'.) Check for updates

Europe

European Chemical
Societies Publishing

Full Paper

Chemistry—A European Journal doi.org/10.1002/chem.202002993

l Oxygenases

DpgC-Catalyzed Peroxidation of 3,5-Dihydroxyphenylacetyl-CoA
(DPA-CoA): Insights into the Spin-Forbidden Transition and

Charge Transfer Mechanisms**

Pablo Ortega,” Alexandre Zanchet,™® Cristina Sanz-Sanz,' Susana Gémez-Carrasco,

[a]

Lola Gonzalez-Sanchez,® and Pablo G. Jambrina*®

/Abstract: Despite being a very strong oxidizing agent, most
organic molecules are not oxidized in the presence of O, at
room temperature because O, is a diradical whereas most
organic molecules are closed-shell. Oxidation then requires a
change in the spin state of the system, which is forbidden
according to non-relativistic quantum theory. To overcome
this limitation, oxygenases usually rely on metal or redox co-
factors to catalyze the incorporation of, at least, one oxygen
atom into an organic substrate. However, some oxygenases
do not require any cofactor, and the detailed mechanism fol-
lowed by these enzymes remains elusive. To fill this gap,
here the mechanism for the enzymatic cofactor-independent
oxidation of 3,5-dihydroxyphenylacetyl-CoA (DPA-CoA) is
studied by combining multireference calculations on a

model system with QM/MM calculations. Our results reveal
that intersystem crossing takes place without requiring the
previous protonation of molecular oxygen. The characteriza-
tion of the electronic states reveals that electron transfer is
concomitant with the triplet-singlet transition. The enzyme
plays a passive role in promoting the intersystem crossing,
although spontaneous reorganization of the water wire con-
necting the active site with the bulk presets the substrate
for subsequent chemical transformations. The results show
that the stabilization of the singlet radical-pair between di-
oxygen and enolate is enough to promote spin-forbidden
reaction without the need for neither metal cofactors nor
basic residues in the active site.

/

1. Introduction

The great oxygenation event, approximately 2.4 billion years
ago, was one of the most important episodes in the history of
life on Earth. The accumulation of molecular oxygen (O,) in
the atmosphere eventually caused the extinction of a myriad
of life forms.”” Those that survived evolved to exploit the pres-
ence of O,, using it to release the energy that cells will use for
their maintenance and growth. The oxygen reduction reaction
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is also crucial for emerging energy technologies, such as solar
fuels production.®™

From a chemical point of view, reactions between O, and or-
ganic matter are conceptually complicated. The majority of the
stable molecules involved in a biological process are singlets
(all the electrons are paired). O, is an exception to this rule,
and in its ground electronic state it has two unpaired elec-
trons: it is a triplet. Hence, reactions between O, and organic
molecules should involve the change of the spin state (inter-
system crossing), a process that is forbidden in non-relativistic
quantum chemistry, and accordingly should be very slow at
room temperature. This explains why organic matter exists in
our oxidizing atmosphere.

To circumvent this limitation, enzymes typically use transi-
tion metals, mostly iron, to catalyze reactions with 0,.' Tran-
sition metals also contain unpaired electrons so may react with
0, via a spin-allowed reaction. Moreover, metals can be used
to preactivate the substrate, forming a radical that can react
with 0,59 Last but not least, spin-orbit coupling (SOC),!"""'®
the relativist effect that permits intersystem crossing, is expect-
ed to be significantly strong for systems that include transition
metals. Other proteins use redox organic cofactors to catalyze
spin-forbidden reactions, especially flavin.'*"

Intriguingly, some oxygenases are capable of catalyzing the
incorporation of at least one oxygen atom from O, to an or-
ganic substrate without needing any cofactor.”>* The catalyt-
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ic mechanism followed by these enzymes has been studied
both computational and experimentally (see for example
Refs. [25]1-[38]) although the procedure used to facilitate inter-
system crossing is still controversial.?*3

From among these proteins, we will focus on DpgC, the first
protein for which a crystal structure showing a substrate
analog and O, bound to the enzyme was resolved.?® DpgC
is a hexameric crotonase oxygenase®*? that plays a key role
in the biosynthesis of dihydroxyphenylglycine (DPG), a non-
natural amino acid found in “antibiotics of last resort” such as
vancomycin or teicoplanin.*" In particular, DpgC catalyzes the
cofactor-independent oxidation of 3,5-dihydroxyphenylacetyl-
CoA (DPA-CoA) to 3,5-dihydroxyphenyl-glyoxylate (DPGX;
Figure 1). When DPA-CoA binds to the active site, it is depro-
tonated at C,. Deuterium atom exchange was observed even
at anaerobic conditions, confirming that this first step is O, in-
dependent and that DpgC stabilizes the enolate before O, ac-
cesses the active site.*? Following deprotonation of C,, O, dif-
fuses into the active site. Molecular dynamics (MD) calculations
predict that there are three main pathways for O, diffusion,’
all of them guiding O, to the hydrophobic pocket in which O,
was resolved in the crystal structure. These simulations also
suggested that the binding of O, to the active site is rather
weak, which is compensated by a higher frequency of O, entry
into the active site.”

The reaction between O, and DPA-CoA is expected to pro-
ceed via a peroxide intermediate.***® This is a spin-forbidden
process, and it is likely the rate-limiting stage of the overall
process. Contrary to what was observed for other proteins
such as glucose oxidase® where a His516 residue acts as a
proton donor and protonates O, throughout the reaction, in
the O, pocket of DpgC there are no amino acids that could
play that role. In a subsequent step, the peroxide breaks lead-
ing to the formation of DPGX via either a Criegee rearrange-
ment or following a dioxetane intermediate.””

There are three reasons why we believe that DpgC is an ex-
cellent system for the characterization of the general mecha-
nism of a spin-forbidden cofactorless addition of O, to an or-
ganic enolate. First, the lack of basic residues around the
active site permits us to analyze to what extent the formation
of the peroxide is possible in the absence of amino acids,
which could protonate the peroxide. Second, there are no aro-
matic residues that could be involved in m-mt stacking interac-
tions, so the hypothesis of a “spin-well” could be ruled out.”
Third, the peroxidation occurs outside the aromatic ring, so in
a first approximation the 7 orbitals of the ring do not have to
be included in the active space, which facilitates convergence
in the multireference calculations.

+
o -H
/CoA /CoA
Ca

DPA-CoA

From a fundamental point of view, the study of spin-forbid-
den reactions is very challenging. It requires the characteriza-
tion of all the concurrent potential energy surfaces (PESs), for
at least two different spin multiplicities. For these reactions,
the minimum energy crossing point (MECP) between the two
PESs of different spin multiplicities plays the role of the effec-
tive barrier* To determine the rate coefficient of a spin-for-
bidden reaction, it is also necessary to calculate the SOC. In
the non-adiabatic transition state theory, the transmission coef-
ficient is approximated by the hopping probability, which de-
pends on the magnitude of the SOC, and also on the differ-
ence in slope of the PESs along with the reaction coordinate in
the crossing point. In its simplest case, the hopping probability
is calculated by using the celebrated Landau-Zener formula.®”
For typical values of SOC, the hopping probability lies between
0.001 and 0.1, which is equivalent to an increase in the activa-
tion energy of 1-4 kcalmol ™' at room temperature.”’* Similar
methodologies have been successfully applied to the study of
some enzymatic reactions,!'>?43343233 including glucose ox-
idase®>® and p-hydroxyphenylacetate hydroxylase,”?® for
which O, reacts with flavin, as well as the cofactorless oxygen-
ases (1 H)-3-hydroxy-4-oxoquinaldine 2,4-dioxygenase
(HOD)®3" and nogalamycin monoxygenase,*” some of them
using small active site models.

Regarding the available ab initio methods that could be
used to describe spin-forbidden reactions, multireference
methods are advised as they account for several electronic
states on an equal footing, and estimate the magnitude of the
SOC. Among these methods, the multiconfiguration reference
internally contracted configuration interaction (MRCI) method
is one of the most accurate, and it is considered the golden
standard for multireference systems. MRCI is routinely applied
for the calculation of ground and excited PESs for systems in-
volving up to three or four atoms in several electronic states
(see for example Refs. [54]-[59]). For larger systems, the use of
MRCI is not common owing to its computational cost, and
convergence issues. However, if it is possible to select a stable
active space that properly describes the process under study, it
becomes a powerful tool for the understanding of chemical re-
activity.

The goal of this article is to understand the detailed mecha-
nism of the spin-forbidden reactions between O, and an or-
ganic substrate that does not require the presence of any co-
factor. To address this question, we studied the reaction be-
tween DPA-CoA and O, by using two sets of quantum calcula-
tions: high level multireference ab initio methods on a model
system, and a DFT-based QM/MM approach.

" -SH-CoA.
/CoA

DPGX

Figure 1. Proposed mechanisms for the conversion of 3,5-dihydroxyphenylacetyl-CoA (DPA-CoA) to 3,5-dihydroxyphenyl-glyoxylate (DPGX) by DpgC.
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2. Results and Discussion

As stated above, we are going to combine the results obtained
by using two kinds of calculations. The first group consisted of
MRCI calculations describing the nine electronic states that are
relevant for O, addition to the enolate. Owing to the large
computational cost of MRCI calculations, we used the model
system depicted in the top panel of Figure 2, where DPA-CoA
has been replaced by S-methyl-but-3-enethioate (hereinafter
butenthioate). The second group of calculations consisted of a
QM/MM description of the enzymatic reaction, relying on DFT
methods. The atoms included in the QM region (shown in the
bottom panel of Figure 2) are O,, the DPA moiety of the sub-
strate, and the sidechain of three residues: Ala319 and lle324
in the hydrophobic pocket of O,, and GIn299. We also added
to the QM region four water molecules nearby, which could be
involved either in the protonation of the peroxide formed or in
the stabilization of DPA-CoA. The QM/MM calculations will pro-
vide clues to the role played by the protein scaffold to pro-
mote the process, and in particular, will serve to discuss the
relevance of the possible proton transfer steps.

2.1. Reaction between O, and S-methyl-but-3-enethioate

In its ground state, the electronic configuration of O, is
(10,)*(10,%)%(204)%(20,%)*(30,)*(17,)* (1,*)>.  The distribu-
tion of two electrons in two degenerated 7 orbitals leads to
three electronic states relatively close in energy: the ground
°Y, state, the '4, (doubly degenerate, which splits into two
states in the presence of any colliding partner), and the 129*.
The energy difference between 'Y/ and °3, is only of
37.7 kcalmol '** with '4, lying between them (22.64 kcal
mol~" above 32;). Further excited states involve excitation of
one electron from the (17,*) to (30,*) orbital, but they
appear much higher in energy and are unlikely to play any
role in the intersystem crossing. On the other hand, buten-
thioate is a closed-shell molecule that does not present any ex-
cited state close in energy.

For the MRCI calculations, we selected an active space that
includes four electrons in three orbitals: the HOMO orbital of
butenthioate (hereinafter p¢, although it is delocalized over
the three sp? C atoms) and the two 17,* orbitals of O,, which
are singly occupied in the ground state of O, and we will
denote as 7, *. With this active space we can describe up to
nine electronic states: three triplets and six singlet states, de-
noted as 1-3*[DPA-O,] and 1-6'[DPA-O,], respectively.

Figure 3 displays the energy profiles of the considered elec-
tronic states during the addition of O, to butenthioate as a
function of rc o, the distance between C, and O, (the two
atoms between which the new bond will be formed, as shown
in Figure 2). To build these energy profiles, optimized geome-
tries were considered for each value of r¢ o, following the pro-
cedure described in the Experimental Section. It is worth notic-
ing that, based on QM/MM optimizations of the peroxide, we
applied constraints to keep all the C atoms of butenthioate in
the same plane. This constraint is only relevant at small rc o,
where the peroxide is formed, and was chosen to better mimic
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S-Methyl-but-3-enethioate model
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Figure 2. Schematic representation of the atoms included in the S-methyl-
but-3-enethioate (top panel), and in the QM region for the QM/MM calcula-
tions (bottom panel). Two different QM regions were used in the later calcu-
lations. A larger one including all residues highlighted, and a smaller one in
which the residues highlighted in red were included in the MM region. The
hydrogen bonds between DPA and the water molecules nearby are high-
lighted in yellow, whereas the distance between C, and O, is highlighted in
blue. For the sake of clarity, we only show in the 3D representation the
atoms included in the small QM region.

the behavior of DPA-CoA in the protein environment (see the
Experimental Section).

At large rc o distances, it is safe to assume that there is
almost no interaction between butenthioate and O,, and the
active orbitals do not mix. Under these circumstances, it is pos-
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Figure 3. Top panel: Energy profiles for the addition of O, to S-methyl-but-3-
enethioate as a function of the C,—O distance. The ground triplet state and
the six singlets involved are shown. A zoom of the lower energy region is
shown in the bottom panel. The two excited triplet states are not depicted
for the sake of clarity. Calculations carried out at the MRCI(4,3)/6-31 + G(d,p)
level of theory.

sible to correlate the adiabatic states with the electronic con-
figurations of the two colliding partners. The first four states
(the ground triplet state, 1’[DPA-O,], and the three first singlet
states, 1-3'[DPA-O,]) are well described with a (pc,) (7o, *)?
electronic configuration, namely DPA™-O,, where the negative
charge is located on the butenthioate. In this conformation,
the four states correlate to the four lowest energy states of O,:
the ground 32; state, the '4, (doubly degenerate), and the
12;. In our calculations, the energy difference between '4,
and 32; is 26.1 kcalmol™, just a 15% larger than that ob-
served for gas-phase isolated 0,” and the same trend is ob-
served for the difference between 12; and 32;, which con-
firms the validity of the applied theoretical methods.

The following four states, 4-5'[DPA-O,] and 2-3°[DPA-O,]
can be described by using a (pe,)' (7o, *)? electronic configura-
tion, namely DPA-O,, which corresponds to a radical-pair be-
tween the superoxide anion O, and the butenthionyl radical.
As there is no interaction between butenthioate and O,, all of
them are degenerate at large rc o. The energy difference be-
tween 1[DPA-O,] and these states is 66.1 kcalmol™', and corre-
sponds to the energy required to transfer one electron from
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butenthioate to O, in the gas phase. The presence of the pro-
tein environment stabilizes the charge on the O, shifting this
energy to 36.6 kcalmol™'. This value, however, is significantly
larger than that calculated for the reaction between O, and
flavin, 2.8 kcalmol™' at a DFT level (and implicit water sol-
vent).® This difference may explain why enzymes use flavin as
a redox catalyzer.

The electronic configuration of the last state, 6'[DPA-O,], is
(Pea)’(70,%)* or DPA*-02". It corresponds to the interaction
between the peroxide anion (037) and the butenthionyl cation.
The energy of this state is very high (more than 450 kcal
mol™"), as it requires the transference of two electrons from
butenthioate to O,. Its energy, however, decreases quickly with
rc,o distance, as expected for an ion-ion interaction (E r .
If we had used a larger active space, we would have obtained
several states between 5'[DPA-O,] and 6'[DPA-O,], and this
would have impaired the description of the 6'[DPA-O,]. De-
spite the very large energy difference between 6'[DPA-O,] and
the ground 1°[DPA-O,] state, the former state will be important
to describe the formation of the peroxide, as we will discuss
below.

When O, and butenthioate approach each other, the orbitals
mix and the correspondence between our adiabatic states and
the electronic configuration of the two independent molecules
is no longer valid. This motion is associated with a change in
the relative orientation of O, with respect to butenthioate (see
Figure S1 in the Supporting Information). At rc o <4 A, the in-
teraction between O, and butenthioate is already strong
enough to break the degeneracy of 2-3'[DPA-O,] (former '4,
states). The inspection of the active space orbitals reveals that
Dc., Starts to overlap with one of the two no longer equivalent
7o, *. The same effect is observed for the four DPA-O, states,
also no longer degenerate. The interaction of butenthioate
and O, means that for 2 A<rc,<3A only 1'[DPA-O,] and
6'[DPA-O,] are not repulsive. For rc <2 A, the ground singlet
state becomes more stable than the triplet state, showing a
minimum for rc o =14 A. 6'[DPA-O,] reaches a minimum at
1.85 A, after which its energy rises. This behavior is not com-
patible with the description of an ion-ion interaction, suggest-
ing that this state has changed its character owing to an avoid-
ed crossing caused by strong non-adiabatic couplings with
other singlet states.

The bottom panel of Figure 3 shows an expanded view that
allows us to appreciate the main features of the PESs for the
three lowest energy states, 1°[DPA-O,] and 1-2'[DPA-O,]. The
1°[DPA-O,] state is purely repulsive, and its energy rises quickly
at re <25 A. That behavior is shared with the 2'[DPA-O,]
state. On the contrary, 1'[DPA-O,] is attractive and displays a
double-well structure. The energy of the minimum of the first
well is 15.9 kcalmol ™" at rc o =2.1 A, a distance large enough
so the C,O covalent bond is still not formed. Inside the well,
the electronic wavefunction exhibits a strong superoxide (O;)
character, and it seems that the well is stabilized by a strong
charge-dipole interaction. The singlet and the triplet states
cross at the bottom of the well, which coincides with the
MECP. The second minimum is significantly deeper (just
3.4 kcalmol™' higher than the minimum of the triplet state)
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and is located at rc o =1.4 A. This minimum is associated with
the peroxide formation.

The two minima are separated by a maximum on the one-
dimension curve, which corresponds to a saddle-point. It lies
slightly below the asymptotic energy of the 1'[DPA-O,] state.
This saddle-point is associated with the barrier of the superox-
ide to peroxide transformation and arises from an avoided
crossing. The huge gap in energy between states at the
saddle-point indicates that the non-adiabatic couplings are
very strong in this region, suggesting that the charge transfer
may occur adiabatically. We should point out that the barrier
height predicted by our method is probably overestimated,
partially because of the constraints imposed to keep the struc-
ture planar and also, as we will discuss later, owing to the
small size of the active space. The planar restraint imposed on
butenthioate also affects the relative energy of the minimum
of the first singlet and triplet states and causes the 1'[DPA-O,]
minimum to lie above the minimum energy 13[DPA-O,] state. It
should be noticed that this does not affect the energy profile
for rc o >2 A, where the peroxide bond is not formed, and the

adiabatic representation

molecule is intrinsically planar. Thus, the MECP region should
not be affected by the planar restraint.

To get more insight into the nature of the states that are in-
volved in the intersystem crossing, we generated the quasi-dia-
batic states for the addition of O, to butenthioate. Diabatic
curves are not appropriate to track the position of MECP, as di-
abatic energies do not include the couplings between the
states, which, in the diabatic representation, are included in
the non-diagonal elements of the electronic Hamiltonian
matrix. However, quasi-diabatic states retain the character dis-
played at asymptotic distances, making it possible to extend
the assignment of an electronic configuration for independent
0O, and butenthioate to small C,—O distances. Diabatic states
are calculated as a function of rc o for three different C,-O-O
angles: 110°, which is close to the value obtained for the fully
relaxed geometries shown in Figure 3; 180° for which O, in-
serts perpendicular to the butenthioate plane and minimizes
the overlap between (p.,) and (7,,*) orbitals; and 1507, an in-
termediate value in order to see the evolution. In the left
panels of Figure 4 we show the adiabatic curves of the ap-

200

- - - 1°DPA-O,]- - - 23DPA-O,]
——1'[DPA-O,] — 2 '[DPA-O,]
——3'[DPA-O,] —— 4 '[DPA-O,]
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diabatic representation

DPA*-0%
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Figure 4. Energy profiles for the addition of O, to S-methyl-but-3-enethioate as a function of the C,—O distance and the C,-O-O angle. In the left panels, the
adiabatic curves are shown and their corresponding diabatic curves are shown in the right panels. C,-O-O=110° corresponds to the minimum energy at the
MECP shown in Figure 3. The curves for the singlet (triplet) states are shown in solid (dashed) lines. Calculations carried out at the MRCI(4,3)/6-31 + G(d,p)

level of theory.
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proaching of O, to butenthioate, whereas the diabatic states
are shown in the right panels.

In the absence of overlap between (pc,) and (7o, *) orbitals,
C,-0-0=180°, only the 6'[DPA-O,] adiabatic state is not repul-
sive for rc o >2 A. As non-adiabatic couplings are small for this
orientation, diabatic and adiabatic representations are very
similar. At C,-0-O=180°, 1-2'[DPA-O,] as well as 4-5'[DPA-O,]
adiabatic states are nearly degenerate for distances down to
1.7 A. For this orientation and rc =14 A, we observe a shal-
low minimum on the first singlet state. The quasi-diabatization
procedure reveals unambiguously that this minimum correlates
to the 6'[DPA-O,] ionic state, and it is associated with a DPA™
-02” (peroxide) conformation.

When the orientation deviates from C,-0-0=180°, (pc,) and
(7o, *) orbitals mix, non-adiabatic couplings get stronger, and
the degeneracy between 1-2'[DPA-O,] and 4-5'[DPA-O,]
breaks again. It is worth noticing that with the increasing
strength of the non-adiabatic couplings, the adiabatic picture
deviates progressively from the diabatic view, implying that
couplings affect several states simultaneously.

Using the diabatic representation, we can establish that the
peroxide minimum is associated with DPA*-02", as expected.
The diabatization also permits us to assign the first minimum
of the first singlet state, around the MECP, to the well associat-
ed with a DPA-O; state. This finding is confirmed by the coeffi-
cients of the Cl vector displayed in Figure S2 (in the Support-
ing Information).

The mechanism that emerges from these results is the fol-
lowing: O, addition starts with a first charge transfer between
butenthioate and O,, leading to the formation of the superox-
ide anion. This charge transfer is concomitant with intersystem
crossing and is therefore mediated by the strength of SOC in
this region. Following this process, a second charge transfer
step takes place, between two singlet states, and leads to the
formation of the peroxide.

In the above discussion we have assumed that the electron
is transferred “at once”. However, this classical picture is not
fully correct because, although the dominant character in the
well is the one of the superoxide, both DPA-O, and DPA™-O,
states are coupled and strongly mixed. It is therefore more ac-
curate to discuss about the transference of electronic density.
To account for this effect, Figure S3 (in the Supporting Informa-
tion) shows the evolution of the partial charge, which is accu-
mulated on the O, moiety as a function of r¢ 5. As can be ob-
served, spin flipping is associated with an appreciable electron
density transfer from buthentioate to O,, although part of the
electronic density had been already transferred to O, before
the intersystem crossing.

The nature of the two states involved in the spin-change
process has important implications for the feasibility of the
process. According to El-Sayed rules, if the change of spin is
associated with a change in the orbital angular momentum (or
electronic configuration), the spin-orbit coupling would be
strong, and the rate coefficient of the spin-forbidden process
would be large,®" even if there is only a small change in elec-
tronic density.®? The values of the SOC between the ground
triplet state and the six singlet states are shown in Figure 5. At
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large rc o distances, only the SOC with the 3'[DPA-O,] (X, of
0,) is large, as was observed for isolated 0,.** When O, and
butenthioate approach, the value of the SOC between the first
singlet and triplet states increases smoothly with the energy,
which could be explained by the transfer of electronic density
from butenthioate to O, (and the higher weight of the O,
states in the Cl vector of the first singlet state, as shown in Fig-
ure S2 in the Supporting Information). The SOC reaches a pla-
teau value of 75 cm ™" in the region of the MECP, in accordance
with the estimated value of 76.5cm™' based on O, spectro-
scopic assignments.?*¥ This value of SOC is strong enough to
promote intersystem crossing, even in the absence of any
metal cofactor.

Larger SOC values are typically associated with the presence
of heavy atoms. To check the role of the S-CH; group, SOCs
were calculated by replacing S with O. As a result, similar
values of SOC were obtained, concluding that S does not influ-
ence the SOC, and that the values of SOC obtained for this
system should be similar for other cofactorless spin-forbidden
reactions between O, and enolates.

To get more insight into the geometry of the crossing seam
(the region in which singlet and triplet states are degenerate),
Figure 6 displays energy contour plots for the approach of O,
to butenthioate as a function of both rc o and ¢(Cg-C,-0-0),
the dihedral angle between C3-C,-O-O for the first singlet and
triplet states (Cg is defined in Figure 2). For the triplet state,
the energy barely depends on ¢(Cs-C,-0-O), and the curve is
purely repulsive (as expected from Figure 3). On the other
hand, the PES of the first singlet state is considerably aniso-
tropic. The first well, that associated to DPA-O;, is located at
re,o=2.1A, and ¢(Cs-C,-0-0)~210°. A second shallower mini-
mum is found at ¢(Cs-C,-O-0) ~=60°, when the O, is closer to S
than to the C=C double bond. The absolute minimum is asso-
ciated with the DPA'-O2" configuration, and is reached at

140 |
120 F —e—17[DPA-O,] |
2 '[DPA-0,]

‘TE 100 ——3"[DPA-O,] T
o 80 4 1[DF’A-OZ] )
O —— 5 '[DPA-0,]
8 60 ——6 "[DPA-O,] |

40

20

0 .....

Figure 5. Values of the Spin-Orbit Coupling (SOC) between the ground trip-
let state and the six singlets involved in the oxidation of DPA-CoA as a func-
tion of the C,—O distance. The values of the SOC between the ground sin-
glet and triplet states are shown as red, closed circles. The region in which
the MECP was found is shaded in green. Calculations carried out at the
MRCI(4,3)/6-31 + G(d,p) level of theory.
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Figure 6. 3D contour map of the energy profile for the addition of O, to S-
methyl-but-3-enethioate as a function of C,—O distance and the C;-C,-0-O
dihedral angle. Top panel: Lowest triplet state. Bottom panel: Lowest singlet
state. The crossing seam is shown as a dashed line on top of the contour
maps. The geometry of the MECP and two of the peroxide minima are
shown. Energies are in kcalmol~'. Calculations carried out at the MRCI(4,3)/
6-31+G(d,p) level of theory.

fc,,o=1-4A for three different values of @(C3-C,-0-O). The
crossing seam is represented by the dashed line on top of the
contour maps. Regardless of the value of ¢(Cz-C,-O-0), the
seam is found for 2A<rc,<2.1A, where the triplet PES
crosses the singlet PES at the DPA-O, minimum.

The geometries of the MECP and two of the absolute
minima are also depicted in Figure 6. The carbon scaffold of
butenthioate was restrained to be planar and, at the MECP, the
bond between H and C, nearly lies in the butenthioate plane,
suggesting that C, still presents a sp® hybridization, and that
the aromatic cloud is not yet perturbed by the O, approach.
The O-O distance is 1.29 A, closer to that observed for O,
(1.345 A) than for O, (1.215 A).**) At smaller values of rc o, the
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hydrogen progressively folds out of the plane while the C,0
bond is formed, as expected for a sp? hybridization of C,,.

To study the effect of increasing considerably the number of
active orbitals, we recalculated the energy profile for the addi-
tion of O, to butenethioate by using the Semistochastic Heat-
Bath Configuration Interaction (SHCI) method.®**® SHCl is a re-
cently developed semistochastic method, which permits us to
circumvent the limitation in the number of orbitals of the
active space, and can account for dynamic correlations by per-
turbation theory. For the SHCI calculations, the active space
was formed by 23 orbitals, including the p, orbitals of the sp?
C and the 2p and 3d orbitals of O, (the 23 orbitals are shown
in Figure S4 in the Supporting Information). The results using
SHCI are shown in Figure 7 and are in qualitative agreement
with the MRCI calculations, with the main differences being
the much lower barrier between the superoxide and peroxide
region, and the larger stability of the peroxide. The energy
height of the MECP, however, is very similar to that obtained
by using MRCI. In Figure 7, we also show the SHCI results ob-
tained when the 3d orbitals of O, were not included. In this
case, there is a huge barrier that prevents intersystem crossing.
It clearly shows that the SHCI results strongly depend on the
number of orbitals of the active space, which let us believe
that the MRCI barrier between peroxide and superoxide would
be significantly smaller if calculations could be carried out in-
cluding a very large active space that also includes the 3d orbi-
tals of O,.

- - - 1°DPA-0,]
——11[DPA-O,]
—— 1 '[DPA-0,] (reduced active space)]

AE (kcal/mol)

i SHCI calculations 1
i 15 2.0 2.5 3.0 35 4.0

lcoo (A)

Figure 7. Energy profile for the addition of O, to S-methyl-but-3-enethioate
as a function of the C,—O distance by using SHCI method, a 6-31+G(d,p)
basis set, and a (18,23) active space. The solid blue curve shows the results
obtained for the singlet state when the 3d orbitals of O, have been exclud-
ed from the active site.

2.2. Reaction between O, and DPA-CoA in DpgC

Once we have described the nature of the electronic states in-
volved in the process, and how intersystem crossing takes
place in our model system, we studied the addition of O, to
DPA-CoA catalyzed by DpgC, which is likely to be the rate-lim-
iting step for the formation of DPGX (Figure 1) using QM/MM
calculations. Owing to the larger system size of the QM region
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(see bottom panel of Figure 2), we cannot go beyond DFT cal-
culations. This impedes the calculation of all the relevant elec-
tronic states, but allows us to determine the role of the protein
environment and to study the possible proton transfer mecha-
nisms.

To analyze the mechanism of this reaction, we carried out re-
strained geometry optimizations by using AE™™™, the energy
difference between the first singlet and triplet states, as a reac-
tion coordinate. This selection has two important advantages:
i) the MECP is localized exactly at AE*"¥™" =0, and ii) the evolu-
tion from the triplet to the singlet state is smoother.

The QM/MM energy profile for the O, addition to DPA-CoA
is shown in Figure 8. QM/MM results show that both the triplet
and the singlet states show only one minimum, which is very
broad for the case of the singlet state. Interestingly, we ob-
serve that the MECP is the only barrier for the reaction, and ac-
cordingly should act as the dynamic bottleneck. MECP lies
16.7 kcalmol ™" above the minimum for the triplet state, in very
good agreement with the value obtained for the O,-buten-
thioate model. The formation of the peroxide is driven by an
exothermicity of 9.9 kcalmol™".

— ‘[DIPA-OZ]_
—[DPA-0,]

w
o

N
o

AE(kcal/mol)
o

-10

-20 0 20 40 60 80
AESMTP (K cal/mol)

Figure 8. QW/MM energy profile for the addition of O, to the DPA model as
a function of the energy difference between the ground singlet and triplet
states. AE°"™ —( corresponds to the MECP, and it is shaded in green. The
framed numbers highlight the values of AE*"™ corresponding to the struc-
tures shown in Figure 9. Calculations carried out at the B3LYP/6-31 + G(d,p)
level of theory.

To investigate the effect of the protein in the QM/MM
energy profile, we repeated the calculations using a reduced
QM region, in which lle324, GIn299, Ala319, and one of the
water molecules were excluded from the QM region. The ob-
tained results were pretty similar, except for the exothermicity,
which is somewhat smaller (5.6 kcalmol™'), evidencing that the
protein scaffold plays only a minor role in the promotion of
the intersystem crossing beside the stabilization of the enolate
(results are not shown).

The structures of the minimum of the triplet state, the
MECP, the point at AES"™" =39 kcalmol~', and the minimum
of the singlet state are depicted in Figure 9. The structure ob-
tained for the triplet state minimum is very similar to the crys-
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tal structure, although in this case O, has moved slightly closer
to C,. Indeed, the position of the two water molecules that are
close to O, and C, is very similar in the crystal. Regarding
these water molecules, it could have been expected that one
of the water molecules could protonate the triplet O, as was
predicted for the reaction between O, and flavin.”®%33 How-
ever, at the MECP, the proton is still on the water. In fact, the
main differences between the minimum associated with the
triplet and the MECP are that the hydrogen bound to C, has
moved slightly below the plane formed by the m system of
DPA, and that O, is significantly closer to C,. This is shown in
Figure 10, where we display the evolution of the C,—O, and
the O—O distances along the reaction path. In the figure, we
also show the progress of the proton transfer, which is defined
as the difference between the r, o4 and the ry 4,0 (as defined
in Figure 9).

Between the triplet minimum and the MECP, rc o has
changed from 3.2 to 2 A, in excellent agreement with the re-
sults obtained for the butenthioate model. Based on these re-
sults, the first triplet state is purely repulsive, so we can predict
that systems for which rc o is larger (smaller) at the MECP will
be more (less) reactive.

After the MECP, rc o decreases slowly, and only reaches its
equilibrium value of 1.4 A for AE¥™T > 45 kcalmol ™. Interest-
ingly, at AE"™ =39 kcalmol ™, the structure resembles that
obtained for the MECP with the sole exception that the C,—O
bond is formed. Still, the proton has not been transferred to
the peroxide. This means that proton transfer occurs signifi-
cantly after the peroxide is formed. Probably, that is the reason
why there are not basic residues around the active site that
could donate a proton to O,, as was observed for other cofac-
torless reactions.”®3%3¥ Proton transfer drifts the system away
from the MECP and, even in the minimum associated with the
singlet state, the proton is only shared between the peroxide
and the water.

In the minimum of the singlet state, the water wire that con-
nects the bulk to the active site has reorganized. In particular,
the water molecule that connects GIn299 and C, is reoriented
to a position suitable for the extraction of the C, proton,
which would facilitate the following step in DPGX formation.
This water molecule was resolved in the crystal structure and
was not exchanged with the solvent throughout the MD simu-
lations.

Combining the height of the MECP obtained in the QM/MM
calculations, with the SOC obtained using our model, and
plugging them in the Landau-Zenner equation,*% we could
estimate k... We obtained a hopping probability of 0.06, which
is equivalent to an increase of 1.6 kcalmol™' in the activation
energy at 300 K. By using these values, we obtain a k.. =
0.23 s, very close to the experimental value of 0.15 s~ " The
quantitative agreement between the experiment and the simu-
lation is coincidental, considering the approximations used.
However, it supports the validity of the mechanism proposed
in this article for intersystem crossing and subsequent forma-
tion of the peroxide.
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Figure 9. QM/MM structures along the AE*™™ path. 1) Structure corresponding to the optimized triplet geometry. 2) Structure of the system at the MECP.
3) Structure of the system for AFSMTP ~ 40 kcal mol ™. 4) Structure of the optimized singlet structure. C,—O, H-OH, and O—H,0 distances are shown in yellow,
green, and blue. GIn299, three water molecules that are included in the QM region, DPA-CoA, and O, are shown atomistically.

3. Conclusion

35 ' i ' ' ' ' Incorporation of molecular oxygen into an organic substrate
30 involves a change in the spin state of the system, that is, pro-
< ceeds through intersystem crossing. To catalyze these reac-
§ 2.5 tions, enzymes typically require metal cofactors, generally iron.
= Intriguingly, a subgroup of oxygenases performs these reac-
% 2.0 tions without the presence of any cofactor. Here, we have in-

vestigated the mechanism of this spin-forbidden process by
using MRCI quantum calculations and QM/MM simulations on
the reaction between DPA-CoA and O, catalyzed by DpgC. By
-20 0 20 40 60 80 using MRCI calculations, we calculated the potential energy
surfaces of the nine concurrent electronic states on an equal
footing, and assigned an electronic configuration to each of
them through a diabatization procedure. Our results provide
evidence that, once the enolate is formed, the reaction can
occur without any previous activation of O, and via two suc-
cessive electron transfer processes. The minimum energy cross-
ing point (MECP), which plays the role of an effective barrier
for spin-forbidden processes, lies only 16.7 kcalmol™" above
the DPA-CoA +°0, asymptote, which is compatible with the

-
[$)]

-
o O

distance (A)

-20 0 20 40 60 80 experimental k., value.
AESNTrp(kcal/mol) Intersystem crossing occurs between the triplet state that
correlates to DPA™-O, and the singlet state that correlates dia-
Figure 10. Evolution of the O—0O, C,—O, and proton transfer coordinate (de- batically with a DPA-O, state, that is, it is associated to the

fined as ry_on — fo_n,0) along the AES™/™™ path. AES™/™ = corresponds to ] .
the MECP, and it is shaded in green. Calculations carried out at the B3LYP/6- charge transfer from DPA to O, to form a superoxide anion. As

31+G(d,p) level of theory. this change of spin is associated with a change in the electron-
ic configuration, it complies with the El-Sayed rules, and the
strength of the spin-orbit coupling is above 70 cm™', a relative-
ly large value for a system that does not include heavy atoms.
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For other spin-forbidden processes, it has been postulated
that the rate for the spin-forbidden reaction is enhanced by
the presence of a broad crossing region, which maximizes the
cross-over probability. That is not the case for the reaction be-
tween DPA-CoA and O,, for which this probability is maximized
by the presence of a stable intermolecular complex arising
from the charge-dipole interaction, which stabilizes the super-
oxide singlet state, lowering the energy of the MECP. For the
formation of peroxide, a second charge transfer from DPA to
0, is required.

Our QM/MM calculations reveal that the minimum energy
crossing point is the main reaction bottleneck. They also sug-
gest that protonation of O, takes place after the formation of
the peroxide, which is already stable in its deprotonated form.
This could explain the absence of basic residues in the active
site that could protonate O, during its addition to the enolate.
It is also relevant that the first molecule of the water wire that
connects the active site to the bulk changes its orientation fol-
lowing the formation of the peroxide. In their final configura-
tion, it could easily capture the proton, which could initiate
the following step in the formation of DPGX. Finally, the com-
parison between the energy profiles calculated by using differ-
ent QM regions suggests that although the protein environ-
ment plays an important role in the diffusion of O, towards
the active site, and in the formation and stabilization of the
enolate, it plays a passive role in the promotion of the spin-for-
bidden reaction. We believe that these results are general and
that similar behavior should be observed for other cofactorless
spin-forbidden reactions that proceed via the formation of a
peroxide.

4. Experimental Section
4.1. Initial coordinates and molecular dynamics simulations

The initial structure adopted in this work is based on the crystal
structure of the DpgC/DPA-NH-CoA/O, complex (PDB: 5KAG,
2.68 A resolution).® That crystal structure was obtained by replac-
ing the original substrate (DPA-CoA, see Figure 1) by the stable
substrate analog (DPA-NH-CoA) to prevent the reaction even in
aerobic conditions. This structure corrected the crystallographic
pathologies of the original crystal structure,®® (PDB: 2NP9) caused
by a wrong assignment of the crystal lattice. In our simulations, we
exchanged DPA-NH-CoA with DPA-CoA while keeping O, in its crys-
tallographic position, a hydrophobic pocket less than 4 A away
from C, of DPA, and the initial geometry was prepared by using
CHARMM-GUI®®”@ Hydrogen coordinates were generated with
standard protonation states for all titrable residues by using
CHARMM,"" and the protein complex was placed in the center of
a cubic TIP3 water box large enough to include the protein and at
least 10 A of solvent on all sides. Additionally, water molecules
were randomly replaced by K* and ClI™ ions to ensure the neutrali-
zation of the system, and provide an additional concentration of
0.15Mm KCl. The system was subject to a classical MD equilibration
of 10ns at constant temperature (T=303.15K) and pressure
(1 atm) by using NAMD (http://www.ks.uiuc.edu/Research/namd/
372 and CHARMM-36m forcefield.”>’¥ The Particle Mesh Ewald
method was used for the electrostatics of the periodic boundary
conditions.”” A time step of 2 fs was used with the ShakeH algo-
rithm.”® To avoid O, diffusion outside the active site, the positions
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of O, and the non-hydrogen atoms of DpgC were fixed throughout
the equilibration. The root-mean-square deviation (RMSD) with re-
spect to the initial conformation was calculated for all the non-hy-
drogen protein atoms, which were not located in any turn or coil
(see Figure S5 in the Supporting Information) showing that the
structure was well converged after 4 ns, with an average RMSD of
1.56 A.

To select an initial frame for the subsequent QM/MM calculations,
we calculated the occupancy of water molecules in the active site
by following the same procedure used in ref. [77]. Considering the
last 5 ns of the MD trajectory, we calculated the averaged position
of the water molecules within 7 A of the O, molecule, and selected
a frame for which the position of the waters was close to their
average position. Compared with the initial structure, the two
water molecules crystallized around the active site kept their posi-
tions (although one of them exchanged with the solvent during
the simulation time), whereas the active site recruited a third water
molecule and a water wire connecting the active site and the bulk
was formed. A representation of the initial structure for QW/MM
calculations is shown in Figure S6 (in the Supporting Information).

4.2. QM/MM calculations

Once the system was classically equilibrated and the initial frame
was selected, it was trimmed to a sphere of 26 A centered at the S
atom of DPA-CoA. Atoms further away than 18 A from the S atom
of DPA-CoA were kept frozen during all the QM/MM calculations. A
full electrostatic embedding”® was adopted in all the calculations,
using hydrogen link atoms to treat the QM/MM boundaries, main-
taining the effect of the broken chemical bond between the QM
and the MM region. QM/MM calculations were run coupling Q-
Chem v5.2""" and CHARMM.”" QM calculations were carried out at
the B3LYP/6-31G+ (d,p) DFT level of theory for the ground singlet
and triplet states. The D3 version of Grimme’s dispersion correction
was used.®%8"

Initial optimization of the reactants (DPA™ +O,) and products (DPA-
007) confirmed that the reactants were only stable in their triplet
state, whereas the peroxide was only stable as a singlet. It also re-
vealed that the protein prevents the bending of the DPA-OO™ per-
oxide, which remains almost planar. The reaction path was scanned
by performing restrained geometry optimizations along a reaction
coordinate, which was defined as the energy difference between
the ground triplet and singlet state, AES"9/TP — ptriplet_ psindlet g6 the
crossing seam is found for AE™™ =0, To impose that restraint,
we added the following harmonic term to the potential:

1 ) . ) 2\ 2
V= Vo + 5K (4B — AT (1)

where V, is the minimum value between EP®t and £, K is the
spring constant (the value of which was set to 500 eV "), AE;"/™P
is the reference value of AE"™ to which the potential is biased,
and V is the resulting biased potential energy. More details for the
MECP search algorithm for QM/MM calculations are given in the
extended methods section in the Supporting Information.

4.3, Multireference calculations
4.3.1. MRCI calculations

The reaction between S-methyl-but-3-enethioate and O, was simu-
lated by using the multiconfiguration reference internally contract-
ed configuration interaction method (MRCI), which captures the
static correlation by the selection of all the electronic configura-
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tions that can be generated by the distribution of the electrons
considered in the orbitals that belong to the active space. The dy-
namic correlation is then captured by optimizing variationally the
best solution of a linear combination of all the electronic configu-
rations generated by simple and double electronic excitations from
all the reference configurations generated by the active space to-
wards the orbitals of the virtual space. To account for the quadru-
ple excitations and reduce the size-consistency error inherent to

the method, Davidson correction has been applied.

Calculations were carried out by using the MOLPRO package,®

and a 6-31G+(d,p) basis set. For efficiency reasons, the geometries
were first optimized at a DFT level using the B3LYP functional, and
the D3 version of Grimme’s dispersion correction, following by
single-point MRCI calculations. This procedure is similar to the ap-
proach employed to shed light on the reactivity of metallic clus-
ters.®*® The only difference is that here, the MECP was also opti-
mized.

The procedure applied here is the following: first, the MECP be-
tween triplet and singlet was optimized at the DFT level. Then,
starting from that structure, the geometry was relaxed for different
values of the reaction coordinate, which we assimilated to C,—O
distance (rc,o). rc,o Was sampled from 1.2 to 7 A, and taking as a
reference value the r. , distance at the MECP, for larger (smaller)
rc,o values the geometry was optimized in its triplet (singlet) state.
Furthermore, it allows a double-check to confirm that the electron-
ic wavefunctions converge to the correct state, which is particularly
tedious in the case of O,.

The energy of the geometries obtained at DFT level was recalculat-
ed by using the internally contracted version of MRCI available in
MOLPRO.®>8 Within this method, SOC can be calculated rigorous-
ly by using the Breit-Pauli spin-orbit operator. The first step re-
quired before running MRCI calculations is the definition of the ini-
tial wavefunction. In this work, the guess wavefunction was gener-
ated through a state-average CASSCF calculation® ® including in
the active space four electrons in three orbitals: the two r,* orbi-
tals of O, and the HOMO of S-methyl-but-3-enethioate. In the
state-average CASSCF wavefunction, one triplet and five singlet
states were treated on an equal footing. This approach leads to
stable optimized orbitals and configurations along the reaction
path, which is required to obtain accurate and meaningful poten-
tial energy curves at a multireference level, which is hard to ach-
ieve for relatively large polyatomic systems. For the subsequent
MRCI calculation, we computed the nine states (three triplet and
six singlet states) and the SOC between them. Under these condi-
tions, the electronic wavefunctions of the triplet (singlets) states
are constructed over a linear combination of about 6x10° (30x
10°) contracted configurations.

To check how the results change when a larger active space is
used, we compared the calculations using the (4,3) active space
with those including ten electrons in seven orbitals. The relative
energies for the two active spaces are similar (see Figure S7 in the
Supporting Information) with MRCI(10,7) predicting a shallower
peroxide well for the first singlet state. In fact, PESs are more sensi-
tive to the number of states included in the MRCI treatment.

Owing to the relatively large number of coupled electronic states,
avoided crossings in the adiabatic potential energy curves may
impair their interpretation. In these cases, it may be useful to cal-
culate the states in the diabatic representation, which also sheds
light on the nature of the electronic states involved. As we are con-
sidering singlet and triplet states simultaneously, an automatic dia-
batization algorithm cannot be employed, so we applied the dia-
batization model based on the geometrically based approach,®
which has been successfully applied to diabatize highly entangled
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excited states of alkyl radicals.®**? It consists of a geometric ap-

proach where successive 2x2 diabatizations are performed be-
tween all coupled states iteratively. The validity of the approach
was confirmed by the comparison between our diabatic curves
and those obtained by using the default MOLPRO algorithm for
the three triplet states (see Figure S8 in the Supporting Informa-
tion). More details about the diabatization method can be found in
the extended methods section in the Supporting Information.

4.3.2. Semistochastic heat-bath configuration interaction

The reaction between S-methyl-but-3-enethioate and O, was also
simulated by using the recent Semistochastic Heat-Bath Configura-
tion Interaction (SHCI) method,®®%® which permits us to overcome
the critical limitation to the maximum number of orbitals that can
be included in a multiconfigurational self-consistent field (MCSCF)
calculation (depending on the system, up to 14-18 orbitals).

The SHCI algorithm consists of two stages. First, a variational wave-
function is computed by using a set of iteratively selected determi-
nants. These determinants are stochastically sampled, and they are
filtered under a chosen energy value threshold (g;). The algorithm
increases the number of determinants included in the set until the
wavefunction has constant and stable energy. In the second stage,
the second-order correction to the variational energy is computed
by using the multireference Epstein-Nesbet perturbation theory.
The resulting energy is considered to be Full-Configuration Interac-
tion (FCI) for a given active apace and basis set. To obtain the FCI
energy, several calculations are computed for different values of ¢,
and they are extrapolated to &¢,—0. All the SHCI calculations were
done in the open-source Python software package PySCF"? inter-
faced with the fast version of the algorithm, Arrow.”¥
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