second model revealed a very unusual π-cation binding mode that
places the adenine ring between the unique Fe and the cation, and gives distances of 3.6
Å and 4.6 Å from the cluster to the closest carbon of the adenine ring and the ribose,
respectively (Figure 6.12). The binding affinity for this first docking mode was -8.1
kcal/mol, which is slightly less favorable compared to the -9.2 kcal/mol in the SAM-like
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model. Three of the adenine carbons are 3.6 Å away from the unique Fe while two are
3.4 Å, in agreement with ENDOR results. The 1’-C of the ribose ring is 4.9 Å from the
unique Fe, in agreement with ENDOR analysis. The phosphate group is located on the
surface of the binding pocket and is within hydrogen bonding distances of the residues
N38 and H37. Two significant problems arise with this docking mode, however. First,
this binding mode gives a close proximity of the adenine ring nitrogens to the cluster, and
therefore we would expect to see 15N coupling from the uniformly-labeled AMP;
however, no 15N coupling is observed. Second, this docking mode leaves insufficient
room for coordination of solvent to the unique iron of the cluster, and is therefore
inconsistent with the 1H ENDOR results presented in Figure 6.10.

3.6 Å

3.4 Å
4.6 Å

N38

H37

H202
Figure 6.12. The π-cation docking model with AMP (green carbons) sandwiched between
the cluster and the monovalent cation (purple sphere). The adenine ring is within 3.4 Å
and 3.6 Å of the unique Fe while the closest carbon of the ribose ring is at a distance of
4.6 Å of the unique iron. The phosphate group is oriented next to N38 and H37 (light
blue carbons).
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A Rotated SAM-Like Model. A third AMP docking model was also obtained
when an OH species was simulated onto the unique Fe site prior to docking studies
(Figure 6.13). The docking model revealed a rotated SAM-like docking mode where the
adenine ring of AMP is in a similar position as SAM but it has rotated, placing the purine
ring of AMP in the place of the imidazole ring of SAM (Figure 6.13b). The binding
affinity for this model is slightly less favorable than the two previous models with a
calculated value of -7.9 kcal mol-1. However, this docking model agrees with the
ENDOR results and allows space for an HxO bound to the unique Fe.
Compared to the SAM-like model, this rotated SAM-like model places the ribose
ring further away from the cluster. Unlike the π-cation mode, a larger N-cluster distance
was obtained. In this model, one carbon from the adenine ring is located 3.5 Å from a
cluster S while the 2’-C of the ribose ring is 5.0 Å away from the cluster S (Figure 6.13c),
consistent with ENDOR analysis. The nearest N is about 4 Å from a cluster S, which is
at a distance that can be more difficult to observe in ENDOR experiments. An oxygen of
the phosphate group is oriented within ~3 Å of the simulated OH while another is
oriented within ~3 Å of an asparagine residue (N38) and a serine residue (S76), in
position for a possible H-bonding network. Of the three docking models, this rotated
SAM-like model utilizes the inherent SAM binding nature of PFL-AE and agrees with
the ENDOR calculations, representing the most plausible docking mode.
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B)
A)

S76

C)
3.0 Å
N38
H37

H202
5.0 Å
3.5 Å

Figure 6.13. A) Rotated SAM-like docking of AMP (brown carbons). For this model, an
OH was simulated on the unique Fe of the cluster (oxygens colored red, hydrogens
colored white). The histidine residues (H37 and H202) that interact with SAM are shown
in blue. A serine (S76) and an asparagine (N38) residue that can interact with the
phosphate group of AMP are shown in blue. B) Comparison of the rotated SAM-like
docking modeling of AMP (brown carbons) to coordinated SAM (green carbons). C)
The distances from the 2’-C (5.0 Å) and a C of the adenine ring (3.5 Å) to a cluster S and
the distance from a phosphate oxygen to the simulated OH (3.0 Å) are shown and are in
agreement with ENDOR results. The closest N is about 4.0 Å from a cluster S.

Discussion
Small molecules previously shown to induce valence localization in the oxidized
[4Fe-4S]2+ state of PFL-AE are shown here to perturb the reduced [4Fe-4S]+ cluster as
well, based on the EPR spectra of PFL-AE in the presence of 5’-dAdo, MTA, AMP, and
adenine. These molecules must be interacting with the cluster, presumably with the
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unique Fe, to promote a charge localization. In the presence of MTA and 5’-dAdo, the
EPR signal of the [4Fe-4S]+ intensifies and sharpens, an effect similar to that observed in
the presence of SAM. SAM, however, does not induce valence localization, and
5’-dAdo, MTA, AMP, and adenine do not contain the moieties of SAM that are
responsible for coordination to the unique iron; it is clear, therefore, that the interactions
of these small molecules are different from the well-characterized interaction of SAM
with the cluster.
In order to investigate the structure of these small molecules with respect to the
cluster, ENDOR spectroscopy was employed. ENDOR, like EPR spectroscopy, requires
the paramagnetic reduced cluster, while the previous Mössbauer studies were carried out
on the diamagnetic oxidized cluster. It is assumed that these small molecules interact
with the cluster identically in the reduced and oxidized state, as identical binding in the
two oxidation states has been found for SAM [19-21]. The oxidized structure was
observed by cyroreduction of the [4Fe-4S]2+/SAM complex to maintain the oxidized
cluster/SAM geometry but in an EPR observable state. Identical ENDOR coupling was
observed for cyroreduced and the photoreduced cluster/SAM samples, suggesting SAM
binds in the same manner in both the oxidized and reduced states [19].
ENDOR analysis of PFL-AE in the presence of isotopically labeled AMP and
Ado revealed that these molecules are indeed interacting with the cluster but not through
a direct bond to the unique Fe. Instead, an HxO species is bound to the cluster, similar to
the case for aconitase [18], and therefore, while these small molecules are in close
proximity to the unique Fe, they are not coordinated. The 13C coupling in the
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[U-13C10,15N5]-AMP and [ribose-13C5]-Ado samples suggests that the adenine ring is
interacting with the unique Fe with a carbon at a distance of ~ 3.5 Å and a carbon of the
ribose ring at a distance of ~ 5.0 Å. No N coupling was observed in ENDOR
experiments however, which is very puzzling since an adenine carbon is 3.5 Å from the
cluster. The [ribose-13C5]-AMP ENDOR results were consistent with the [ribose-13C5]Ado results, suggesting that adenosine and AMP might be interacting with the cluster in a
similar fashion. Other molecules, such as isotopically labeled MTA, could confirm
whether this binding mode is similar for each molecule that induces valence localization.
Further ENDOR analysis on other small molecules and more specific labeling needs to be
conducted to identify more direct interactions between this HxO bound cluster and these
small molecules.
Since a valence localized cluster [4Fe-4S]2+ is rare in proteins, it is likely that the
binding mode of the valence-localizing molecules is unusual, while still occupying the
same general binding pocket as SAM. Docking of AMP into the active site of PFL-AE
revealed three different binding modes for AMP: one is a SAM-like orientation, another
is a π-cation binding mode with the adenine ring sandwiched between the unique Fe and
the cation, while a third places AMP in a rotated position with respect to SAM. The
rotated SAM-like docking mode is the most plausible as it satisfies the ENDOR results
with respect the estimated carbon distances. The π-cation docking mode, however, is
intriguing because it is very similar to binding of pyridine diphosphate inhibitors in the
[4Fe-4S] cluster containing IspH enzyme [22]. The crystal structure of IspH in the
presence of the most effective inhibitor, (pyridine-3-yl)methyl diphosphate, revealed a
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distance of 2.3 Å between the nearest C and N of the pyrimidine ring to the site
differentiated Fe. Continuous electron density was observed between the unique Fe and
the N of the ring, suggesting a direct bond between the two [22]. However, no 14N
coupling was observed between the cluster and labeled AMP in PFL-AE and further
analysis of PFL-AE needs to be conducted to determine the actual binding mode of these
small molecules.
Currently, no other radical SAM enzyme has been found to exhibit this unusual
valence localization of the [4Fe-4S] cluster in vivo nor in vitro. Out of the radical SAM
enzymes with known crystal structures in the presence of SAM or SAM-like molecules
such as S-adenosyl-L-homocysteine (SAH) or 5’-dAdo, NosL was the only enzyme to
contain an aromatic residue, F364, oriented parallel to the adenine portion of SAH. Upon
alignment of the crystal structures of PFL-AE and NosL, this phenylalanine residue in
NosL aligns with H37 in PFL-AE and may interact with a small molecule to induce
valence localization in NosL. Docking of AMP into the active site of NosL was
performed on the solved structure crystalized in the presence of SAH and substrate
tryptophan. The SAM-like model and the π-cation model observed in PFL-AE was also
observed in NosL (Figure 6.14). NosL does not appear to have a cation binding site;
however, the observed π-cation docking model in NosL placed the adenine carbons at a
distance of 3.5 Å, 3.5 Å, and 4.7 Å and a ribose carbon 5.1 Å from the unique Fe (Figure
6.14), very similar to PFL-AE. Comparable to PFL-AE, only the SAM-like model could
facilitate an HxO species at the unique Fe. Further analysis needs to be conducted on
other radical SAM enzymes to verify if valence localization is unique to PFL-AE.

118

Figure 6.14. Active site of the radical SAM enzyme NosL docked with AMP (blue
carbons). The unique iron is colored bright red, while the other three irons are pale red.
The F364 that can interact with the adenine ring of AMP is colored purple. The model on
the left is similar to the SAM-like docking obtained in PFL-AE while the model on the
right is similar to the π-cation docking in PFL-AE.

The purpose for the valence localized state in PFL-AE is still not understood.
Small molecules may help to stabilize the active site and provide a means to protect the
cluster from oxidative degradation. Upon prolonged exposure to oxygen, the [4Fe-4S]
cluster degrades to [3Fe-4S] and ultimately [2Fe-2S] clusters. Previous results
demonstrated that overexpressed PFL-AE in whole cells are stable against oxidative
damage after 30 minutes of exposure to air with no change in cluster state [9]. Another
possible function for valence localization is for redox control of the cluster in the absence
of SAM and substrate. A delocalized metal cluster would be expected to exhibit higher
rates of electron transfer due to the lower reorganization energy involved. Electron
transfer from a more localized state, in contrast, would involve greater reorganization
energy and thus would be expected to be slower. Valence localization could therefore be
a mechanism by which electron transfer from reduced flavodoxin, an in vivo electron
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donor, to the cluster or from the cluster to SAM would be switched off, thereby avoiding
the production of radicals when they are not needed to catalyze reactions. Valence
delocalization brought about by loss of a valence-localizing small molecule could then
serve as a trigger to initiate the key electron transfer steps in a radical SAM reaction.
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Supplementary Information

SI Figures

SI Figure 6.1. Top: EPR spectra of PFL-AE in the presence of MTA and KCl (blue) or
NaCl (green). Bottom: PFL-AE in the presence of 5’-dAdo and KCl (red) or NaCl
(purple). PFL-AE in the absence of small molecule but in the presence of KCl (black) or
NaCl (grey) are shown for reference. The EPR spectrum of PFL-AE in the presence of
MTA and 5’-dAdo do differ significantly in the presence of either KCl or NaCl.
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SI Figure 6.2. EPR spectra comparing native PFL-AE (black) to the variants H37A (blue)
and H202A (green).
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A)

B)

C)

SI Figure 6.3. EPR spectra of the PFL-AE variants R166A (A), Y201A (B), and D104A
(C) in the presence of MTA (blue), 5’-dAdo (teal), or AMP (red). WT PFL-AE in the
presence of 5’-dAdo (grey) is also shown. Black vertical lines correspond to features in
conformation A (dependent on each variant) while vertical orange lines correspond to
conformation B of WT in the presence of 5’-dAdo. All samples were prepared in 100
mM NaCl. R166A in the presence of 5’-dAdo had cluster degradation and the spectrum
was omitted.
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31

P

-o(31P) (MHz)

SI Figure 6.4. Mims ENDOR spectra of 15N (left) and 31P (right) of PFL-AE in the
presence of [U-13C10,15N5]-AMP. No signal was obtained for either at different tau
values (15N, colored lines) or g values (31P, colored lines). Vertical dotted line is the 15N
Larmor frequency. Parameters for 31P include 34.788 GHz at 8.0 dB, RF = 14dB, tau =
500 ns with 200 ms rep.
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SI Table 6.1. Specific Activity (SA, in U/mg) of WT PFL-AE and PFL-AE variants
including the amount of Fe per protein (Fe #) and the specific activity normalized for the
amount of Fe per protein. All activity assays were performed in 100 mM KCl.
SA
Fe # SA Normalized for Fe #
WT
H37A
H202A
D104A
Y201A
R166A

41.23
60.32
26.32
5.47
73.91
65.07

2.7
2.8
1.3
4.2
3
3.9

15.27
21.54
20.25
1.30
24.64
16.68

SI Table 6.2. Distances (in Å) for the ribose carbons to the nearest cluster S, or the unique
Fe (where indicated), for the three different SAM-like docking models of AMP into the
active site of PFL-AE.
Structure 1’-C
2’-C 3’-C
4’-C
5’-C
1
2
3

4.7
5.0
4.6

3.8
4.1
4.0

4.6
5.1
4.6

5.1
5.7
4.5 (Fe)

4.5 (Fe)
5.5 (Fe)
3.5 (Fe)
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CHAPTER SEVEN
THE ACTIVATION OF THE RADICAL SAM ENZYME PYRUVATE FORMATE
LYASE ACTIVATING ENZYME IS STIMULATED BY POTASSIUM
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Abstract
Pyruvate formate-lyase activating enzyme (PFL-AE), which activates pyruvate
formate-lyase (PFL) through generation of a catalytically essential glycyl radical on PFL,
is one of the earliest known members of the radical SAM superfamily. Enzymes in this
superfamily utilize a [4Fe-4S] cluster to reductively cleave SAM (S-adenosyl-Lmethionine) to produce a 5’-deoxyadenosyl radical (5’-dAdo•) intermediate that
subsequently abstracts a hydrogen atom from substrate to initiate a radical reaction.
These enzymes share a common structural core composed of either a full (α/β)8, or partial
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(α/β)6, TIM barrel fold. Here we refine the crystal structure of PFL-AE with alternative
species in a putative metal site in the enzyme active site, providing evidence for the
binding of sodium ion in this site. The significance of this cation in PFL-AE function has
been explored through activity assays as well as EPR spectroscopic studies of PFL-AE
with and without SAM bound. Of the six monovalent cations tested (Na+, K+, NH4+, Rb+,
Cs+, and Li+), potassium ion provided the highest activity, with a strong correlation of
activity with cation size across this series. PFL-AE purified and assayed in the absence
of any simple monovalent cation exhibited very little activity, indicating that the
monovalent cation is important for enzyme activity. Several divalent cations (Ca2+,
Mg2+, and Zn2+) were shown to inhibit PFL-AE activity. The concentration dependence
of the cation activation of PFL-AE was tested for K+, and the enzyme activity was found
to be maximal above a potassium ion concentration of approximately 100 mM, with halfmaximal activation obtained at [K+] = 44 + 10.5 mM. The presence of monovalent cation
affects both the EPR and CD spectral properties of PFL-AE, particularly in the presence
of SAM, consistent with the cation’s close proximity to the iron-sulfur cluster and its
intimate interaction with SAM. The likely roles for this monovalent cation in enzyme
catalysis are discussed.
Introduction
Pyruvate formate-lyase activating enzyme (PFL-AE) is a member of the large and
diverse radical S-adenosyl-L-methionine (SAM) superfamily, members of which use an
iron-sulfur cluster and SAM to initiate difficult radical transformations in all kingdoms of
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life [1-3]. Radical SAM enzymes share a common CX3CX2C motif or variation thereof,
and the conserved cysteines coordinate three irons of a [4Fe-4S] cluster, while SAM
coordinates the fourth iron through its amino and carboxylate moieties [4,5]. Radical
SAM catalysis is initiated by electron transfer from the reduced [4Fe-4S]+ cluster to the
sulfonium of SAM, inducing S-C(5’) bond cleavage to give methionine and a
5’-deoxyadensyl radical (5’-dAdo•) intermediate that abstracts a hydrogen atom from
substrate. In the case of PFL-AE, the 5’-dAdo• radical abstracts a hydrogen atom from
glycine 734 of pyruvate formate-lyase (PFL), a central metabolic enzyme catalyzing the
conversion of pyruvate and coenzyme A (CoA) to formate and acetyl-CoA under
anaerobic conditions [6,7]. Although 5’-dAdo• has never been experimentally observed,
the PFL-AE/PFL system allowed quantitative determination of the product of H-atom
abstraction, the stable glycyl radical on PFL, demonstrating the 1:1 stoichiometry
between electron loss from the [4Fe-4S]+ cluster and product formation on PFL [8].
Two crystal structures of PFL-AE have been solved: one with PFL-AE in
complex with SAM and another with PFL-AE in complex with SAM and a 7-mer PFL
peptide substrate analog containing the target glycine residue (Figure 7.1) [9]. The
structures reveal a partial (α/β)6 triosephosphate isomerase (TIM) barrel with a wide
opening able to accommodate the large substrate PFL, a domain of which is proposed to
bind in the active site of PFL-AE [9]. SAM is bound through the amino and carboxylate
moieties to the unique iron of the cluster, a binding mode first revealed by electron
nuclear double resonance (ENDOR) spectroscopy [5]. Two motifs conserved in the
radical SAM superfamily show interactions with SAM: the GGE motif (PFL-AE residues
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G77, G78, and E79) directly binds the methionine portion of SAM, while the
GXIXGXXE motif (X = V168, V170, G172, and E175 in PFL-AE) stabilizes the adenine
moiety binding site. The PFL peptide substrate is bound across the lateral opening of the
partial TIM barrel primarily by peptide backbone to PFL-AE side chain contacts. One of
these interactions involves the highly conserved DGXGXR motif located on PFL-AE
loop A (residues 10-20), and upon peptide binding, this loop undergoes a large
conformational change by swinging up into the active site to establish these interactions.
The movement of this loop is thought to be essential to the activation of PFL, possibly by
orienting the glycine loop of PFL in the active site [9].
PFL is a homodimer wherein each monomer consists of a 10-stranded α/β barrel
with the active site located at the center (Figure 7.2) [10,11]. Within the active site are
two catalytically essential cysteine residues, C418 and C419, as well as the site of the
glycyl radical, G734. This active site is buried 8 Å from the surface of the protein;
however, G734 must be directly accessed by the active site of PFL-AE in order for the
stereospecific H-atom abstraction, and thus PFL activation, to occur. Taken together, the
structures of PFL and PFL-AE thereby suggest that a significant PFL conformational
change is required for the glycine-containing loop to be accessible to the active site of
PFL-AE. Experimental evidence for such a conformational change has been provided by
a study utilizing fluorescence and electron paramagnetic resonance (EPR) spectroscopies
and activity assays that together point to an open conformation of PFL in the presence of
PFL-AE [12]. In the proposed open conformation of PFL, the radical domain containing
G734 flips out of the protein and becomes accessible to PFL-AE [12].
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Subsequent to our report of the PFL-AE structure, further analysis of the structure
solutions revealed the presence of a bound monovalent cation in the active site (Figure
7.1 and Figure 7.3). This was an intriguing observation given that we had also observed
dramatic alterations in EPR spectral properties for reduced PFL-AE depending on
whether Na+ or K+-containing buffers were used in sample preparation. In order to
further probe the nature of the cation binding site, the identity of the likely in vivo metal
occupying that site, and the potential functional relevance of the monovalent cation, we
carried out detailed structural refinement and analysis, as well as EPR and CD
spectroscopic studies and enzyme activity assays as a function of the presence and
identity of simple monovalent and divalent cations. The results together point to an
important role in catalysis for the monovalent ion bound in the active site of PFL-AE.
Materials and Methods
All chemicals were obtained from commercial sources and were of the highest
purity commercially available. The enzymes citrate synthase and malic dehydrogenase
were purchased from Sigma.
Refinement of Alternative
Species in the Putative Metal Site
PFL-AE was originally crystallized in conditions consisting of 100 mM HEPES,
3.5 M sodium formate and 0.2 mM 2,6-dimethyl-4-heptyl-beta-d-maltopyranoside, pH
6.8 [13]. The original peptide-PFL-AE model was refined in CNS [14]. Density located
near the carbonyl group of SAM originally attributed to a bound water molecule was
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modeled and refined as a sodium ion based on the geometry of the surrounding atoms,
comparisons of the water/sodium ion’s B-factors to those of the surrounding atoms
(Table 7.1), and Fo-Fc electron density maps (Figure 7.4) [13]. Here, ten additional cycles
of refinement of the deposited structure (PDB entry 3CB8) were carried out in parallel in
REFMAC5 [15] in the CCP4i program suite [16] with the site modeled as a water
molecule, sodium ion, magnesium ion, potassium ion or calcium ion (note that other than
water, of these ions, only sodium was known to be present in the crystallization
conditions). Additionally, a round of refinement was carried out in CNS using the same
starting model with water, sodium, magnesium, potassium or calcium modeled in the
metal site, this time, refining the occupancy of metal site with the site’s B-factor set to
76.00 (the average B-factor of the surrounding atoms). The B-factors, R-factors (Table
7.2), occupancies (Table 7.3), distances to nearby atoms (Table 7.4 and Table 7.5), and
difference density maps (Figure 7.4) of the resulting models were examined to judge
likelihood of each atom type’s presence in the site in question.
Expression and Purification of
PFL and PFL-AE and Generation of Variants
PFL-AE wild-type and variants were expressed and purified as previously
described [5,17-19] with modifications. The pCAL-n-EK plasmid containing the
PFL-AE gene was transformed into E. coli BL21(DE3)pLysS (Stratagene) cells for
overexpression. Mutagenesis was carried out using the QuikChange site-directed
mutagenesis kit from Stratagene and plasmids containing the variant genes were
transformed into BL21(DE3)pLysS cells. Mutagenesis primers to introduce the D104A
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change (CAT TCA TAC CTG TCT GGC CAC CAA CGG TTT TGT TC) and the
D129A change (CGT TCA TCT GTT TGA GAG CGA GCA TTA CCA GGT C) were
synthesized by Integrated DNA Technologies. Expression and purification of WT and
variant PFL-AE were carried out under identical conditions. A 50 mL LB and 50 μg/mL
ampicillin starter culture grown overnight was used to inoculate 10 L of minimal media
in a bench-top fermentor (New Brunswick) containing 50 μg/mL ampicillin and a
solution of glucose and vitamins. The minimal media consists of 100 g Casamino acids,
84.2 g MOPS, 8.0 g Tricine, 14.7 g NaCl, 16.0 g KOH, 5.1 g NH4Cl in 9.8 L of water.
The glucose solution was sterile filtered prior to addition to the fermentor and contained
the following: 50 g of glucose in 200 mL water; 25 mL of “O” solution (0.1 g
FeCl2•4H2O dissolved in 10 mL of 12 M HCl, 2.68 g MgCl2•6H2O, and 1 mL “T”
solution [18.4 mg CaCl2•2H2O, 64 mg H3BO3, 40 mg MnCl2•4H2O, 18 mg CoCl2•6H2O,
4 mg CuCl2•2H2O, 340 mg ZnCl2, and 605 mg Na2MoO4•2H2O diluted to 100 mL with
H2O] and the “O” was brought up to a final volume of 50 mL with H2O; 25 mL of 1 M
KH2PO4; 12.5 mL of 276 mM K2SO4; and 62.5 mL of 0.1 M CaCl2. Additionally, 10 mg
of the vitamins biotin, pantothenic acid, vitamin B12, thiamine, folic acid, riboflavin,
niacinamide, thioctic acid, and pyridoxine were added to the fermentor. The growth was
incubated at 37C with 250 rpm agitation and a flow of 5 L/min of compressed air. Once
the cells reached an OD600 of ~0.5, isopropyl-β-D-thiogalactopyranoside (IPTG) was
added to a final concentration of 0.5 mM and 0.75 g of Fe(NH4)2(SO4)2•6H2O was added.
After ~2 hours, the cells were cooled and put under anaerobic conditions by purging the
cells with N2 once the culture was ~ 30C, followed by another addition of 0.75 g of
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Fe(NH4)2(SO4)2•6H2O once the culture was ~20C. The culture was purged with N2
overnight in a 4C fridge. The cells were harvested and stored in a -80C freezer until
purification.
PFL-AE was purified from cell pellets in an anaerobic Coy chamber. To obtain
protein lacking a bound monovalent cation, all lysis and purification buffers were made
without any monatomic monovalent cation. The cell pellets were lysed in a 50 mM Tris,
pH 7.5 buffer containing 5% w/v glycerol, 1% w/v Triton X-100, and 10 mM MgCl2. To
100 mL of lysis buffer, 18 mg of PMSF, 78 mg of DTT, 16 mg of lysozyme, and trace
amounts of DNase and RNase were added. Approximately 2 mL of lysis buffer per 1 g
of cell pellet was added to the cells and allowed to lyse on ice for ~1 hour, with stirring,
after which the lysate was centrifuged. The supernatant was applied to a Superdex-75
resin. The gel filtration buffer, 50 mM Tris, pH 7.5 and 1 mM DTT was washed over the
column and the dark brown fractions were pooled and concentrated using a 10K MWCO
Millipore Amicon Ultra centrifugal concentrator. The concentrated protein was run over
the column a second time and the fractions with the highest 426/280 nm ratio were
pooled and concentrated. Typically, a 426/280 nm ratio greater than 0.16 were pooled
and concentrated. Protein concentrations were determined using the method of Bradford
[20] using dye reagent from Biorad. A correction factor determined by acid hydrolysis
was utilized in the final calculations of PFL-AE concentration [17]. Iron content was
determined using atomic absorption spectroscopy. PFL-AE contained between 3.0 and
3.8 Fe per protein for the following experiments.
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PFL was purified from BL21(DE3)pLysS/pKK-PFL cells that were grown
aerobically in a benchtop fermentor containing 10 L of LB as previously described [17].
A 50 mL LB and 50 μg/mL ampicillin starter culture was grown overnight and used to
inoculate 10 L of LB and 50 μg/mL ampicillin. Cell pellets were lysed aerobically in a
20 mM Tris, pH 7.2 buffer containing 5% w/v glycerol, 1% w/v Triton X-100, and 10
mM MgCl2. Again, 18 mg of PMSF, 16 mg of lysozyme, and trace amounts of DNase
and RNase were added. Approximately 2 mL of lysis buffer per 1 g of cell pellet was
added to the cells which incubated on ice for ~1 hour, with stirring, after which the lysate
was centrifuged. The supernatant was applied to a Waters AP-5, 300 mm column
containing Accell Plus QMA resin with Buffer A (20 mM Tris, pH 7.2 and 1 mM DTT).
The column was washed with 300 mL of Buffer A followed by a 900 mL linear gradient
to 100% Buffer B (20 mM Tris, pH 7.2 with 500 mM NaCl and 1 mM DTT), and ending
with 300 mL of 100% Buffer B. PFL eluted around 50% Buffer B and fractions were
collected and analyzed via SDS-PAGE. Most abundant and the purest fractions were
then pooled and buffer exchanged into a high salt buffer (10 mM Tris, pH 7.2 with 1 M
(NH4)2SO4 and 1 mM DTT) and loaded onto a HighLoad High Performance 16/10
phenyl sepharose column. The column was washed with 50 mL of the high salt buffer
followed by a 50 mL linear gradient to 100% Buffer A (20 mM Tris, pH 7.2 and 1 mM
DTT) and ended with a 50 mL wash of Buffer A. PFL eluted at 100% Buffer A, and
again was analyzed via SDS-PAGE. PFL was buffer exchanged into a 20 mM Tris, pH
7.2 buffer to remove excess M+ from purification and then degassed on a Schlenk line,
aliquoted into tubes, and stored at -80C.

139
PFL-AE Activity Assays
PFL-AE activity was assayed in a Unilab MBraun anaerobic chamber containing
≤ 1 ppm O2 using a modified version of the coupled enzyme assays previously published
[17,21,22]. For assaying the effect of each metal ion on activity, a 100 mM Tris pH 7.6
buffer containing 100 mM of monovalent cation salt (NaCl, KCl, NH4Cl, RbCl, CsCl, or
LiCl) or 1 mM of divalent cation salt (CaCl2, MgCl2, or Zn(NO3)2) was used. A control
lacking any salt addition was also conducted with each assay. To carry out the assay, 450
μL of activation solution was mixed containing a final concentration of 0.05 µM PFL-AE
purified in the absence of M+, 5 µM PFL, 0.1 mM SAM, 10 mM oxamate (or 10 mM
pyruvate for assays conducted with CaCl2), 8 mM DTT and 25 µM 5-deazariboflavin
(added last in the dark) in a 100 mM Tris, pH 7.6 buffer containing different cations as
described above (all concentrations given as final concentrations). This mixture was
added to a shortened NMR tube and PFL-AE was photoreduced by illumination with a
300 W halogen lamp and the protein was kept in a 30°C ± 2°C water bath for 5 minutes
and then covered with foil to prevent further reduction. To assay the activity, 5 µL of the
resulting activation solution was placed on a lid of an anaerobic cuvette containing 895
µL of coupling solution (3 mM NAD+, 55 µM CoA, 0.05 mg/mL BSA, 10 mM pyruvate,
10 mM malate, 2 U/mL citrate synthase, 30 U/mL malic dehydrogenase, and10 mM DTT
in a 100 mM Tris, pH 8.1 buffer) prior to sealing the cuvette and removing it from the
chamber. The two solutions were mixed by inverting the cuvette just prior to placing in a
thermostatted (at 30°C) Cary 60 UV-Vis spectrophotometer. The production of NADH
was monitored at 340 nm for 90 seconds. Rates were calculated from the slope of
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absorbance vs. time from 18 seconds to 90 seconds, when the slopes stabilized and were
the most linear. One unit of PFL activity corresponds to the production of one µmole of
pyruvate per minute, and 35 units of PFL is equivalent to 1 nmole of PFL active sites
[23]. The definition of one unit of PFL-AE activity is the amount that catalyzes the
production of 1 nmole of active PFL per minute [17]. All assays were conducted in
triplicate.
To minimize any cation contamination, separate NMR tubes were used for each
cation and were acid washed before switching to different cations. Acid-free substances
were purchased, when available. Pyruvate was only available as the sodium salt but was
only added to the coupling solution. Once PFL-AE comes into contact with the coupling
solution, presumably all PFL has been activated and any trace sodium would not
stimulate PFL-AE activity.
To examine the dependence of PFL-AE activity on the concentration of K+,
PFL-AE was assayed with 500 mM, 300 mM, 200 mM, 100 mM, 75 mM, 50 mM, 25
mM, 10 mM, or 0 mM KCl in a 100 mM Tris, pH 7.6 buffer with 1 mM DTT. The ionic
strength was maintained at a constant value by adding choline chloride for those with less
than 100 mM KCl and activity was monitored.
EPR Sample Preparation and Spectroscopy
In an Mbruan anaerobic chamber with ≤1 ppm O2, 300 µM PFL-AE, 100 µM
5-deazariboflavin (added last in the dark), 5 mM DTT in a 100 mM Tris, pH 7.6 buffer
containing either no cation, 100 mM of NaCl, KCl, NH4Cl, RbCl, CsCl, or LiCl or 1 mM
of CaCl2, MgCl2, or Zn(NO3)2 was placed in an EPR tube. Photoreduction was
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accomplished by illumination with a 300 W halogen lamp in an ice bath for one hour, and
samples were either frozen as-is or SAM was added to a final concentration of 2 mM and
incubated for ~5 minutes before freezing in liquid nitrogen.
EPR spectra were recorded on a Bruker EMX X-band spectrometer equipped with
a liquid helium cryostat and temperature controller from Oxford Instruments. Typical
experimental parameters were 12 K and 9.37 GHz, with 1.0 mW microwave power, 100
kHz modulation frequency, and 10 G modulation amplitude. Each spectrum is the
average of four scans. The EPR spectra in the presence of SAM were simulated using
Easy Spin version 4.5.5 [24].
Circular Dichroism
CD experiments were conducted under anaerobic conditions using a Jasco-710
spectropolarimeter at room temperature. Measurements were collected in a 1 cm path
length cuvette from 300-800 nm with a sensitivity of 100 millidegrees, 0.1 nm data pitch,
continuous scan mode with a speed of 100 nm/min, a response time of 1 s, 1.0 nm band
width, and accumulation of 3 scans. PFL-AE was added to an anaerobic cuvette in an
MBraun anaerobic chamber to a final concentration of 50 μM containing 1 mM DTT in a
100 mM Tris, pH 7.6 buffer and either no cation or 100 mM of NaCl, KCl, NH4Cl, RbCl,
CsCl, or LiCl. After initial scans without SAM were conducted, SAM was added to a
final concentration of 500 μM. For determination of the KD for K+, a final concentration
of 50 μM PFL-AE and 500 μM SAM was used prior to KCl addition. KCl was titrated to
final concentrations of 0 mM, 2 mM, 3 mM, 6 mM, 12 mM, 21 mM, 35 mM, 49 mM,
101 mM, and 177 mM, 301 mM, and 500 mM.
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Results
Refinement of Alternative
Species in the Putative Metal Site
The two most likely biologically relevant cations are Na+ and K+, but determining
the cation’s identity in a crystal structure, and in vivo, can be difficult; Na+ has the same
number of electrons as a water molecule and K+ has an ionic radius almost identical to a
water molecule [25]. However, some insight can be gained from the distances between
M+ and the atoms with which it interacts: an average distance of ~2.4 Å for Na+ and ~2.8
Å for K+ is generally observed [26]. The putative metal site in PFL-AE is located near
the active site and involves one of the SAM carboxylate oxygen atoms (Figure 7.1 and
Figure 7.3). In total, five oxygen atoms are located within 3 Å this site, which assumes
distorted trigonal bipyramidal geometry (Figure 7.3). The locations and B-factors of
these four oxygen ligands do not change significantly after refinement in REFMAC,
regardless of whether water, sodium or calcium was modeled into the site (Figure 7.4),
though small shifts do occur to accommodate the different atoms’ radius (for example,
compare the distances listed in (Table 7.4 and Table 7.5)). To examine whether the
presence of water or a metal ion provides better agreement with the crystallographic data,
we set the occupancies of these ions/molecule to 100%, and compared the B-factors for
each following refinement. If the resulting B-factor is lower than the average of the
surrounding area, that indicates that the ions/molecule has too little scattering to account
for the density, whereas if the B-factor is higher, that is an indication of too much
scattering. The best fit is the ion/molecule with a B-factor that is most similar to the
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average in that area. We find that water has a significantly lower than the average Bfactor compared to the surrounding atoms, calcium and potassium are significantly
higher, and sodium is the closest to average (Table 7.2). Magnesium would also be a
good fit to the crystallographic data (Table 7.2), but as far as we know, no magnesium
was present in the sample. In addition, more extensive positive Fo-Fc electron density is
present in this site when modeled with water than when modeled with sodium (Figure
7.4a,b), and negative Fo-Fc electron density appears when the site is modeled as calcium
(Table 7.4e). These observations are consistent with presence of sodium in this site.
Next, we set the B-factor of the ions/molecule to the average of the surrounding
area, allowed the occupancies to refine, and compared the resulting occupancies (Table
7.3). A resulting occupancy value of higher than 100% would indicate that the modeled
species has too little scattering, whereas a lower occupancy would reflect that the
modeled species has too much scattering power. Whereas water had too high an
occupancy, the other ligands had occupancies of less than 100%. As expected, sodium
and magnesium had the most reasonable occupancy values. Again, these observations
are consistent with presence of sodium or magnesium in this site, with sodium more
likely because it was known to be present in our crystals.
We also considered coordination geometry and the average distance of the oxygen
ligands (Table 7.4 and Table 7.5) in our assignment of the likely ion/molecule to occupy
this site. Based on these criteria, water is not a good candidate, as it would not be
capable of forming so many interactions and the geometry (distorted trigonal
bipyramidal) of the interactions is also incorrect for water coordination. In contrast,
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trigonal bipyramidal is a common geometry for metal ions. The average metal-oxygen
distance (2.5 Å) is also exactly what one would expect based on both protein structures
with sodium bound as well as the Cambridge Structural Database [27]. Potassiumoxygen distances tend to be longer (2.8 Å), so one would expect a slight rearrangement
for potassium to occupy this site.
Effect of Cations on PFL-AE Activity
To examine whether the monovalent cation affected PFL-AE enzymatic activity,
coupled enzyme activity assays were carried out in the presence of each of six
monovalent cations (Na+, K+, NH4+, Rb+, Cs+, and Li+) and three divalent cations (Ca2+,
Mg2+, and Zn2+). The activity of PFL-AE reaches a maximum after approximately 5
minutes of photoreduction (unpublished data) under the conditions we used, and so 5
minutes was chosen as the uniform time for photoreduction of PFL-AE. This
photoreduction puts PFL-AE into its catalytically active [4Fe-4S]+ state, which is then
assayed for its ability to activate PFL. These PFL-AE activity assays showed that K+
(54.2 ± 1.5 U/mg) gave the highest specific activity (Figure 7.5 and Table 7.6). PFL-AE
was also activated by NH4+ (45.8 ± 3.9 U/mg) and Na+ (38.0 ± 2.8 U/mg) although to a
lesser extent than K+. Rb+ (14.6 ± 4.2 U/mg), Cs+ (4.9 ± 2.2 U/mg), and Li+ (12.2 ± 2.4
U/mg) provided yet lower activity. All of these monovalent cations with the exception of
Cs+, however, stimulated PFL-AE activity above that for enzyme lacking any simple
monovalent cation (M+-free PFL-AE, 5.1 ± 1.0 U/mg). Divalent cations (Ca2+, Mg2+,
Zn2+) proved to be inhibitory, with PFL-AE activities being below the very low activity
observed for M+-free PFL-AE (Figure 7.5 and Table 7.6).
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In order to provide insight into the affinity of the monovalent cation for its site in
the PFL-AE active site, we assayed PFL-AE in a range of potassium ion concentrations.
The PFL-AE specific activity increased with increasing K+ concentrations up to 100 mM.
The PFL-AE activity plateaued at 100 mM K+ and then began to decline at
concentrations greater than 200 mM (Figure 7.6). These results provided a Km of 44.0 +
10.5 mM for K+. In vivo K+ concentrations in E. coli have been determined to be
between 77 mM and 115 mM [28-30] with the ion content increasing during the cell
cycle [29]. Maximal activity in PFL-AE falls within this range.
Effect of Cations on the
Electronic Structure of PFL-AE
The proximity of the monovalent cation site to the [4Fe-4S] cluster suggests the
cation can affect the electronic structure of the active site of PFL-AE. This perturbation
was investigated using electron paramagnetic resonance (EPR) spectroscopy of PFL-AE
in the presence of the monovalent and divalent cations used in the activity assays, and
with and without SAM. The presence and identity of the cation alters the g-values and
line shapes of the signal arising from the [4Fe-4S]+ cluster in the absence of SAM (Figure
SI.7.1). The most significant changes are seen in the presence of Na+ and NH4+, whereas
the other monovalent cations have features similar to the M+-free samples albeit with
some line broadening.
As has been previously shown [8,31], the addition of SAM to PFL-AE causes a
change in line shape, a shift in g values, and an intensification of the [4Fe-4S]+ EPR
signal. The effects of the monovalent cation on the EPR signal are more prominent in the
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presence of SAM as well (Figure 7.7). The EPR signals for M+-free PFL-AE in the
absence of SAM and for all the PFL-AE samples in the presence of different monovalent
cations and SAM were simulated using two different spin systems. The g values
obtained for one spin system of the PFL-AE samples in the presence of different
monovalent cations and SAM (Table 7.7) are similar to the previously reported g values
(g = 2.01, 1.89, and 1.88) [8,31]. The second spin system has different g values (Table
7.7) than those previously reported. In general, the g values for the samples prepared
with each monovalent cation (and lack of cation) are similar to each other with variability
in the percent of the two spin systems.
EPR spectra of PFL-AE in the presence of the Ca2+, Mg2+, and Zn2+ were
essentially identical to those for the M+-free PFL-AE (Figure SI.7.2). Even with the
addition of SAM, the spectra look almost identical to the M+-free signal with SAM
(Figure SI.7.3), suggesting the divalent cations do not affect SAM binding with the
[4Fe-4S] cluster.
To further analyze how different cations affect the active site in PFL-AE, circular
dichroism (CD) spectroscopy in the visible region was performed on the M+-free purified
protein in the presence and absence of different monovalent cations and SAM. CD
spectroscopy in the visible region is used to analyze d-d transitions of metals in chiral
environments such as the [4Fe-4S] clusters in PFL-AE. In the absence of SAM, the CD
spectrum of each monovalent cation looks similar to the M+-free spectrum (Figure
SI.7.4). On the other hand, when SAM is present, new spectral features appear in the
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presence of K+, NH4+, Rb+, and Na+ (Figure 7.8). The most prominent features emerge at
approximately 400 nm and 500 nm.
Because there was a change observed at 400 nm and 500 nm with the addition of
SAM and these monovalent cations, K+ was titrated into a solution containing PFL-AE
and SAM. The features at approximately 355 nm, 400 nm, and 500 nm grew in with the
addition of K+ (Figure 7.9). These features plateaued after 50 mM KCl and then the
intensity dropped off drastically after approximately 177 mM KCl. Using the results up
to 177 mM (before inhibition was observed), a KD was determined to be 7.6 + 1.2 mM at
407 nm (Figure 7.9).
Altering the Cation Binding Site
To further investigate the cation binding site in PFL-AE, the two conserved
aspartate (D104 and D129) residues were changed to alanine (D104A and D129A,
respectively). Activity assays in the presence of 100 mM KCl revealed that the D104A
PFL-AE variant had very low activity (5.5 + 0.2 U/mg), similar to M+-free PFL-AE. The
D129A PFL-AE, on the other hand, had significant enzymatic activity (42.7 + 3.4 U/mg),
albeit with lower activity than wild type PFL-AE in the presence of K+.
EPR analysis of these two variants suggests D104A is required for cation binding.
The presence of any of the monovalent cations had little effect on the EPR signals for
[4Fe-4S]+-PFL-AE or [4Fe-4S]+-PFL-AE-SAM, with the EPR spectra in all cases looking
very similar to the buffer exchanged M+-free D104A variant (Figure 7.10). The lack of
any effect due to addition of cation for the D104A variant was supported by the results of
simulations of these EPR signals: similar g-values for M+-free D104A and M+-free WT in

148
all cases (Table 7.8 and Table 7.9). The slight differences between these variant spectra
and those of WT are most likely due to minor active site alterations due to changing the
highly conserved amino acid. The EPR signal observed for D104A in the presence of
SAM is similar to D104A M+-free in the absence of SAM, suggesting SAM is not
binding appreciably in this variant (Table 7.9).
The D129A PFL-AE, on the other hand, shows significant perturbations of the
[4Fe-4S]+ signal in the presence of K+ and Na+ compared to M+-free D129A (Figure
7.11a). The spectra were best simulated by including a third component that might be
attributed to an alternate positioning of the cation when this aspartate is absent (Table
7.8). In the presence of SAM, the D129A variants show cation-dependent EPR spectra
that are similar to those of WT (Figure 7.11b). The EPR g-values for D129A with SAM
are also very similar to those of WT in the presence of each of the monovalent cations
(Table 7.9).
Discussion
PFL-AE contains a monovalent cation in its active site which is in close proximity
to 5 oxygens: two carboxylate oxygens from conserved aspartate residues (D104 and
D129), two backbone carbonyls from T105 and M127, and one carboxyl oxygen of SAM.
In the crystal structure of PFL-AE, the cation binding site is located at the back of the
active site against the barrel. While M+ sites usually occur where there is no secondary
structure, all four of the residues mentioned above are part of the beta strands forming the
inside of the TIM barrel. The interactions of the monovalent cation with amino acid
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residues and SAM may help the protein to achieve a conformation not available in
aqueous solutions alone, and/or to orient SAM into a more favorable position in
preparation for homolytic cleavage.
The proximity of the monovalent cation to the cluster and SAM suggests that its
presence and identity would have an effect on PFL-AE activity. When coupled enzyme
activity assays were performed on PFL-AE in the presence of different monovalent and
divalent cations, it was discovered that PFL-AE activity was highest in the presence of
the K+ ion. Like most enzymes that have higher activity with K+, activity decreased in
the presence of smaller cations such as Li+ and Na+ and had slightly lower activity in the
presence of the larger cation NH4+. The largest cations tested, Cs+ and Rb+, resulted in a
much lower activity.
Since K+ exhibited the highest activity of the monovalent cations tested, we
analyzed its concentration dependence on PFL-AE activity. Many K+ activated enzymes
reach their maximum activity around 100 mM K+ or lower concentrations [32,33]. In this
study, PFL-AE activity was monitored between 0 and 500 mM KCl. PFL-AE activity
was found to increase with increasing concentration of K+ up to 100 mM, after which
activity gradually decreased. An earlier study carried out by Wong et al. found K+dependence on PFL-AE activity, however their low iron content (~1 Fe per protein) and
high concentrations of KCl (100 – 160 mM) used likely obscured the effects we report
here [34]. Potassium is generally the most prominent monovalent cation in vivo with
concentrations ranging from approximately 77-115 mM in the E. coli cells, where
PFL-AE is naturally found [28-30]. Given that K+ provides the highest PFL-AE activity
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and is also present at significant concentrations in bacterial cells, we propose that K+ is
the dominant activating cation in PFL-AE in vivo.
Activity was inhibited in the presence of the divalent cations Ca2+, Mg2+, and
Zn2+. For Ca2+, slight activity was observed but it was still lower than M+-free activity.
This small amount of activity could be due to the presence of sodium pyruvate instead of
oxamate. In the activity assays, oxamate (a pyruvate analogue) is added to the activation
mix to allow for glycyl radical formation on PFL. Oxamate is insoluble in the presence
of calcium and thus sodium pyruvate was substituted during PFL-AE activation. The
small amount of sodium (10 mM sodium pyruvate) may have caused the apparent activity
in the presence of Ca2+. However, the nature of the divalent cation inhibitor effect is still
not understood. EPR results of PFL-AE in the presence of these divalent cations are
identical to the M+-free protein suggesting the divalent cation cannot enter the cation site;
however, the Zn2+ and Mg2+ ions have ionic radii similar to that of Li+. In the presence of
Li+, PFL-AE exhibited very little spectral changes in the presence and absence of SAM.
From the EPR results, we cannot conclude whether these divalent cations can occupy the
cation site. The divalent cations presumably do not alter SAM binding since the EPR
spectrum in the presence of divalent cation and SAM is identical to M+-free PFL-AE with
SAM.
Mutation of the two aspartate ligands to alanine resulted in a dramatic reduction
of activity for the D104A variant while only a modest decrease in activity for the D129A
variant was observed. The EPR analysis of the two aspartate variants suggest that D104
is required for cation binding while D129 plays a less critical role. The D104A variant
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shows little perturbation of the EPR signal in the presence of different cations and, unlike
WT, the signal does not intensify or have significant changes in the presence of SAM,
suggesting that in the absence of cation, SAM cannot bind as effectively. In contrast,
EPR spectral studies of the D129A variant indicate that the monovalent cations bind, and
SAM coordinates in a manner similar to that of the WT.
Given the location of the cation within the active site, it is plausible that the
identity of the cation would influence the electronic structure of the [4Fe-4S] cluster.
The perturbation of the EPR signals observed in the presence of the different monovalent
cations suggests that the identity of the monovalent cation does have an effect on the
active site. Changes in the signal can be seen with each monovalent cation with the most
significant changes observed in the presence of SAM. These differences in the EPR
signal are presumably a result of the slightly different conformation of the active site
adopted by PFL-AE due to slight conformational changes in the protein amino acids and
SAM to accommodate the change in ionic radius of the monovalent cation.
Simulations of both the EPR signal of PFL-AE/SAM in the presence of the
monovalent cations and that of M+-free PFL-AE in the absence of SAM revealed that the
signals contain two spin systems. The two spins for the “no SAM” sample are most
likely due to some population of PFL-AE having water bound to the unique Fe (as seen
previously in PFL-AE [8,31]) and some having no water bound and perhaps DTT bound
to the cluster. For the samples containing SAM, the two spin systems are very similar for
the different monovalent cations with only the percentage of each spin system changing.
Spin system one has different g values than the “no SAM” signal while spin system two
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has very similar g values (g2 and g3) to the spin system two of the “no SAM,” M+-free
signal (Table 7.7). The two systems for the “+ SAM” simulation could be due to some of
the PFL-AE population with SAM bound to the cluster and some without SAM bound.
This is supported by the second spin system’s similarities to the M+-free, no SAM
sample.
In the presence of SAM, the CD results revealed the most spectral changes when
PFL-AE is prepared in K+, NH4+, Rb+, and Na+ compared to M+-free conditions. Since
the monovalent cations induce little change in the CD spectra in the absence of SAM, CD
results support that the binding of these cations is stabilized by SAM. The CD results
correlate with specific activity: the greatest change in the CD spectrum is in the presence
of K+ and NH4+ which give the highest specific activity, followed by Rb+, which
stimulates activity in PFL-AE but to a lesser extent than K+.
Activation of an enzyme by M+ is not accomplished through regulation, as
concentrations of Na+ and K+ are both tightly controlled within a cell [35]. Instead, the
M+ cation assists in catalysis by altering the energies of the ground and/or transition
states [25]. This can occur when the M+ ion is used to directly interact with the substrate
or when M+ binding to the enzyme triggers conformation changes. These two different
effects are used to separate enzymes activated by M+ (such as Na+ or K+) into two types,
cofactor-like (type I) and allosteric (type II) [25]. In type I enzymes, the M+ is absolutely
required for enzyme activity, and helps to anchor the substrate in the active site, often
acting in tandem with a divalent cation. In type II enzymes, no direct M+ to substrate
binding occurs and conformational changes are elicited which enhance enzyme activity;
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in this case the M+ is not absolutely required for activity or substrate binding. For
example, in the type I enzyme diol dehydratase, a coenzyme B12-dependent enzyme, the
catalytically essential K+ [36] is coordinated by five protein ligands, draws in the
substrate through interactions with two of its hydroxyl oxygens, and as such is essential
to substrate binding [37]. Aminoimidazole riboside kinase is a type II activated enzyme
and the binding of K+ is proposed to alter the conformation of the backbone residues 252255 [38]. The alteration would position the catalytic D255 in a manner that would allow
it to interact with the phosphate moiety of the nucleotide, thus enabling phosphorylation
of the substrate aminoimidazole riboside [38]. For K+ activated enzymes, NH4+ and Rb+
can also generally activate as well, but the smaller Na+ and Li+ cations or the larger Cs+
cations are not effective activators. In contrast, Na+ activated enzymes are not activated
as well by any of the larger cations (K+, Rb+, and Cs+) nor the smaller Li+ cation [39]. In
this work, we show that PFL-AE activity is activated by K+ and to a lesser extent by
NH4+ and Na+, while other monovalent cations provide very little activity enhancement.
From the evidence presented here it is difficult to categorize PFL-AE as a type I or II M+activated enzyme. The location of the monovalent cation in the active site (Figure 7.12)
and its interaction with SAM would suggest that PFL-AE is a type I M+ activated
enzyme. However, the cation has no interactions with PFL, the other substrate of PFLAE, and PFL-AE still shows slight activity when purified in the absence of a monovalent
cation, indicating that the cation is not absolutely required for activity but instead only
acts to stimulate activity. Both of these observations would place PFL-AE in the type II
M+ category. Although, this conclusion is under the assumption that the assay is
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completely salt free. Precautions were performed to eliminate any M+ contamination.
Glassware was acid washed to remove any M+ prior to use. If available, acid-free
substances were purchased; however, pyruvic acid is only available as a sodium salt.
Pyruvate is only added to the coupling solution containing the substrates for PFL and
presumably when the activation solution, containing PFL-AE and activated PFL, is
mixed with the coupling solution, all the PFL has been activated. Any trace amounts of
sodium in the coupling solution should not have an effect on the ability of PFL-AE to
activate PFL. Although PFL-AE cannot be classified at this point, the experimental data
presented here show the large impact that a monovalent cation has on PFL-AE catalysis.
With the cation positioned in the active site in such close proximity to the Fe-S
cluster and with an interaction between itself and an oxygen of SAM, it is not surprising
that the activity is affected by the identity and concentration of the cation, nor is it
unexpected that the cation also affects the electronic structure of the active site. How the
cation is able to accomplish this is still not completely understood. It does appear to
bring some stability to PFL-AE. After multiple freeze-thaw cycles, the activity for the
M+-free PFL-AE decreases, possibly suggesting loss of structure or loss of its [4Fe-4S]
cluster (data not shown). Normal purification methods in our laboratory involve the
presence of NaCl, and under these conditions, PFL-AE is more stable and can undergo
multiple freeze-thaw events. The interaction of the cation with SAM may also be
relevant to the activity perhaps by correctly positioning SAM in the active site. The
cation is only about 2.4 Å from the carboxyl moiety of SAM which could help stabilize
SAM in the active site.
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Of the radical SAM enzymes structurally characterized to date, PFL-AE is the
only one that has been observed to contain a monovalent cation in its active site; it is also
the only one for which the effect of the monovalent cation on activity has been explored.
Recently, the activity for the radical SAM enzyme 7-carboxy-7-deazaguanine synthase
(QueE) was found to have dependence on Mg2+ and a crystal structure was solved with
Mg2+ in the active site [40,41]. In the presence of Mg2+, QueE had about an 11-fold
increase in activity compared to absence of cation [41]. The Mg2+ site could be replaced
via crystal soaks with either Na+ or Mn2+, however neither stimulated activity [40].
Unlike PFL-AE, the metal ion coordination site in QueE does not involve four amino
acids and SAM; rather, the Mg2+ is pseudo-octahedral with coordination by three water
molecules, substrate carbonyl and carboxylate oxygens, and a hydroxyl of a threonine
amino acid. Upon substitution with Na+, the carbonyl coordination is lost. With
substitution by Mn2+, a water ligand is lost and replaced with a nitrogen ligand of
substrate [40]. These three crystal structures of QueE could shed some light on the
differences in activity and EPR signal in PFL-AE. In the presence of Na+, the substrate
carbonyl moves about 0.5 Å away from the cation site in comparison to the Mg2+
structure. In the Na+ structure, a movement of ~45º is found in the C4a-N5-C6-C angle
when compared to the Mg2+ and Mn2+ structures. This could be due to the larger size of
Na+ (102 pm for Na+ versus 72 pm for Mg2+ and 67 pm for Mn2+) pushing the substrate
away. In PFL-AE, substitution to a smaller cation could pull SAM away from the cluster
while the larger cations could be pushing SAM closer to the cluster thereby affecting
activity and its EPR signal.

156
Although no monovalent cation has been shown to cause an effect on the activity
of other radical SAM enzymes, alignment of PFL-AE with other radical SAM enzymes
including other activating enzymes and other enzymes with differing substrate size,
revealed possible cation sites only in other activating enzymes (Figure 7.13). The other
glycyl radical enzyme activating enzymes (GRE-AE) contain a highly conserved motif
similar to the DTX21MXD binding motif in PFL-AE with a varying stretch of X = 18-21
in the other activating enzymes and replacement of a glutamate for D104. RNR-AE has a
larger stretch with X = 26 but both aspartates are conserved in RNR-AE. The methionine
and threonine in PFL-AE interact with the cation through backbone carbonyls, so
variability can be expected. Interestingly, all of the activating enzymes (except
RNR-AE) contain a threonine in the same position as the threonine in PFL-AE. Since no
crystal structure has been solved for other activating enzymes, we can only speculate that
the conserved residues are involved in cation binding. Further analysis of these radical
SAM enzymes will conclude whether the cation site is unique to PFL-AE. Whether a
monovalent cation site is unique to PFL-AE, the enhancement of a monovalent cation on
the activity of PFL-AE and its effects on the electronics of the cluster is very remarkable
for a radical SAM enzyme.
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Figures

Figure 7.1. Location of the putative metal site in the peptide-bound PFL-AE model. The
protein chain is shown in grey cartoon representation with the [4Fe-4S] cluster, SAM and
peptide substrate mimic displayed as sticks. The modeled sodium ion is shown in sphere
representation. Atom types are colored as follows: oxygen, red; nitrogen, blue; sulfur,
yellow; iron, ruby; sodium, purple; SAM carbons, green; 7-mer peptide of PFL carbons,
teal.

158

Figure 7.2. The PFL crystal structure with one monomer shown in purple and the other in
green. Glycine 734, which harbors the glycyl radical, is shown as an orange sphere and
is buried within the active site near the center of the 10 stranded α/β barrel. Also in the
active site near Gly734 on an opposing finger loop are the two catalytic cysteine residues,
Cys418 and Cys419. The distance between Gly734 Cα and Cys419 Sγ is 3.7 Å.
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A)

B)

SAM

C)

Figure 7.3. Putative metal site with sodium modeled (purple sphere). Protein amino acids
are shown in grey while a portion of SAM is shown in green. (A) Refined distances to
sodium. (B) Angles between metal ligands. (C) Stereoview of the putative metal site
with sodium modeled. The site is displayed in the same orientation and as described in
Figure 7.. A 2Fo-Fc electron density map is shown in panels (A) and (C) contoured at
0.75 σ and displayed as a blue mesh within 2 Å of the sodium ion.
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A) Water

B) Na+

C) Mg2+

D) K+

E) Ca2+

Figure 7.4. Refinement of different ions/molecules in the putative metal site. The site is
shown with nearby protein residues (grey carbons) and a portion of SAM (green carbons)
shown in stick representation with water (a) or a modeled sodium (b), magnesium (c),
potassium (d), or calcium (e), which are shown as a sphere. The Fo-Fc difference
electron density maps are shown contoured at 1.5  within 2 Å of the metal site. The
map is shown as a mesh, with positive difference density in teal and negative difference
density in red. Distances between the water or cation and the surrounding oxygen atoms
are highlighted with dashed black lines.
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Figure 7.3. PFL-AE specific activity (U/mg) is influenced by the ionic radius of the
cation present in the activity assay and thus the active site. Activity for monovalent
cations (blue) stimulates PFL-AE activity while divalent cations (red) inhibit PFL-AE
activity. For these assays, a concentration of 5 µM PFL, 0.05 µM PFL-AE, and 0.1 mM
SAM in the presence of 100 mM of the specified monovalent cation or 1 mM of divalent
cation was used. Data is the average of at least three different trials with each trial done
in triplicate on one day. M+-free is PFL-AE purified protein in the absence of any cation
and no cation is added to the assay.
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Figure 7.4. The effect of [K+] on PFL-AE activity reported as specific activity (U/mg).
The activity of PFL-AE increases with the increase in KCl concentration. A KM of 44.0
+ 10.5 mM was calculated for KCl concentrations up to 200 mM. After 200 mM KCl,
activity was inhibited and these values were not used for the calculations. For these
assays, a concentration of 5 µM PFL, 0.05 µM PFL-AE, and 0.1 mM SAM was used.
The ionic strength for each assay was maintained at 100 mM through the addition of
choline chloride for conditions with 100 mM KCl or lower.
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Figure 7.5. EPR spectra of PFL-AE in the presence of SAM and in the absence of M+
(black) and in the presence of the different monovalent cations Li+ (grey), Na+ (green),
K+ (blue), NH4+ (orange), Rb+ (red), and Cs+(purple). Each sample contained 300 µM
PFL-AE in the presence of 100 mM of the cation indicated and 2 mM SAM. EPR
parameters: 12 K, 9.37 GHz, 1.0 mW.
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Figure 7.6. CD spectra of PFL-AE in the presence of different monovalent cations and
SAM. Each sample contained 50 μM PFL-AE, 500 μM SAM, and 100 mM of the
indicated cation: M+-free (black), Li+ (grey), Na+ (green), K+ (blue), NH4+ (orange), Rb+
(red), and Cs+ (purple).
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Figure 7.7. CD spectra of PFL-AE in the presence of SAM with KCl additions. KCl was
titrated into 50 μM PFL-AE and 500 μM SAM from 0 mM KCl to 500 mM KCl final
concentration. After 177 mM, the ellipticity sharply decreased and only the 0 mM KCl
(red) to 177 mM KCl (blue) is shown for clarity and these values were used for a KD
determination of 7.6 + 1.2 mM.
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Figure 7.8. EPR spectra of the PFL-AE variant D104A and wild type (WT) PFL-AE in
the absence (A) or presence (B) of SAM. WT and variant PFL-AE are shown in the
absence of monovalent cation (M+-free) or in the presence of K+ or Na+.
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A)

B)

Figure 7.9. EPR spectra of the PFL-AE variant D129A and wild type (WT) PFL-AE in
the absence (A) or presence (B) of SAM. WT and variant PFL-AE are shown in the
absence of monovalent cation (M+-free) or in the presence of K+ or Na+.
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Figure 7.10. A surface representation of the PFL-AE active site as seen from the active
site opening with the monovalent cation (shown as a purple sphere) projecting into the
active site. Also shown is the interaction between the cation and the unbound carboxyl
oxygen (red) of SAM (grey carbons) and the presence of the [4Fe-4S] cluster (red and
yellow spheres).
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PFL-AE
RNR-AE
Bss-AE
Hpd-AE
GD-AE
anSMEcpe
MoaA
RlmN
LAM
HydE
HydG
BtrN
BioB
SPL
viperin

GGVTASGGE-AIL--------QAEFVR------DWFRACKKEGI-----HTCLDTNGFVR
QGISLSGGD-PLH--------PQNVPDILKLVKRIRAECPDKDI-----AECPDKDIWVW
GGVTISGGD-PLY--------FPDFTR------QLASELHARGV-----HVAIETSCFPK
GGVTFSGGE-PLL--------QHEFLH------EVLLKCHEVNI-----HTAIETSACVS
GGITLSGGE-VLL--------QPDFAV------ELLKECKSYGW-----HTAIETAMYVN
CSFAFQGGE-PTL--------AGL-EFFEK----LMELQRKHNYKNLKIYNSLQTNGTLI
KKIRITGGE-PLM--------RRDLDVL------IAKLNQIDGIED----IGLTTNGLLL
NVVMMGMGE-PLL--------NLNNVVP-----AMEIMLDDFGFGLSKRRVTLSTSGVVP
RDVLLSGGD-ALL--------VSDETLEYII--AKLREIPHVEIV----RIGSRTPVVLP
KTIVLQSGE-DPY-------------YMPDVISDIVKEIKKMGVA-----VTL-SLGEWP
TRILLVMGE-EPE--------DKTLSYLEEIIPAIYSEVDIRRIN-------V-NIAPLT
I-SFHFYGE-PLLCKNLDLFVGMTTEYIPRARPIIYTNGDFL-----------------T
TRFCMGAAWKNPH--------ERDMPYLEQ----MVQGVKAMGLE-----ACM-TLGTLS
--------YINER--------APEITRFE---------------A-----AC-------EKINFSGGE-PFL--------QDRGEYLGK----LVRFCKV---ELRLPSVSIVSNGSLI
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RNR-AE
Bss-AE
Hpd-AE
GD-AE
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MoaA
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LAM
HydE
HydG
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R-YDPVIDE-LLEVTDLV---MLDLKQMNDEIHQN--LVG--V----SNHRTLE---FAK
TGYKLDDLNAAQMQVVDLINVLVDGKFVQDLKDPSLIWRG--S----SNQVV-H---HLR
Q--GKVVES-MIGIVDLF---IVDLKTLDAHKHLD--VIG--W----PLAPILA---NLE
N---EVFNK-IFKDIDFA---FIDIKHMDREKHKE--QTG--V----YNDLILE---NIS
S---ESVKK-VIPYIDLA---MIDIKSMNDEIHRK--FTG--V----SNEIILQ---NIK
D---ESWAKFLSENKFLV---GLSMDGPK--EIH---NLNRKD---CCGLDTFS---KVE
K---KHGQKLYDAGLRRI---NVSLDAIDDTLFQ---SINNRN---IKATTILE---QID
A-----LDK-LGDMIDVA--LAISLHAPNDEIRDEIVPINKKYNIETFLAAVRR---YLE
Q---RITPE-LVNM--------------LKKYHP--VWLNTHF--NHPNEITEESTRACQ
REYYEKWKE---AGADRY---LLRHETAN------------------------------LKGYERLKK---LKIGTY---QLFQESYN------------------------------EKRLQTLTE---LGIQKF---IVTQHAGA------------------------------ESQAQRLAN---AGLDYY---NHNLDTSP-----E--FYGNIIT-----T--------------TSDI---VGIDHL---THSLKKAI-----E--FIGATDYGRLRFVTKYE---HVD
R---ERWFQNYGEYLDIL---AISCDSFDEEVNV---LIGRGQ----GKKNHVE---NLQ
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Figure 7.11. Sequence alignment of PFL-AE and other activating enzymes and radical
SAM enzymes. The DTX21MXD in PFL-AE is highlighted in green along with the other
conserved residues in this motif. Conserved changes are highlighted in cyan.
Alignments were done using Clustal Omega.
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Tables

Table 7.1. B-factor comparison after previous refinement in CNS.
Species modeled in the site
Water

Sodium

22.96/25.53

22.91/25.42

Species modeled

51.35

62.54

D104 carboxylate O

74.88

75.28

T105 carbonyl O

66.10

66.12

D129 carboxylate O

71.20

71.50

SAM carboxylate O

65.59

65.36

Average of nearby atoms

69.44

69.57

Rwork / Rfree values
B-factors (Å2)*

*When occupancies are set at 100%.

Table 7.2. B-factor comparison after refinement in REFMAC.
Species modeled in the site
Water

Sodium

Magnesium

Potassium

Calcium

19.46/25.15

19.47/25.14

19.45/25.10

19.45/25.13

19.46/25.22

Species modeled

54.46

68.83

70.7

93.78

95.36

D104 carboxylate O

78.22

78.51

78.43

76.34

76.92

T105 carbonyl O

74.81

74.94

74.87

74.67

74.80

D129 carboxylate O

78.58

78.79

78.91

78.15

78.73

SAM carboxylate O

71.09

71.63

72.18

72.78

73.06

75.58

75.97

76.10

75.485

75.88

Rwork / Rfree values
B-factors (Å2)*

Average of nearby
atoms

*When occupancies are set at 100%.
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Table 7.3. B-factor and occupancy comparison after occupancy refinement in CNS.
Atom

Water

Sodium

Magnesium

Potassium

Calcium

B factor

78.74

78.66

78.68

78.74

78.75

Occupancy (%)

118

88

86

51

1.0

Table 7.4. Distances between sodium and nearby atoms.
Distance
(Å)

Angle
(to D104)

Angle
(to T105)

Angle
(to D129)

Angle (to
SAM)

Angle (to
T105N)

Angle (to
M127)

D104 carboxylate O

2.5

n/a

129.42

116.12

116.42

72.58

77.03

T105 carbonyl O

2.7

129.42

n/a

111.42

81.15

57.40

72.62

D129 carboxylate O

2.5

116.12

111.42

n/a

87.52

165.07

108.29

SAM carboxylate O

2.4

116.42

81.15

87.52

n/a

99.51

152.84

T105 amine N

3.2

72.58

57.40

165.07

99.51

n/a

60.41

M127 carbonyl O

3.0

77.03

72.62

108.29

152.84

60.41

n/a

Atom

Table 7.5. Distances between modeled potassium and nearby atoms.
Distance
(Å)

Angle
(to D104)

Angle
(to T105)

Angle
(to D129)

Angle (to
SAM)

Angle (to
T105N)

Angle (to
M127)

D104 carboxylate O

2.6

n/a

128.92

120.34

117.57

73.38

78.67

T105 carbonyl O

2.9

128.92

n/a

108.90

77.74

55.96

71.39

D129 carboxylate O

2.7

120.34

108.90

n/a

84.772

163.56

111.330

SAM carboxylate O

2.6

117.57

77.74

84.772

n/a

96.90

148.39

T105 amine N

3.3

73.38

55.96

163.56

96.90

n/a

60.09

M127 carbonyl O

3.1

78.67

71.39

111.330

148.39

60.09

n/a

Atom
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Table 7.6. Specific activities of PFL-AE in the presence or absence of different
monovalent and divalent cations.
Cation Present
M+-Free

Specific Activity (U/mg)
5.1 + 1.0

Li+

12.2 + 2.4

+

Na
K+
NH4+
Rb+
Cs+
Ca2+
Mg2+
Zn2+

38.0 + 2.8
54.2 + 1.5
45.8 + 3.9
14.6 + 4.2
4.9 + 2.2
3.4 + 0.6
1.9 + 1.2
0.2 + 0.1

Table 7.7. Simulated g values of PFL-AE in the absence of monovalent cation (M+-free),
absence of SAM (– SAM), presence of SAM (+ SAM), and the presence of different
monovalent cations. The percentage of each spin system is given as a whole number.
Monovalent
Cation Present
M+-free - SAM

Spin 1
g1
g2
2.01 1.88

g3
1.88

M+-free + SAM
Li+ + SAM
Na+ + SAM
K+ + SAM
NH4+ + SAM
Rb+ + SAM
Cs+ + SAM

2.00
2.00
2.00
2.00
2.01
2.00
2.00

1.87
1.87
1.87
1.88
1.86
1.88
1.88

1.89
1.89
1.88
1.89
1.89
1.89
1.89

%
52

Spin 2
g1
g2
2.01 1.91

g3
1.91

%
48

69
73
86
68
60
79
82

2.00
2.00
2.00
2.00
2.01
2.00
2.00

1.89
1.89
1.89
1.90
1.89
1.91
1.92

31
27
14
32
16
21
18

1.91
1.91
1.91
1.91
1.91
1.91
1.91

Spin 3
g1
g2

g3

%

2.07

1.89

24

1.92
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Table 7.8. Simulated g values of the WT PFL-AE (purple rows) and the D104A and
D129A variants in the absence of a monovalent cation (M+-free), presence of different
monovalent cations, and absence of SAM.
WT
M+-Free
D104A
M+-Free
D104A K+
D104A Na+
D129A
M+-Free
D129A K+
D129A Na+

Spin 1
g1
g2
2.01 1.88

g3
1.88

%
52

Spin 2
g1
g2
2.01 1.92

g3
1.91

%
48

2.01

1.91

1.87

40

2.01

1.93

1.86

60

2.01
2.01
2.01

1.91
1.91
1.88

1.87
1.87
1.88

36
44
56

2.01
2.01
2.01

1.93
1.93
1.92

1.86
1.86
1.91

64
56
44

2.01
2.01

1.88
1.88

1.88
1.88

41
50

2.03
2.03

1.91
1.91

1.91
1.91

41
30

Spin 3
g1
g2

g3

%

2.03
2.03

1.8
1.80

18
20

1.95
1.95

Table 7.9. Simulated g values of the WT PFL-AE (purple rows) and the D104A and
D129A variants in the absence of a monovalent cation (M+-free), presence of different
monovalent cations and SAM.

WT M+-Free + SAM
D104A M+-Free + SAM
D129A M+-Free + SAM
WT K+ + SAM
D104A K+ + SAM
D129A K+ + SAM
WT Na+ + SAM
D104A Na+ + SAM
D129A Na+ + SAM

Spin 1
g1
2.00
2.01
2.00
2.00
2.01
2.00
2.00
2.01
2.00

g2
1.89
1.89
1.89
1.89
1.91
1.89
1.88
1.91
1.89

g3
1.87
1.89
1.86
1.88
1.83
1.87
1.87
1.87
1.86

%
69
47
74
68
42
80
86
58
84

Spin 2
g1
g2
2.00 1.92
2.00 1.93
2.02 1.90
2.00 1.92
2.01 1.93
2.02 1.91
2.00 1.92
2.01 1.93
1.99 1.90

g3
1.89
1.82
1.88
1.90
1.88
1.91
1.89
1.86
1.87

%
31
53
26
32
58
20
14
42
16
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Supplementary Information
SI Figures

Figure SI.7.1. EPR spectra of PFL-AE in the absence (black) or presence of the different
monovalent cations: Li+ (grey), Na+ (green), K+ (blue), NH4+ (orange), Rb+ (red), and
Cs+(purple). PFL-AE concentration is 300 μM and cation concentration is 100 mM.
EPR parameters: 12 K, 9.37 GHz, 1.0 mW.

175

Figure SI.7.2. EPR spectra of PFL-AE (300 μM) in the absence of cation (black) and in
the presence of 1 mM Ca2+ (red), Mg2+ (blue), or Zn2+ (green). Spectrum of PFL-AE in
the presence of Zn2+ was conducted with a different stock protein (below) but still has
similar features as the M+-free PFL-AE. EPR parameters: 12 K, 9.37 GHz, 1.0 mW.
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Figure SI.7.3. EPR spectra of PFL-AE (300 μM) in the absence of cation (black) and in
the presence of 1 mM Ca2+ (red), Mg2+ (blue), or Zn2+(green) and in the presence of 2
mM SAM. Spectra of PFL-AE in the presence of Zn2+ were conducted with a different
stock protein (bottom) but still has similar features as the M+-free PFL-AE + SAM. EPR
parameters: 12 K, 9.37 GHz, 1.0 mW.
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Figure SI.7.4. CD spectra of M+-free PFL-AE in the absence (black) presence of different
monovalent cations. Each sample contained 50 μM PFL-AE and 100 mM of the
indicated cation: M+-free (black), Li+ (grey), Na+ (green), K+ (blue), NH4+ (orange), Rb+
(red), and Cs+ (purple).
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CHAPTER EIGHT

AN EPR AND ENDOR
INVESTIGATION OF THE CATION SITE IN PFL-AE

Introduction
Pyruvate kinase was the first enzyme identified to absolutely require K+ for
catalysis, [1,2] and since then the requirement of a monovalent cation (M+) for optimal
activity has been discovered in a range of enzymes [2,3]. The effect of a M+ on enzyme
activity can be classified as either cofactor-like (type I) or allosteric (type II); the M+ is
absolutely required for type I while requirement is not absolute for type II although the
cation stimulates catalytic activity. M+ dependence has exquisite specificity, with K+ and
Na+ as the preferred M+, consistent with their higher availability in vivo. Since the
concentrations of M+ in the cell are highly regulated, the preference for K+ vs. Na+ can be
attributed to enzyme location: K+ dependent enzymes reside in intracellular locations
while Na+ enzymes reside in extracellular locations [2,3]. In general, enzymes requiring
K+ are still active with slightly larger M+ like Rb+ and NH4+, albeit with lower activity in
most cases, but are significantly less active or inactive with smaller M+ like Li+ and Na+,
and with the significantly larger cation Cs+. Enzymes requiring Na+, are more selective
and are not activated as well by Li+ or the larger K+, Rb+, and Cs+ cations [2,3].
Recently, the radical S-adenosylmethionine (SAM) enzyme pyruvate formate
lyase (PFL-AE) was reported to contain a M+ site identified in the crystal structure, with
occupancy affecting both EPR spectroscopic properties and enzyme activity (manuscript
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in preparation). Radical SAM enzymes are a large superfamily that catalyze diverse
chemical reactions through intermediate radical species. Catalysis is initiated through the
one electron reduction of a site-differentiated [4Fe-4S]2+ cluster coordinated through
three of its four iron atoms via a CX3CX2C tricysteine motif [4,5]. The fourth, unique Fe
is coordinated by SAM through its amino N and a carboxyl O in a manner that allows for
inner sphere electron transfer and homolytic cleave of SAM to produce the highly
reactive 5’-deoxyadenosyl (5’-dAdo•) radical. This radical can then abstract a hydrogen
from substrate, producing a substrate radical which can undergo further radical mediated
chemistry. Radical SAM active sites are nestled inside a triosephosphate isomerase
(TIM) barrel which is a partial ()6 TIM barrel in most cases but a full ()8 TIM
barrel in a few other cases [4-6]. The substrates for radical SAM enzymes range from
small molecules to large biomolecules and proteins. Pyruvate formate lyase activating
enzymes (PFL-AE) is one of the smallest radical SAM enzymes with a partial ()6 TIM
barrel that reflects its need to accommodate its large homodimeric protein substrate
pyruvate formate lyase (PFL). During catalysis, PFL-AE abstracts a hydrogen atom from
a glycine residue (G734) on PFL, thus activating it to convert pyruvate and coenzyme A
(CoA) to formate and acetyl-CoA [7,8].
The cation in PFL-AE was assigned as a Na+ in the crystal structure but K+ had
the largest stimulatory effect on activity and thus was proposed to be the in vivo M+ of
choice for PFL-AE (manuscript in preparation). Activity was tested in the presence of
five other monovalent cations, Na+, NH4+, Rb+, Cs+, and Li+, all of which had decreased
activity compared to that in the presence of K+, while addition of the three divalent
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cations, Ca2+, Mg2+, and Zn2+, inhibited activity. PFL-AE still had slight activity in the
absence of M+, suggesting that a cation wasn’t absolutely required. The M+ has
5-coordinate ligation to the protein via two Asp side chain oxygen atoms, two backbone
oxygen atoms from a Thr and a Met, and the free carboxyl oxygen of SAM (Figure 8.1).
The M+ identity also affected the electronic structure of the [4Fe-4S] cluster causing
electron paramagnetic resonance (EPR) and circular dichroism (CD) spectral changes in

Figure 8.1. The cation site in PFL-AE. The cation, identified as Na+ in the crystal
structure (purple sphere), has 5-coordinate oxygen geometry with 2 aspartate side chains
oxygens (Asp104 and Asp 129 at a distance of 2.5 Å from the cation), a methionine (3.0
Å) and threonine (2.7 Å) backbone oxygents, and the unbound carboxyl oxygen of SAM
(2.4 Å) in a distorted trigonal bipyramidal geometry. The coordinating amino acids are
colored with brown carbons and SAM is colored with green carbons.
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the presence of different cations which was more apparent in the presence of SAM. It
was proposed that the change in the M+ size would push or pull the carboxyl oxygen of
SAM and only in the presence of K+ was SAM in the appropriate position for optimal
activity (manuscript in preparation). Currently, no other radical SAM enzyme has been
found to contain a monovalent cation site but QueE was recently shown to have divalent
cation dependence with Mg2+ increasing activity [9,10]. The Mg2+ coordination sphere
does not include SAM but Mg2+ was directly ligated to substrate [9].
To further investigate the M+ site of PFL-AE, we have used electron nuclear
double resonance (ENDOR) spectroscopy of PFL-AE in the presence of K+, Na+, and Tl+.
ENDOR spectroscopy probes the coupling (hyperfine interactions) between a
paramagnetic species, such as a reduced [4Fe-4S]+ cluster, and a nucleus with a nuclear
spin (I ≥ ½), and provides insight into geometric and electronic structures of such
systems. K+ and Na+ both have I = 3/2 nuclear spin and Tl+ has an I = ½ nuclear spin.
Both 203Tl and 205Tl have a larger isotropic hyperfine couplings (~6500 mT), compared to
39

K (8 mT) and 23Na (32 mT) [11]. If the cation binding site is sufficiently close to the

cluster, it is expected that Tl+ coupling would be easily observed. Tl+ (ionic radius 150
pm) can replace K+ (ionic radius 138 pm) in many enzymes activated by K+ with only
~20% decrease of in activity but with higher affinity than other M+ [12]. In this study,
ENDOR spectroscopy was used to analyze coupling between the M+ and the cluster in
order to determine distances between the cluster and different monovalent cations in
addition to revealing any variability in SAM coordination with different M+ to provide
insight into the role of the monovalent cation in enzyme activity.
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Materials and Methods

Materials
All chemicals were obtained from commercial sources and were of the highest
purity commercially available. [Methyl-13C]-methionine was purchased from Cambridge
Isotope Laboratories and was used to synthesize SAM as previously described [13,14].

Expression and Purification of PFL-AE
PFL-AE was expressed and purified as previously described (manuscript in
preparation) in the absence of M+. In brief, overexpression was conducted with E. coli
cells under anaerobic conditions. Enzymatic lysis and purification by size exclusion with
a 50 mM Tris, pH 7.5 and 1 mM DTT buffer were conducted in an anaerobic Coy
chamber. Fractions with the highest 426/280 nm ratio were pooled. PFL-AE
concentration was determined using the method of Bradford [15] using dye reagent from
Biorad. A correction factor was utilized in the final calculations of PFL-AE
concentration [16]. Iron content was determined using atomic absorption spectroscopy
and PFL-AE contained between 3.5 and 3.8 Fe per protein for the following experiments.

PFL-AE Activity Assays
Activity assays of PFL-AE were conducted as previously described (manuscript
in preparation) in the absence of M+ (M+-free), and presence of 1 mM Tl+, 100 mM K+,
or 100 mM Na+, all in a 100 mM Tris, pH 7.5 buffer. In short, 450 μL of an activation
solution containing 0.05 µM PFL-AE purified in the absence of M+, 5 µM PFL, 0.1 mM
SAM, 10 mM oxamate, 8 mM DTT, and 25 µM 5-deazariboflavin (added last in the
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dark) were added to a 100 mM Tris, pH 7.6 buffer containing different cations as
described above (all concentrations given are final concentrations). This solution was
photoreduced by illumination with a 300 W halogen lamp in a 30 ± 2°C water bath for 5
minutes. To assay the activity, 5 µL of the resulting activation solution was placed on the
lid of an anaerobic cuvette containing 895 µL of coupling solution (3 mM NAD+, 55 µM
CoA, 0.05 mg/mL BSA, 10 mM pyruvate, 10 mM malate, 2 U/mL citrate synthase, 30
U/mL malic dehydrogenase and 10 mM DTT in a 100 mM Tris, pH 8.1 buffer
(concentrations given as a final concentration after mixing of both solutions with a final
volume of 900 L)). The two solutions were mixed by inverting the cuvette just prior to
UV-vis analysis in a Cary 60 UV-Vis spectrophotometer. The production of NADH was
monitored at 340 nm for 90 seconds. One unit of PFL activity corresponds to the
production of one µmole of pyruvate per minute, and 35 units of PFL is equivalent to 1
nmole of PFL active sites [17]. One unit of PFL-AE activity is defined as the production
of 1 nmole of active PFL per minute [16]. All assays were conducted in triplicate.

EPR and ENDOR Sample Preparation
EPR samples were prepared as previously described (manuscript in preparation).
In an anaerobic MBraun glovebox with < 1 ppm O2, 300 M PFL-AE (final
concentration post photoreduction and SAM addition) was added to a 100 mM Tris, pH
7.5 buffer with 1 mM DTT which contained either 100 mM KCl, 100 mM NaCl, 1 mM
TlCl or 1 mM TlNO3 (which both produced identical results), or no M+ (M+-free). A
final concentration of 100 M 5-deazariboflavin was added last. The mixture was
photoreduced for about one hour after which SAM or buffer was added to a final
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concentration of 300 M PFL-AE and 2 mM SAM. Samples were loaded into an X-band
tube, capped, and flash frozen in liquid nitrogen upon removal from the MBraun
chamber. EPR spectra were recorded on a Bruker EMX X-band spectrometer equipped
with a liquid helium cryostat and temperature controller from Oxford Instruments.
Typical experimental parameters were 12 K and 9.37 GHz, with 1.0 mW microwave
power, 100 kHz modulation frequency, and 10 G modulation amplitude. Each spectrum
is the average of four scans.
ENDOR samples were also prepared in MBraun glovebox with < 1 ppm O2 as
previously described (manuscript in preparation). PFL-AE (300 M final concentration
post photoreduction and SAM addition) was added to a 100 mM Tris, pH 7.5 buffer
containing 1 mM DTT and either 100 mM KCl, 100 mM NaCl, or 1 mM TlCl or 1 mM
TlNO3 (which both produced identical results) followed by addition of 100 M
5-deazariboflavin (final concentration). The mixture was photoreduced for about one
hour after which SAM (unlabeled or [methyl-13C]-SAM) or buffer was added to a final
concentration of 300 M PFL-AE and 3 mM unlabeled SAM or 2 mM [methyl-13C]SAM. Samples were loaded into an Q-band tube, capped, and flash frozen in liquid
nitrogen. Q-band EPR and pulsed ENDOR spectroscopy at Q-band were conducted at 2
K as previously described [18]. Calculations and simulations of ENDOR
experimentation of SAM binding were conducted as previously described [13,18].
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Results

Specific Activity of PFL-AE
in the Presence of K+, Na+, and Tl+
Activity assays were previously reported in the presence of six monovalent
cations (K+, Na+, NH4+, Rb+, Cs+, and Li+) and three divalent cations (Ca2+, Zn2+, and
Mg+) with K+ having the greatest stimulatory effect and the divalent cations inhibiting
activity (manuscript in preparation). These assays were repeated in the presence of Tl+
(Figure 8.2), and analyzed against the activity of PFL-AE in the presence of K+, Na+, and

Specific Activity (U/mg)

60
K+

50
40
30
20

Na+

10
M+-Free
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Figure 8.2. Specific activity (U/mg) of PFL-AE in the presence of Na+, K+, or Tl+ or in
the absence of cation (M+-free). Trials were done in triplicate.

in the absence of cation (M+-free). In the presence of Tl+, activity was inhibited with a
specific activity lower than that of M+-free protein. The ionic radii for Tl+ is similar to
that of K+ and many other enzymes activated by K+ can also be activated by Tl+ [12] and
it’s surprising that Tl+ inhibits PFL-AE. To determine whether this was due to a lack of a
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Tl+ cation in the active site or other unknown effects, we wanted to conduct EPR and
ENDOR experiments.

EPR Spectroscopy of
PFL-AE in the Presence of Tl+
Previously, we reported that the EPR spectral properties of the [4Fe-4S]+ cluster
of PFL-AE were affected by the monovalent cations K+, Na+, Rb+, Cs+, NH4+, and Li+
(manuscript in preparation). The most significant M+-dependent changes were observed
in the presence of SAM, and given the coordination of SAM to M+ seen in the crystal
structure, we proposed that the cation helps stabilize SAM in the active site. In order to
further understand the cation site and its relation to the [4Fe-4S] cluster, we substituted
Tl+ into the cation site in an attempt to probe hyperfine interactions. The EPR spectrum
of reduced PFL-AE in the presence of Tl+ is almost identical to PFL-AE in the presence
of K+, with some similarities to M+-free and fewer similarities to the sample with Na+
(Figure 8.3). The ionic radius of Tl+ (150 pm) is very similar to that of K+ (138 pm),
while Na+ (102 pm) is much smaller; Tl+ is therefore expected to behave similarly to K+.
In the presence of SAM and Tl+, however, the X-band EPR spectrum is unlike any signal
previously observed for PFL-AE (Figure 8.3). There is an intensification of the signal,
which is typical for PFL-AE in the presence of SAM, but there are also significant
changes in the line shape and g-values of the signal. Both the g|| and g have shifted upfield with respect to the signals observed for PFL-AE in the presence of the other cations
(K+, Na+, or M+-free) and there appears to be hyperfine splitting in both the g|| and g
components.
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A)

B)

Figure 8.3. X-band EPR spectra of PFL-AE in the absence of cation (M+-free, black), or
in the presence of Na+ (red), K+ (blue), or Tl+ (green) and in the absence (left) or presence
of SAM (right).

Surprisingly, the splitting at both g|| and g at X-band is not observed at Q-band
(35 GHz) under rapid-passage conditions, which raises the question of whether the
splitting observed at X-band is truly hyperfine coupling or two different conformations
(Figure 8.4 a). Usually, initial Q-band continuous wave (CW) scans results in rapidpassage conditions due to the extremely low temperatures and high microwave power.
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Under these conditions, the spin cannot relax between scans. Without adequate
relaxation, broadening and loss of features occurs. In order to shift to non-rapid passage
conditions, although this causes more noise to occur in the spectrum, the power was
decreased and the modulation amplitude was increased. At a 50 dB power, a splitting of
the g feature appears after 5 G modulation (Figure 8.4b). The splitting at g|| is
approximately 20 G at X-band and increases to 80 G at Q-band under non-rapid passage
conditions while the splitting at g is approximately 35 G at X-band and increases to 130
G at Q-band (SI Figure 8.1).

A)

B)

g

Field (G)

Figure 8.4. EPR spectrum of PFL-AE in the presence of 1 mM Tl+ and 2 mM SAM. A)
Comparison of the X-band (blue) and Q-band (red) EPR specturm showing the
absorbance spectrum (top) and the derivate (bottom). B) Q-band EPR spectra at 50 dB
and 2 K with differing modulation amplitudes (2 G to 8 G modulation) to induce nonpassage conditions. After 6.3 G modulation, splitting appears at g (at ~13,000 G).
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The splitting increases by a factor of ~3.7 upon the 9 GHz  35 GHz shift which is
consistent with the ratio of X-band and Q-band microwave quantum energy. If the
splitting were hyperfine, one would expect ~35.7 G (100 MHz) splitting at Q-band.
Taken together, the relaxation properties at Q-band and the larger splitting than expected
only observed under non-passage conditions suggests that two different conformations
give rise to the unique EPR spectrum in the presence of Tl+.

ENDOR Spectroscopy of the Cation Site
Although the strong hyperfine splitting in the X-band EPR spectrum is indeed not
due to strong hyperfine coupling between the cluster and Tl+, weak coupling was in fact
observed between the two centers using ENDOR spectroscopy. Mims ENDOR
spectroscopy at g and continuous wave (CW) ENDOR of PFL-AE in the presence of Tl+
at varying g values reveals a weak A2,3 ~ 1.1 MHz and A1 ~ 2 MHz coupling,
corresponding to a distance of > 5.5 Å (Figure 8.5) between the reduced cluster and the
Tl+ nucleus. The peaks in the ENDOR spectrum were asymmetric due to the natural
isotopic distribution of Tl+: ~30% 203Tl and ~70 205Tl with Larmor frequencies of 31.93
MHz and 32.23 MHz at 12910 G, respectively. The Mims 23Na ENDOR spectrum of
PFL-AE in the presence of Na+ revealed an A2 ~ 0.14 MHz coupling at g2 (g = 1.87)
centered at the Larmor frequency, corresponding to a distance of ~5-6 Å between the
cation and the cluster (Figure 8.6). Both of these distances are consistent with the 6.5 Å
distance to the center of the cation to the unique Fe of the cluster in the crystal structure
of PFL-AE. Thus, the decrease in activity in the presence of Tl+ is not due to an absence
of monovalent cation. No K+ coupling to the cluster was observed via ENDOR

193

MHz

 (205Tl) (MHz)

Figure 8.5. Mims 203Tl/205Tl ENDOR spectrum at g (left) and the 2-D pattern of CW Tl
ENDOR (right) at various g values (in Gauss). The CW ENDOR is not symmetric
because Tl+ has two naturally abundant isotopes with two slightly different Larmor
frequencies. The CW ENDOR spectrum is center at the Larmor frequency of the 205Tl
(70% abundance) isotope. The A1 ~ 2 MHz and A2,3 ~ 1.1 MHz splitting calculates to a
Tl+ distance > 5.5 Å from the cluster.

spectroscopy which is probably due to its weaker hyperfine coupling constant (only 8 mT
versus 32 mT for Na+).
Interestingly, the 23Na ENDOR signal was overlooked in a previous ENDOR
analysis to determine the SAM orientation in PFL-AE in the presence of Na+ and
[methyl-13C]-SAM [13]. Weak coupling at approximately 14.6 MHz was assigned to
naturally abundant 57Fe in the cluster; however, this signal is absent in a more recent 57Fe
ENDOR spectrum of an 57Fe labeled [457Fe-4S] cluster prepared in K+ (SI Figure 8.2).

194

 (23Na) (MHz)
Figure 8.6. The 2-D Mims Na ENDOR pattern of PFL-AE in the presence of Na+
centered at the Larmor frequency of 23Na. At g2 (g = 1.87), the A = ~1.4 MHz coupling
gives rise to a Na+ distance of about 5-6 Å from the cluster.
23

SAM Coordination Differences
Observed by ENDOR Spectroscopy
The crystal structure of PFL-AE showed that the free carboxyl O of SAM is a
fifth ligand to the monovalent cation (M+), and due to the close proximity of the cation, it
is proposed that M+ size will affect the orientation of SAM with respect to the cluster
(manuscript in preparation). Any difference in geometry of SAM may explain the
differences in specific activity and the spectral properties of PFL-AE in the presence of
different monovalent cations. The amino N, the carboxyl group, and the -C form a ring,
ligating SAM to the unique Fe (Figure 8.7). If changing the monovalent metal ion, and
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thus the size of the M+, results in movement of the carboxyl O of SAM, the N orientation
relative to the unique Fe should change and this may be observable via ENDOR
spectroscopy. Here we report the ENDOR spectral changes of the amino N and
methyl-C.

Figure 8.7. View of the methionine bidentate ring structure of SAM bound to the
[4Fe-4S] cluster. The cation (purple sphere) interacts with the free carboxyl oxygen of
SAM.
The Davies 14N ENDOR spectrum of SAM bound to PFL-AE revealed slight
variations in the coordination of SAM to the [4Fe-4S]+ cluster of PFL-AE in the presence
of Tl+, K+, and Na+ (Figure 8.8a). The M+-free prepped PFL-AE in the presence of Na+ is
almost identical to the PFL-AE purified in Na+ (results from [14]) (Figure 8.8a). Like the
study published by Walsby et al. [14], only the + peak is visible in the 14N ENDOR
spectrum for all cations tested. How exactly SAM coordination differs in the presence of
these three different cations is unclear; however, it does appear that the coupling between
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the cluster and the amino N of SAM is affected by the size of the monovalent cation
present in the active site of PFL-AE.

A)

B)
K+
M+-Free in Na+
Na

+

 SAM
+
K

Tl

z

+

Na+



Figure 8.8. A) The 14N Davies ENDOR spectra of SAM bound to PFL-AE at g in the
presence of different monovalent cations. PFL-AE was purified in the absence of cation
followed by addition of Na+ (M+-free in Na+, grey), K+ (blue), or Tl+ (red) or absence of
SAM and M+ (black). Protein purified in Na+ (green) is from [13]. Spectra are at
different fields due to variability of g for each cation. B) The Davies 14N ENDOR 2-D
pattern of SAM bound to PFL-AE prepared in K+ (blue) compared to the g of Na+
(green). The g2’ (g = 1.87) of the K+ containing sample is very similar to the g (g =
1.87) of the Na+ containing sample.

To further explore the extent of amino N coupling to the cluster at varying g values, 14N
ENDOR spectrum of SAM was conducted at different g values in the presence of K+
resulting in what is termed a 2-D pattern (Figure 8.8b). The 2-D 14N ENDOR pattern of
the amino N in the presence of K+ has different 14N coupling contributions at each g
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value with one signal almost identical to that observed in the presence of Na+. This result
is very perplexing and suggests that SAM may have two conformations in the presence of
K+, one of which is similar to PFL-AE in the presence of Na+. More analysis of the 14N
ENDOR spectrum of SAM is underway to understand how SAM orientation is modulated
by the presence of these and other cations.
Mims 13C ENDOR spectroscopy was used to compare the [methyl-13C]-SAM
coupling to the cluster in the presence of K+, Na+, and Tl+ and compared with the
previous results of Mims 13C ENDOR of PFL-AE which was prepared in the presence of
Na+ [13]. Slight changes were observed in the 2-D 13C ENDOR pattern in the presence
of these monovalent cations (Figure 8.9) with the most significant difference associated
with the contribution from g|| (g = 2.00) with the Na+ sample having the strongest
coupling. Since there is a difference in the contributions of the 13C nucleus to the cluster
in these three monovalent cations at different g values, it can be concluded that the
methyl-C orientation is changing with cation size. Also, the ENDOR line widths in the
presence K+ are smaller/sharper than those in the presence of Na+ and Tl+, suggesting a
more well-defined structure in the presence of K+. With a more stabilized methyl-C
portion of SAM when K+ is present could explain why K+ has the greatest stimulatory
effect on PFL-AE activity.
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+

K+
Na+

 - o (13C) (MHz)
Figure 8.9. The 2-D Mims 13C ENDOR pattern of [methyl-13C]-SAM bound to PFL-AE
in the presence of K+ (blue), Na+ (red), and Tl+ (black) centered at the Larmor frequency
of 13C.

Discussion

PFL-AE activity has a stimulatory affect in the presence of a monovalent cation,
with a maximal activity observed in the presence of K+. To explore how this M+ is
interacting with the cluster and SAM and affecting activity, EPR and ENDOR studies
were conducted to probe structural differences influenced by M+ identity. The nuclear
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spin and large hyperfine coupling constant of Tl+ was initially exploited to probe the
cation site. Although PFL-AE in the presence of Tl+ exhibited unusual splitting in
X-band EPR, there was no hyperfine splitting in rapid passage Q-band conditions and
only a weak Tl+ coupling to cluster was observed by ENDOR spectroscopy. EPR
splitting at Q-band could be resolved upon a decrease in power and an increase in
modulation amplitude to induce non-rapid passage conditions. The size of the splitting
under non-rapid passage conditions was larger than expected for hyperfine splitting and
suggests two different conformations of the active site give rise to the unique EPR signal.
The origin of these two conformations is still unknown. The coupling between Tl+ and
the cluster observed during ENDOR experiments produced a distance consistent with that
observed for Na+, suggesting Na+ and Tl+ occupy the same binding pocket in the active
site observed in the crystal structure. Since Tl+ is present in the cation site, the decrease
in activity is not due to an absence of M+.
The 14N and 13C ENDOR signals arising from the coupling of the amino-N and
the methyl-C of SAM with the reduced cluster are altered in the presence of K+, Na+, and
Tl+, suggesting cation size affects SAM orientation. The amino N, carboxyl C and O,
and the C of methionine form a 5-member chelate ring at the unique Fe (Figure 8.7) and
presumably, if the O is pushed or pulled in the presence of larger or smaller cations, this
would in turn affect the amino N of SAM. The 14N ENDOR results reveal changes in the
14

N signal in the presence of K+, Na+, and Tl+. How the orientation differs in the

presence of these different monovalent cations still needs further investigation. The 14N
ENDOR data in the presence of K+ revealed two possible conformations of SAM with
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one of these being identical to that in the presence of Na+. However, the ENDOR results
for PFL-AE in the presence of [methyl-13C]-SAM suggests that SAM is in a betterdefined structure in the presence of K+, compared to addition of Na+, and thus contradicts
the proposal of two conformations. The source of the discrepancy in these results is not
yet clear. Perhaps the flexibility in SAM ligation to the cluster via its amino N with a
more well-defined methyl-C orientation in the presence of K+ could be required to obtain
an intermediate discovered during rapid freeze quench (RFQ) experiments. Unpublished
results of an intermediate signal observed after a 500 ms quench has been assigned as an
organometallic Fe-C bond with the 5’-C of adenosine bound to the unique Fe of the
cluster post SAM cleavage (manuscript in preparation). It is proposed that SAM is
cleaved, and after the addition of two electrons to SAM from the cluster (exact
mechanism still under debate), the 5’-C binds to the unique Fe of a paramagnetic
[4Fe-4S]3+ cluster. During the process, the amino N and carboxyl O in methionine are
thought to dissociate before the 5’-C binds the cluster in this intermediate due to an
absence of 14N coupling to the [4Fe-4S]3+. It is possible that the M+ is involved with
methionine interactions post cleavage. If the amino N of SAM is more flexible in the
presence of K+, dissociation of methionine from the cluster might be more favorable.
Two crystal structures for PFL-AE have been solved: one in the presence of disordered
SAM and one in the presence of SAM and a PFL 7-mer peptide [19]. The peptide bound
structure contains a complete SAM molecule and a cation. The SAM-only structure
contains a disorder SAM and only a portion of the methionine of SAM is visible.
Although no cation was observed in this structure, superposition of the two structures
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revealed that the amino N and a carboxyl O of the disorder SAM are orientated towards
the cation site with a distance of ~3.8 Å (Figure 8.10). This distance is further than the
structure with a complete SAM molecule with an oxygen-cation distance of 2.4 Å.
Although the disordered SAM has not been catalytically cleaved in the crystal structure,
it’s possible that a similar orientation could occur post SAM cleavage to move the
methionine portion away from the cluster to allow for the 5’-C to bind the unique Fe.

3.8 Å

3.8 Å

Figure 8.10. Superposition of the PFL-AE structure in the presence of disordered SAM
(methionine portion shown in teal carbons) and the PFL-AE structure with the 7-mer
peptide (not shown) and cation (purple sphere). The carboxyl O and amino N are 3.8 Å
from the cation.
Exactly how the SAM orientation changes with different M+ needs further
investigation and crystallography may expose these key differences. For example,
replacement of K+ for Na+ in M+ requiring enzymes can either have no effect on the
crystal structure as in pyruvate kinase [2,20] or significant changes in the coordination
geometry of the active site as observed in the case of Hsc70 where the residues involved
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in substrate and cofactor binding were significantly perturbed [2,21,22]. Crystallography
of PFL-AE could determine whether the coordination environment of the M+ changes or
how SAM moves with these different monovalent cations and give insights into the
changes in activity and its spectroscopic signals.
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Supplementary Figures

X-band

Field

Q-band

Field (G)
SI Figure 8.1. Splitting values in the X-band (red) EPR and Q-band (blue) EPR spectrum
of PFL-AE in the presence of Tl+ and SAM. Upon the 9.5 GHz to ~35 GHz transition,
the splitting increases by approximately 3.7 times. This is consistent with the ratio of Xand Q-band microwave quantum energies. This further supports that the apparent
splitting in the X-band EPR spectrum is due to two distinct conformations of PFL-AE
and not hyperfine interactions.
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SI Figure 8.2. Comparison of the Mims 13C 2-D ENDOR pattern of [methyl-13C]-SAM
bound to PFL-AE in the presence of Na+ from Walsby et al. [13] (left) with the CW 57Fe
2-D ENDOR pattern of PFL-AE with a [457Fe-4S] labeled cluster in the presence of K+
(right). The pattern on the left is in the reverse order, going from g2 (top) to g1 (bottom)
while the pattern on the right goes from g1 (top) to g3 (bottom) The signal at ~14.6 MHz
(red circled region in the 13C ENDOR spectra) was previously assigned to a naturally
abundant 57Fe signal. This signal is absent in the 57Fe ENDOR signal (bracketed region)
when the samples were prepared in the presence of K+. This signal has been assigned to
Na+ coupling to the cluster.
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CHAPTER 10

A RAPID FREEZE QUENCH ENDOR STUDY OF AN ORGANOMETALLIC
RADICAL INTERMEDIATE IN PFL-AE

Introduction

Radical S-adenosyl-L-methionine (SAM) chemistry is based on the production of
the 5’-deoxyadenosyl radical (5’-dAdo•) intermediate during the reductive cleavage of
SAM catalyzed by radical SAM enzymes (Figure 10.1) [1]. Although this highly reactive

Figure 10.1. Reductive cleavage of SAM. Upon one electron reduction of the [4Fe-4S]2+
cluster coordinated by three cysteines (grey carbons), an electron is transferred to SAM
(green carbons) to produce the 5’-dAdo• radical and methionine.

radical has never been spectroscopically observed, the SAM analog S-3’,4’anhydroadenosyl-L-methionine (anSAM) produces a stable allylic 5’-deoxy-3’,4’anhydroadenosine-5’-yl radical (anAdo•) [2-4] that builds up to sufficient levels under
steady-state turnover conditions to allow characterization using magnetic resonance
techniques. Exploiting the stability of the anAdo• radical in LAM, the only radical SAM
enzyme for which anAdo• has been observed to date, electron nuclear double resonance
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(ENDOR) spectroscopy was used to analyze movement of the radical with respect to
substrate lysine in the active site. It was determined that the 5’-C undergoes only
minimal motions post cleavage, ~0.6 Å towards the abstracted H of lysine [4]. This
movement is highly restrictive compared to the adenosylcobalamin (AdoCbl) dependent
enzymes where the 5’-dAdo• radical is generated post cleavage of a Co-C bond and must
travel up to 6 Å or more to interact with substrate [5-7].
Radical SAM chemistry is mediated by a [4Fe-4S] cluster where the amino N and
carboxyl O of SAM are ligated to a site-differentiated Fe to place the active center of
SAM (the 5’-C) in an axial position to the unique Fe. Upon reduction of the [4Fe-4S]2+
cluster, inner sphere electron transfer induces homolytic cleavage of SAM to produce
5’-dAdo• and methionine. This 5’-dAdo• can then abstract a hydrogen from a variety of
substrates; in pyruvate formate lyase activating enzyme (PFL-AE), 5’-dAdo• abstracts a
hydrogen from a glycine residue (G734) on the homodimeric protein pyruvate formate
lyase (PFL) (Figure 10.2). Once activated, PFL catalyzes the conversion of pyruvate and
coenzyme A (CoA) to formate and acetyl-CoA through a succession of radical transfers
from G734 to C419 and then C418 before reacting with pyruvate [8-12].

Figure 10.2. Activation of PFL by PFL-AE through H-atom abstraction at G734 to
produce a glycyl radical.

Rapid freeze quench (RFQ), combined with spectroscopic techniques such as
electron paramagnetic resonance (EPR) and ENDOR, can provide insights into radical
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intermediate species. To investigate the reactions of PFL-AE and to trap possible
intermediates, we utilized RFQ techniques and revealed a previously unknown EPR
signal that did not correspond to the already characterized [4Fe-4S]+ cluster nor the
glycyl radical of PFL. ENDOR analysis of the intermediate coupled with isotopically
labeled SAM molecules and an isotopically 57Fe labeled [4Fe-4S] cluster in PFL-AE
revealed novel insights into the PFL-AE catalyzed reaction.

Materials and Methods

Materials
[Methyl-2H3]-L-methionine and [3,3,4,4-2H4]-L-methionine were purchased from
C/D/N Isotopes Inc. [Methyl-13C]-L-methionine and [U-2H8]-adenosine 5’-triphosphate
lithium salt were purchased from Cambridge Isotope Laboratories, Inc. [13C10,15N5]adenosine 5’-triphosphate sodium salt solution was purchased from Sigma. Seleno-Lmethionine was purchased from Fisher Scientific.

Protein Growth and Purification
PFL-AE and 57Fe-enriched PFL-AE were grown and purified as previous
described [13,14]. PFL-AE and 57Fe labeled PFL-AE were purified in a 50 mM Tris, pH
7.5 buffer containing 200 mM NaCl and 1 mM DTT in an anerobic Coy chamber. PFL
was grown and purified as previously described [13] aerobically in a 20 mM Tris, pH 7.2
or Hepes, pH 7.2 with 1 mM DTT buffer. After purification, PFL was degassed on a
Schlenk line, aliquoted, and frozen.
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SAM Purification
Unlabeled SAM or labeled [U-13C10,15N5-adenosine]-SAM, [U-2H8-adenosine]SAM, [methyl-13C3]-SAM, [methyl-2H2]-SAM, and [3,3,4,4-2H4]-SAM were synthesized
from their respective labeled L-methionine or ATP and purified as previously described
[15,16]. Se-SAM was synthesized as previously described [15,16] from seleno-Lmethionine except the reaction was quenched with 1 M HCl after 2 hours. Lyophilized
SAM was reconstituted in a degassed 100 mM Tris, pH 8.1 buffer and brought up to a pH
between 7.0 and 8.0. The SAM analogue, anSAM, was synthesized and purified as
previously described [4].

Rapid Freeze Quench Sample Preparation
For all RFQ experiments, the same sample preparation was carried out for WT
proteins, variants, and unlabeled or different isotopically labeled SAM molecules or
PFL-AE in an anaerobic Coy chamber. A stock solution of PFL-AE and PFL were
prepared and photoreduced (discussed below) with enough protein to conduct 3-4
quenching trials. After the appropriate amount of PFL-AE was removed for one mixing
trial, the remaining stock solution was photoreduced again until another quenching trial
was conducted. This helped keep PFL-AE in a reduced state between quench trials. PFL
was only photoreduced once, capped, and put on ice in the anaerobic Coy chamber. For
ENDOR analysis, RFQ samples were prepared to contain only one labeled molecule and
either labeled SAM or labeled PFL-AE was added. Incorporating a label on both SAM
and PFL-AE can complicate the ENDOR spectrum and thus, we only used one
isotopically labeled molecule for each sample. To photoreduce PFL-AE, a PFL-AE stock
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solution containing 550 μM PFL-AE (unlabeled or 57Fe labeled), 200 μM
5-deazariboflavin and 1 mM DTT in a 50 mM Tris, pH 7.6 buffer containing 100 mM
KCl was photoreduced by illumination using a 300 W halogen lamp for one hour (for the
first mixing trial with an additional 20-30 minutes for each subsequent trial) in an ice
bath. A separate PFL mixture containing 550 μM PFL, 50 μM 5-deazariboflavin, 10 mM
oxamate, and 1 mM DTT in a 50 mM Tris, pH 7.6 buffer with 100 mM KCl was also
illuminated to remove excess oxygen for 30 minutes to one hour in an ice bath. After
photoreduction, 100 L of the PFL-AE (unlabeled or 57Fe labeled) mixture was loaded
into one drive syringe (syringe 1) at a concentration of 550 M. In a separate drive
syringe (syringe 2), 100 L of the PFL mixture and SAM (either unlabeled or labeled)
was added. SAM was added after PFL was photoreduced to decrease the possibility of
degradation. Due to the instability of PFL, 550 M was the highest concentration
obtained prior to mixing and this concentration would decrease after SAM was added.
For SAM addition, two different methods were employed. For the first method, 90 L of
PFL was mixed with SAM for a final concentration of 5.5 mM of SAM (prior to mixing
and quenching with PFL-AE) for a total volume of 100 L. Buffer was added up to 10
L to the PFL/SAM mixture to accommodate for the different stock concentrations of
SAM. This led to a final concentration of 495 M PFL. For the second method, SAM
was added to a final concentration of 5.5 mM (prior to mixing and quenching with PFLAE) to 100 L of PFL. The volume of SAM added was < 10 L (~4-8 L) which led to
a final concentration of ~530 M to ~510 M PFL. For these samples, buffer was added
to PFL-AE to accommodate for the SAM addition to PFL to obtain a final concentration
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of ~530 M to ~510 M PFL-AE, leading to a 1:1 ratio of PFL-AE:PFL. This second
method was generally employed for RFQ sample preparation. Prior to mixing, the ratio
of PFL-AE:PFL:SAM was 1:0.9:10 for the first method or 1:1:10 for the second method
of SAM addition. Post mixing, these concentrations were halved but the ratio of
PFL-AE:PFL:SAM was maintained. All concentrations reported are the final
concentrations prior to mixing of PFL-AE with PFL/SAM during a quenching
experiment. To ensure all protein exited the syringes into the mixing chamber and onto
the copper wheels (described below), a 100 mM dithionite buffer (in water) was placed
on each side of the protein. A pocket of air was introduced in the tube between the
dithionite buffer and the protein. Dithionite was used to react with any oxygen to help
protect the protein since the RFQ instrument was not housed in an anaerobic chamber.
For preparation of samples with the PFL variants G734A and G734S, the
relatively low solubility of the variants resulted in a lower initial concentration of both
PFL and PFL-AE prior to mixing. Sample preparation was performed identically to
second method of SAM addition described above. Even with lower concentrations of the
PFL variants, oxamate and DTT were still added to a final concentration of 10 mM prior
to mixing and 5-deazariboflavin was added to a final concentration of 50 M prior to
mixing. For PFL-AE, 200 M 5-deazariboflavin and 1 mM DTT was added prior to
photoreduction, as described above. PFL-AE and PFL variants were photoreduced as
described above. For both variants, only one label, either a labeled SAM molecule or the
57

Fe labeled PFL-AE, was used for individual samples. For the PFL G734S samples,

PFL-AE (unlabeled or labeled) and PFL G734S were loaded into separate syringes at an

242
initial concentration of 292 M prior to mixing. Into syringe 1, 100 L of PFL-AE was
loaded while into syringe 2, 100 L of PFL G734S and 2.5 mM of either labeled or
unlabeled SAM (prior to mixing and quenching with PFL-AE) was loaded. Buffer was
added to PFL-AE to compensate for the SAM volume added to PFL. For the PFL
G734A variant, sample preparation was identical for the G734S variant except PFL-AE
and PFL were at final concentration of 250 M prior to mixing and 2.5 mM SAM (final
concentration prior to mixing) was added to PFL G734A. The ratio of PFL-AE:PFL
variant:SAM for PFL G734A was 1:1:10 but 1:1:8 for PFL G734S.
Sample preparation with anSAM was performed like the second method of SAM
addition described above. Unlabeled PFL-AE was photoreduced at a final concentration
of 300 M, as described above with 200 M 5-deazariboflavin and 1 mM DTT, and 100
L was loaded into syringe 1. PFL WT was photoreduced at a final concentration of 600
M, as described above, with 10 mM oxamate and DTT and 50 M 5-deazariboflavin
(all concentrations prior to mixing). After photoreduction of PFL, 1 mM anSAM was
added to 100 L of PFL and loaded into syringe 2. Buffer was added to 100 L of
PFL-AE again to compensate for anSAM addition to PFL and loaded into syringe 1. The
ratio of PFL-AE:PFL:anSAM was 1:2:3.3.
Rapid freeze-quench experiments were performed with a System 100 apparatus
from Update Instrument by mixing the reduced PFL-AE with PFL/SAM. The mixture
was quenched by spraying onto two rotating copper wheels cooled to liquid nitrogen
temperatures as previously described [17,18] after 25 ms, 100 ms, 300 ms, 500 ms, or 1 s
mixing times. For the PFL variants, only the 500 ms was conducted while 500 ms and 1 s

243
mixing times were conducted on the anSAM samples. The powder was collected in a
funnel and packed into Q-band tubes for EPR and ENDOR analysis.

Static EPR Sample Preparation
For the reduced [4Fe-4S]+ cluster and the PFL glycyl radical controls, static EPR
samples were prepared. For a reduced cluster with bound SAM control, 250 M PFL-AE
unlabeled or 57Fe labeled, was added to 200 M 5-deazariboflavin, 1 mM DTT in a 50
mM Tris, pH 7.6 buffer with 100 mM KCl. PFL-AE was photoreduced with a 300 W
halogen lamp for at least one hour in an ice bath at which time 2 mM SAM was added
and the sample flash frozen. For analysis of the glycyl radical, 376 M PFL was added
to 125 M PFL-AE and 2 mM SAM (final concentrations) prior to flash freezing.

EPR and ENDOR Analysis
EPR and ENDOR spectroscopic experiments were conducted as previously
described [4]. X-band CW EPR spectroscopy was conducted on a Bruker ESP 300
spectrometer equipped with an Oxford Instruments ESR 910 continuous helium flow
cryostat. Typical experimental parameters were at 10 K, 9.38 GHz, 10 mW microwave
power, 100 kHz modulation, and 10 G modulation amplitude. Q-band CW and pulsed
ENDOR techniques were recorded on a Varian Associates E-109 spectrometer with an
E-110 microwave bridge at 35 GHz and 2 K as previously described [4].

Annealing
RFQ samples were annealed as previously described [19] at the desired
temperatures by transferring the samples from liquid nitrogen to an isopentane bath at a
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fixed temperature for 1 min, unless specified otherwise. Temperatures were monitored
by stirring and addition of liquid nitrogen. The sample was then transferred back to
liquid nitrogen and an EPR spectrum was recorded. EPR spectroscopy was performed at
12 K and 40 K and the initial intermediate signal in the 500 ms quench (at 12 K) was
subtracted from the spectrum at 40 K.

Results

RFQ Reveals a Unique Signal
Two paramagnetic species in the PFL-AE catalyzed reaction have been previously
characterized: the catalytically essential [4Fe-4S]+ on PFL-AE, which undergoes
characteristic spectral changes upon binding SAM, and the product glycyl radical on PFL
[20,21]. In contrast, the 5’-dAdo• radical and any other PFL-AE intermediates have
escaped detection. Rapid freeze quench (RFQ) of PFL-AE mixed with PFL and SAM
revealed a unique EPR signal not identifiable as the reduced [4Fe-4S]+ cluster nor the
glycyl radical on PFL (Figure 10.3). This new signal begins to appear at approximately
25 ms mixing time, reaches a maximum at 500 ms, and after ~1 sec, the signal has been
replaced by the more dominant glycyl radical signal (Figure SI.10.1) This signal was
thus proposed to arise from an intermediate species in the PFL-AE-catalyzed reaction.
Since the signal intensity is greatest at 500 ms, we used this quench time to prepare
samples for ENDOR analysis.
This intermediate signal is slightly up-field with respect to the gly radical (g ~
2.01) and contains more broadening and an additional feature at approximately g = 2.03.
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Figure 10.3. Comparison of the EPR spectra of the reaction quenched at 500 ms after
mixing (black), the reduced [4Fe-4S]+ cluster in PFL-AE with SAM bound (one tenth the
scale, blue), and the PFL glycyl radical (half the scale, green). The 500 ms quenched
signal is much broader than the gly radical. The 500 ms quench and the [4Fe-4S]+
reduced cluster with SAM EPR spectra were obtained at 12 K while the glycyl radical
spectrum was obtained at 70 K.
The signal is much sharper and more isotropic than a [4Fe-4S]+ cluster. The feature at
approximately g = 2.1 is due to cavity (Figure SI.10.2) while the feature at approximately
g = 1.88 is due to reduced [4Fe-4S]+ cluster in the presence of SAM. Temperature
dependence studies reveal an optimal temperature at 5 K and power saturation studies
reveal an optimal power of 5 mW (Figure SI.10.3). The signal is more susceptible to
power saturation than a [4Fe-4S]+ cluster but less susceptible than an organic radical
signal.

Optimization of the Intermediate Signal
To optimize the intermediate signal and decrease the reduced cluster component
at g = 1.88, we eliminated sodium dithionite from the PFL-AE and the PFL
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photoreduction solutions. Sodium dithioinine was added initially to help minimize any
O2 destruction of the cluster or to minimize any other radical species since the RFQ
instrument resides outside an anaerobic Coy chamber. We also increased the ratio of
PFL-AE:SAM to 1:10 and later attempted an increase in the PFL-AE:PFL ratio to 1:1.5
which intensified the signal. The 1:10 PFL-AE:SAM ratio was optimized and used in all
sample preparations while the increase in PFL-AE:PFL ratio was only performed once
and more trials with this higher PFL concentration needs to be performed.
We also tried PFL variants to enhance the intermediate signal. Unfortunately, the
variants are more insoluble than WT and we could not exceed a concentration of 300 M
of each PFL variant prior to mixing. The intermediate signal was still observed (Figure
SI.10.4) albeit with less signal intensity than the WT PFL. Interestingly, there was a
rounding of the signal in some of the samples. Further analysis needs to be conducted to
understand this rounding.
The SAM analog, anSAM, produces a stable allylic radical upon cleavage by the
radical SAM enzyme LAM [2,4]. Currently, no other radical SAM enzyme has produced
the anAdo• radical, including PFL-AE. In hopes to trap either the anAdo• or the
intermediate signal, we attempted a 500 ms and a 1 s quench with PFL-AE, anSAM, and
PFL and observed the intermediate signal at 500 ms and a currently unknown signal at 1 s
(Figure 10.4). The 500 ms signal has slightly greater intensity than most of the samples
performed with labeled or unlabeled SAM. The anSAM studies did contain a larger
PFL-AE:PFL ratio (1:2) compared to those with SAM and might explain the increase in
signal. But the ratio of PFL-AE:anSAM was lower (1:3.3) suggesting less anSAM is
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required to obtain an intermediate signal. The signal still decays after 1 s but does not
produce the anAdo• nor the glycyl radical. The signal at 1 s could be attributed to a
[3Fe-4S] cluster but the origin of this signal is still unknown. We would like to perform
further studies with labeled and unlabeled anSAM to optimize and further understand the
500 ms quench signal.

SAM 500 ms
anSAM 500 ms
anSAM 1 s

Figure 10.4. Comparison of the EPR signal of the intermediate when either SAM (blue)
or anSAM (red and black) were used in the reaction mixture. The most intense quench
with SAM is shown. Two different quench times were conducted with anSAM with
unlabeled PFL-AE at a 500 ms quench (red) and 1 s quench (black).

Annealing Studies Reveal
Progression to the Glycyl Radical
In order to analyze the progression of the intermediate to the glycyl radical and
provide evidence whether this intermediate is on-pathway, we conducted annealing
studies on the 500 ms quench sample (Figure 10.5). Prior to annealing, some glycyl
radical signal is present in the 500 ms quench (observable at 40 K, Figure 10.5).
Progression through the reaction by slightly warming the sample to allow minimal
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Figure 10.5. Annealing studies of the 500 ms quench. The intermediate signal is mostly
visible at 12 K (left) but due to spin relaxation, the signal has very little signal intensity at
40 K (right). The glycyl radical of PFL has a very weak signal at 12 K but its signal is
stronger at 40 K. Any contributions from the intermediate signal are removed from the
spectra reported at 40 K. This was done by plotting the difference between the spectrum
taken at 40 K and subtracting it from the intermediate signal (12 K before, red) and
multiplying by a difference factor. After annealing, or warming of the sample to higher
temperatures for specified amounts of time, as indicated, the intermediate signal weakens
and the glycyl radical signal intensifies. After 3 minutes at 220 K (grey), the
intermediate has fully converted to the glycyl radical, shown by a difference factor of
zero.

molecular motions while maintaining a frozen state, the intermediate signal (observable
at 12 K, Figure 10.5) weakens and the glycyl radical signal intensifies. After the sample
was warmed to 220 K for 3 minutes, the intermediate signal has disappeared with
conversion to the glycyl radical. The small signal observed at 12 K in the 220 K sample
is assigned to the glycyl radical which is still observable at 12 K, albeit with very low
signal intensity. We concluded from these results that this signal is indeed an
intermediate in the PFL-AE reaction prior to activation of PFL.
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ENDOR Analysis of 57Fe Labeled PFL-AE
Due to the line broadening in the EPR spectrum (compared to a glycyl radical
signal) of the 500 ms quenched sample and its relaxation properties in varying
temperatures and microwave powers, we hypothesized that the paramagnetic center is
thus interacting with cluster. Therefore, we used 57Fe labeled PFL-AE ([457Fe-4S]) to
probe any interaction of the unpaired electron with the I = ½ 57Fe isotope. X-band EPR
spectroscopy revealed broadening and some perturbation in the 57Fe labeled PFL-AE
signal with respect to unlabeled PFL-AE (Figure 10.6a). CW ENDOR analysis of this

A)

B)

Figure 10.6. X-band EPR spectra and CW 57Fe ENDOR spectra of the 500 ms quench
with 57Fe labeled PFL-AE and unlabeled SAM. A) The X-band EPR spectrum shows
broadening of the signal in the 57Fe labeled PFL-AE (black) versus the unlabeled PFLAE (red) in the 500 ms quench sample. B) The Q-band CW ENDOR spectra of the 500
ms quench sample with [457Fe-4S] PFL-AE (red) and unlabeled PFL-AE (grey). The
static, or resting state, [457Fe-4S] PFL-AE CW ENDOR spectrum (blue) and the
spectrum under stochastic conditions (black) are shown for comparison. The coupling of
57
Fe in the 500 ms quench sample is very similar to that of the resting state.
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sample revealed strong coupling of 57Fe with the unpaired electron centered at the
Laramor frequency of 57Fe, which is absent in the 500 ms quench with unlabeled
PFL-AE. The extent of coupling between the paramagnetic center and the 57Fe in the
intermediate is very similar to that of a static PFL-AE [457Fe-4S]+ cluster (Figure 10.6b)
where the unpaired electron resides on the cluster. From these ENDOR results, we have
concluded that the intermediate is an unknown paramagnetic [4Fe-4S] cluster.

ENDOR Analysis of
Isotopically Labeled SAM Molecules
Since this intermediate signal at 500 ms is an unknown cluster state, we wanted to
further characterize the signal with labeled SAM molecules to observed any coupling via
ENDOR. First, we needed to introduce specific NMR-active nuclei into SAM by
synthesizing SAM from [U-13C10,15N5]-adenosine 5’-triphosphate and [U-2H8]-adenosine
5’-triphosphate to provide SAM labeled in the adenosine portion and [methyl-13C]-Lmethionine, [methyl-2H3]-L-methionine, [3,3,4,4-2H4]-L-methionine, and seleno-Lmethionine for labeling of the methionine portion of SAM (Figure 10.7). With the

Figure 10.7. Labeled SAM molecules used in this study. Circled areas with different
colors correspond to either 13C, 15N, 2H, or Se labeling in either the methionine portion or
the adenosine portion.
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addition of [U-13C10,15N5-adeonsine]-SAM and [methyl-13C]-SAM, slight broadening of
the X-band EPR intermediate signal was observed, suggesting an interaction between
those nuclei and the paramagnetic [4Fe-4S] cluster (Figure 10.8). We therefore focused
on these SAM labels.

Figure 10.8. X-band EPR spectra of the 500 ms quench of PFL-AE with different
isotopically labeled SAM molecules (left). On the right, comparison of unlabeled (red),
[U-13C10,15N5-adeonsine]-SAM (blue), methyl-13C-SAM (black), and Se-SAM (grey) are
shown. Black arrows indicate broadened features due to the different labeled SAM
molecules.
CW ENDOR analysis of [U-13C10,15N5-adeonsine]-SAM revealed one strongly
coupled carbon (Figure 10.9). This signal contains a very strong Aiso = 9.4 MHz
coupling giving rise to a distance of 1.72 Å from the paramagnetic species. This
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9.4 MHz

Figure 10.9. Q-band CW 13C ENDOR spectrum of the 500 ms quenched sample with [U13
C10,15N5-adeonsine]-SAM. The simulated spectrum (blue) gives an Aiso = 9.4 MHz
with a radius of 1.72 Å from the paramagnetic [4Fe-4S] cluster.

coupling is much weaker than a carbon based radical. For example, ENDOR analysis on
triphenylmethyl radicals (Figure 10.10) in solution with natural abundant 13C revealed a
66.87 MHz coupling for the perdeuterotriphenylmethyl radical on the central carbon. A
strong 31.93 MHz coupling was also observed on the attached carbon [22]. Another
example is the methoxy substituted pentaphenylcyclopentadienyl radical with 13C
labeling on one carbon in the ring (Figure 10.10) resulting in an ENDOR coupling of
27.41 MHz [23]. This radical is delocalized within the ring, accounting for the lower
coupling constant compared to the triphenylmethyl radical centered on one carbon.
Compared to the coupling of 9.4 MHz in the PFL-AE intermediate, our coupling is too
weak to be a carbon based radical, ruling out the elusive 5’-dAdo•. Rather, a carbon is
directly interacting with the [4Fe-4S] cluster. Due to the current understanding of radical
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SAM chemistry where reductive cleavage of the S-5’-C bond produces a radical on the
5’-C, we have assigned the strongly coupled 13C as the 5’-C.

Figure 10.10. Carbon based radicals used for comparison of the 13C coupling found in
the PFL-AE intermediate. The carbon based radical coupling from the triphenylmethyl
radical (left) and the methoxy substituted pentaphenylcyclopentadienyl radical (right)
were much greater than that observed in the PFL-AE intermediate.

Mims ENDOR spectroscopy is used to analyze weak coupling between a
paramagnetic species and a nucleus. Mims ENDOR analysis revealed two weakly
coupled 13C to the [4Fe-4S] cluster in the [U-13C10,15N5-adeonsine]-SAM sample. The
coupling constants of these two carbons were calculated as A1 = 0.7 MHz and A2 = 0.1
MHz and these signals presumably arise from the 4’-C and 3’-C, respectively (Figure
10.11). The [methyl-13C]-SAM sample contained a coupling constant of A = 0.5 MHz
which is very similar to the coupling observed in static PFL-AE prepared with
[methyl-13C]-SAM [15], suggesting the methyl-C is still within the same distance of the
[4Fe-4S] cluster.
In addition to 13C ENDOR experiments, 14N ENDOR analysis was conducted on
the intermediate samples to determine whether the amino N is coordinated to the unique
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Fe. Initial experiments revealed no coupling between the [4Fe-4S] cluster and 14N (data
not shown). It is difficult to say whether this is due to the dissociation of the methionine
portion or whether the relatively weak intermediate EPR signal is suppressing any
coupling from the amino N. Further methionine labeling with amino 15N and carboxyl
17

O needs to be conducted.

Figure 10.11. Mims 13C ENDOR spectra of the 500 ms quench sample with [U13
C10,15N5-adeonsine]-SAM (black) or [methyl-13C]-SAM (red).

Discussion

Rapid freeze techniques revealed an unknown signal which dominates after a 500
ms quench but does not correspond to a reduced [4Fe-4S] cluster nor a glycyl radical
previously characterized in the PFL-AE reaction (Figure 10.12). Shorter and longer
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Figure 10.12. Progression of the observed paramagnetic species in the PFL-AE reaction.
At time zero, the [4Fe-4S]+/SAM signal (black) precedes the intermediate signal (purple)
which maximizes at 500 ms but can be observed beginning with a 25 ms quench through
a 1 s quench. The intermediate is then turned over to the glycyl radical (red) which
dominates after 1 s.

mixing times in addition to annealing studies suggest that this signal is a valid
intermediate in the PFL-AE reaction. The signal was characterized through ENDOR
analysis of isotopically labeled PFL-AE and SAM molecules. Labeling of the [457Fe-4S]
cluster revealed a strong coupling between the paramagnetic species and 57Fe of the
cluster, similar to the resting state of a [457Fe-4S]+ cluster, suggesting the unpaired
electron resides on the cluster. Due to antiferromagnetic coupling, the cluster must be
either a reduced [4Fe-4S]+ or an oxidized [4Fe-4S]3+ cluster. We believe this
intermediate corresponds to a [4Fe-4S]3+ state due to a direct bond between the cluster
and the 5’-C of SAM. Strong coupling between the [4Fe-4S]3+ to a 13C in [U-13C10,15N5adeonsine]-SAM revealed a distance of 1.72 Å between the 13C and the paramagnetic
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center. The extent of this coupling suggests there’s a direct bond between the cluster and
a carbon of SAM. From our current understanding of radical SAM enzymes, we identify
this strongly coupled carbon as the 5’-C which is thus bound to the [4Fe-4S]3+ cluster to
produce an unprecedented organometallic intermediate (Figure 10.13). Support for this
unusual cluster Fe-C bond was observed in the [4Fe-4S] containing IspH and IspG

Figure 10.13. Proposed intermediate in the PFL-AE reaction.

enzymes in which an intermediate signal is thought to originated from a direct clustersubstrate bond between the unique iron and a carbon of the substrate (Figure 10.14).
These enzymes are involved in the conversion of 2-C-methylerythritol-cyclo-2,4diphosphate (MEcPP) to (E)-1-hydroxy-2-methyl-but-2-enyl-4-diphosphate (HMBPP) by
IspG followed by conversion of HMBPP to isopentenyl diphosphate and dimethylallyl
diphosphate by IspH, each through a proposed substrate carbon-unique Fe bound
intermediate (Figure 10.14) [24-26]. The reported intermediate has very similar EPR
g-values (g = 2.173, 2.013, and 1.997 for IspH) [26] as the PFL-AE intermediate (g =
2.04, 2.01), although IspH does contain a higher field feature at g = 2.173 which is absent

257
in PFL-AE. Even though no 57Fe coupling has been reported for IspH nor IspG, the
cluster is believed to have donated two electrons to substrate, oxidizing the cluster to a
paramagnetic [4Fe-4S]3+ state. The 13C coupling in the IspG protein to the paramagnetic
cluster (17.7 MHz) [25] is slightly larger than obtained in our intermediate (9.4 MHz) but
is still similar to our observed 13C coupling, supporting our hypothesis of a cluster Fe-C
bond.

Figure 10.14. Proposed intermediates in the IspH (left) and IspG (right) enzymes.

In the PFL-AE intermediate, we believe SAM has been cleaved and the methyl-C
of methionine is within 4.0 Å of the cluster, similar to un-cleaved SAM. Presumably, if
SAM were intact, a strong methyl-13C signal would be detected; however, almost
identical methyl-13C coupling to static samples prepared with [methyl-13C]-SAM was
observed. To determine whether methionine has dissociated from the cluster in the
intermediate, ENDOR analysis was conduct to observe any coupling between the
[4Fe-4S]3+ cluster and the amino 14N of SAM. No 14N coupling (data not shown) was
observed in the intermediate species. Whether this is due to the amino N dissociating
from the cluster is undetermined. With these ENDOR results, we have proposed the
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intermediate is a paramagnetic [4Fe-4S]3+ cluster with a unique Fe-adenosyl bound with
methionine dissociated upon Fe-C bond formation (Figure 10.13).
A direct metal-adenosyl bond is not unusual in metalloenzymes: the
adenosylcobalamin-dependent enzymes utilize the adenosylcobalamin (AdoCbl) cofactor
to generate substrate radicals through cleavage of a Co-adenosyl bond to produce
5’-dAdo• [27]. Our cluster-adenosyl intermediate is very similar to the AdoCbl cofactor
and suggests these two enzymes are more closely related than initially thought. The
AdoCbl-dependent enzymes may provide clues into a possible reaction mechanism in
PFL-AE since the exact mechanism by which the organometallic intermediate forms and
then proceeds to abstract a H from PFL is still under investigation. One scenario involves
inner sphere electron transfer from the reduced cluster to SAM, followed by homolytic
cleavage of SAM to produce the 5’-dAdo• radical in conjunction with the oxidation of
the cluster to the [4Fe-4S]2+ state. The unique Fe then donates another electron to form a
bond with the 5’-C, resulting in an EPR active [4Fe-4S]3+ cluster state. Like the AdoCbldependent enzymes, this Fe-adenosyl bond is them cleaved to produce the 5’-dAdo•
radical, resulting in reduction of the cluster to the [4Fe-4S]2+ state (Figure 10.15). An
alternative scenario could involve an SN2-type reaction where a lone pair on the unique
Fe attacks the 5’-C of SAM, displacing methionine and resulting in a net oxidation of the
cluster to the [4Fe-4S]3+ state with the adenosyl moiety bound (Figure 10.16). This
mechanism is similar to the proposed addition of adenosine to the cobalt center to form
the AdoCbl cofator. In order for this reaction to occur in PFL-AE, the sulfonium must
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Figure 10.15. A proposed mechanism for the production of the proposed Fe-adenosyl
intermediate (red) and 5’-Ado• in PFL-AE. The reaction begins with one electron
transfer for reductive cleavage of SAM to produce 5’-dAdo•. Another electron from the
cluster attacks 5’-dAdo• to form the Fe-adenosyl intermediate (red). The Fe-C bond is
then cleaved to produce 5’-dAdo• which can then abstract a hydrogen from PFL.
move to allow the 5’-C to rotate towards the unique Fe. Again, this Fe-adenosyl bond
can then be cleaved for 5’-dAdo• production.
Many questions still remain and this report is just the beginning of what will be an
extended study of radical intermediates in radical SAM enzymes. The mechanism to
generate this organometallic intermediate is unknown but we have concluded that this
intermediate is generated prior to PFL activation. Annealing studies validated that the
intermediate signal converts to a PFL based glycyl radical. We believe the Fe-adenosyl
bond is cleaved to produce the 5’-dAdo• radical to abstract the H-atom of G734. One big
question is whether 5’-dAdo• is produced during catalysis. The Fe-adenosyl bond
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Figure 10.16. Another proposed mechanism for formation of the Fe-adenosyl
intermediate (red) via an SN2-like reaction with methionine as a leaving group. In this
mechanism, the 5’-C must first rotate towards the unique Fe. Then, a lone pair on the
unique Fe attacks the 5’-C of SAM, forming a Fe-C bond (red). The Fe-adenosyl bond is
then cleaved to form 5’-dAdo•.

increases the distance between the unique Fe and the abstracted hydrogen on PFL,
forming a 7.4 Å gap between the two. This contradicts the results that the anAdo• radical
only undergoes a 0.6 Å shift towards the lysine substrate in the LAM/anSAM complex
[4]. However, work on the radical SAM enzyme LAM showed that upon cleavage of
anSAM, a stable anAdo• can be observed and LAM was able to turnover substrate [2-4],
suggesting that the anAdo•, and thus 5’-dAdo•, is an intermediate in radical SAM
enzymes. PFL-AE, on the other hand, has not been shown to cleave anSAM. However,
the intermediate signal was observed in the presence of anSAM, and produced a more
intense EPR signal than SAM, suggesting that PFL-AE can cleave anSAM and form a
Fe-C bond. We would like to conduct annealing studies on the anSAM 500 ms quench
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sample for it may reveal whether the Fe-C bond can be cleaved to produce an anAdo•
radical or ultimately the glycyl radical.
Another question thus arises as to why this intermediate would be formed in
PFL-AE which increases the distance between SAM and substrate. One possibility is that
the intermediate may be a control mechanism in which PFL-AE awaits proper
coordination of substrate. PFL is believed to contain two conformations in which an
open conformation interacts with PFL-AE and a closed conformation carries out the
conversion of pyruvate and CoA to formate and acetyl-CoA [28]. The open
conformation involves a loop region, which includes the catalytic G734 residue, to swing
out for activation by PFL-AE. This loop then swings back into the interior of the protein
to interact with the catalytic cysteine residues. Since PFL must undergo a large
conformational change to interact with PFL-AE, the intermediate may be a way for
PFL-AE to store 5’-dAdo• while the PFL loop orients properly in the active site. Once
the G734 residue is in place, the Fe-adenosyl bond is thus cleaved and immediate H-atom
abstraction can occur. We do not know whether this intermediate is exclusive to
PFL-AE, other activating enzymes, or if all radical SAM enzymes contain this
unprecedented organometallic intermediate but this intermediate is changing our view of
how radical SAM enzymes are able to carry out diverse reactions with a simple molecule.
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Supplementary Information

SI Figures

Figure SI.10.1. EPR spectra of different quench times. Some intermediate is observed at
the 25 ms quench which maximizes at the 500 ms quench, followed by a decrease at the
800 ms and 1 s quench times.
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Figure SI.10.2. EPR spectra comparing the 500 ms quenched sample with unlabeled
SAM (red) and the empty cavity (grey). The feature at ~3200 G is due to cavity while
the feature ~ 3550 G is due to [4Fe-4S]+/SAM signal.

Figure SI.10.3. EPR power saturation (left) and temperature dependence (right) of the 500
ms intermediate signal. Power studies were conducted at 3.6 K while temperature studies
were conducted at 10 mW.
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[U-13C10,15N5-Ado]-SAM

Fe Labeled PFL-AE

G734A
G734S

G734A
G734S

Figure SI.10.4. EPR spectra of different 500 ms quench samples containing either 57Fe
labeled PFL-AE, SAM, and the two PFL G734 variants (left) or unlabeled PFL-AE,
[U-13C10,15N5-Ado]-SAM, and the two PFL G734 variants (right). All the spectra are
normalized. The G734S variant spectra are shown in black while the G734A variant
spectra are shown in grey and blue.
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CHAPTER 11

CONCLUSIONS

Radical SAM (S-adenosyl-L-methionine) enzymes are a large superfamily of
enzymes capable of carrying out very diverse chemical reactions through a proposed
common mechanism: the production of the 5’-deoxyadeonsyl radical (5’-dAdo•) which
abstracts a hydrogen from substrate. Although 5’-dAdo• has never been observed, it has
been accepted as an intermediate during catalysis [1]. An observed SAM analogue,
S-3’,4’-anhydroadenosylmethionine (anSAM), produces an allylic stable 5’-deoxy-3’,4’anhydroadenosine-5’-yl (anAdo•) radical which can provide clues into radical SAM
mechanisms. This anAdo• radical was analyzed previously by electron paramagnetic
resonance (EPR) in the radical SAM enzyme lysine 2,3-aminomutase (LAM) with
different isotopically labeled anSAM and -lysine molecules at different temperatures
[2,3]; however, no electron nuclear double resonance (ENDOR) analysis of the coupling
between lysine and the anAdo• radical has been conducted. Thus, we wanted to observe
any movements of anAdo• with respect to the lysine substrate during catalysis via
ENDOR spectroscopy. Strong coupling between anAdo• and the 2-13C of lysine (the
-C) implied that the radical is within van der Waals contact with this carbon at a
distance of 3.0 Å. This distance is crucial for regeneration of 5’-dAdo• via radical
transfer from the 2-C in lysine back to the 5’-C of 5’-deoxyadenosine (5’-dAdo).
ENDOR analysis of 2H coupling to anAdo• revealed a distance of ~3.8 Å from a 2-2H
and 2.2 Å from a 3-2H to the 5’-C. To analyze movement of the 5’-C from the methyl-C
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portion of methionine post cleavage, methyl-13C labeled anSAM was used. The distance
from the methyl-13C to anAdo• was approximated at 3.6 Å, further than the resting state
distance of 2.94 Å. Using the crystal structure of LAM/SAM/Lys and the ENDOR
results, it was concluded that the 5’-C only moves ~0.6 Å upon reductive cleavage which
is a highly controlled reaction.
Currently, only the anAdo• has only been observed in LAM. In order to probe
other possible intermediates, including the highly reactive 5’-dAdo• radical, rapid freeze
quench (RFQ) techniques were employed on pyruvate formate lyase activating enzyme
(PFL-AE). During RFQ experiments, an unusual signal was observed after a 25 ms
quench, albeit with weak signal intensity, which maximized at 500 ms and disappeared
after 1 s. This signal did not correspond to a [4Fe-4S]+ reduced PFL-AE cluster in the
presence or absence of SAM (which is observed at time = 0), nor a glycyl radical, which
dominates the signal after ~1 s. Thus, the signal was identified as an intermediate of
unknown origin. Annealing experiments, where the 500 ms quench sample was warmed
to allow minimal molecular motion while still maintaining freezing conditions, the
intermediate signal was able to convert to the glycyl radical, suggesting the intermediate
is a valid intermediate in the PFL-AE reaction. To investigate the origin of the signal, the
intermediate signal was coupled with specific isotopically labeled SAM molecules and an
57

Fe labeled PFL-AE cluster ([457Fe-4S]) for ENDOR analysis. When RFQ samples

were prepared with [457Fe-4S] PFL-AE, a very strong coupling was observed between
the paramagnetic species and 57Fe. This coupling was very similar to a reduced
[457Fe-4S]+ cluster prior to quenching, suggesting the unpaired electron resides on the

269
cluster and the intermediate is a new paramagnetic state of the cluster. Due to
antiferromagnetic coupling, only a [4Fe-4S]+ cluster or a [4Fe-4S]3+ cluster is
paramagnetic. To further explore the origin of the intermediate signal, isotopically
labeled SAM molecules were utilized to analyze interactions of SAM with the unknown
cluster state. ENDOR analysis was conducted on samples containing labeled SAM
molecules that caused broadening of the EPR signal. With the addition of [U-13C10,15N5adenosine]-SAM, strong 13C coupling was observed via ENDOR spectroscopy,
presumably from the 5’-C, and it was hypothesized that the 5’-C is bound to the unique
Fe of a [4Fe-4S]3+ cluster. Similar 13C coupling was observed in the 500 ms quench
sample containing [methyl-13C]-SAM as that observed in static samples containing a
reduced [4Fe-4S]+ cluster and [methyl-13C]-SAM. It was thus hypothesized that SAM
was cleaved and the methyl-C is within the same distance of the cluster as un-cleaved
SAM. No amino 14N coupling was observed via ENDOR spectroscopy suggesting that
the methionine portion has dissociated in the intermediate. The organometallic
Fe-adenosyl intermediate species is identical to the adenosylcobalamin (AdoCbl) cofactor
which contains an adenosyl group bound to cobalt oriented in a corrin ring. During
catalysis, the Co-adenosyl bond is broken to produce 5’-dAdo• which then abstracts a
hydrogen from substrate [4]. PFL-AE (and possibly other radical SAM enzymes) may be
closer related to AdoCbl-dependent enzymes than previously thought since an
Fe-adenosyl intermediate was isolated in PFL-AE.
The Fe-adenosyl PFL-AE intermediate is very perplexing. It has changed our
view of radical generation in radical SAM enzymes and has raised many more questions.
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The formation of the Fe-adenosyl bond increases the distance of the 5’-C with respect to
substrate, contrary to the results with anSAM and LAM. The pro-S hydrogen of the PFL
G734 residue is 7.4 Å from the unique Fe in the crystal structure of PFL-AE. Why would
PFL-AE increase this distance? One possibility is for control of the 5’-dAdo• radical
while the PFL loop region containing G734 aligns properly in PFL-AE. This loop region
is very dynamic and must flip out to interact with PFL-AE and then swing back into the
active site of PFL [5]. Due to the highly reactive manner of 5’-dAdo•, the cluster may
tame the radical while the PFL loop swings into the active site. Presumably, other radical
SAM enzymes that act upon other large protein substrates, such as other glycyl activating
enzymes, would undergo the same intermediate. Other radical SAM enzymes which
contain small molecule substrates may not need to tame the 5’-dAdo• and this
intermediate may not occur. If we can isolate this intermediate in other radical SAM
enzymes, it can provide clues as to why PFL-AE undergoes a very unusual pathway for
substrate activation.
Another question that arises with this Fe-adenosyl intermediate is how and if the
5’-dAdo• radical is formed. Currently, it is proposed that 5’-dAdo• is generated by inner
sphere electron transfer from the unique Fe to the sulfonium to induce homolytic
cleavage of the S-C bond [6]. Since PFL-AE contains an Fe-adenosyl intermediate, the
mechanism for 5’-dAdo• production needs to be revised. Two possible methods have
been proposed: oxidative addition of 5’-dAdo• to the unique Fe or an SN2-like reaction.
In an oxidative addition mechanism, 5’-dAdo• is produced by reductive cleavage of SAM
followed by formation of the Fe-adenosyl bond while in an SN2-like reaction, methionine
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acts as a leaving group. We believe 5’-dAdo• is then produce following cleavage of the
Fe-adenosyl bond similar to the AdoCbl-dependent enzymes and the hydrogen of
substrate is then abstracted. The allylic anAdo• radical produced upon cleavage of the
SAM analogue anSAM supports that a 5’-dAdo• is produced during catalysis. Previous
results of LAM with anSAM showed that the rate of anAdo• formation makes it a
kinetically competent intermediate in the LAM reaction [2].
Another project involved further investigation into previous Mössbauer
experiments that revealed a valence localized [4Fe-4S]2+ cluster in PFL-AE in whole
cells which could be induced with the addition of adenosine monophosphate (AMP),
5’-deoxyadenosine (5’-Ado), methylthioadenosine (MTA), and adenosine diphosphate
(ADP) [7]. To understand how these adenosyl-containing molecules interact with the
cluster, EPR and ENDOR analysis was conducted in the presence of small molecules.
These experiments were conducted in the EPR active, [4Fe-4S]+ reduced state. Spectral
changes were observed in the presence of AMP, MTA, 5’-dAdo, adenine, and ADP,
consistent with Mössbauer results in which these small molecules induce valence
localization. ENDOR spectroscopy was used to observe any coupling between the
cluster and labeled [U-13C10,15N5]-AMP and [ribose-13C5]-adenosine which can be used to
obtain structural information. Two weak couplings with different coupling constants
were detected in the [U-13C10,15N5]-AMP sample with only the weaker coupling observed
in the labeled [ribose-13C5]-adenosine sample, suggesting the adenine ring is oriented
closer to the cluster. Synthesized [ribose-13C5]-AMP only contained the weak signal,
confirming that the adenine ring was closer to the cluster and the phosphate group did not
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significantly change the small molecule orientation. No 15N coupling was observed in the
presence of [U-13C10,15N5]-AMP, suggesting that the adenine ring is not directly
interacting with the cluster through an Fe-N bond. This result was peculiar because the
extent of the 13C coupling from the adenine ring was strong enough to suggest that the
cluster was directly interacting with a neighboring atom. Further ENDOR analysis with
samples prepared in 2H2O confirmed that HxO was bound to the unique Fe. Docking
studies of AMP into the active site of PFL-AE revealed three possible binding modes of
AMP that agree with ENDOR results. These included a SAM-like mode where the
adenosine ring of AMP was positioned similarly to that of SAM in the crystal structure of
PFL-AE; a π-cation mode where the adenine ring of AMP is sandwiched between the
cluster and a unique cation site in PFL-AE; and a rotated SAM-like mode which was the
most plausible model. In this model, the adenine ring is rotate with respect to SAM
binding but places the adenine ring and the ribose ring at distances consistent with
ENDOR results. The phosphate group was protected within the active site and was
position to interact with the HxO bound species. More analysis needs to be conducted to
determine the actual binding mode for these small molecules, to determine exactly how
they are inducing valence localization, and to understand why a valence localization
event occurs.
Further refinement of the crystal structure of PFL-AE revealed a cation binding
site within the active site. The cation contained a distorted trigonal bipyramidal geometry
with five oxygens ligands from two aspartate side chains (D104 and D129), a threonine
(T105) backbone, a methionine (M127) backbone, and the free carboxyl O of SAM. The

273
identity of this monovalent cation affected the activity of PFL-AE, the EPR signal, and
the circular dichroism (CD) signal. The lowest activity was observed in the absence of
monovalent cation with an increase in activity in the presence of the smallest monovalent
cations Li+<Na+, a maximum in the presence of K+, followed by a decrease in activity
with the addition of the larger cations NH4+>Rb+>Cs+. The divalent cations tested (Ca2+,
Mg2+, and Zn2+) inhibited activity. Activity was also dependent on the concentration of
K+, revealing an optimal concentration between 100 mM and 200 mM K+. The most
significant EPR and CD spectral changes were observed in the presence of different
monovalent cations when SAM was present suggesting that cation size affected SAM
coordination. To observe any changes in SAM coordination in the presence of K+, Na+,
and another monovalent cation Tl+, 14N ENDOR spectroscopy was conducted to observe
changes in the amino N coordination and 13C ENDOR spectroscopy was conducted on
[methyl-13C]-SAM containing samples to observe changes in the methyl-C. SAM has
slightly different coordination in the presence of the three different cations with a more
defined SAM structure in the K+ sample which might correlate with its highest activity.
ENDOR spectroscopy was also conducted to observe any coupling between a
monovalent cation and the [4Fe-4S]+ cluster. In the presence of Tl+, the EPR spectrum of
the cluster produced an unusual signal that was originally thought to be hyperfine
splitting due to nuclear spin of 203Tl/205Tl (I = ½) and these samples were good candidates
for ENDOR spectroscopy. With the use of Q-band EPR, the “splitting” observed in the
EPR signal was determined to be two different conformations of the cluster not hyperfine
interactions. However, during ENDOR experiments, coupling between the cluster and
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Tl+ (I = ½) was observed and a distance of >5.5 Å was calculated, consistent with the
6.5Å distance to the center of the cation in the crystal structure of PFL-AE [8]. Coupling
between the cluster and Na+ was also observed with an estimated distance of 5-6 Å from
the cluster. No K+ coupling, however, was observed.
Alignment of PFL-AE with other radical SAM enzymes revealed that other
activating enzymes including RNR-AE, Bss-AE, Hpd-AE, and GD-AE may contain a
cation binding site. These radical SAM enzymes share a common cation binding motif of
DTX18-21MXD (X = 21 for PFL-AE) although they differ with respect to the aspartate and
methionine residues. The activating enzymes contain an aspartate (RNR-AE) or a
glutamate in the first aspartate position (D104 in PFL-AE) and a conserved aspartate in
the last position (D129 in PFL-AE). A conserved threonine is found in the second
position for all these enzymes with high variability with respect to the methionine.
Further analysis on other activating enzymes will determine whether a cation can
stimulate activity in other activating enzymes.
The cation may play a more significant role than coordinating SAM and orienting
SAM properly in the active site. It may be involved in the organometallic intermediate
state by stabilizing the dissociated amino N and carboxyl O atoms of the methionine
portion post SAM cleavage and formation of the Fe-adenosyl bond. Methyl-13C coupling
is observed in the intermediate which demonstrates that methionine is still present in the
active site; however, no 14N coupling was observed, suggesting the amino N and carboxyl
O have dissociated upon Fe-adenosyl formation. The cation may help stabilize
methionine until the Fe-adenosyl bond is cleaved, activing PFL.
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PFL-AE is a well-characterized radical SAM enzyme, which allows for more
advanced spectroscopic techniques to be conducted to further understand the mechanisms
of radical SAM enzymes. However, using these advanced spectroscopic techniques, it
was determined that PFL-AE contains some highly unusual qualities that have yet to be
observed in other radical SAM enzymes. It contains a monovalent cation site and in the
presence of different monovalent cations, activity is stimulated by vary degrees. The
monovalent cation identity also affects the EPR and CD spectrum of PFL-AE with more
prominent changes in the presence of SAM. SAM binding differs in the presence of
different monovalent cations and this change in orientation may be the cause of the
variability in activity observed in PFL-AE. The [4Fe-4S]2+ cluster in PFL-AE also
exhibits a highly unusual valence localized state in the presence of small molecules that,
surprisingly, are not directly interacting with the unique Fe but rather a water molecule is
bound. How these small molecules are inducing valence localization is still unclear.
PFL-AE and LAM were used as models to analyze intermediates in radical SAM
catalysis and provide further details into the mechanisms of radical SAM enzymes. An
unusual organometallic intermediate was observed in PFL-AE that is changing our view
of how radical SAM enzymes abstract a hydrogen from substrate. LAM was used to
observe a stable anAdo• radical through cleavage of the SAM analogue anSAM. This
work further supported that 5’-dAdo• is produced during catalysis even though the
Fe-adenosyl intermediate brings into question whether 5’-dAdo• is formed. In PFL-AE,
the Fe-adenosyl intermediate increases the distance of the 5’-C to the substrate which
contradicts anSAM results showing the production of 5’-dAdo• is highly controlled with

276
minimal movement upon SAM cleavage. In the adenosylcobalmin (AdoCbl)-dependent
enzymes, however, the distance from the 5’-C and substrate is also large. The
Fe-adenosyl intermediate provides yet another link between radical SAM enzymes and
the AdoCbl-dependent enzymes which both share a common 5’-dAdo• radical.
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