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Abstract

Lysine 2,3-aminomutase (LAM) is a radical S-adenosyl-L-methionine (SAM) enzyme and, like
other members of this superfamily, LAM utilizes radical-generating machinery comprising SAM
anchored to the unique Fe of a [4Fe-4S] cluster via a classical five-membered N,O chelate ring.
Catalysis is initiated by reductive cleavage of the SAM S—C5’ bond, which creates the highly
reactive 5’-deoxyadenosyl radical (5’-dAdos), the same radical generated by homolytic Co—C bond
cleavage in B1o radical enzymes. The SAM surrogate S-3’,4’-anhydroadenosyl-L-methionine
(anSAM) can replace SAM as a cofactor in the isomerization of L-a-lysine to L-4lysine by LAM,
via the stable allylic anhydroadenosyl radical (anAdoe). Here electron nuclear double resonance
(ENDOR) spectroscopy of the anAdoe radical in the presence of 13C, 2H, and 15N-labeled lysine
completes the picture of how the active site of LAM from Clostridium subterminale SB4 “tames”
the 5’-dAdoe radical, preventing it from carrying out harmful side reactions: this “free radical” in
LAM is never free. The low steric demands of the radical-generating [4Fe-4S]/SAM construct
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allow the substrate target to bind adjacent to the S—-C5’ bond, thereby enabling the 5-dAdos
radical created by cleavage of this bond to react with its partners by undergoing small motions,
~0.6 A toward the target and ~1.5 A overall, that are controlled by tight van der Waals contact
with its partners. We suggest that the accessibility to substrate and ready control of the reactive
CY radical, with “van der Waals control” of small motions throughout the catalytic cycle, is
common within the radical SAM enzyme superfamily and is a major reason why these enzymes
are the preferred means of initiating radical reactions in nature.

INTRODUCTION

Lysine 2,3-aminomutase (LAM) is a member of the radical S-adenosyl-L-methionine (SAM)
enzyme superfamily,1-2 whose reactions are initiated by radical-generating machinery
comprising SAM anchored to the unique Fe of a [4Fe-4S] cluster via a classical five-
membered N,O chelate ring formed by the methionine.3 This novel structural motif for
radical generation was discovered by electron nuclear double resonance (ENDOR)
spectroscopy of pyruvate formatelyase activating enzyme (PFL-AE)*% and LAM,” and
subsequently visualized by X-ray structure determination of these two enzymes as well as
other superfamily members.1:8-10 Electron transfer from the [4Fe4S]1* cluster initiates
radical SAM reactions by reductive cleavage of the S-C5’ bond to create the highly reactive
5/-deoxyadenosy! radical (5’-dAdoe) (Scheme 1).1

The 5’-dAdoe radical is common to both radical SAM and B1,-dependent enzymes, with the
latter generating this radical through homolytic cleavage of the Co—C5’ bond of the By;
coenzyme.11

LAM utilizes the radical-SAM machinery to isomerize L-a-lysine to L-#lysine (Scheme 2)
in a reaction directly analogous to the B;,-dependent isomerases.11-13

The reactive 5’-dAdoe radical formed by reductive cleavage of SAM (Figure 1, state 2)1
abstracts an H atom from substrate bound to pyridoxal 5’-phosphate (PLP) to form 5'-
deoxyade-nosine (5’-dAdoH) and the a-Lyse radical (Lyse) (state 3). This radical isomerizes
to the fLyse radical (state 4), which then abstracts an H atom from 5’-dAdoH to form #Lys
and 5’-dAdoe radical (state 5); the latter then regenerates SAM. A schematic representation
of these states is provided in Figure 1, with individual states numbered for easy reference
throughout this paper.

Multinuclear ENDOR spectroscopy (13C, 1:2H, 31P, and 14N) led us to propose that inner
sphere electron transfer from the reduced [4Fe-4S]* cluster cleaves the S-C5’ bond of SAM
to form the 5’-dAdoe radical, while the sulfur of methionine becomes the sixth ligand to the
unique iron.” This approach also was used to characterize the active site of LAM in
intermediate states that contain the isomeric substrate radicals or analogues.4 With L-a-
lysine as substrate, the f-Lyse radical (state 4) produced by H atom abstraction and
rearrangement was monitored. In parallel, state 3 was probed through use of two substrate
analogues (trans-4,5-dehydro-L-lysine and 4-thia-L-lysine), which generate stable analogues
of the a-Lyse radical. This study provided a first glimpse of the motions of active site
components during catalytic turnover, and suggested a possible major movement of PLP
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during catalysis. The principal focus of that work, however, was on the relative positions of
the carbons involved in H atom transfer. By use of ENDOR to study hyperfine couplings to
the substrate radicals it was concluded that the active site facilitates hydrogen atom transfer
by enforcing van der Waals contact between radicals and their reacting partners, and that
this constraint “tames” the highly reactive 5’-dAdoe radical, enabling the enzyme to
minimize and even eliminate side reactions of this highly reactive species.

Noticeably absent from this or any study of radical SAM enzymes was any direct
examination of the central event in the catalytic cycle of a radical SAM enzyme: the creation
of the 5’-dAdoe radical by reductive S-C5’ bond cleavage, and its subsequent migration to
the site of H atom abstraction from substrate (state 2). Of all steps in the cycle, one would
presume this must be the most tightly controlled, so as to occur without side reaction of the
5’-dAdoe radical with the environment. The intermediate 5’-dAdoe radical, however, is so
reactive that it has never been observed, either in radical SAM or B1,-dependent enzymes,
precluding characterization of this step.

To overcome this obstacle, Frey, Reed, and co-workers developed the SAM surrogate, S-3’,
#-anhydroadenosyl-L-methionine (anSAM).1516 The compound is a true cofactor for LAM,
catalyzing the isomerization shown in Scheme 2 with a specific activity of 0.10 + 0.02
IU/mg, compared to 35-40 1U/mg for the natural cofactor SAM.1> However, when the
[4Fe-4S]1* donates an electron to anSAM, cleaving the S-C5’ bond, this forms the stable
allylic anhydroadenosyl radical (anAdoe) (Scheme 3) which can be used to investigate active
site rearrangements through use of ENDOR spectroscopy. Once the catalytically competent
5’-dAdoe or anAdoe radicals are “born”, the active site must than precisely shepherd the
radical to the substrate site of H atom abstraction, so as to avoid side reactions, a process
that has been incisively studied with B1,-dependent enzymes.17-25 We here probe this
rearrangement in LAM through the use of 13C/12H/15N ENDOR to monitor the distances
and interactions between the anAdoe radical and multiple sites of isotopically labeled Lys
substrate, especially the site of H atom abstraction. We also probe the distance to the —
S13CH; of the methionine formed by SAM cleavage.

Comparison of these ENDOR results for state 2 with the X-ray crystal structure of state 0,
both of enzyme from C. subterminale, reveals how the active site of LAM “tames” the 5'-
dAdoe radical: this “free radical” is never free. Substrate binds with the 3-C atom of Lys,
from which the target H is abstracted, adjacent to the S—-C5’ bond of SAM, Figure 2(A), an
arrangement similar to that found in all other structures of radical SAM enzymes with bound
substrate.19 As a result, upon cleavage of the S-C5’ bond only minimal motions of the 5/~
dAdor radical are needed for it to carry out H atom abstraction from substrate, during which
the radical is chaperoned by van der Waals contact with its reaction partners. Integration of
this study with our previous study* of states 3 and 4 completes a picture in which side
reactions of the 5’-dAdo- radical are eliminated both at the beginning and the end of the
catalytic cycle because this radical undergoes only small motions, which are controlled by
“van der Waals constraints”.

We suggest that the accessibility of the C5’ radical to highly diverse substrates is a major
reason why evolution spread the use of this construct across all of the kingdoms of life. In
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contrast, for By, enzymes, the steric demands of the cofactor force the substrate target to
bind farther from the nascent radical at C5’, Figure 2(B), and C5’ must therefore migrate
larger distances to reach the target.17-23 The high steric constraints of the coenzyme B,
thus may explain why evolution has found so few uses for this radical generating machinery,
which is limited to a few reactions involving small molecules, and to the animal
kingdom,11:13.26-30

MATERIALS AND METHODS

Materials

Adenosine triphosphate (ATP), L-methionine, L-cysteine, L-lysine, pyridoxal 5’-phosphate
(PLP), adenylate kinase, phosphocreatine kinase, and phosphocreatine were purchased from
Sigma. Uniformly labeled 13C and 15N L-lysine were purchased from Cambridge Isotope
Laboratories. D,L-lysine-1,2-13C and D,L-lysine-2-13C were purchased from Aldrich. L-
Lysine-2,6,6-2H, L-lysine-3,3,4,4,5,5,6,6-2H and D, L-lysine-2-15N were purchased from
CDN Isotopes. Sodium dithionite was purchased from Acros Organics and ammonium
iron(11) sulfate was purchased from Fisher Chemicals. L-[Methyl-13C]-methionine was
purchased from Cambridge Isotope Laboratories. All labeled substrates had a minimum of
99 atom % labeling. L-[U-14C] lysine was obtained from NEN Life Sciences Products. SAM
and anSAM were prepared in our laboratory as described in the following sections. All other
chemicals and reagents were of the highest purity and used as supplied.

Preparation of LAM

All experiments described herein utilized LAM from Clostridium subterminale SB4.
Genetic constructs containing the LAM gene from C. subterminale SB4 (a gift from Perry
Frey) were appended with a C-terminal 6-histidine tag by ligation into pET-23a and then
transformed into Escherichia coli BL21(DE3)pLysS (Stratagene) cells for protein
overexpression. The transformation was plated on LB agar plates containing 50 pg/mL of
ampicillin. A single colony was used to inoculate 50 mL of LB media containing ampicillin
in a 37 °C incubator shaker at 250 rpm. The overnight growth was then transferred to a New
Brunswick Bioflo 110 anaerobic fermentor (10 L) with nutrient enriched LB/ampicillin, and
grown with shaking at 250 rpm to an optical density (OD) of ~0.5 at 600 nm. Once the
desired OD was reached, protein expression was induced with IPTG (1 mM final
concentration) and supplemented with ferrous ammonium sulfate and zinc sulfate. Cells
were then allowed to grow with shaking for an additional 2 h, then they were cooled to
approximately 30 °C and additional ferrous ammonium sulfate was added. The culture was
ultimately cooled to 4 °C and purged with nitrogen for an additional 15 h. The cells were
then centrifuged and the resulting cell pellets were stored at =80 °C until further use.

Cell lysis and protein purification were carried out under anaerobic conditions in a Coy
chamber. Cell pellets were thawed and resuspended in a lysis buffer containing 50 mM
EPPS, 300 mM KClI, 0.1 mM lysine, 10 uM PLP, pH 8.0, 1% Triton X-100, 10 mg PMSF, 9
mg lysozyme, ~1 mg RNase A and DNase | per 50 mL, respectively. The lysis mixture was
stirred for ~1 h and then the lysate was centrifuged in gastight bottles at 18 000 rpm for 30
min. The resulting supernatant was loaded onto a HisTrap Ni2* affinity column (GE
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healthcare) equilibrated with 50 mM EPPS, 300 mM KCI, 0.1 mM L-lysine, 10 uM PLP, 10
mM imidazole, pH 8.0 (buffer A). Buffer A was utilized for column equilibration and
washing. The protein elution was accomplished by increasing the imidazole concentration in
a stepwise manner from 10 to 20 to 50 to 75 to 100% using buffer B (50 mM EPPS, 300
mM KCI, 0.1 mM L-lysine, 10 uM PLP, pH 8.0, 500 mM imidazole). Eluted protein (20 and
50% B) was concentrated using a Millipore (13-14 kDa MWCO) spin concentrator. After
purification and concentration, the protein was flash frozen in liquid N, and stored at —80 °C
or in liquid N» until further use. The concentrated protein was dialyzed in 50 mM EPPS, 1
mM dithiothrietol, 0.1 mM L-lysine, 10 uM PLP, pH 8.0 prior to reconstitution. The
concentration of the protein was determined by the Bradford3! method, and the iron analysis
was done by the colorimetric iron assay described by Fish.32

A reconstitution was performed after protein centrifugation and incubation with
dithiothreitol (5 mM) similar to that previously described.33 Sodium sulfide nonahydrate and
ferrous ammonium sulfate were added incrementally over 1-2 h, with gentle stirring, to a
final concentration of 6x the protein concentration. The solution was incubated for 6 h at 4
°C before being centrifuged, concentrated and passed over a desalting G25 column in buffer
(50 mM EPPS, 1 mM DTT, 10 uM PLP, pH 8.0). The protein sample was then concentrated
further. All purification was performed in an anaerobic coy chamber.

Preparation of anSAM

The synthesis of (3’,4’)-anhydroadenosine and subsequent preparation of anSAM was
similar to that described by Magnusson and Frey,16 but with alterations as described herein.
The enzymatic reaction implemented to phosphorylate (3',)-anhydroadenosine requires
adenylate kinase, adenosine kinase, and phosphocreatine kinase. The adenylate kinase and
the phosphocreatine kinase were obtained from commercial sources and dialyzed into the
assay buffer. The adenosine kinase was prepared in our lab with methods similar to those
described previously,34 with the following adjustments. Human T cell cDNA (Molt 14) was
a generous gift of the Jutila lab at MSU, and was used for amplification of the adenosine
kinase gene with the following promoters:

Forward: 5 CGG GCA GCA TAT GAC GTC AGT CAG AGA AA 3.
Reverse: 5 GCG TTC GGA TCC ATC AGT GGA AGT CTG G 3'.

The amplified DNA was ligated into the T7 based expression vector, pET-14b (Novagen),
which also introduces a polyhistidine tag for protein purification. The plasmid with insert
was transformed into XL1 Blue supercompetent cells for plasmid amplification, and the
purified plasmid was then transformed into BL21(DE3)pLysS for protein expression.
Successful expression of this protein required culture temperatures near 22 °C due to
formation of inclusion bodies at higher temperatures. Protein expression was induced by
addition of IPTG at ODgggnm Of approximately 0.5; the growth was supplemented with
glucose (2 mg/mL) ~5 h after induction and harvested 22 h after induction. The cells were
lysed in Tris pH 7.5 buffer (10 mL/g of cells) containing lysozyme (0.2 mg/mL), PMSF (0.5
mg/mL), DNase I (10 pg/mL), RNase A (10 pg/mL), MgSO,4 (1 mM), and dithiothreitol (1
mM), by sequentially freezing and thawing the suspension three times. The clarified lysate
was fractionated by ammonium sulfate precipitation, and the adenosine kinase precipitated
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in the 65% to 100% ammonium sulfate cut. The precipitated adenosine kinase was dissolved
in 10 mM Tris-HCI/1 mM DTT pH 7.5 and dialyzed against the same buffer before applying
it to a HisTrap column equilibrated with 20 mM Tris-HCI/100 mM KCI/10 mM imidazole
(pH 7.5). The protein was eluted using a gradient to 20 mM Tris-HCI/100 mM KCI/500 mM
imidazole (pH 7.5), eluting at ~182 mM imidazole. After buffer exchange into Tris-HCI (10
mM, pH 7.5) with dithiothreitol (1 mM), the AdoK was loaded onto an HR16/10 DEAE
Sephacel column equilibrated with the same buffer. AdoK was eluted with a linear gradient
of 0-100 mM KClI in the same buffer, eluting at ~40 mM KCI. The AdoK was then
exchanged into PIPES (25 mM), MgCl, (1.25 mM), pH 7.5.

In order to convert anhydroadenosine to anhydroATP, PIPES (25 mM), MgCl, (1.25 mM),
BSA (0.01% wi/v), anhydroadenosine (3 mM), phosphocreatine (20 mM), adenosine kinase
(1000 1U), adenylate kinase (2000 IU), and phosphocreatine kinase (2000 1U) were
combined while maintaining pH at approximately 7.0; GTP (0.6 mM) was added to initiate
the phosphorylation. The reaction was monitored by TLC and quantified by HPLC. Upon
completion of the phosphorylation reactions, the anhydroadenosine triphosphate (anATP)
was purified using a HR10/30 DEAE Sephadex Ay column with a linear gradient of
NH4HCO3 (10-500 mM); the anATP elutes around 350 mM ammonium bicarbonate. The
anATP was then rotovapped or lyophilized to a solid.

SAM synthetase was expressed and purified as described by Markham et al.,17 with some
minor modifications. In a reaction similar to that described by Park et al.3> and modified by
us previously? and further modified herein, we utilized SAM synthetase to enzymatically
transform anhydroadenosine triphosphate into anhydro-S-adenosyl-L-methionine (anSAM)
in EPPS buffer (50 mM, pH 8.0). The anSAM was then purified on a Source 15S cation
exchange column with a linear gradient of 0 to 1 M HCI, as confirmed by NMR (Bruker
Cryomagnet BZH 500/51; 64.2A, 11.70 T) and LC-MS (Agilent HPLC 1100 with Bruker
MicroTOF). AnSAM containing 13C in the methyl group was synthesized from ATP and L-
[methyl-13C]-methionine by use of SAM synthetase-catalyzed reactions as described
herein.*

Preparation of ENDOR Samples

ENDOR samples were prepared under anaerobic conditions in a Coy anaerobic chamber.
The purified LAM (0.90 mM LAM, ~270 uM active sites) was activated by incubation with
10 mM L-cysteine in the presence of 0.90 mM PLP, 1.0 mM ammonium iron(1l) sulfate, and
15% glycerol in 42 mM EPPS buffer at pH 8.0 and 37 °C for 4 h. The activated enzyme was
concentrated with Microcon 30 centrifugal filter devices (Millipore) so that the
concentration of enzyme active site was ~1.2 mM. The concentrated enzyme was quickly
mixed with anSAM (or [methyl-13C]-anSAM), sodium dithionite, and L-lysine (one of the
following: unlabeled L-lysine, [u-13C,15N]-L-lysine, [1,2-13C]-D,L-lysine, [2-13C]-D,L-
lysine, [2,6,6-2H]-L-lysine, [3,3,4,4,5,5,6,6-2H]-L-lysine, [2-1°N]-D,L-lysine) in a 0.65 mL
microcentrifuge tube. The mixed sample was rapidly transferred to an ENDOR sample tube
and frozen in liquid nitrogen. The time scale from mixing to sample freezing was from 1 to
1.5 min, sufficient time for equilibrium to be attained in the reaction of 0.9 mM LAM. In all
samples, the concentrations of the enzyme active site were ~0.9 mM; the concentrations of
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anSAM, sodium dithionite, and lysine (or its analogue) were 3.0, 6.0, and 40 mM,
respectively. All assays were performed in an MBraun anaerobic chamber at <1 ppm
oxygen.

EPR and ENDOR Spectroscopy

X-band CW electron paramagnetic resonance (EPR) measurements were performed by a
Bruker ESP 300 spectrometer equipped with an Oxford Instruments ESR 910 continuous He
flow cryostat.

Q-band CW ENDOR spectra were collected on a spectrometer with a helium immersion
dewar previously reported.36:37 All measurements were done at 2 K. Stochastic field-
modulation detected ENDOR technique, which has been first reported by Brueggeman and
Niklas,38 was here utilized for lH ENDOR measurement. In the stochastic ENDOR
sequence, RF is randomly hopped over the range of spectrum region with the subtraction of
background signal (RF off) at each frequency.

Pulsed ENDOR spectra were collected on a spectrometer described earlier,19 equipped with
a helium immersion dewar for measurements at 2 K. ENDOR measurements employed the
Mims pulse sequence (72— 72—-T—a/2—echo, RF applied during interval T) for small
hyperfine couplings or the Davies pulse sequence (7—T—7/2—7——echo) for large
hyperfine couplings.3 To determine the sign of hyperfine couplings we utilized the recently
developed Pulsed ENDOR Saturation and Recovery (PESTRE) technique, which employs a
multipulse sequence comprised of the Davies ENDOR sequence.*?

For nuclei (N) of spin I = 1/2(13C, 1H, 15N) interacting with a S = 1/2 paramagnetic center,
the first-order ENDOR spectrum for a single molecular orientation is a doublet with
frequencies (v4/vo),

vi=rv,+ A2 ()

where 1y is the Larmor frequency and A is the orientation-dependent hyperfine constant. For
nuclei with | = 1 (2H), the first-order ENDOR condition can be written:

A 3P
yNj:Ej:— 0)

vi(£)= 5

where P is the orientation-dependent quadrupolar splitting.

For a nucleus with hyperfine coupling, A, Mims pulsed ENDOR has a response R that
depends on the product, Az, according to the equation,

R~[1—cos(2mAT)] (3)
This function has zeros, corresponding to minima in the ENDOR response (hyperfine

“suppression holes”), atAz=n; n=0, 1, ..., and maximaat Az= (2n + 1)/2;n=0, 1, ...820
The “holes” at A=n/7,n=1, 2, 3, ..., can be adjusted by varying z. However, the “central”,
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n =0, hole at v= wy 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 wy; the former does so for
certain orientations, but the v= 0 Mims hole tends to diminish the differences between the
two cases.

Neither the very small dispersion of g values nor the hyperfine coupling to the nuclei of
anAdoe radical are resolved in the 35 GHz EPR spectra of state 2 of LAM prepared with
anSAM. Consequently, ENDOR spectra of nuclei hyperfine-coupled to the radical collected
at the field of maximum EPR intensity are an isotropic powder-averaged pattern. Simulation
of these powder patterns for nuclei of the anAdoe radical itself are analyzed in terms of the
spin distribution among the carbons of the allyl fragment as a test of the reported spin
distribution.1® Simulation of the ENDOR patterns for nuclei of substrate yield hyperfine
tensors that allow estimation of distances between the radical center and those nuclei, as
well as bonding and orbital overlap properties, but do not yield orientations relative to the g-
frame or molecular frame. All simulations were done with the program, ENDORSIM.#1

The central goal of these measurements is to determine the position of the reactive C5’
carbon relative to the atoms of the L-Lys substrate through analysis of the hyperfine
coupling tensor, A, between the nuclei of Lys and C5’ of the anAdoe radical. Such a tensor
is the sum of a possible contribution from spin delocalization across the noncovalent
“interface” between anAdoe radical and atoms of Lys (see Discussion), the so-called
isotropic coupling (coupling constant, Ajso), and the through-space dipolar coupling between
the nucleus of Lys and the spin of the anAdoe radical. The distance-dependence of this latter
term yields the sought-for metrical result.

In principle, the dipolar term is the sum of the interactions with the spin density on all three
allyl carbons, the two with large spin densities p(C5’) ~ p (C3’) ~ 0.59, and the one with
small spin density, p (C4") ~ -0.18.16 However, C5’ of anAdo is close to or even in van der
Waals contact with Lys nuclei, whereas the other carbon with high spin density, C3’, is
much farther away, and C4’ has low spin density, and so we began our determination of
distances between C5” and atoms of Lys by ignoring the contribution from spin on the allyl
carbons other than C5’. In this case the through-space hyperfine coupling to anAdos radical
spin on C%’ is described by the axial form

T:[Th TZ, T‘%]:[_T7 _Ta 2T] 4

In the point-dipole approximation for the electron spin, the parameter T is related to the
distance from C5’ to the nucleus being examined through the relationship,

2T=2g, By 9eBep(C5 ) /7° (5)

where p(C5’) = +0.59. As described in the Discussion, at the (relatively) short distances
associated with 2-13C and 3-2H: one must take into account a correction to the point-dipole
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equations associated with the distributed nature of the spin in the 2p orbital of C5’ through
use of equations presented by McConnell and Strathdee.*?

We tested the validity of the ignoring the effects of spin density on C4’ and C3’ in the
determination of distances between C5’ and atoms of Lys, in the following fashion. As
described below we used the distances between C5” and various nuclei of Lys as calculated
through the use of spin density on C5’ alone to estimate the position of C5’ of anAdoe
radical, then approximated the position of the remainder of the radical by simply translating
the Ado fragment present in the state 5 crystal structure so as to place C5’ at that position
(see Figure 7, below). The positions of C4’ and C3’ within this heuristic structure were then
used as input into previously published equations*? to test whether the spin density on those
atoms materially alters the dipolar interaction tensor, T, and hence the calculated distances
of C5’ to the Lys nuclei. The extended treatment shows that the small negative spin density
on C4’ adjacent to C5’, p(C4’) = -0.18, would tend to slightly shorten the estimated distance
from C5’ to target atoms and to introduce a small rhombicity (|T,| > |T4|, eq 4) to the
coupling tensor. However, within the precision of these calculations, this effect is countered
by the effect of the large positive spin density, o(C3’) = +0.59, on the more remote C3’ to
lengthen the calculated distance and to introduce a rhombicity of the opposite sense (|To| < |
T4, eq 4), the two effects thus largely cancel each other; most importantly even when the
extended model predicted a non-negligible rhombicity, it gave a value of 2T, the largest
dipolar splitting, not significantly different from that obtained by using the distance to C5’ in
eq 5. Hence, for the purposes of this paper, the simplified analysis in terms of spin density
on C5’ alone is satisfactory.

EPR Measurements and Analysis for Stochastic 1H ENDOR for anAdoe Radical

To help refine the analysis of the anAdoe radical properties, we collected 35 GHz echo-
detected EPR spectra and stochastic CW *H ENDOR spectra, of the radical presented in
Figure S1. The simulation parameters that best fit the 1H ENDOR spectra (Table S1) differ
only minimally from those previously reported.16

Substrate 13C ENDOR Measurements

The 35 GHz Pulsed Davies 13C ENDOR spectra of LAM with anSAM and PLP linked to
isotopically labeled lysines (Chart 1;[u-13C]-L-lysine, [1,2-13C]- and [2-13C]- D/L-lysine)
are shown in Figure 3.

These spectra were obtained by subtracting the spectrum of a sample prepared with natural-
abundance lysine, which exhibits a broad signal at 5v ~ -3 MHz attributable to the 1
partner of the 14N double-quantum transitions (Figure S2 (gray)), and then normalizing the
electron spin echo amplitudes.

The spectrum for uniformly labeled Lys consists of two 13C ENDOR doublets, one with
couplings (splittings) ranging from ~3 to ~8 MHz, the other with a weak coupling of ~0.4
MHz. The larger coupling is shown to be associated with 2-13C by its persistence in the
samples prepared with [1,2-13C]- and [2-13C]-lysine (Figure 3, lower). The weak coupling is
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associated with 1-13C, as shown by its persistence in the [1,2-13C]-Lys sample and its
negligible presence in the [2-13C]- sample (Figure S3, S4); the analysis of the 2-C response
is given in the next subsection; that of 1-C is given in SI.44

Interestingly, the intensity of both ENDOR signals in Figure 3, which are normalized to the
EPR echo intensity from the anAdoe radical formed by anSAM cleavage, is larger in the
spectra with [u-13C]-L-Lys, compared to those with D/L-Lys [1,2-13C] and [2-13C]. We
interpret this to mean that anSAM is cleaved in ternary complexes with both D- and L-Lys,
but that L-Lys is bound preferentially, and with the 2-13C of D-Lys farther from the anAdos
radical. This inference is derived from the spectra of Figure 3, lower and the expansion of
the frequency range, £2 MHz in Figure S5. These spectra show that the ENDOR responses
for both D/L-Lys [1,2-13C] and [2-13C] exhibit an extremely weak, sharp doublet with an
intermediate coupling (Agps = ~ 2 MHz), that we may assign to 2-13C of D-Lys bound in a
nonproductive conformation, farther from C5’ of the anAdos radical.

Analysis of 2-13C ENDOR Response

The shape of the [2-13C]-Lys signal is typical of a powder ENDOR “Pake pattern” (see
Materials and Methods) in which an axial anisotropic coupling (T = [-T, -T, +2T]) is
combined with an isotropic coupling (Aiso), Where T and Ajso have the same sign; as it is
expected that T is dominated by through-space dipolar interactions between spin on C5” and
2-13C with T > 0, this implies that Ajs, > 0. The sign of the 2-13C hyperfine coupling
constants is confirmed by pulsed ENDOR saturation and recovery (PESTRE) measurements
(Figure S6).

In such a Pake pattern spectrum, the splitting between the intense “perpendicular” peaks of
the two branches of the spectrum is A | = (Ajso — T), that between the extremal shoulders, is
A = (Aiso *+ 2T), and the width of each branch is 3T/2. Simulation of the spectrum gives Ajso
=+4.5MHz and T = +1.0 MHz. As the EPR and ENDOR measurements of anAdoe radical
confirm that this radical has not formed a covalent bond to Lys, the observation of a
substantial isotropic coupling to the noncovalently bonded 2-13C (C,,) of Lys therefore is
remarkable. Such couplings are normally found only when spin is transferred along a
covalent pathway between electron spin and coupled nucleus. We show below that this
finding instead is the consequence of a tight van der Waals contact between C5’ of anAdoe
radical and 2-13C (C,) of Lys.

The anisotropic coupling matrix in principle is the sum of two axial matrices, the nonlocal
contribution (Ty.j1oc) from through-space dipolar interaction between the electron spin of
anAdoe radical and the 13C nuclear spin, and a local contribution (Toc), caused by
interaction of electron spin density delocalized into the C—H bonds of 2-C of Lys: T = Toc+
Th-loc- Assuming the latter term comes from the point-dipolar interaction between 2-13C
nucleus and the spin density on C5’ (p = 0.59; SI), the distance from C5’ to 2-13C of lysine,
r, is estimated (see SI) to be r ~ 2.7 A. However, the point-dipole treatment underestimates
the interaction at short distances: the spin on C5’ is not confined to a point, but is distributed
within its 2p orbital 42 Application of the McConnell-Strathdee correction to the highly
resolved axial 2-13C ENDOR pattern (Figure 3) indicates that 2-C lies along the axis of the
2pC5 orbital, as illustrated in Figure 4;% if 2-C lay appreciably off the 7~orbital axis, the
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anisotropic coupling would acquire a rhombic component absent here. Taking 2-C to lie
precisely on-axis for concreteness, the correction yields a C5” <+ 2-C distance of ~3 A,42
satisfyingly in agreement with the van der Waals distance expected when a 2p 7~orbital
contact is involved.

Pauli Spin Delocalization

Given the absence of a covalent bond between anAdoe radical and lysine, the presence of a
significant isotropic hyperfine coupling to the 2-C (Ca) of substrate lysine, Ajso = +4.5
MHz, might appear surprising, as such couplings normally arise from through-bond spin
delocalization. However, such spin transfer across a noncovalent contact is well
documented. The paradigm for such spin transfer from a paramagnetic center to a closed-
shell neighbor not linked by a covalent bond was provided long ago by H atoms
incorporated in a noble gas (e.g., Kr) matrix, which shows a strong hyperfine coupling to
matrix nuclei in the absence of covalent bond formation.46:47

The analysis of H-atom to noble gas-atom spin transfer48 considered the consequences of a
tight van der Waals contact between a paramagnetic center and a closed-shell neighbor. In
such a structure, the electron charge cloud of the paramagnet’s spin-bearing orbital overlaps
the electron charge cloud(s) of the doubly occupied orbitals of the closed-shell neighbor, and
a simple description of the electronic structure in terms of orbitals localized on only one or
the other of the two centers violates the Pauli exclusion principle. Such overlap can,
however, be properly described by requiring that the one-electron orbital containing the
unpaired electron, in this case the C5’ 2prorbital (|2p#C5’)) of the anAdoe allyl radical, be
orthogonalized to the one-electron orbital(s) of the closed-shell neighbor, in this case 2-C.48
This process delocalizes the spin-bearing orbital onto the closed-shell neighbor, 2-C: the
spin-bearing C5’ 2p 7 orbital (|]2p7C5’)) acquires a small contribution from sp? orbitals of 2-
C (Isp3);), and this “Pauli delocalization” introduces an isotropic hyperfine interaction with
the closed-shell neighbor. Thus, the presence of an isotropic coupling to 2-13C reveals that
this substrate atom is in tight van der Waals contact with the C5” 7 atomic orbital of the
spin-bearing allyl, 7 molecular orbital on the anAdoe radical.

This delocalization of the odd electron results in a hyperfine coupling for 2-13C that can be
approximated as

2
P2s ~ N2(1/4)pc Z S(2pr, Sp3)7j A(2_130) ~ +pasao ®)
,Ca

where pys is the spin density transferred into the 2s orbital of Lys 2-C, the sum is over the
four sp? orbitals of 2-C, S(2p 7, sp3); is the C5/(2p ) «> 2-C(sp3); overlap integral, p(C5’) =
+0.59 is the spin density in C5/(2p7), the factor of 4 reflects the 2s contribution to the 2sp3
hybrid orbitals on 2-13C, and N is the normalization factor for the orthogonalized orbital.
Insertion of A(2-13C) = 4.3 MHz into this formula shows that the actual spin delocalization
onto 2-C is extremely small, pos ~ 1073, The operation of Pauli delocalization is supported
by the PESTRE measurements, which show that A(2-13C) > 0, in agreement with the
prediction of eq 6.
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Mims ENDOR from 2H-Lys

In the conversion of state 2 to state 3 (Figure 1), a hydrogen atom on 3-C of Lys is
abstracted by the C5’ radical to generate fLyse radical. Thus, the most important distance in
state 2 is that between C5’ and the target proton on 3-C. In the X-ray crystal structure of
state 0, the distance from the C5’ in SAM to the nearest H on 3-C of Lys is 2.9 A. This
distance is too great to abstract a hydrogen atom from substrate, %0 so in the formation of
state 2, the 5’-dAdoe radical must move toward this hydrogen atom immediately after SAM
cleavage, as is definitively shown by the 13C ENDOR results described above.

To determine the distance from the C5’ of anAdoe radical to the substrate hydrogen atoms in
state 2, we collected 2H Mims ENDOR of anAdos radical in samples prepared with
variously deuterated lysines (Chart 2; [3,3,4,4,5,5,6,6-2H]-, [2,6,6-2H]-) and unlabeled Lys
(Figure 5, inset). The [2,6,6-2H]-Lys, which is not deuterated at the target 3-C site, showed
a 2H response with observed breadth of, A(2H) ~ 0.6-7 MHz; when scaled by the ratio of
nuclear g-factors, this corresponds to a *H response, A(*H) ~ 4 MHz. The 13C ENDOR
discussed above clearly shows that upon cleavage of anSAM the anAdoe radical moves
toward 2-C/3-C, which puts C5’ far from the 6-H, so we may assign the breadth of the
[2,6,6-2H]-Lys signal as being determined by the dipolar 2H coupling between spin on C5/
of anAdo- radical to 2-H of Lys, giving a rough distance of about 3.8 A between C5’ and
2-2H.

The 2H Mims ENDOR spectrum for [3,3,4,4,5,5,6,6-2H]-Lys is much broader, Figure 5, and
exhibits two well-defined pairs of shoulders on the “outsides” of the pattern. These
shoulders are the quadrupole-split features associated with the maximum dipolar splitting,
2T = 0.96 MHz, by a single target 3-2H nucleus of Lys. A C5’ <+ 3-2H distance in the
reactive state 3 of 2.4 A is obtained by interpretation of 2T within the point-dipole model, eq
5: incorporation of a McConnell and Strathdee*? correction lowers the distance slightly, to
2.2-2.3 A. As shown in the figure, the ENDOR response is well reproduced by a simulation
that adopts such a dipolar coupling; the quadrupole coupling of a C—2H bond is well-known
to have axial symmetry with the unique axis along the bond,>! and the magnitude of the
observed quadrupolar splitting used in the simulation implies a large angle between the
unique axis of the hyperfine tensor, associated with the C5’-3H vector, and the 3C-3H bond.
(see Figure 4). Regardless of the precise details of the analysis, the size of the hyperfine
coupling to 3-2H, as manifest simply in the breadth of the spectrum, clearly indicates that
the reactive C5’ site of the adenosyl radical achieves direct contact with its target proton
upon cleavage of SAM.

Finally, we can comment on the other 2H of the deuterated Lys. Considerations of a model
for the full structure of state 5 presented below suggest that ENDOR intensity in the inner
part of the ENDOR signal likely arises mostly from a 4-2H, and this is included in the
simulation. Given the tetrahedral geometry at 3-C and the close contact between one 3-2H
and C5’, then the other 3-2H must be pointed “away” such that its distance to C5' is so great
as to yield an unresolvably small hyperfine coupling.
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Distance from C5’ Methyl-13C Methionine of anSAM

A 35 GHz Pulsed Mims 13C ENDOR spectra of LAM with [methyl-13C]-anSAM, Lys and
PLP is shown in Figure 6. The spectrum comprises a hyperfine-split doublet of asymmetric
peaks in which individual features are unresolved because the line width is comparable to
the dipolar coupling and because of Mims holes effects. Because of the poor resolution,
simulations yield only a range of possible values for the hyperfine couplings: 0.39 < |Ajso| <
0.70 (MHz); 0.12 < T < 0.43 (MHz) (Figure S7). As with 2-13C, the presence of an isotropic
coupling implies van der Waals contact between the spin-bearing C5’ of the anAdoe radical
and [methyl-13C]-anSAM. The point-dipolar coupling corresponds to a range in distance
between C5’ and methyl-carbon in methionine, 3.0 < r < 4.7 (A), substantially greater than
the distance to C5’, with the favored simulation, shown in Figure 6, yielding a distance of
C5 of the anAdoe radical to the methyl carbon of cluster-bound methionine of r ~ 3.6 A.
The crystal structure shows that before reductive cleavage of SAM this distance is 2.94 A.
The lengthening of this distance after cleavage is in agreement with the idea that the distance
between C5’ of anAdoe radical and the methyl-13C of methionine has slightly lengthened as
the radical moved toward the substrate after cleavage of anSAM. The simulation yields a
negative value for Ajso, Which implies the longer distance involves radical contact with a
methyl-H, with spin-polarization of the C—H bond yielding a negative spin density of the C.

Constraints on the Distances from C5’ to other Lys Nuclei

ENDOR measurements have also been carried out on Lys 1-13C and 2-1°N, as presented in
SI. These spectra, like those for [methyl-13C]-anSAM, yield constraints on the distance from
C5’- to these nuclei; they are included in Table 1 and visualized in Figure 4.

DISCUSSION

Radical SAM enzymes use a site-differentiated [4Fe-4S] cluster and SAM to initiate
remarkably diverse radical reactions, nearly all of which are initiated by the 5’-dAdoe radical
intermediate generated upon the reductive cleavage of SAM.12 The 5/-dAdoe radical
intermediate is a highly reactive primary carbon radical that has never been directly
observed, although numerous lines of indirect evidence support its central role in both
radical SAM and By, reactions.12:13:52 Key mechanistic questions for radical SAM enzymes
revolve around how the reactivity of this initial radical is controlled and directed toward a
single, well-defined hydrogen atom on substrate, in a reaction that is often both regio-and
stereospecific. Because the 5’-dAdoe radical is so reactive, however, it has not been possible
as of yet to directly observe it in an enzyme active site.

In the present work, we utilize the functional SAM analogue S-3’,4’-anhydroadenosyl-L-
methionine (anSAM, Scheme 3), which contains a 3’-4” double bond that provides allylic
stabilization to the anAdoe radical, in order to directly probe the initial radical intermediate
in lysine 2,3-aminomutase. Use of this stabilized anAdoe radical intermediate in conjunction
with isotopically labeled Lys substrates and isotopic labeling of the methionine fragment of
anSAM shows that the C5” of SAM/anSAM moves a small distance toward the substrate site
of H atom abstraction and away from the cluster-bound methionyl fragment upon anSAM
S—C5’ bond cleavage.
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Structural Consequences of SAM Cleavage

The ENDOR-derived metrical information for the relative position and orientation of the C5’
carbon of anAdoe radical analogue for the reactive 5’-dAdoe radical bound at the active site
of C. subterminale SB4 LAM is summarized in Table 1 and Figure 4. When considered in
the context of the crystal structure of C. subterminale SB4 LAM with bound SAM and Lys
in precursor state 0, these findings reveal the minimal extent of the active site
rearrangements accompanying reductive S—-C5’ bond cleavage and H atom abstraction from
Lys, and the driving force for that rearrangement.

Of fundamental importance to efficient catalysis is the remarkably intimate positioning of
the target H of substrate adjacent to C5’ of SAM in the ternary complex of state 0, a
separation of only 2.8 A (Figure 2(A)). In conjunction with the dense packing of the LAM
active site (Figure S10), this highly constrains the movements of 5’-dAdoe radical, and
limits possible side reactions on its remarkably short journey to its destined reaction with a
3-H of Lys. To illustrate the efficiency introduced by the compact LAM active site, consider
the implications of the two most robust C5’ <~ substrate distances in state 2 as measured
here.

The C5’ ++ 2-C (Lys) distance in the LAM/SAM/Lys state 0 structure is 4.2 A, while the S—
C5’ bond length in SAM is 1.98 A. Breaking that S—C5’ bond must force the two atoms
apart, to a distance that approximates the sum of their van der Waals radii, ~3.2 A (assuming
1.8 A for S and 1.5 A for the sp? carbon of C5').53 Thus, the reductive cleavage of the S—-C5’
bond would immediately lengthen the S—-C5’ distance by ~1.3 A, quite likely “ballistically”
driving the radical toward substrate. If bond-breaking were accompanied by the “most
efficient” concomitant movement of C5’, namely displacement directly toward 2-C relative
to a motionless S, no additional movement would be required to achieve the C5’ <+ 2-C van
der Waals contact distance of ~3 A as found by ENDOR spectroscopy. Correspondingly, the
CY’ distance to the actual target, 3-H (Lys), in the LAM/SAMI/Lys state 0 structure is 2.79
A, and C5 would need to move toward 3-H by only ~0.6 A, or just half the obligatory
elongation of the S-C5’ distance upon reductive cleavage, to achieve the ENDOR-estimated
distance in the radical state of ~2.2 A, indicative of van der Waals contact.

The distance constraints of Figure 4 (Table 1) can in fact be self-consistently combined in a
least-squares optimization of the position for C5’ of the anAdos/5’-dAdoe radical within the
LAM/SAM/Lys structure (state 0), as shown in Figure 7. This figure further presents an
heuristic representation of state 5 by incorporating a representation of the 5’-dAdoe radical
generated by translating the corresponding fragment of SAM so as to place C5’ at the
location relative to the substrate Lys as obtained with the ENDOR constraints. Of particular
note, in this structure the 2p 7 orbital on a trigonalized C3’ of the anSAM allyl radical would
indeed point toward 2-C of Lys, as inferred above from the analysis of the hyperfine
interaction.

There of course will be other, but we suggest secondary, active site rearrangements that
contribute to this placement of the 5’-dAdoe radical relative to the substrate target in LAM.
The flexibility of the lysyl tail, in particular, is shown by the fact that the X-ray structure
does not have resolved density for atoms 3-6 within the tail (Figure S11). This flexibility,

J Am Chem Soc. Author manuscript; available in PMC 2015 October 20.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Horitani et al.

Page 15

among other factors, must lie at the ability of the active site to accommodate both D-and L-
lysine, as noted above, although with a preference for the L-isomer. For completeness, we
note that one must expect some conformational changes in 5’-dAdos radical itself.>4 Such
refinements to the overall structure of state 5 presented in Figure 7 should be revealed by
subsequent molecular dynamics simulations.

Regardless of any possible imperfections in the details, Figure 7 dramatically reveals how
the active site of LAM “tames” the highly reactive 5-dAdoe radical: this “free radical” is
never free. As seen in the state 0 structure of LAM (Figure 7) the low steric demands of the
radical-generating [4Fe-4S]/SAM construct allows the 3-H target site of L-Lys substrate to
bind adjacent to the S—-C5’ bond. ENDOR shows that the reductive cleavage of the S-C5’
bond propels the C5’ radical site through a total motion of only ~1.5 A, essentially equal to
the total motion (~1.3 A) that would be imparted just by S-C5’ bond cleavage and
separation of the atoms to the sum of their van der Waals radii.>3 This motion moves C5’
into van der Waals contact with the 3-H target of Lys, having crossed a mere ~0.6 A gap
from its target as implied by the state 0 structure (Figures 2, 4). At this stage the radical site
is nestled in a highly constrained pocket where its position is enforced by van der Waals
contacts with Lys 2-C and 1-C as well. In addition, C5’ remains in contact with the CH3-S
of methionine.

Placed in context with our earlier study of states 3 and 4,14 these observations fill in a
picture of how the active site exerts “van der Waals control” of small motions throughout
the LAM catalytic cycle. The study of state 3 showed that H atom abstraction creates the a-
NH, Lys substrate radical in van der Waals contact with the 5’-dAdoH. Substrate
rearrangement forms the ~NH, product radical in van der Waals contact with the 5’-methyl,
state 4, thereby enforcing the reciprocal abstraction of an H atom from the 5’-dAdoH, 5’-
methyl by the product radical, to generate f/-NH, Lys product and regenerate the 5’-dAdoe
radical, state 5. As noted just above, the constrained environment places the 5-dAdos
radical in contact with the S of methionine, and thus poised for recombination to regenerate
SAM (conversion of state 5 to state 6) to complete the catalytic cycle.

It is important to note that the short C5’ <> 2-C (Lys) target distance in the LAM/SAM/Lys
state O structure is not unique to this enzyme/substrate pair, but rather comparable distances
from the SAM C5' to the target C of substrate are found in the other structurally
characterized radical SAM enzymes (Table 2).8:10.55-62 Gjven that the target H of substrate
is bound adjacent to the S—C5’ bond of SAM in this wide array of radical SAM enzymes, it
seems likely to us that this mechanism of “van der Waals control” of small motions for
taming the 5’-dAdoe radical, and indeed for such control of the entire catalytic cycle of
radical reactions, is common throughout the radical SAM enzyme superfamily.

Lessons from LAM about Coenzyme B;, Enzymes

B1o-dependent radical enzymes share a common mechanism in which a hydrogen atom and
a substituent exchange places on neighboring sp3-hybridized carbon atoms,53 precisely as
occurs in the isomerization of Lys by LAM. In both By, enzymes and radical-SAM enzymes
such as LAM, a 5’-dAdoe radical formed by homolytic bond cleavage, S—C5’ in radical-
SAM and Co-C¥%’ in the B1, enzymes, carries out the catalytic conversion of substrate to
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product. In both cases the catalytic cycle is completed by the reformation of the parent
cofactor.

The mechanism we describe here for “taming” 5’-dAdoe radical by proximity to substrate
coupled with van der Waals control of its motion is, however, in sharp contrast to the
behavior of the coenzyme B1,-dependent enzymes. The C5’ bound to Co in the B1»
coenzyme necessarily faces into the sterically demanding corrinoid ring, away from any
possible substrate, and as a result, necessarily is further screened from the substrate target by
the 5’-dAdo moiety, which lies between C5’ and the target, as shown in Figure 2(B). This
geometry forces the target site of substrate to lie “far away” from the Co—-C5’ bond,
restricting access to the target by the C5’ radical formed through Co—C5’ bond cleavage.%4
As a result, the radical must migrate long distances to the site of reaction, as explicitly
shown in the elegant advanced paramagnetic resonance studies of ethanol-amine ammonia-
lyase (EAL) by Warncke,” LoBrutto,22 and co-workers, as well as studies of the B1-
dependent lysine 5,6-aminomutase by Frey, Ke, and co-workers,2° which revealed that C5’
of 5’-dAdo- radical migrates over 6 A from its location in the Co—C5’ bond to the reactive
position adjacent to substrate. The migration of C5’ required for reaction with its substrate in
EAL was modeled by keeping the adenine ring of 5’-dAdoe radical essentially fixed, and
introducing a ribosy! rotation around the N-glycosidic bond.8% For glutamate and
methylmalonlyl-coenzyme A mutases, the C5’ appears to undergo migration of at most only
afew A, and in fact the cob(Il)alamin intermediate has been proposed to function as a
conductor rather than a mere spectator in these radical rearrangements.56 The smaller
movement in these B, enzymes is achieved by rotation of the entire adenosyl group,8” or
by pseudorotation of the ribose moiety from the C2’-endo to the C3’-endo
conformation.23:68

Why B1, enzymes?—Iron-sulfur proteins are widely accepted to be evolutionarily
ancient, perhaps emerging from prebiotic iron—-sulfur minerals that catalyzed the synthesis of
key molecular precursors of life.89 The ubiquitous iron—sulfur protein ferredoxin has been
described as a living relic of these primordial FeS catalysts.”? At the present moment in
evolution, radical SAM enzymes are found throughout the life on earth, with over 100 000
predicted radical SAM enzymes’? and substrates that range from large proteins—such as
pyruvate formate lyase, through small molecules—such as lysine, and including key roles in
nucleotide chemistry and cofactor biosynthesis.1%2 Cobalamin, a highly complex radical-
generating cofactor, in contrast, is thought to have emerged more recently than radical SAM
enzymes,12 yet there are only 12 known cobalamin enzymes, catalyzing a much more
limited range of reactions. These observations lead to two obvious questions.

The first question is, why have radical SAM enzymes retained their dominance among
extant radical enzymes? Certainly, one factor must be that “they got here first”. However,
the results reported here suggest that a significant contributing factor is that these ancient
enzymes provide a more flexible architecture for carrying out highly controlled radical
catalysis on diverse substrates. For most By radical enzymes, catalysis requires that the
active site control long-distance (~6 A) migrations of C5’ of 5’-dAdoe radical because steric
congestion shrouds the site of radical generation (Figure 2(B)), forcing remote binding of
substrate. This may be contrasted with the minimal, roughly 0.6 A, motion of the C5’ toward
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the 3-H target of Lys estimated in this study of LAM (Figure 7), which is enabled by the
nearly unfettered access of the Lys 3-H substrate target to the radical-generating [4Fe-4S]-
SAM machinery of LAM (Figure 2(A)). Available structural data on other radical SAM
enzymes points to similar uninhibited access as reported here for LAM (Table 2). We
suggest that the low steric constraints of the [4Fe-4S]/SAM construct and resultant
accessibility to substrate of the C5’ radical provided a major reason why evolution spread
and retained the use of this construct across all of the kingdoms of life, with thousands of
family members catalyzing transformations of the widest range of substrates. The
contrasting high steric demands of the coenzyme B, force the target in B1,-dependent
enzymes to bind further from the site of the nascent C5’ radical, and require the radical to
migrate longer distances to the target site. It seems plausible that this has contributed
strongly to the restricted use of By, radical enzymes.

This analysis, however, raises the evolutionary question: with radical SAM enzymes readily
available and apparently more amenable to diverse substrates, why did B, radical enzymes
emerge and persist? One possible answer may be that iron—sulfur clusters are notoriously
oxygen-sensitive. Perhaps, with the increase in oxygen in the atmosphere after the evolution
of oxygenic photosynthesis, cobalamin appeared where oxygen sensitivity and lability of
iron—sulfur clusters posed too much of a detriment to the function of radical SAM enzymes.
The cobalamin cofactor has the added advantage of being “self-contained”, without the need
of an external reductant as required by radical SAM enzymes. Another very intriguing
hypothesis has been proposed by Biickel and co-workers, who suggest that the cob(I1)alamin
intermediate plays an integral role in catalysis in some By radical enzymes, namely
glutamate and methylmalonyl-CoA mutases, by interacting with and stabilizing both the 5/-
dAdoe radical and product methylene radicals.®® Because of this intimate interaction
between the cob(ll)alamin and radical intermediates, it is argued, other radical-generating
systems such as [4Fe-4S]-SAM cannot provide a direct replacement of this reactivity. We
anticipate further conversations regarding why and how nature evolved the B1o enzymes,
considering that the low steric constraints of radical SAM enzymes lead to their inherent
substrate diversity, a property based on the use of [4Fe-4S]-SAM as “the rich man’s
adenosyl cobalamin”.52

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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d

Steps in the reaction catalyzed by LAM. State 0 is the oxidized [4Fe-4S]2* state with SAM
coordinated to the unique iron of the cluster and substrate Lys present as a Schiff base. One-
electron reduction of the cluster provides state 1, which initiates reductive cleavage of SAM
to generate the 5’-dAdos in state 2. States 3-6 represent the radical rearrangement of a-
lysine to flysine, abstraction of He from 5’-dAdoH, and reformation of SAM. PLP is

depicted in grey, while lysine is in blue.
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Figure 2.
Active site structure of LAM (A) and ethanolamine ammonia-lyase (EAL) (B). The

illustration of EAL contains the By, cofactor as modeled from the crystal structure of EAL
with the analogue adeninylpentylcobalamin. The yellow arrows show the distance from C5’
prior to S-C5’ or Co—-C5’ bond cleavage, to target carbon atom in the substrate. PDB IDs are
2A5H (LAM) and 3ABS (ethanolamine ammonia-lyase). Carbon atoms are colored as: blue
for substrate, dark grey for adenosine and SAM, and light grey for cobalamin and PLP.
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Figure 3.
Davies 13C ENDOR for LAM with anSAM, PLP and substrate with simulation spectrum.

Spectra were collected at the radical peak. The baseline spectrum from unlabeled Lys has
been subtracted for all Davies spectra. Upper: u-13C Lys, with assignments derived from
spectra of isotopologues. Simulation, upper, in blue calculated with parameters: Ajso = 4.5
MHz, 2T = 2.0 MHz, ENDOR line-width, 0.35 MHz. Lower: as described in text using
partially labeled Lys (Chart 1). Experimental conditions: MF = 34.6-34.8 GHz, MW pulse
length (7) =120 ns, z=600ns T =2 K.
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Figure 4.
“Cone model” for ENDOR-derived constraints on the distances between C5’ of the anAdoe

radical and the carbons and deuterons of Lys. The anAdoe 2p orbital is orienated towards
the 2-C of Lys. Following the practice of McCracken and co-workers,* the direction of a

C5’-nucleus vector is shown as lying roughly within the cone associated with the nucleus,

and similarly for the 3-C-D vector. All distances are shown in Table 1.
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Figure 5.

2I—? Mims ENDOR of LAM with anSAM/PLP/2H-Lys. Experimental spectrum with
[3,3,4,4,5,5,6,6-2H]-Lys (red) overlaid with sum (blue) of the simulations of the 3-2H (black
dashed) and 4-2H (gray dashed) signals. Inset: Overlay of experimental spectra for
[3,3,4,4,5,5,6,6-2H]-Lys (red) and [2,6,6-2H]-Lys (green) and unlabeled Lys (grey).
Simulation in main figure: Point-dipole interaction with 3-2H, 2T = 0.96 MHz, P = [42 42,
84] kHz, ENDOR line width = 0.05 MHz; additional intensity in the frequency range, +0.4
MHz is assigned to 4-2H, with point-dipole interaction having with 2T = 0.45 MHz and
ENDOR line width = 0.05 MHz. Conditions: microwave frequency = 34.77 GHz for
[2,6,6-2H]-Lys, 34.61 GHz for [3,3,4,4,5,5,6,6-2H]-Lys, MW pulse length (77/2) =50 ns, 7=
1000 ns for [2,6,6-2H]-Lys, 500 ns for [3,3,4,4,5,5,6,6-2H]-Lys, and T = 2 K.
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Figure 6.
13C Mims ENDOR for LAM with [13C-methyl]-anSAM, PLP and substrate with simulation

spectrum. Spectrum collected at radical peak. Experimental conditions: MF = 34.74 GHz,
MW pulse length (#72) = 50 ns, z= 400 ns for Mims, and T = 2 K. Simulations (blue) with
ENDOR line-widths of 0 and 0.28 MHz; parameters, Ajso = —0.61 MHz, T = 0.21 MHz
(distance r = 3.6 A).
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Figure 7.
Inferred motion of 5’-dAdoe radical upon reductive cleavage of SAM (state 1 — 2). The C5’

radical position (magenta) is situated within the X-ray crystal structure (state 0) based on
ENDOR constraints. The rest of the 5’-dAdoe radical is simply shifted from cluster bound
SAM (state 0, shown in gray).
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L-B-lysine

Scheme 2.
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Table 1
nucleus (N) C5’ ++ N distances (A) (ENDOR)
1-C >3.2
2-C 3.0
3-C a
3-H 2.2-2.3
2-N >3.2
methyl-carbon of Met  ~3.6
2-H ~3.8

a..
Signal not resolved.
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Table 2

radical SAM enzyme (PDB ID)  C5’ <> target C distances (A) (X-ray)

anSME (4K39) 41
BioB (1R30) 3.9
BtrN (4M7T) 37
HemN (1OLT) 40
MoaA (2FB3) 47-53
NosL (4R33) 4.1
PFL-AE (3CBS) 41
SPL (4FHD) 3.9
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