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Elucidation of factors shaping reactivity of 5'-deoxyadenosyl – 

a prominent organic radical in biology

Zuzanna Wojdyla,a Mauricio Maldonado-Domínguez,a Priyam Bharadwaz,a Martin Culka,b 

and Martin Srneca,*

a J. Heyrovský Institute of Physical Chemistry, Czech Academy of Sciences, Dolejškova 3, 

18200 Prague, Czech Republic
b Institute of Organic Chemistry and Biochemistry, Czech Academy of Sciences, Flemingovo 

nám. 2, 16610 Prague, Czech Republic

email: martin.srnec@jh-inst.cas.cz

This study investigates the factors modulating the reactivity of 5'-deoxyadenosyl (5'dAdo•) 

radical, a potent hydrogen atom abstractor that forms in the active sites of radical SAM enzymes 

and that otherwise undergoes a rapid self-decay in aqueous solution. Here, we compare 

hydrogen atom abstraction (HAA) reactions between native substrates of radical SAM enzymes 

and 5'dAdo• in aqueous solution and in two enzymatic microenvironments. With that we reveal 

that HAA efficiency of 5'dAdo• is due to (i) the formation of 5'dAdo• in a pre-ordered complex 

with a substrate, which attenuates the unfavorable effect of substrate:5'dAdo• complex 

formation, and (ii) the prevention of the conformational changes associated with self-decay by 

a tight active-site cavity. The enzymatic cavity, however, does not have a strong effect on the 

HAA activity of 5'dAdo•. Thus, we performed an analysis of in-water HAA performed by 

5'dAdo• based on a three-component thermodynamic model incorporating the diagonal effect 

of the free energy of reaction, and the off-diagonal effect of asynchronicity and frustration. To 

this aim, we took advantage of the straightforward relationship between the off-diagonal 
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thermodynamic effects and the electronic-structure descriptor – the redistribution of charge 

between the reactants during the reaction. It allows to access HAA-competent redox and 

acidobasic properties of 5'dAdo• that are otherwise unavailable due to its instability upon one-

electron reduction and protonation. The results show that all reactions feature a favourable 

thermodynamic driving force and tunneling, the latter of which lowers systematically barriers 

by ~2 kcal mol-1. In addition, most of the reactions experience a favourable off-diagonal 

thermodynamic contribution. In HAA reactions, 5'dAdo• acts as a weak oxidant as well as a 

base, also 5'dAdo•-promoted HAA reactions proceed with a quite low degree of asynchronicity 

of proton and electron transfer. Finally, the study elucidates the crucial and dual role of 

asynchronicity. It directly lowers the barrier as a part of the off-diagonal thermodynamic 

contribution, but also indirectly increases the non-thermodynamic part of the barrier by 

presumably controlling the adiabatic coupling between proton and electron transfer. The latter 

signals that the reaction proceeds as a hydrogen atom transfer rather than a proton-coupled 

electron transfer.

Introduction

An important class of redox-active polynuclear transition-metal catalysts in nature are 

ubiquitous Fe4S4-dependent radical S-adenosyl-L-methionine (SAM) enzymes.1 These radical 

SAM enzymes perform a wide range of critical functions in biology and homeostasis. 

The radical SAM enzymes family comprises of >700,000 members that catalyze more 

than 70 different reactions.1,2 They are involved in post-translational modifications of RNA,3,4 

metalloprotein cluster formation,5 DNA repair,6 biosynthesis of various cofactors such as 

hemes,7 FeMo cofactor,8 chlorophyll9 and many other transformations.  

Most radical SAM enzymes are thought to generate a strongly oxidizing 5'-

deoxyadenosyl (5'dAdo•) radical. The formation of the radical is dependent on a Fe4S4 cluster, 

which provides electrons for a reductive cleavage of the C—S bond in SAM (see Scheme 1).10-
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13 After the cleavage, the 5'dAdo• radical can form an organometallic complex with the Fe4S4 

cluster14 – the so-called  intermediate.15,16 It features a labile FeC bond between 5'dAdo• and 

the apical Fe ion (Scheme 1). The role of the  intermediate has been postulated as an auxiliary 

reservoir of 5'dAdo•, suggesting that the reductive cleavage of SAM is effectively irreversible 

in the enzyme environment and that the intermediate prevents from a potential active site 

damage by minimizing the time of 5'dAdo• radical being unprotected. 

Scheme 1.  The formation of the 5'dAdo• radical-containing intermediate central to the catalytic 
cycle of all radical SAM enzymes.

The central role of the 5'dAdo• radical is the activation of a substrate through H-atom 

abstraction (HAA), leading to the formation of a substrate-derived radical, which subsequently 

undergoes further transformations.17-18 Notably, placement of 5'dAdo• within the enzymatic 

cavity is crucial for the utilization of its HAA potential as otherwise it undergoes rapid self-

decay in aqueous solution. One possible route for self-decay, established based on photolysis 

under anaerobic condition of adenosylcobalamin, another biological source of 5'dAdo•, leads to 

Page 4 of 37Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
Ph

up
u 

20
24

. D
ow

nl
oa

de
d 

on
 2

02
4-

07
-2

1 
13

:1
5:

25
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D4CP01725K

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp01725k


formation of 8,5'-cycloadenosine - cyc-dAdo• (Figure 1A).19 This transformation likely 

proceeds through intramolecular addition of the primary 5'dAdo• radical at the 5'-position to the 

C-8 of the adenyl moiety. The formation of cyc-dAdo• was also observed during 

electrochemical reduction of SAM in solution,20 confirming that intramolecular cyclization is a 

plausible channel for the irreversible decay of 5'dAdo•. A second potential mechanism for the 

decomposition of this highly reactive radical was observed during recent synthetic studies on 

muscarines and isomuscarines.21 It was discovered that the heterocyclic fragment featuring 

hydroxyl substituents could undergo ring opening (Figure 1B). The 5'dAdo• radical features 

analogous 2,3-dihydroxylated positions and, therefore, its decay via ring opening is another 

potential side reaction, which must be suppressed in nature although its relevance has not been 

investigated hitherto.

 

Figure 1. A. In the cyclization decay mechanism, the 5'dAdo• radical undergoes intramolecular 
radical addition leading to a stable cyclic structure.20 B. The ring-opening decay mechanism 
was observed for the radicals similar to 5'dAdo•.21 

While both mechanisms for unimolecular decay have been observed in related systems in 

solution, H-atom abstraction has not been observed outside of an enzymatic active site, which 

raises the questions: is HAA boosted in the active site of 5'dAdo•-containing enzymes, and/or is 

the active site suppressing the undesired radical decay routes? To answer them, we investigate 

the chemical behavior of the 5'dAdo• radical in two different media – in aqueous- vs. enzyme-
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like environment. The latter is represented by two the prototypical radical SAM enzymes, 

pyruvate formate-lyase activating enzyme (PFL-AE)22-24 and lysine 2,3-aminomutase 

(LAM)25,26 – with the aim to elucidate how the protein environment tunes the catalytic function 

of 5'dAdo• and suppresses otherwise favorable radical self-decay pathway(s) as depicted in 

Scheme 1. 

Scheme 2. Reactivity of the 5’-deoxyadenosyl radical in water vs. enzymatic environment. 
While 5'dAdo• is well known to be competent as an H-atom abstractor in radical SAM enzymes 
(the left side of the scheme),17,18 it is unstable in water, undergoing an experimentally 
documented pathway – cyclization20 (the product of which is shown in the right upper corner 
of the scheme) and a self-decay pathway as suggested by this computational work, yielding two 
fragments via rybosyl-ring opened intermediate21 depicted in the right lower corner of the 
scheme. 

The HAA reactivity of 5'dAdo• can be investigated on the basis of a three-component 

thermodynamic model, which was developed in our group as a nonempirical link between the 

reactivity of the system and its redox and acidobasic properties.27,28 In this model, the single-

step HAA reaction, during which proton and electron transfer occur concertedly between the 

reactants, is affected by the energetics of two different states - one associated with electron 

transfer and one with proton transfer (ET and PT) between the reactants. These states are parts 

of two energetically less accessible two-step HAA processes: (i) ET state is formed as an 

intermediate in the trajectory where ET is followed by PT, whereas PT state is formed in the 
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trajectory where PT is followed by ET. In more detail, it gives rise to two so-called off-diagonal 

thermodynamic contributions: asynchronicity (𝜂) and frustration (𝜎), in addition to diagonal 

thermodynamic driving force for reaction, which is free energy of the reaction. The former 

measures the energy disproportion between the ET and PT states, and reflects which of the 

components is dominant in driving the reaction; the latter accounts for the joint (un)availability 

of the two sequential pathways (for formulas for each of the terms see Theoretical background). 

The implementation of these two factors into a Marcus-type equation demonstrates that a more 

asynchronous reaction features a lower barrier, whereas a more frustrated process has to 

overcome a higher barrier. Thus, this concept can be employed to analyze the reactivity of 

5'dAdo• with respect to different enzymatic substrates as well as look into the mechanism for 

the reaction in various environments.

In this work, we present that the role of the enzymatic environment is mainly to harness 

the inherent HAA reactivity of 5'dAdo• and to suppress pathways leading to decay (cyclization 

and ring opening). With this finding, in the following sections, we focus on the analysis of the 

inherent HAA ability of 5'dAdo• with respect to the native substrates of radical SAM enzymes. 

The decomposition of HAA barriers for 5'dAdo•-promoted HAA reactions is based on an 

existing link between an electronic-structure descriptor and off-diagonal thermodynamic 

contribution to the reaction barriers. Namely, due to a tight relationship between both 

asynchronicity and the overall off-diagonal thermodynamic term with the redistribution of 

charge along the reaction coordinate, we could work around the instability of 5'dAdo• (and some 

of the substrates) upon 1e reduction and protonation and thus gain access to the otherwise 

unavailable off-diagonal thermodynamic factors shaping the barriers of HAA reactions with 

5'dAdo•. With that, we found the 5'dAdo• radical to be a weak oxidant and base, abstracting H-

atoms from native substrates with a relatively higher degree of concertedness of H+/e transfers. 

Besides that, we found asynchronicity to be a key factor affecting the barrier directly as a part 
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of three-component thermodynamic force and indirectly through its influence on the adiabatic 

coupling between proton and electron transfer.  

Computational details

Structural models for 5'dAdo• decay and its HAA reactions in aqueous solution.  The 

presented study focuses on energetics of unimolecular decay pathways of 5'dAdo• as well as H-

atom reaction reactions between 5'dAdo• and 28 different CH bond substrates, which are 

known from the literature to be attacked by 5'dAdo• in the radical SAM enzymes. Structures of 

these substrates are listed in Figure 2; several of them were considered in various protonation 

states (those with protic groups such as carboxylic acids and/or amine groups). Substrates were 

obtained from PDB representations of their complexes with radical SAM enzymes (see Table 

S1). The reported structures for the reactant and product complexes are the ones that feature the 

least changed intra- and intermolecular interactions with respect to the transition state. 

The solvation of 5'dAdo• in aqueous solution was determined based on a 10 ns MD 

simulation in a box of TIP3P water29 with the minimal distance between the atoms of the solute 

and the wall of the box equal to 10 Å. The simulation was performed with a general Amber 

force field (GAFF)30,31 using the Amber 22 package.32 Water molecules forming hydrogen 

bonds with 5'dAdo• were selected for further calculations. 
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Figure 2. The list of substrates, native for radical SAM enzymes, used for HAA reactions with 
5'dAdo•. Some substrates were considered in various protonation states, as indicated. H-atoms 
that undergo the HAA reaction are highlighted in red (if two or three hydrogens are highlighted 
it means they are chemically equivalent). For substrates highlighted in grey, a direct calculation 
of the off-diagonal thermodynamics is not possible and must therefore be determined indirectly 
using linear interpolation, as explained below.

Structural models for 5'dAdo• decay and its HAA reactions in enzymes. The calculations were 

performed based on cluster models for the enzymatic cavities, an approach that was shown in 

numerous studies to yield results consistent with experimental data.33-41 The cluster model of 

the PFL-AE24 active site comprises 231 atoms, including the SAM-bound Fe4S4 cubane anchored 

by three cysteines (Cys29, Cys33 and Cys36), along with one sodium cation and second-shell 
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residues Tyr35, His37, Asn38, Asp104, Thr105, Asn106, Asp129, Lys131, Arg166, Val168, Leu199, His202, 

as well as the fragment of the PFL substrate comprising Gly734 and Ser733 (Figure 3, top). For 

LAM,42 the cluster model consists of 205 atoms from the [Fe4S4] cubane coordinated by three 

cysteines (Cys125, Cys129 and Cys132) and the SAM cofactor, along with the second-shell residues 

His131, Thr133, Arg134, Ser169, His230, Gln258, Val260, Tyr290, Asp293, and Asp330, as well as the Lys420 

acting as the LAM substrate (Figure 3, bottom). In both models, most of second-shell residues 

are truncated at the C atoms (cartesian coordinates in Supporting Information, SI); the fixed 

atoms are highlighted in Figure 3 with black circles. The [Fe4S4]2+ was modeled in its ground 

spin state, featuring anti-ferromagnetic interaction of the two ferromagnetically coupled high-

spin iron pairs, as reported in previous study on prototypical radical SAM enzymes.43 The 

observed antiferromagnetic coupling pattern was also reported for electronic structure of similar 

Fe4S4 complexes.44-47 The ground-state electronic structures of enzymatic models are shown in 

Figure S1.

 

Figure 3. Crystallographic structures of two radical SAM enzymes, PFL-AE and LAM [PDB 
codes: 3CB824 and 2A5H]42 (left), were used to construct the cluster models representing the 
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enzymatic active sites (right). The Fe and S atoms in these models are displayed as large (orange 
and yellow) spheres, while the atoms kept fixed during the geometry optimizations are indicated 
by black circles. SAM (the precursor of 5'dAdo•) and secondary residues are represented by 
orange and green sticks, respectively. The substrate for the reaction is shown in magenta. For the 
sake of clarity, hydrogen atoms are not visualized. 

Statistics within the family of radical SAM enzymes. We used a snapshot of the RCSB protein 

data bank48 acquired on May 3rd 2018 to identify all structures of radical SAM enzymes (43 

structures). We specifically looked for structures containing S-adenosylmethionine (SAM) or 

S-adenosylhomocysteine (SAH), with a coordination bond (distance < 2.5 Å) to an Fe4S4 cluster 

(residue name SF4 or FS4). In those structures, we measured a dihedral angle within the SAM 

or SAH, which defines the position of the adenine relative to the ribose ring – Y[O4’-C1’-N9-

C8] – see Figure S2 and Table S2. The scripts for distance and dihedral angle analysis in 

protein structures were written using the Biopython library.49,50

Density functional theory (DFT) calculations. All calculations reported in this study were 

done using the G16 program.51 Geometry optimizations of water-solvated systems were carried 

out at the B3LYP+D3/def2-TZVP/CPCM(r=78.4) level of theory, which includes the B3LYP52 

functional with the Grimme’s zero-damping correction to dispersion (D3)53 combined with the 

def2-TZVP basis set,54 and the CPCM implicit solvation model with the dielectric constant of 

78.4.55 Some of the systems were additionally optimized using the M06 functional56 combined 

with the same basis set and solvation model. Both computational methods yielded comparable 

results, thus the presented results are based on the B3LYP+D3 level of theory. For the cluster 

models, an analogous protocol for optimization was employed, only with the def2-SVP basis set 

for the substrate, Fe4S4 cubane, methionine and 5'dAdo• moieties (BS1), and the def2-SV(P)54 

basis set for the remaining atoms (BS2); such a protocol is denoted as the B3LYP/BS1-

2/CPCM(r=10.0) approximation. The single-point energies were recomputed using def2-TZVP 

instead of BS1. Gibbs free energies were calculated according to the equation: 
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𝐺 = 𝐸el,solv + [𝐸ZPVE + 𝑅𝑇 ― 𝑅𝑇𝑙𝑛𝑄] (1)

where 𝐸el,solv is the potential energy of a water-solvated system at the B3LYP/def2-

TZVP/CPCM(r=78.4) or the potential energy of a cluster model as obtained from the single-

point calculation on top of the optimized structure, [𝐸ZPVE + 𝑅𝑇 ― 𝑅𝑇𝑙𝑛𝑄] corresponds to the 

thermal enthalpic and entropic contributions to the solute energy with 𝐸ZPVE and 𝑄 being the 

zero-point vibrational energy and molecular partition function, respectively, and obtained from 

frequency calculations (at 298 K, 1 atm; ideal-gas approximation) on top of optimized 

geometries. 

In analogy to the protocol from ref 43, the proton-coupled reduction potentials, 

reduction potentials and acidity constants (𝐸°
H, 𝐸° and 𝑝𝐾a) associated with species in the 

thermodynamic half-reaction cycles presented later in the text were calculated as follows:

𝐸°
𝐻 = 𝐺dehydrogenated ― 𝐺hydrogenated ― 𝐸°

abs(𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒)  + (𝐺solv(𝐻+) ― 0.059 × 𝑝𝐻) (2)

𝐸° = 𝐺oxidized ― 𝐺reduced ― 𝐸°
abs(reference) (3)

𝑝𝐾a = [𝐺deprotonated ― 𝐺protonated + 𝐺solv(H+)] / (𝑅𝑇 ∙ ln (10)) (4)

where 𝐺 is the free energy of the particular state of the solute (eq 1), 𝐺solv(H+) is the free energy 

of solvation of proton, 0.059 V is the value of ― 𝑅𝑇
𝐹 × ln(10) at T=298.15K and 𝐸°

abs(reference) 

is the absolute potential of a reference electrode. Specifically, we used ‒265.9 kcal mol-1 for 

𝐺solv(H+) in water57, 0 for pH and 4.28 eV for 𝐸°
abs(reference) of the normal hydrogen 

electrode58 in water. The data is presented in Table S3.

Atoms-in-molecules (AIM) protocol. Atomic charges were determined from wavefunctions of 

the single-point B3LYP+D3/def2-TZVP/CPCM(r=78.4) calculations through the framework 

of the quantum theory of atoms in molecules, QTAIM,59 using the AIMAll 19.0 suite of 

programs.60 Atomic charges were obtained using the Proaim method for basin integration, with 

the “Fine” interatomic surface mesh and outer angular quadrature of 7200 grid points. For atoms 
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with a Lagrangian L(A) > 0.001 a.u., the Promega algorithm was employed instead. The data 

for the studied reactions is collected in Table S4 and S5.

Theoretical background

The HAA barrier and reaction energy. The free-energy barrier of the bimolecular reaction 

∆𝐺≠
HAA,total was calculated as the difference between 𝐺TS of the transition state (TS) and  (

𝐺substrate +  𝐺5′dAdo• +1.9) kcal mol−1, where 𝐺substrate is the free energy of a substrate from 

Figure 2 and  𝐺5′dAdo• is the free energy of the 5'dAdo• radical. A value of 1.9n kcal mol−1 

has been applied to correct the computed values to the 1 mol L−1 standard state. A value of 1.9 

kcal mol−1 corresponds to the conversion of a 1 bar standard state in the gas phase to 1 mol L−1 

concentration in solution at 298 K; n is the change in the number of moles. ∆𝐺≠
HAA is the free-

energy barrier of HAA starting from reactant complex (RC) and equals to (∆𝐺≠
HAA,total ― 𝑤R), 

where 𝑤R is the free energy of formation of RC calculated as the difference between 𝐺RC of the 

reactant complex and (𝐺substrate +  𝐺5′dAdo• +1.9) kcal mol−1. The free energy of reaction ∆𝐺0 (

≡ 𝐺PC ―  𝐺RC) in going from RC to product complex (PC) is related to the free energy of 

reaction in going from separated reactants to separated products ∆𝐺0,inf ( ≡ 𝐺P ―  𝐺R) as ∆𝐺0 = 

∆𝐺0,inf + 𝑤P ― 𝑤R where  𝑤P (in analogy to 𝑤R) is the free energy of formation of PC calculated 

as the difference between 𝐺PC of the product complex and (𝐺substrate radical +  𝐺5′dAdoH +1.9) 

kcal mol−1. This methodology was described in detail previously.61 The key parameters are 

shown in Scheme 3.
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Scheme 3. The key energetics for bimolecular HAA reaction. 

Three-component thermodynamics model of HAA. The model features two so-called off-

diagonal thermodynamic factors - asynchronicity (η) and frustration (𝜎) that together with the 

diagonal one – free energy of the reaction - form a complete thermodynamic basis for a control 

of HAA reactivity (see the Introduction and the next section).27,28 All these three 

thermodynamic components are fully defined based on the combination of two thermodynamic 

half-reaction cycles - one for the acceptor and one for the donor of the H-atom (Scheme 4). The 

subtractive combination of two half-reaction diagonals (each of them connecting the radical 

with its hydrogenated form) defines the reaction energy ∆𝐺0,inf. The effect of the reaction energy 

on the barrier is well-known: a reaction with more stable products (more negative reaction 

energy) tends to have a lower barrier.62 The other two thermodynamic factors - 𝜂 and 𝜎 - 

originate from the subtractive combination of the off-diagonal half-reaction pathways 

connecting the radical and hydrogenated forms. Asynchronicity accounts for the disparity 

between the redox and acidobasic component (∆𝐸° and ∆𝑝𝐾a) of the thermodynamic driving 

force of the HAA reaction as defined as follows:

𝜂 =
1
2 ∆𝐸° ― 𝑅𝑇

𝐹
ln (10)∆𝑝𝐾a =

1
2𝐹(𝐺DH+· ―  𝐺AH+· +  𝐺A―  ― 𝐺D― ) (5)

while the frustration measures the overall accessibility of the off-diagonal thermodynamic 

states, i.e., the proton transfer and electron transfer state:
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𝜎 =
1
2 ∆𝐸° + 𝑅𝑇

𝐹
ln (10)∆𝑝𝐾a =

1
2𝐹( 𝐺AH+· ― 𝐺DH+· + 𝐺A― ―  𝐺D― + 2 𝐺DH ― 2 𝐺AH) (6)

The quantities appearing in both equations are defined by thermodynamic cycles as 

comprehensively depicted in Scheme 4 (F is the Faraday constant). The formulas with the 

explicit statement of redox and acidobasic components (i.e., ∆𝐸° and ∆𝑝𝐾a) are equivalent to 

the right-most expression in eqs 5 and 6, which combine free energies of the systems from the 

thermodynamic cycles in Scheme 4 (see Table S3 and S6 for details). ∆𝐺0,inf is calculated from 

diagonal free-energy terms of the thermodynamic cycles in Scheme 4:

Δ𝐺0,inf = ―𝐹∆𝐸°
H =  (𝐺AH ―  𝐺A) ― (𝐺DH ―  𝐺D) (7)

Scheme 4.  Two half-reaction thermodynamic cycles along with the key thermodynamic 
characteristics of the H-atom acceptor and donor (also denoted as A and D) – reduction 
potentials (𝐸°) and acidity constants (𝑝𝐾a). In this study, H-atom donors are the CH substrates 
from Figure 2 and 5’-deoxyadenosine, while H-atom acceptors are the 5'dAdo• and CH3

• 
radicals.

As a final and important note, the subtractive combination of the two half-reaction cycles 

to produce three thermodynamic components can be viewed as a tug-of-war between two radicals 
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for three different particles – H-atom (reflected by ∆𝐺0,inf) and two H-atom constituents - 

electron and proton (reflected together by 𝜂 and 𝜎). 

Analysis of the RC-to-TS HAA barrier components. According to the linearized Marcus-type 

model for reactivity,27,28 the tunneling-corrected HAA barrier can be decomposed into the four 

contributions: 

∆𝐺≠
HAA = ∆𝐺≠

diag + ∆𝐺≠
offdiag + ∆𝐺≠

00 + ∆𝐺≠
tun (8)

∆𝐺≠
diag ( ≡ ∆𝐺0

2 = 1
2 ―𝐹Δ𝐸°

H + 𝑤P ― 𝑤R  with quantities defined earlier in the text) is the 

thermodynamic contribution to the barrier coming from the free energy of reaction going from 

RC to PC, which is also known as linear free-energy relationship (LFER)57 and ∆𝐺≠
offdiag ( ≡ 𝐹

4

(|𝜎| ― |𝜂|) is the thermodynamic contribution to the barrier coming from the frustration (eq 6) 

and asynchronicity (eq 5). Altogether, the two barrier contributions can be joined into one 

thermodynamic term denoted as ∆𝐺≠
thermo. The third component of the barrier in eq 8 is ∆𝐺≠

00 - 

the term that contains all non-thermodynamic contributions to the barrier, which are specific 

for a given reaction and depend on the reaction coordinate. Note that ∆𝐺≠
00 is then determined 

by subtracting ∆𝐺≠
thermo from the HAA barrier, using eq 8. Finally, the fourth component of the 

barrier is the tunneling correction of the barrier ∆𝐺≠
tun, which may be quite important in reactions 

such as HAA. It is calculated as ∆𝐺≠
tun = ―𝑅𝑇𝑙𝑛(𝜅), where  is the Eckart’s tunneling factor for 

HAA reactions computed using our home-built program (for more details see SI of ref. 63).

Results and discussion

Referential propensity of 5'dAdo• for self-decay reactions and HAA in aqueous environment 

vs. reactivity in enzymatic microenvironments. The investigation of the three possible reactions 

of 5'dAdo• in aqueous solution, which are cyclization, ring opening or HAA from a substrate, 

confirms what is known from experiments - HAA activity of the radical is eliminated due to a 
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rapid unimolecular self-decay via either cyclisation with a free-energy barrier of 12.0 kcal mol-

1 or ring opening with a free-energy barrier of 12.9 kcal mol-1 (Figure 4, left). The barriers for 

bimolecular HAA are considerably higher, as exemplified for H-atom abstraction from two 

(model) radical SAM enzyme substrates – 4 and 5, with the total bimolecular HAA barrier of 

21.6 and 19.6 kcal mol-1, respectively (Figure 4, right). A considerable part of that total barrier 

corresponds to the formation of RC of 5'dAdo• with 4/5, which reaches the respective values of 

10.0 and 5.9 kcal mol-1. Thus, the ‘core’ (RC-to-TS) parts of the HAA barriers are then only 

11.6 and 13.7 kcal mol-1 (without considering the effect of tunneling) and quite comparable 

with unimolecular self-decay energetics (cf. the blue and red shaded profiles on the right versus 

profiles on the left in Figure 4). Notably, in-enzyme reactions, the formation of RC does not 

disfavour HAA relative to the parasitic self-decay reactions as 5'dAdo• is generated in situ in 

the presence of the substrate. This suggests that the enzymatic environment is a crucial 

ingredient to offset the unfavourable RC formation and effectively directs the reactivity of 

5'dAdo•  toward HAA.

In addition, the barriers for H-atom abstraction from 4/5 by 5'dAdo• in the cavities of 

the two prototypic radical SAM enzymes, PLF-AE and LAM, are slightly reduced by only 1.2 

and 0.4 kcal mol-1 (dotted and dashed lines in Figure 4), as compared to their RC-to-TS 

cognates in water. Thus, the actual enzymatic HAA barriers in the non-tunneling regime are 

lowered to 10.4 and 13.3 kcal mol-1, whereas the barriers of self-decay pathways are elevated 

by up to 2-6 kcal mol-1 to reach 15 kcal mol-1 and more. In the majority of radical SAM 

enzymes, the conformation of 5'dAdo• is favourable for self-decay pathways (for details see 

Figure S2 in SI), indicating that the enzymes must employ other strategies to suppress the 

otherwise readily accessible self-decay of the H-atom abstracting agent. In more detail, the 

adenyl group of the 5'dAdo• radical is sandwiched in the cavity between vicinal residues (His131, 

Thr133, Val260, and Asp293 in LAM; Tyr35, His37, Val168, and His202 in PFL-AE; cf. Figure 2), 

Page 17 of 37 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
Ph

up
u 

20
24

. D
ow

nl
oa

de
d 

on
 2

02
4-

07
-2

1 
13

:1
5:

25
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D4CP01725K

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp01725k


whose roles are presumably the correct positioning of 5'dAdo• for reactivity and, 

complementarily, the suppression of cyclization by steric means. 

Overall, the effect of the enzyme on the RC-to-TS barrier and reaction energy for HAA 

is probably rather limited (in 1-2 kcal mol-1 relative to barriers in aqueous medium), as 

witnessed by our calculations on two model enzymatic systems. This indicates that the inherent 

HAA propensity of 5'dAdo• is relatively independent of the environment surrounding the 

radical and, therefore, valid conclusions regarding the activity of radical SAM enzymes can be 

made based on investigation of 5'dAdo•/substrate pairs in aqueous solution, using the three-

component thermodynamic model (see the next sections).

 
Figure 4. Free-energy reaction profile for the self-decay pathways of 5'dAdo• - cyclization and 
ring opening from Scheme 2 (in black and gray, respectively) vs. free-energy reaction profile 
for H-atom abstraction from the substrates 4 and 5 by 5'dAdo• (in red and blue, respectively) in 
aqueous solution. The changes in free-energy reaction profiles upon transition from aqueous 
solution to the enzymatic active site indicated by dotted and dashed lines (for PFL-AE and 
LAM enzymes, respectively) are also shown. The labels used for the key points in HAA 
pathways - R, RC, TS, PC and P stand for separated reactants, reactant complex, transition state, 
product complex and separated products, respectively. The self-decay pathways are 
unimolecular processes and therefore no RC and PC is present there.  Note that the value 
indicated by * refers to the R-to-PC change of potential energy, considering only the substrate 
radical and 5'dAdoH moieties taken from the optimized geometry of the cluster model for the 
PC state of the PFL-AE active site (the R-to-PC free energy of reaction was calculated to be 7 
kcal mol-1 due to some changes in interactions between second-shell residues, which are not 
characteristic of the reaction itself in enzyme). Values for solution were obtained with the 
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B3LYP+D3/def2-TZVP/CPCM(r=78.4) protocol, and values for enzyme environment were 
obtained with the B3LYP/BS1-2/CPCM(r=10.0) protocol. For self-decay reactions, addition 
of water molecules forming hydrogen bonds with 5'dAdo• yields comparable results, i.e., the 
free energy barriers reach 14.3 kcal mol-1 for cyclization and 10.0 kcal mol-1 for ring opening.

H-atom abstraction reactivity of the 5'dAdo• radical in aqueous solution. Bearing in mind that 

a strong H-atom abstraction ability is presumably an inherent property of 5'dAdo•, we looked 

into the energetics of HAA reactions in aqueous environment i) to compare HAA reactivity 

with the barriers for the self-decay pathways and ii) to obtain a detailed insight into the 

mechanism of action of 5'dAdo• with the substrates known to be activated via HAA by radical 

SAM enzymes (substrates listed in Figure 2). The key energy parameters of the HAA reaction 

are the free-energy barrier and the thermodynamic driving force of the reaction, which is the 

free energy of reaction. From Figure 5, tunneling-corrected RC-to-TS HAA barriers ∆𝐺≠
HAA 

range from ~5 to ~17 kcal mol-1 with ~30% of them to be higher than the ones corresponding 

to the ring opening and cyclization pathways with the barrier of 12.0 and 12.9 kcal mol-1, 

respectively (Figure 4). Approximately 50% of all calculated tunneling-corrected RC-to-TS 

barriers are in between 10-12 kcal mol-1 and in only 4 cases above 15 kcal mol-1. Also, almost 

all of the calculated tunneling-corrected RC-to-PC HAA reactions would eventually be 

favoured over the self-decay reactions when these parasitic reactions take place in enzymes, 

where their barriers are shifted up by at least 2 kcal mol-1 (Figure 4). 

Page 19 of 37 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
Ph

up
u 

20
24

. D
ow

nl
oa

de
d 

on
 2

02
4-

07
-2

1 
13

:1
5:

25
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D4CP01725K

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp01725k


Figure 5. Correlation plot between the tunneling-corrected free-energy barrier ∆𝐺≠
HAA and the 

free energy of HAA reaction ∆𝐺0 in going from RC to PC (while the two molecules in both RC 
and PC structures may adopt a considerable amount of conformations/interactions, those 
consistent with the TS structure were selected). For comparison, the energy parameters for two 
self-decay reactions are also shown (in red and blue). The grey zone exemplifies points with 
approximately constant value of ∆𝐺0, diagnosing no effect of the free-energy of reaction on the 
change of the barrier (no LFER contribution). All data are also given in Table S7 and S8 (the 
subset of reactions modeled with the M06 functional is presented in Table S9-S11). For the 
sake of comparison, the correlation plot between the tunneling-corrected total free-energy barrier 
∆𝐺≠

HAA,total and the free energy of bimolecular HAA reaction ∆𝐺0,inf in going from separated 
reactants to separated products is given Figure S3.

We note in passing that when considering bimolecular HAA reactions from separated reactants 

to separated products, the barriers are considerably higher. It is ~75% of all bimolecular HAA 

reactions that actually have larger barriers than the competitive self-decay pathways (Figure 

S3), again highlighting the importance of the formation of 5'dAdo• in the pre-ordered complex 

with the substrate in enzyme. All this again suggests that the role of the enzymatic environment 

might be to suppress the self-decay reactions (but at the same time does not exclude substantial 

stabilization of the TS for HAA by the binding cavity in some particular cases). 

The accessibility of redox and acidobasic properties of 5'dAdo•. To obtain insight into the 

mechanism of HAA performed by 5'dAdo•, we first recall our previous study in ref 43 where 

we analyzed redox and basicity properties of the 5'-deoxyadenosyl radical in water vs. enzyme. 

Therein, the calculations suggested that the basicity of 5'dAdo• increases while its reduction 

potential decreases in passing from solution to enzymatic microenvironment. However, we 

must emphasize that such redox and acidobasic properties of 5'dAdo• in water are coupled with 

the large geometric and electronic rearrangements upon protonation and reduction. Namely, 1e 

reduction of 5'dAdo• is connected with the ring cleavage of the ribosyl group, while protonation 

5'dAdo• includes the intramolecular ET from adenyl to the ribosyl group (cf., Figure 7A in ref 

43). These redox and acidobasic properties therefore also reflect energetics involving some 
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other processes that may not be entirely relevant to HAA reactivity. Alternatively, some other 

interfering redox centers, as they are present in enzymatic active site (such as Fe4S4), appeared 

to prohibit the direct characterization of enzymatic 5'dAdo• (cf., Figure 7B in ref 43). These 

facts eventually preclude quantitative predictions on how thermodynamics affects the HAA 

reactivity of 5'dAdo• in these two different environments. Nevertheless, from the observed 

trends in ref 43, we speculated that enzymatic 5'dAdo• is more basic and weaker oxidant than 

in water solution, and, hence biased toward performing HAA more asynchronously in favor of 

proton transfer, which may lower enzymatic HAA barrier relative to the referential one in 

aqueous solution. This conclusion, which we formulated on the basis of the redox and 

acidobasic properties associated with the accompanying processes, is, inter alia, revised in the 

present work. As we show later in the text, the mechanism of the reaction (and reactivity 

thereof) is indeed co-dictated by the redox and acidobasic properties of 5'dAdo• vs. substrate 

but these properties cannot include events that do not occur in HAA. In the next section, we 

describe the way how such properties are evaluated and linked to off-diagonal thermodynamics 

contributing to HAA reactivity.

Indirect access to the off-diagonal thermodynamic factors based on redistribution of charge 

during the reaction. The primary challenge in the study of the off-diagonal components of the 

thermodynamic contribution to the barrier is the instability of 5'dAdo• upon its 1e− 

reduction/protonation, as we already found in our earlier study43 and discussed in the previous 

section. Also, some of the substrates from Figure 2 are similarly unstable upon 

oxidation/deprotonation, i.e., their radical conjugates are unstable upon reduction/protonation. 

Thus, in order to evaluate the off-diagonal thermodynamics and its effect on the barrier (

∆𝐺≠
offdiag) in HAA reactions with 5'dAdo•, we first identified subset of CH substrates from 
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Figure 2, whose off-diagonal thermodynamics can be directly characterized based on the 

prescription presented in Scheme 4 (the substrates from this subset listed in Table S1). 

For these substrates, we then evaluated the thermodynamic factors η and  in an 

accessory set of HAA reactions featuring an auxiliary methyl radical CH3
• instead of 5'dAdo•; 

see the computed data in Figure 6A and Table S3.  In the rest of the text, wherever we refer to 

the characteristics η and  for the reaction with CH3
•, we will use the notation η' and ' (and 

∆𝐺≠′offdiag thereof), otherwise η,  and ∆𝐺≠
offdiag is reserved for reactions with 5'dAdo•. Employing 

this set of reactions, we identified an electronic-structure descriptor correlating with 

asynchronicity η' (Figure 6B) as well as with ∆𝐺≠′offdiag (Figure 6C); we did not find a descriptor 

correlating significantly with frustration. Namely, both quantities correlate nicely with the 

descriptor:

 ∆𝑄′ = 1 2 |∆𝑞H| |∆𝑞CH3|  (9)

where ∆𝑞CH3 is always negative and stands for the change of charge on the CH3
• moiety and ∆

𝑞H is always positive and accounts for the change of charge of the transferred hydrogen atom 

in going from separated reactants and to TSHAA; the latter term is corrected for the charge 

polarization in the CH bond upon reactant-to-TS transition of the substrate geometry (details 

in Figure S4 and Table S4). In particular, the correlation between ∆𝐺≠′offdiag and ∆𝑄′ is very 

remarkable (r2=0.93), which allows to access ∆𝐺≠′offdiag (and η') for the substrates, for which 

explicit calculation of the off-diagonal factors was not achievable. 

Thus, for these CH substrates as well as the hydrogenated conjugate of 5'dAdo• (5’-

deoxyadenosine denoted as 5'dAdoH), for which η' and ∆𝐺≠′offdiag cannot be calculated explicitly, 

the off-diagonal thermodynamic contributions are estimated based on the respective correlation 

lines, as presented in Figures 6B and 6C. In addition, from the approximated values of η' and 

∆𝐺≠′offdiag for the reaction between substrate/5'dAdoH and CH3
•, we can eventually determine ' 
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as ―(4∆𝐺≠′offdiag/𝐹 + 𝜂′); this simple combination of η' and ∆𝐺≠′offdiag ( ≡ 𝐹
4 |𝜎′| ― |𝜂′|  to get ' is 

possible due to the fact that 𝜂′ is always positive and ' is always negative in presented HAA 

reactions with CH3
• (cf., Figure 6A). 

Figure 6. A. Asynchronicity vs. frustration from respective eqs 5 and 6 calculated for the HAA 
reactions between the CH bond substrates and the CH3

 radical. From eqs 5 and 6, the 
combination of η and  yields back ∆𝐸°′and 𝑅𝑇 𝐹 ln(10) × ∆𝑝𝐾′a (diagonal axes), which 
measure differences between CH3

 and radical conjugate of the substrate in their abilities to be 
reduced and to be protonated, respectively. As a reference, 𝐸° and 𝑅𝑇 𝐹 ln(10) × 𝑝𝐾a 
associated with the CH3

 radical are calculated to be -1.402V and -2.786V, respectively. All the 
data are shown in Table S3. B. The correlation between asynchronicity factor and charge 
redistribution in the transition from separated reactants to TS (∆𝑄′) calculated from eq 9; for a 
detailed description see Figure S4. C. The correlation between the off-diagonal thermodynamic 
contribution to the barrier from eq 8 and ∆𝑄′. Note that red points in all three plots are for 
substrates, which are directly/explicitly thermodynamically characterized via Scheme 4. The 
blue points in panels B and C correspond to the substrates and 5'dAdoH (marked with ‘+’), 
which are unstable upon oxidation and/or deprotonation and therefore their off-diagonal 
thermodynamics is approximated using correlation lines in panel B and C. The ∆𝑄′ values in 
the panels B and C were obtained using AIM scheme and are explicitly given together with ∆𝑞H 
and ∆𝑞CH3 in Table S4. 

Taking advantage of 𝜂′ and ′ data for all HAA reactions between substrates/5'dAdoH 

and CH3
•, we can finally evaluate η and  for reaction between any substrate from Figure 2 and 

5'dAdo• as the difference in η' (′) between the reaction [substrate; CH3
•] and [5'dAdoH; CH3

•] 

systems:

𝜂[substrate; 5′dAdo•] = 𝜂′[substrate; CH•
3] ―𝜂′ 5′dAdoH; CH•

3 (10)

𝜎[substrate; 5′dAdo•] = 𝜎′[substrate; CH•
3] ―𝜎′ 5′dAdoH; CH•

3 (11)
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 Analogously, the difference between ∆𝑄′ of the [substrate; CH3
•] system and ∆𝑄′ of the 

[5′dAdoH; CH3
•] system is a measure of the charge redistribution Δ𝑄′′ in between the substrate 

and 5'dAdo• when going from separated reactants to transition state:

Δ𝑄′′[substrate; 5′dAdo•] = Δ𝑄′[substrate; CH•
3] ― Δ𝑄′ 5′dAdoH; CH•

3 (12)

To confirm the relevance of using the radical probe CH3
• not only to evaluate the off-

diagonal thermodynamics of the reactions between the substrate and 5'dAdo• (eqs 10 and 11), 

but also to faithfully represent the charge redistribution in the [substrate; 5'dAdo•] reactions, we 

correlated Δ𝑄′′ from eq 12 with

Δ𝑄∗∗[substrate; 5′dAdo•] = Δ𝑄∗[substrate; 5′dAdo•] ― Δ𝑄∗[5′dAdoH; 5′dAdo•] (13)

where Δ𝑄∗ is the reactant-to-TS charge redistribution in the direct reaction of substrate/5’-

deoxyadenosine with 5'dAdo• and is given as 1 2(|∆𝑞H| |∆𝑞Ado∙|)  with ∆𝑞Ado∙ to be always 

negative and standing for the change of charge on the 5'dAdo• moiety, and with ∆𝑞H to be always 

positive and corresponding to the change of charge of the transferred hydrogen atom in going 

from separated reactants and to TSHAA. The term ∆𝑞H is again corrected for the charge 

polarization in the CH bond upon reactant-to-TS transition of the substrate/5’-deoxyadenosine 

geometry (cf. Figure S4 and Table S5). In Figure 7, we show a very nice (almost one-to-one) 

correlation between Δ𝑄∗∗ from eq 13 and Δ𝑄′′ from eq 12. 

Figure 7. A. The correlation of Δ𝑄∗∗ from eq 13 with Δ𝑄′′ from eq 12 and their correlation with 
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asynchronicity 𝜂 from eq 10.  The interpolation line, mean unsigned error (MUE) and and r2 
are given for the Δ𝑄∗∗ vs. Δ𝑄′′ plot. All presented points are for HAA reactions with substrates 
from Figure 2. For the data see also Table S4-S6. Of note, Δ𝑄∗ in the [5′dAdoH; 5′dAdo•] self-
exchange reaction in eq 13 is a constant value of 0.1045e with ∆𝑞H and ∆𝑞Ado∙ to be 0.137e and 
-0.072e, respectively. B. Off-diagonal thermodynamic factors - frustration vs. asynchronicity 
for HAA by 5'dAdo•; the points are color coded as in the plot from panel A. Following eqs 5 
and 6, the combination of η and  yields back E° and 𝑅𝑇 𝐹 ln10 × ∆𝑝𝐾a (diagonal axes), 
which measure differences between 5'dAdo• and radical conjugate of the substrate in their 
abilities to be reduced and to be protonated, respectively. Interestingly, Δ𝑄′′ is almost entirely 
determined by E°, as evident from the separation and shading of the blue and red points along 
the E° axis. 

Mechanistic interpretation of the 𝚫𝑸′′ descriptor and implications on the enzymatic activity 

of radical SAM enzymes. The reactant-to-TS charge redistribution Δ𝑄′′ (and Δ𝑄∗∗) is directly 

linked to thermodynamically defined asynchronicity (Figure 7) so that a more asynchronous 

reaction in favor of ET (more positive η) means more negative Δ𝑄′′ (and Δ𝑄∗∗) reflecting more 

negative charge transferred on the H-atom acceptor 5'dAdo• and less positive charge built on 

H-atom. Conversely, a more asynchronous reaction in favor of PT (more negative η) means 

more positive Δ𝑄′′ (and Δ𝑄∗∗) with less negative charge transferred on the H-atom acceptor 

5'dAdo• and more positive charge built on H-atom. It is also consistent with the correlations 

between ∆𝑞H and ∆𝑞CH3/∆𝑞Ado∙ and η presented in Table S4-S6. In the set of HAAs with 

5'dAdo•, there is a comparable number of reactions asynchronous in favour of PT and ET (~50% 

and ~50% of all reactions, respectively). Also, most of the reactions exhibit a relatively low 

degree of asynchronicity for H+/e transfers (65 % with || less than 700 mV). From that, 

5'dAdo• appears to be similarly potent as a base and an oxidant in comparison to basicity and 

one-electron reducibility of radical conjugates of the most studied CH substrates (cf. relatively 

low values for ∆𝐸° and 𝑅𝑇 𝐹 ln10 × ∆𝑝𝐾a; Figure 7B and Table S6). Since all radical 

conjugates of the studied substrates, for which 𝐸° and 𝑝𝐾a could be explicitly calculated, have 

a (very) negative reduction potential 𝐸° (Figure 6A along with the caption), we conclude that 

5'dAdo• actually enters HAA as a very weak one-electron oxidant characterized by 𝐸° of -1.3V 
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as well as a very weak base characterized by 𝑝𝐾a of -2.2 (i.e., 𝑅𝑇 𝐹 ln10 × 𝑝𝐾aof -0.06V). It 

should be stressed that the quantification of 𝐸° and 𝑝𝐾a differs significantly from the 0.28V and 

13 taken from Ref. 43. The difference stems from the fact that both the redox and acidobasic 

values from ref. 43 include processes accompanying the reduction and protonation of water-

solvated 5'dAdo•, such as the ring opening and intramolecular ET, respectively. In contrast, the 

redox and acidobasic properties of 5'dAdo• presented here are devoid of these accompanying 

and stabilizing processes, indicating that they are closely linked to the methyl-radical group of 

5'dAdo• and therefore relevant to HAA reactivity.

Three-component thermodynamics-based decomposition of barriers for the reaction; 

the dual role of asynchronicity in hydrogen atom transfer reactions. As noted in the previous 

sections, the inherent HAA propensity of 5'dAdo• for HAA is not strongly affected by the 

surrounding environment and thus valid conclusions can be made based on the model set of 

5'dAdo•-performed HAA reactions in aqueous solution. From the thermodynamic point of view, 

we see in Figure 5 that all studied RC-to-PC HAA reactions are exergonic, i.e., ∆𝐺0 < 0) – 

likewise in the bimolecular scenario from separated reactants to separated products (cf. Figure 

S3). It means the 5'dAdo• radical forms the stronger CH bond than any of its native substrates. 

Although the correlation between ∆𝐺≠
HAA and ∆𝐺0 in Figure 5 is not so pronounced, it witnesses 

the effect of the degree of exergonicity on the reaction barrier, i.e., the presence of LFER 

shaping the HAA reactivity of 5'dAdo•-dependent systems. 

Nevertheless, it is also apparent that LFER is not the only factor influencing the barrier 

for HAA as the correlation between Δ𝐺≠ and ∆𝐺0 is not tight and far from an ideal pattern with 

a slope of ½ (and r2 = 1). In fact, many of the selected subsets cannot be rationalized based on 

LFER: examples are the points in the gray zone that have the same ∆𝐺0.
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To better understand other factors contributing to the HAA barrier heights along the 

trajectory going from RC  to PC, we performed the analysis based on the eq 8, which allows to 

decompose ∆𝐺≠
HAA into four contributions (cf. bars in Figure 8) including the diagonal 

thermodynamic effect related to the above-discussed LFER (∆𝐺≠
diag), off-diagonal 

thermodynamic effect (∆𝐺≠
offdiag), H-atom tunneling (∆𝐺≠

tun) and the reaction-coordinate 

dependent electronic effects (∆𝐺≠
00). Of note, the analogous data and analyses for the same 

reactions but going from separated reactants to separated products are provided in SI. 

Figure 8. The tunneling-corrected free energy barrier for RC-to-PC HAA reactions between 
5'dAdo• and CH bond substrates from Figure 2 (in black), calculated in aqueous solution. The 
barrier ∆𝐺≠

HAA was decomposed into four terms (following eq 8). HAA reactions are indicated 
by the labels used for the substrates in Figure 2. The reactions are ordered following the 
decrease in the magnitude of ∆𝐺≠

diag. The reactions in a black frame correspond to the grey zone 
in Figure 7. For the sake of comparison, the analogous plot for the HAA reactions going from 
separated reactants to separated products is given in Figure S5.

First, the LFER term ∆𝐺≠
diag is always negative and pulls down the HAA barrier by up to 

10 kcal mol-1 (a few exceptions even lower); see the orange part of the bars in the negative 

region of the vertical axis in Figure 8. 

Second, the off-diagonal thermodynamic contribution to ∆𝐺≠
HAA arising from the effect 

of asynchronicity and frustration is dispersed along the vertical axis in Figure 8, mostly in the 
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range of 5 to +5 kcal mol-1 as evinced by the blue part of the bars. Despite this variance, 70% 

of the studied reactions are characterized by a negative contribution ∆𝐺≠
offidiag. Thus, for vast 

majority of these reactions (95%), the sum of the diagonal and off-diagonal contributions 

remains negative, which means that the overall thermodynamic contribution ∆𝐺≠
thermo pulls the 

barrier down in energy.

Third, the tunneling component of the barrier ∆𝐺≠
tun is more or less constant in the 

presented set of HAA reactions and has a negative contribution to barrier by diminishing it in 

average by 1.8 kcal mol-1 (the green component of the bars in Figure 8). 

Finally, the ∆𝐺≠
00, as the remaining constituent of the HAA barrier, is always positive 

and has a dominant absolute value in most cases. Notably, it is the factor responsible for the 

variability of the Δ𝐺≠
HAA in the grey zone indicated in Figure 5 (cf. the systems in a black frame 

in Figure 8). For better understanding of this term (which by definition absorbs all reaction-

coordinate dependent factors), let us rearrange the HAA barrier ∆𝐺≠
HAA from eq 8 in an 

alternative way so that the sum of all contributions to the HAA except for ∆𝐺≠
diag is referred as 

the intrinsic barrier of the HAA reaction (∆𝐺≠
intrinsic). The effect of ∆𝐺≠

intrinsic and ∆𝐺≠
diag on 

the HAA barrier is shown in Figure 9A. The component ∆𝐺≠
diag captures what we have already 

observed in Figure 5, but it is clear that the complementary component ∆𝐺≠
intrinsic may be even 

more important in some reaction subsets, as exemplified by the gray region in Figure 9A. 

Further decomposition of the intrinsic barrier into off-diagonal thermodynamic ∆𝐺≠
offdiag and 

tunneling-corrected ∆𝐺≠
00 terms reveals the correlation of the two components (Figure 9B). 
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Figure 9. A. The tunneling-corrected ∆𝐺≠
intrinsic vs. ∆𝐺≠

diag and their effects on the total 
tunneling-corrected barriers ∆𝐺≠

HAA for RC-to-PC HAA reactions between the CH substrates 
from Figure 2 and the 5'dAdo• radical. The iso-contours for tunneling-corrected ∆𝐺≠

HAA are 
indicated. B. The tunneling-corrected ∆𝐺≠

00 vs. ∆𝐺≠
offdiag and their effects on ∆𝐺≠

intrinsic. The 
iso-contours for tunneling-corrected ∆𝐺≠

intrinsic are indicated. C. ∆𝐺≠
00 vs. asynchronicity ; the 

points are color coded according to the charge redistribution Q'' defined by eq 12. For the sake 
of comparison, the analogous plots for the reactions going from separated reactants to separated 
products is given in Figure S6.

While there are subsets of reactions characterized by the intrinsic barriers driven solely 

by ∆𝐺≠
00 or ∆𝐺≠

offdiag (e.g., the points in the grey zones in Figure 9B are essentially dependent 

only on either ∆𝐺≠
00 or ∆𝐺≠

offdiag), overall correlation suggests that ∆𝐺≠
00 and ∆𝐺≠

offdiag largely 

compensate each other. Note that neither ∆𝐺≠
00 nor ∆𝐺≠

offdiag correlate with ∆𝐺≠
diag as shown in 

Table S8. Indeed, the observation that ∆𝐺≠
00 increases as ∆𝐺≠

offdiag decreases is attributed to the 

opposite effect of asynchronicity on both HAA barrier components. First, ∆𝐺≠
offdiag decreases 

due to an increasing contribution of asynchronicity to ∆𝐺≠
offdiag (that is ― 𝐹

4|𝜂|). Second, ∆𝐺≠
00 

increases as the reaction becomes more asynchronous in favor of either PT or ET component 

of thermodynamic driving force for reaction. This is evidenced by Figure 9C, displaying the 

V-shaped modulation of ∆𝐺≠
00 by 𝜂, where ∆𝐺≠

00 tends to reach its minimum for the most 

synchronous reactions. 

This may seem puzzling as Δ𝐺≠
00 is supposed to be independent of thermodynamic 

contributions to the overall barrier for the reaction, yet it brings our attention to one crucial 

characteristic of HAA reactions. Namely, ∆𝐺≠
00 includes the adiabatic coupling (W) between 

the reactant and product states, which mix along the HAA reaction coordinate and thus 
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contribute to shape the energy profile of the reaction: the stronger the coupling, the greater the 

mixing and the lower the TS. In other words, the adiabatic coupling also reflects the coupling 

between PT and ET component in HAA.64-68 Since thermodynamic asynchronicity controls the 

concertedness of PT and ET in HAA,27,28 the importance of coupling is then expected to 

decrease when passing from a less asynchronous reaction to a more asynchronous hydrogen 

atom transfer (HAT) reaction: greater asynchronicity between H+/e transfers, less coupling and 

higher ∆𝐺≠
00 (since the adiabatic coupling must always contribute to ∆𝐺≠

00 as ― |𝑊|). We note 

in passing that W is strong in HAT reactions, which usually takes place between organic 

molecules64,66 (as the case of the reaction between CH substrates and 5'dAdo•) and therefore, 

one may expect a relatively large variability of W with changing η. This would contrast to 

another class of HAA reactions - the related but mechanistically distinct proton-coupled 

electron transfer (PCET) reactions associated with considerably smaller values of W (usually 

seen in inorganic chemistry).69-71 In PCET, ∆𝐺≠
00 should be therefore effectively independent 

of η. This was the case that we observed in ref 27. Of note, ∆𝐺≠
00 is largely affected by |η| in a 

strongly adiabatic subspace of radical ligand transfer reactions.72

In summary, off-diagonal thermodynamics co-determines the HAA barrier directly (as 

∆𝐺≠
offdiag) and indirectly through modulation of the adiabatic coupling in ∆𝐺≠

00. Because of this 

indirect effect, these reactions are therefore classified as strongly adiabatic hydrogen-atom 

transfers. 

Concluding remarks

In this work, we investigated factors modulating reactivity of 5'-deoxyadenosyl radical, a strong 

hydrogen atom abstractor, which plays a central role for HAA activity of radical SAM enzymes. 

The study covers HAA reactions with a set of 28 native substrates of radical SAM enzymes as 

well as two 5'dAdo• self-decay processes. The main conclusions of the study are as follows:
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1. The bimolecular H-atom abstraction from a substrate by 5'dAdo• in aqueous 

environment in most cases indeed features a higher barrier than the competing self-

decay reaction. However, a considerable part of this barrier is associated with the 

formation of a substrate:5'dAdo• complex. As a result, the ‘core’ HAA barrier is 

noticeably lowered and comparable with the barriers for self-decay. 

2. The presented HAAs are characterized by a strong (and more or less constant) tunneling 

factor, which lowers the barrier by ~2 kcal mol-1 compared to the non-tunneling regime, 

further favouring HAA compared to the radical self-decay.

3. Nature harnesses the high reactivity of 5'dAdo• radical in radical SAM enzymes in two 

ways: (i) by formation of 5'dAdo• in a pre-ordered complex with a substrate present (see 

point 1), and (ii) by performing the reaction in a tight cavity that hinders radical decay 

mechanisms by pushing their barriers by 2-5 kcal mol-1, above the referential aqueous 

solution. In contrast, the transition from water to enzymatic microenvironment does not 

strongly influence the barrier for HAA in going from reactant complex to transition 

state. Thus, valuable information can be obtained from the study of the HAA reactivity 

of 5'dAdo• radical based on simplified models in aqueous solution. 

4. To analyze HAA reactivity of 5'dAdo•, we took advantage of the concept of off-diagonal 

thermodynamics and its effect on reactivity developed in our group. According to this 

concept, the barrier is not modulated only by the free-energy of reaction (the diagonal 

thermodynamic factor) but also by two off-diagonal thermodynamic factors – 

frustration and asynchronicity. The two factors arise from combinations of 1e reduction 

potentials and basicities of the two radical species that compete over hydrogen atom. To 

exploit the concept, we had to first deal with the instability of 5'dAdo• upon 1e 

reduction and protonation preventing from the direct characterization of the reduction 

potential and acidity constant of 5'dAdo•. Instead, we found that off-diagonal 
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thermodynamic factors and hence their contributions to the reaction barriers can be 

accessed by measuring the change of charge redistribution between the reactants along 

the reaction coordinate. The descriptor correlates with both asynchronicity and (more 

remarkably) with the total off-diagonal contribution to the barrier. The methodological 

aspect of this approach also provides a guide for solving other chemical problems, where 

the off-diagonal terms are directly unavailable.

5. Examination of HAA-relevant redox and acidobasic properties of 5'dAdo• reveals that 

it is in fact a weak oxidant and a weak base, quite comparable in strength to the radical 

conjugates of all native substrates under study. This implies a relatively low degree of 

asynchronicity between proton- and electron-transfer components of HAA reactions 

between 5'dAdo• and most of substrates. This may be one of the ways employed by the 

radical SAM enzymes to protect themselves from oxidative damage.

6. The decomposition of the HAA barriers into several contributions shows that the 

diagonal thermodynamic factor (canonical linear free energy relationship) is not the 

only factor shaping the reactivity of 5'dAdo•,. In the presented set of HAA reactions, it 

also strongly depends on the intrinsic barrier comprising the off-diagonal 

thermodynamic component and the non-thermodynamic (reaction-coordinate 

dependent) component. Globally speaking, the changes of the two contributions across 

the reaction set are negatively proportional, which can be traced down to the key and 

dual role of asynchronicity in HAA.

7. Asynchronicity in the presented set of reactions appears to have a two-fold effect on the 

intrinsic barrier (i) as one of the two components of the direct off-diagonal 

thermodynamic contribution and (ii) indirectly by affecting the adiabatic coupling, 

which is a part of the non-thermodynamic component. Since thermodynamic 

asynchronicity controls the concertedness of the electron and proton transfers, and 
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adiabaticity controls the strength of the coupling between electron and proton transfer, 

then a larger asychronicity implies smaller adiabatic coupling, which in turn increases 

the non-thermodynamic component of the HAA barrier. This apparently significant 

connection between non-thermodynamic component and asynchronicity is an imprint 

of adiabatic hydrogen-atom transfers (HATs), contrasting to proton-coupled electron 

transfers (PCETs) studied in ref 27.
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