Flavin-NSOOH: A powerful nucleophile and base in nature
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Abstract

Flavoenzymes can mediate a large variety of oxidation reactions via the activation of
oxygen. As such, the chemistry of flavoenzymes is an important field that has not yet
attained its full scope/recognition. Normally, the O activation occurs at the C4a site of
the flavin cofactor, yielding the flavin C4a-(hydro)hydroperoxyl species in
monooxygenases or oxidases. Using extensive MD simulations, QM/MM calculations
and QM calculations, our studies reveal the formation of the common nucleophilic
species, flavin-NSOOH, in two distinct flavoenzymes (RutA and EncM). Our studies
show that flavin-N5SOOH acts as a powerful nucleophile that promotes C—N cleavage
of uracil in RutA, and a powerful base in the deprotonation of substrates in EncM. We
reason that flavin-N5SOOH can be a common reactive species in the superfamily of
flavoenzymes, which accomplishes the generally selective general base catalysis, and
the C—X (X=N, S, Cl, O) cleavage reactions that are otherwise challenging by solvated
hydroxide ion base. These results expand our understanding of the chemistry and

catalysis of flavoenzymes.
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INTRODUCTION

Flavin-dependent enzymes catalyze a panoply of chemical transformations that are
essential for all types of living organisms!"!°. To date, over 100,000 protein sequences
have been classified as flavin-enzymes' 2 7 ! 12 The typical reactions catalyzed by

flavin-enzymes  cover:  dehydrogenation'*!>,  monooxygenation®> 'l 1621

2226 and photochemical reactions®’!. As such,

halogenation/dehalogenation reactions
flavoenzymes are vital to metabolic and synthetic processes in biology.

Akin to metalloenzymes®234, the flavin-enzyme can perform O, activation, which
leads to the formation of reactive flavin-oxygen intermediates for various oxygenation
reactions®> "> ' 17:35 For instance, the O; activation at the C4a site of the flavin cofactor
affords the flavin C4a-hydroperoxy (Flavin-C4aOOH) species or the flavin C4a-peroxo
anion (Flavin-C4a00") species (Fig. la), which were recognized as the key
intermediates of flavin-dependent monooxygenases’: 1% 21- 3646,

In addition to Flavin-C4aOO(H), Moore and coworkers characterized the versatile
enterocin biosynthetic flavoenzyme, EncM, that activates O, and generates the
uncommon species of flavin-N5-oxide (labelled as Flavin-N50)*"-2, as shown in Fig.
1b. It was proposed that the O; activation in EncM may first lead to the Flavin-N5OOH
species, which is followed by the O—O cleavage to generate the Flavin-N50 species.
Subsequently, Flavin-N50 attacks the C4 position of the deprotonated substrate
analogue (Fig. 1b)**. Using Oz-pressurized X-ray crystallography (Fig. S1), Teufel and
coworkers characterized the high-resolution structure of EncM, in which Oz is in close
proximity to N5*. In addition, density-functional theoretic (DFT) calculations showed
that the generation of Flavin-N50 via the Flavin-N5OOH intermediate is kinetically
and thermodynamically feasible*®. In a recent work, Teufel and coworkers investigated
the C-N cleavage of uracil by the flavoenzyme RutA> ¥, Unlike the Flavin-N50
species invoked for the oxidative rearrangement in flavin-enzyme EncM, an unusual
flavin-N5-peroxide (Flavin-N500") species was proposed to be the nucleophile for
catalysis of RutA (Fig. 1c). In fact, the Flavin-N50OO™ species was proposed to be the

reactive species for many other non-redox transformations'® 3% 3358 However, as yet

no evidence is available to support the formation of Flavin-N500~ species, either
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experimentally or computationally.

a Flavin-C4a00(H) mediated diverse oxygenation reactions
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Fig. 1 | Potential active species in flavoenzymes. a Flavin C4a-hydroperoxide (Flavin-
C4a0OO0H) or Flavin C4a-peroxide (Flavin-C4a0OQ") as the active species for diverse
oxygenation reactions. b A proposed mechanism for the formation of the Flavin-N50
species and the substrate oxygenation at the C4 position during the flavoenzyme EncM
catalysis. ¢ A proposed mechanism for the formation of the Flavin-N50 species and the
C—N cleavage of uracil in the flavoenzyme RutA>,

To explore the active species in EncM and RutA (Fig. 1), we performed molecular
dynamics (MD) simulations, quantum mechanical/molecular mechanical (QM/MM)

calculations and QM calculations. Our study demonstrates that O activation by
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flavoenzymes RutA and EncM take place via the common active species of the Flavin-
N5O0OH species, which function as the powerful nucleophile in the RutA-catalyzed C—
N cleavage of uracil and as a powerful base in EncM-catalyzed C4-ketolation. These
reactions suggest that the singlet-state Flavin-NSOOH species may function as a
common species in nature (see Fig. S2), and mediate a large variety of the non-redox

transformations.

Results

The X-ray crystal structure of RutA (PDB ID: 6TEG) in complex with the flavin
mononucleotide (FMN), uracil and O has been successfully crystallized by Teufel et
al. in 20203, This structure enables us to probe the molecular mechanism of RutA. As
indicated in the crystal structure (Fig. 2a), the C4a of FMN is relatively distant from O2
(distance: 3.1 A), while N5 of FMN is significantly closer to O (distance: 2.1 A). As
such, the catalytic reaction may lead to the formation of Flavin-N500" or Flavin-
NS5OOH, instead of Flavin-C4aOO™ or Flavin-C4aOOH. To ascertain the mechanism,
we have used QM model calculations to test the uracil attack by the tentative Flavin-
C4a00H in RutA. We found that the process, including the OH™ moiety transfer from
Flavin-C4aOOH to uracil, is highly endothermic ~26.0 kcal/mol (see Fig. 2b), and thus
thermodynamically forbidden. In addition, we also investigated the nucleophilic attack
of uracil by Flavin-C4aOO" species, and found that the so-formed Criegee-intermediate
is highly unstable, lying 10.3 kcal/mol above the Flavin-C4aOO™ species. Furthermore,
this Criegee-intermediate mediated C—N cleavage of uracil is endothermic by 10.0
kcal/mol and requires a barrier of 13.1 kcal/mol, thus indicating that the intermediate is

a dead-end (see Fig. 2c¢).

https://doi.org/10.26434/chemrxiv-2023-4pl7| ORCID: https://orcid.org/0009-0005-8817-7306 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-4pl7l
https://orcid.org/0009-0005-8817-7306
https://creativecommons.org/licenses/by-nc-nd/4.0/

a b

Trp33
\L Trp139 R R
N._N._O
=N~
}\g\_ s LI PSR
uracnl L || Glu143 I—‘O AG =26.0 H oHO
Lys69 N
\' ﬁ“ﬁ P‘*ﬂ Flavin-C4a00H [Ny
N5 FMN (o]
le © j\ﬁ
o HN | o H
2
N O%N
, 2.7 [ H
o ﬁj uracil
Asnl34 | \\, Thr105
(o

R R R

DL pewe S
N NH  AG*=11.0 N NH  AG*=13.1 N NH
HO H H

0 (o] > ? (o] > Ol o
= o = NH O
Flavin-C4a00" AG=10.3 (-0_ AG =10.0 OﬁNH o
HNJ HN w?
o= 4

o
uracil HN )‘j HN
N

Criegee-intermediate

d
R _ R _
N N o = N N (o]
:@: I ~ + Y\N AG =39.4 :@E I ~ + Y\ﬁH
N NH HN—/ (l) N NH HN/
H o -0
FMNH"
R R
N N_O =. N N_O
LI ¢ e S TOLIR ¢ o
N~V SET N~ N
0 an o
R R _
N_N__0 ~ AG =319 N_ N0
L X v oo AG3Y X Ir\'fH
N ) N
(o] —0/0
e

R
N._NI_O
AG =313 ~F
:@: LrNH + Y\N —_— :@E RNH + Y\ﬁH
HN av) ’]‘ HN
.0 -0 ©
HO (o)g
Flavin-NSOOH

Fig. 2 | Computational evaluation of the formation of the Flavin-N5OO~ species. a
Crystal structure of RutA in complex with uracil and O, (PDB ID: 6TEG). b QM
calculated energy for Flavin-C4aOOH mediated hydroxylation of uracil. ¢ QM
calculated energy Flavin-C4aO0O™ mediated C—N cleavage of uracil. d The formation
of Flavin-N500" initiated with the deprotonation of FMNH™. e The formation of
Flavin-N500" via deprotonation of Flavin-NSOOH species. The calculated Gibbs
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reaction energy (AG) are given in kcal/mol.

Can the Flavin-N50O™ species be formed in flavin-enzymes?

Flavin-N500~ was invoked as the active species for the C—N bond cleavage of
uracil by RutA*. Various QM model calculations have been performed to test the
feasibility for Flavin-N50O~ formation (Fig. 2d and Fig. 2e). As histidine residues are
widely involved in proton-shuttle in flavin-enzymes, the side chain of histidine was
employed during the calculations as the base. We have considered two possible routes
for the formation of Flavin-N500~ species (Fig. 2d and Fig. 2e). One is initiated with
the deprotonation of the anionic flavin mononucleotide hydroquinone (FMNH"), which
is followed by the O reduction and binding (Fig. 2d). In this route, we can see that
deprotonation of FMNH™ is endothermic by 39.4 kcal/mol and hence unlikely to occur.
Indeed, no evidence is available to support the formation of dianion FMN species in
physiological conditions. Once the dianion FMN species was formed, it can reduce O>
readily. However, the binding of the superoxo species to the dianion FMN species is
endothermic by 31.9 kcal/mol (Fig. 2d), which would make the reaction highly
unfavored kinetically. In the alternative pathway, the formation of the Flavin-N500~
species may proceed by the deprotonation of Flavin-N5SOOH species (Fig. 2e).
However, such process is endothermic by 31.3 kcal/mol. Thus, all these test calculations
strongly indicate that the formation of Flavin-N50O~ species is highly unfavorable

under physiological conditions.

The Flavin-NSOOH species functions as the powerful nucleophile for the C—N
cleavage of uracil in RutA

We subsequently revisited the formation of the Flavin-N5OOH species using
QM/MM calculations. An equilibrated snapshot from QM/MM MD trajectories was
chosen for subsequent QM/MM calculations. Fig. 3a shows the QM/MM calculated
relative energy profile for the formation of Flavin-N5SOOH and the Flavin-NSOOH
mediated C-N cleavage of uracil in RutA. It is seen that the reaction begins with a facile

HAT from N5-H of flavin to O2, which involves a barrier of 4.9 kcal/mol *RC — *TS1),
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leading to FMNH"/"OOH in *INT1. To facilitate the following radical coupling reaction,
the FMNH"/"OOH radical intermediate has to flip from its triplet to the open-shell
singlet state ((INT1 — 'INTlos). Starting from 'INTlos, we investigated two
competing ‘OOH rebound pathways. One is the ‘OOH rebound to N5 site to form the
Flavin-N5OOH species, the other is ‘'OOH rebound to C4a to form the flavin C4aOOH
anion intermediate. QM/MM calculations show that “OOH rebound to N5 requires a
barrier of 17.9 kcal/mol ('INT1os —'TS20s), affording the Flavin-N5SOOH species that
is 11.8 kcal/mol higher than 'INT1os. For the rebound of "OOH onto C4a, the reaction
experiences a barrier of 15.5 kcal/mol, which gives rise to the flavin C4aOOH anion
intermediate that is 10.2 kcal/mol higher than 'INT10s (Fig. S3). However, the reaction
pathway following the flavin C4aOOH anion species are highly unfavorable kinetically
(Fig. S3), indicating that the flavin C4aOOH anion specie is a dead-end along the

reaction pathway.
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Fig. 3 | Mechanistic study of the active species formation and the C-N cleavage of

uracil in RutA. a QM(UB3LYP-D3/B2)/MM calculated energy profile (in kcal/mol)
for the formation of Flavin-N5OOH and the Flavin-N5OOH mediated C-N cleavage
of uracil in RutA. b QM(UB3LYP-D3/B1)/MM optimized structures of 'INT2 and

'INT2'. The distances are given in A. The superscript “3” indicates the triplet state, “1”
represents the closed-shell singlet state, and the subscript “OS” represents the open-

shell singlet state.
As the uracil C4 site is not well positioned toward Flavin-NSOOH species in the

nascent 'INT2, both the classical MD and QM/MM MD simulations have been
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conducted to investigate the possible conformational change of the uracil substrate
(refer to 'INT2 and 'INT2' in Fig. 3b). The MD simulations show that the uracil can
readily undergo the conformational change, during which the uracil rotates clockwise,
leaving its C4 site in close proximity to the distal oxygen of Flavin-N5SOOH species
(see Movie. S1). In addition, we note that Lys69 breaks its H-bonding interactions with
uracil while forming new H-bonding interactions with the negatively charged
pyrimidine ring of flavin ('INT2’ in Fig. 3b). The loss of the H-bond with Lys69 may
render greater freedom for the rotation of uracil. After the conformational rotation, the
uracil can be anchored by two H-bonds with Trp33 and Trp139, respectively. The
stability of these two H-bonds has been confirmed by QM/MM MD simulations (Fig.
S4).

Starting from the nascent 'INT2’, the Flavin-NSOOH species can use its distal OH
moiety to attack the C4 position of uracil (see the black path in Fig. 3a). The reaction is
concerted (Fig. S5), with a small barrier of 1.6 kcal/mol (!INT2'— 'TS3) and
exothermicity of 17.5 kcal/mol (!INT2'— 'IN3), and as such, the process is highly
favorable both kinetically and thermodynamically. QM/MM optimized structure of
'INT2 shows that O1-02 bond has a length of 1.53A, while the N5-O2 has a length of
1.32A, suggesting that the O—O bond of Flavin-N5OOH is highly activated. In addition,
the one-electron reduced flavin cofactor can drive efficient O—O heterolytic cleavage,
leading to OH release and nucleophilic attack on the uracil. Once the OH™ was attached
to uracil in 'INT3, the following C4-N cleavage of uracil became quite facile, and
proceeded with a barrier of 0.4 kcal/mol ('INT3— !TS4), thus leading to C-N cleavage
in 'INT4. The final intramolecular proton transfer experiences a small barrier of 0.4
kcal/mol ('INT4— !TS5), leading to the production of 'P (Flavin-N50 and
ureidoacrylate). Once the latter product was generated, presumably the Flavin-N50
species will undergo reduction by Nicotinamide adenine dinucleotide (NADH), leading
to the intact FMN for the next catalytic cycle. The reduction of the Flavin-N50 species

by NADH has been supported by our calculations (Fig. S6).

The Flavin-NSOOH functions as the powerful base in EncM

https://doi.org/10.26434/chemrxiv-2023-4pl7| ORCID: https://orcid.org/0009-0005-8817-7306 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-4pl7l
https://orcid.org/0009-0005-8817-7306
https://creativecommons.org/licenses/by-nc-nd/4.0/

In the last section, we demonstrate that Flavin-NSOOH can act as a powerful
nucleophile and cleave the C—N bond of uracil in RutA. In this section, we proceed to
explore the catalytic role of Flavin-NSOOH in EncM. The X-ray crystal structure of
EncM (PDB ID: 6FOQ) in complex with the flavin-adenine dinucleotide (FAD) and O2
has been successfully crystallized (Fig. S1)*: . Starting from Flavin-N5SOOH and the
substrate, both the classical MD and QM/MM MD simulations were performed.
QM/MM MD simulation reveals a spontaneous proton transfer within the substrate (see
Sub in Fig. 4a) from O9H8 to O7 within ~200 fs, leading to the formation of Sub”
(see Fig. 4a and Fig. S7a). This is consistent with our QM model calculations, which
show that the proton transfer from O9HS to O7 is exergonic by 1.5 kcal/mol (see Fig.
S7b). After the spontaneous proton transfer of Sub, a representative snapshot extracted
from QM/MM MD trajectories was used for the subsequent QM/MM calculations. Fig.
4b shows the QM/MM calculated mechanism for the reactions of EncM emerging from
the Flavin-N5SOOH species to C4-ketone (P"). In the QM/MM optimized complex of
INT2"”, we can see that substrate O3H6 is in close proximity to the Flavin-N5SOOH
species.

Starting from INT2", the O-O cleavage of Flavin-NSOOH species leads to the
spontaneous deprotonation of O3H6 by the nascent OH™ moiety, affording a water
molecule, an O3-deprotonated substrate and a Flavin-N50 species in INT3"(see Fig.
4b and Fig. 4c). Notably, the Flavin-N50 species was characterized spectroscopically
in EncM* *°, This step has a small barrier of 6.9 kcal/mol (INT2"— TS3") and an
exothermicity of 35.5 kcal/mol. Next, the Flavin-N50 species can perform the
electrophilic attack onto the C4 position of substrate, which involves a barrier of 13.0
kcal/mol (INT3”—INT4 "). Starting from INT4", the following N5—02 cleavage is
quite facile, with a small barrier of 0.9 kcal mol ™! (INT4"—TS5"). Then, the nascent
INTS" can evolve into the more stable species of INT5a", during which the substrate
H7 gets close to the N5 atom of flavin, while the O2 atom of flavin gets away from the
N5 atom of flavin. Starting from INT5a", the hydride transfer from the substrate C4 to
the flavin N5 occurs, leading to the ketone form of the product. This process requires a

barrier 15.9 kcal/mol (INT5a" — TS6"). Finally, the C4-ketone (P ") can be converted
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to the final product (PC") via keto-enol tautomerism in water solution (see Fig. S8).
Thus, the Flavin-NSOOH species functions as an efficient base in EncM, that can
deprotonate the substrate O3 site thus making it electron-richer and reactive.
Meanwhile, the so-formed Flavin-N50 species can act as the strong electrophile for the

following oxygenation of substrate.
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¢ QM(UB3LYP-D3/B2)/MM optimized structures of INT2" and INT3". The distances

are given in A,

Flavin-NSOOH: the prevalent nucleophile in superfamily of flavoenzymes

The hydroxide (OH") ion is considered to be one of the strongest nucleophiles in
chemistry. For comparison, we have investigated the OH -catalyzed hydrolysis of uracil
in water solution with cluster-continuum model calculations® (see Fig. 5a and Fig. S9).
Our calculations show that OH™ mediated hydrolysis of uracil involves a high barrier
of 26.0 kcal/mol and an endothermicity of 22.0 kcal/mol (see Fig. 5a). As such, the
process is unfavorable both kinetically and thermodynamically. In terms of Flavin-
N5OOH mediated C—N cleavage of uracil, the process involves a small barrier of 1.6
kcal/mol ('INT2'— 'TS3 refer to Fig. 3a) and exothermicity of 17.5 kcal/mol ('INT2'—
'IN3 refer to Fig. 3a). Thus, the Flavin-N5OOH species functions as a much stronger
nucleophile and base compared with the OH™ species. This is primarily because the
solvated OH" is significantly stabilized by extensive H-bonding interactions with
surrounding waters®® (see Fig. S9). Unlike the solvated OH™ ion, the OH-moiety in the
Flavin-N5OOH species is weakly bonded to the Flavin-N50 species, which makes the

Flavin-N5OOH species highly reactive in nucleophilic additions.
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Fig. 5 | Calculated energy barrier and reaction energy (in kcal/mol) for OH~
nucleophilic attack on uracil substrate in bulk solvent and proposed catalytic
mechanisms of Flavin-NSOOH-mediated C-X (X=N, S, Cl, O) cleavage of
substrates: a Calculated energy barrier and reaction energy (in kcal/mol) for OH™
nucleophilic attack on uracil in bulk solvent. b A general mechanism of Flavin-
N50OH-mediated C-X bond cleavage. ¢ Flavin-N5OOH-mediated C-N bond
cleavage of uracil catalyzed by RutA. d Proposed mechanism of the C—S bond cleavage
of dibenzothiophene sulfone catalyzed by DszA. e Proposed mechanism of the C—Cl
bond cleavage (dehalogenation) of hexachlorobenzene catalyzed by HcbAl. f Proposed

mechanism for the epoxide ring-opening of fluostatin C in the presence of FAD and
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NADH.

In addition to its high reactivity, the protein environment enables the specific
selectivity for the Flavin-N5OOH mediated nucleophilic addition or base reactions, as
demonstrated in the catalysis of RutA and EncM. Such selectivity is otherwise
challenging to realize with the solvated “OH ™. We expect that Flavin-NSOOH can
function as the common active species in the cleavage of the C—X (X=N, S, CI, O) bond
of the various substrates in flavoenzyme (Fig. 5b). In addition to the C—N cleavage of
uracil catalyzed by RutA in this work (Fig. 5¢), other examples may include the C—S
bond cleavage of dibenzothiophene sulfone catalyzed by the flavoenzyme DszA (Fig.
5d)%!, flavin-dependent dehalogenation®® ®* (Fig. 5e) and even in nonenzymatic epoxide
ring-opening of fluostatin C mediated by FAD and NADH (Fig. 5f)%. All these types

of reactions have been supported by our QM model calculations (Figure S10~S12).

Conclusion

In summary, extensive computational studies were performed to elucidate the
active species for RutA-catalyzed C—N cleavage of uracil and EncM-catalyzed C4-
ketolation. Our study shows that the flavin-NSOOH species is in fact the common
active species in both flavoenzyme RutA and EncM. In RutA, the flavin-N5OOH
species functions as a powerful nucleophile for the selective C—N cleavage of uracil,
while in EncM it acts as an efficient base in selective deprotonation of substrate, which
produces the electrophile Flavin-N50 and simultaneously makes the substrate more
nucleophilic. These unique reactivities of flavin-N5OOH are too challenging to realize
with the solvated base of “OH ™. We expect that flavin-N5SOOH can either function as
a base for the selective deprotonation or as a powerful nucleophile in mediating the
cleavage of C—X (X=N, S, CI, O) bonds in biology. As such, this study broadens

significantly our understanding of the O; activation chemistry by flavin enzymes.

Methods

System Setup
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The initial structure of RutA complexed with uracil and O» were prepared based on the
crystal structure (PDB ID: 6TEG)>. Missing residues (residue ID: 292-310) were
added through SWISS-MODEL (available at: swissmodel.expasy.org). The protonation
state of titratable residues was assigned on the basis of pKa values from the PROPKA
program® in combination with the careful visual inspection of local hydrogen-bonded
networks. Histidine residues 38, 58, and 60 were protonated at the & position, while
histidine residues 82, 277 and 373 were protonated at the ¢ position. All glutamic acid
and aspartic acid residues were deprotonated. For the setup the EncM system, the initial
structure of EncM complexed with and O» were prepared based on the crystal structure
(PDB ID: 6FOQ)*°. The substrate was docked into the active site using AutoDock
Vina®®. Only chain A was kept while chains B, C and D were omitted. Histidines (His
or H) 236, 291, 296, 343, and 411 were protonated at the d position, while histidines 78,
83, 127, 138,209, 264, 280 and 397 were protonated at the € position. All glutamic acid
(Glu or E) and aspartic acid (Asp or D) residues were deprotonated. The AMBER
ff14SB force field was employed for the protein residues®’. The general AMBER force
field (gaff)®®was used to generate the parameters for the different forms of the FMNH,
Flavin-N5OOH, uracil, Sub and O with the partial atomic charges obtained from the
RESP method®® at the B3LYP/6-31G(d) level of theory. The parmchk2 utility from
AmberTools18 was used to generate the missing parameters. Counter ions (Na") were
added to neutralize the total charge of the system. The resulting system was solvated in
a rectangular box of TIP3P water extending up to a minimum distance of 16 A from the

protein surface.

MD Simulation

After the setup, the systems were fully minimized by a combination of steepest descent
and subsequent conjugate gradient methods. The systems were annealed from 0 to 300
K for 50 ps using with the NVT ensemble, during which the constraint of 15 kcal/mol/A
was applied. Then, the density equilibration for 1.0 ns was conducted under the NPT
ensemble to obtain a uniform density, where the target temperature of 300 K was kept

with the Langevin thermostat and a 2 ps collision frequency, and the 1.0 atm target
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pressure was maintained with the Berendsen barostat and a pressure relaxation time of
I ps. In RutA and EncM, the positions of O, are restrained with a restraint of 25
kcal/mol/A during equilibration and 200 ns production MD simulations, thus avoiding
their diffusion into the bulk water. During the simulations, the covalent bonds involving
hydrogen atoms were constrained with the SHAKE method, and the integration step

was set to 2 fs. All MD simulations were performed using Amber 18 software package’”.

QM/MM Calculations

Representative snapshots according to the clustering analysis of MD trajectory (Fig. S4
and Fig. S13~S17) were used for subsequent QM/MM MD simulations. Firstly, the
selected snapshot was subject to the QM/MM MD simulation for 10ps to get more
accurate structures. Then, the representative snapshot from the QM/MM MD trajectory
was selected for the QM/MM calculations with ChemShell software’"> 72, which
combines Turbomole” for the QM region and DL POLY* for the MM region. The
polarizing effect of the protein environment on the QM region was treated with the
electrostatic embedding scheme. Hydrogen link atoms with the charge-shift model were
exploited to deal with the QM/MM boundary. During the QM/MM calculations, the
hybrid UB3LYP”® functional was used for the QM region, while the same Amber force
field was used for the MM region. The double-( basis set def2-SVP(B1) was used for
geometry optimizations, while the def2-TZVP(B2) basis set was employed for the
single-point energy calculations. The dispersion corrections computed with Grimme’s

D3 method’® 77 were considered in all QM/MM calculations.

Data availability

Data relating to computational calculations are available in the Supplementary
Information or from the authors upon reasonable request. All QM/MM and QM
calculated energy profiles, structures, as well as cartesian coordinates of the QM region

for all computed species are available in the Supplementary Data.
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