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Reaction Mechanism of N-Cyclopropylglycine Oxidation by
Monomeric Sarcosine Oxidase

Mitsuo Shoji,"2® Yukihiro Abe,*< Mauro Boero,? Yasuteru Shigeta? and Yoshiaki Nishiya®

Monomeric sarcosine oxidase (MSOX) is a fundamental - yet one of the simplest - member of a family of flavoenzymes able
to catalyze the oxidation of sarcosine (N-methylglycine) and other secondary amines. MSOX is one of the best characterized
members of the amine oxidoreductases (AOs), however, its reaction mechanism is still controversial. A single electron trans-
fer (SET) process was suggested on the basis of studies with N-cyclopropylglycine (CPG), although a hydride transfer mech-
anism would be more consistent in general for AOs. To shed some light on the detailed reaction mechanisms of CPG in
MSOX, we performed hybrid quantum mechanical/molecular mechanical (QM/MM) simulations. We found that the polar
mechanism is energetically the most favorable. The free energy profile indicates that the first rate-limiting step is the CPG
binding to the flavin ring which simultaneously proceeds with the ring-opening of the CPG cyclopropyl group. This reaction
step of the CPG adduct formation corresponds to the nucleophilic attack of the cyclopropyl group (C3 atom) to the flavin
ring (C4a atom), whereas the expected radical species formation in the SET mechanism was not observed. The following
inactivated species, which accumulates during the CPG oxidation in MSOX, can be ascribed to an imine state, and not an
enamine state, on the basis of the computed UV/Vis spectra. The conformation of CPG was found to be crucial for reactions

following the CPG adduct formation.

Introduction

Amine oxidation is an essential process for the metabolism of a
wealth of microorganisms. All the amine oxidoreductases (AOs)
in both the prokaryotic and eukaryotic forms contain covalently
bound flavins. This common character seems to be due to
intrinsic properties of flavin, which possesses a redox potential
sufficiently high to oxidize a wide range of biological molecules.?
The main oxidation reaction operated by the AOs is the
conversion of a CN single bond of the substrates (mostly amino
acids and amines) into a double bond. After hydrolysis of the CN
double bond species (Schiff bases), the release of ammonium
and the cleavage of the amines generate primary and secondary
amines, respectively. In particular, monomeric sarcosine
oxidase (MSOX) catalyzes the oxidation of sarcosine (N-
methylglycine) and secondary amino acids.2 MSOX is widely
used in clinical diagnostics with creatininase and creatinase to
test the renal function.? The reaction mechanism of the MSOX
has been investigated by spectroscopic
measurements, structural analyses and molecular
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modeling approaches.*® Closely related members of the AO
family, as, for instance, monoamine oxidase (MAO) and D-
amino acid oxidase (DAAQ), were also the focus of intense
research activities.®"12 Nonetheless, the reaction mechanisms of
the AOs have not been fully understood and multiple reaction
proposed as plausible.?13-15
To date, at least four different mechanisms have been

mechanisms have been
proposed: Two variants of a single electron transfer (SET)
mechanism, a polar mechanism and a hydride transfer one.® For
each possible mechanism, different intermediates are
expected. The SET mechanism proceeds through a one-electron
transfer from the substrate amine to the flavin. Support has
been provided to this SET mechanism by the reaction with the
N-(cyclopropyl) glycine (CPG),*16 motivated by the fact the SET
is the more straightforward way to explain the formation of a
covalent flavin-substrate adduct in the case of the CPG
substrate.

Scheme 1. Catalytic cycle of MSOX for CPG.1>
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The afore mentioned two variants of the SET mechanism differ
in the subsequent one-proton and one-electron transfer
processes occurring either simultaneously or in a stepwise way.
The polar mechanism, instead, involves the formation of a
covalent flavin-substrate intermediate (4a-flavin adduct),
whereas the polar mechanism is triggered by thiol substrates
forming 4a-flavin adducts,'” although the monothiol adduct
does not promote the formation of a two-electron-reduced
flavin. The hydride transfer mechanism proceeds through the
direct hydride transfer from a substrate to the flavin N5. The
majority of former experimental and theoretical results
suggested a hydride transfer mechanism for most of the AOs.%8
The cyclopropyl group of CPG is expected to be easily converted
into radical intermediates, since the cyclopropylmethyl has
been used to trap radical species in various enzymatic
reactions.'® Former studies indicated that the hydride transfer
mechanism is unlikely to occur in CPG, because the C1 proton
(H1) cannot be easily donated. The polar mechanism was also
expected to be difficult to realize, because the CPG adducted
intermediate binding at the N atom of CPG is unstable.1® Given
this scenario, the SET mechanism remains as the more viable
route. J. M. Kim et al. reported that both the polar and SET
mechanisms are possible for the MAQOs.2°

Scheme 2. Proposed CPG states in MSOX.1®
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In a previous work, we have shown that the reaction mechanism
of MSOX with sarcosine is a hydrogen-atom-coupled electron
transfer (HACET),> which can be roughly categorized into a
hydride transfer, meaning that the proton and electron
simultaneously transfer from the substrate to the flavin. We
termed this process HACET because the electron transfer via the
1t orbital interaction between the substrate and flavin is
essential for an efficient reaction and, in this respect, “hydride”
is not an accurate definition of the actual proton state. A single
electron transfer and 4a-flavin adduct states were found to be
unstable and characterized by activation barriers higher than
the ones for the HACET mechanism.

The study presented here is a thorough analysis of the reaction
mechanism of MSOX with CPG. To this aim we resort to well-

2| J. Name., 2012, 00, 1-3

assessed computational approaches to investigate and unravel
all the possible reaction pathways and intermediate states. The
quantum mechanics/molecular mechanics (QM/MM) method
used here is essential, since the inclusion of the explicit
electronic structure is crucial to rationalize the electronic
structure, especially when charge transfer processes occur, and
to search for unforeseen protonation states and conformations,
which can affect both the relative energetic stabilities of the
intermediate states and the activation barriers. UV/Vis spectra
calculations provide additional support to validate or discard
the intermediate states.

Computational details
QM/MM simulations

A high-resolution (1.80 A resolution) X-ray structure of
sarcosine oxidase (PDB ID: 1EL5) was used as the starting
structure in our simulations.?! Crystallographic unavailable
hydrogen atoms were added using the Reduce program.??
Unsolved residues located before and after Gly3 and Glu386 at
the N and C terminals were capped with acetyl and N-
methylamine groups, respectively. CPG was initially replaced by
N,N-dimethylglycine in the crystal structure. The carboxy group
of the CPG was assumed to be in the deprotonated form,
according to results reported for a sarcosine substrate.?3
All the MM and MD simulations reported in this work were done
using the AMBER 11 program package.?* The parameters of the
force fields Amber ff99SB, GAFF and TIP3P were used for the
enzyme, the CPG and the solvating water, respectively. The
atomic charges of the CPG and Cys315-FAD adduct were
calculated at the DFT level (B3LYP/6-31G*) using the RESP
method as implemented in the Amber Tools 1.4 and Gaussian
package.?®> The monomer of MSOX was placed at the center of
an orthorhombic simulation box of size equal to 88 x 89 x 109
A3, and the solvating water at ordinary liquid conditions
completed the system. Periodic boundary conditions were
applied to the simulation box for all simulations. The charge
neutrality of the whole system was ensured by the addition of
21 sodium counter cations. Direct Coulomb interactions were
computed using a 10 A cut-off, and the remaining long-range
interactions were evaluated via the PME method.

To equilibrate the system, an initial energy minimization of the
system treated as fully classical (MM) was performed, followed
by a 50-ps heating phase from T = 0 K to 300 K via MD in the
canonical NVT ensemble. Subsequently, a 50-ps NPT simulation
was done at room temperature (T = 300 K) and at a constant
pressure (P =1 bar). In these simulations, positional constraints
were applied to the solute molecules. A 20 ns MD simulation
was performed in the same NPT ensemble upon activation of
the SHAKE algorithm. This equilibration phase was then
followed by a 0.5 ns MD simulation in which the temperature
was gradually decreased from T = 300 K to O K. A spherical
model of 45 A radius from the N10 atom of FAD was then
extracted from the final configuration, comprehensive of the
protein and all the sodium atoms. This spherical structure was

This journal is © The Royal Society of Chemistry 20xx
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the one used to start the hybrid QM/MM simulations (Figure
1(A)), done with the NWChem 6.5 program suite.?®

The QM subsystem, shown in Figure 1(B), includes the CPG
substrate, two water molecules and the side chains of the
residues FAD, Cys315, Lys265, Lys347. The thiol link of Cyr315
was explicitly included in the QM region, since the covalent
bond has a direct effect in the increase of the reduction
potential of FAD by AE ~ 120mV.?’ The selection of the most
appropriate QM region has been done by considering various
sizes including or excluding additional atoms and side chains
residues. This benchmark analysis is reported in ESI'.
The total charge of this QM region is equal to zero. The QM
driver is the DFT functional in which the exchange-correlation
interaction is computed at the B3LYP level complemented by
the Grimme’s D3 dispersion (UB3LYP-D3).28 A 6-311G** basis
set (TZVP) is used for all the atoms. The force field for the MM
subsystem was the Amber ff99 one. The electronic embedding
scheme was adapted for describing the QM-MM nonbonded
interactions and the Coulomb interactions were explicitly
computed without cut-off in the total energy calculations. To
saturate the chemical bonds crossing the QM-MM interface,
hydrogen link atoms were used, and the QM subsystem was
optimized at the selected DFT level while keeping fixed the MM
embedding region. Reaction pathways were sampled with the
nudged elastic band (NEB) algorithm, and the transition states
were further refined by a saddle point search point search to
verify if single imaginary vibrational mode exists. Free energies
were evaluated upon inclusion of the enthalpy corrections and
entropy evaluation estimated from the frequency calculations
in the optimized intermediate and transition states. For the
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Figure 1. (A) QM/MM system used in the present study. (B) Schematic
illustration of the active site of the monomeric sarcosine oxidase (MSOX). Atoms
in the QM region are shown in black, and the green parts represent fragments
of the embedding MM system. Hydrogen bonds in the initial state (state 1) are
drawn in red broken lines.
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UV/Vis absorption calculation, time dependent DFT (TDDFT)
calculations were performed at the B3LYP/6-311++G** level
(B3LYP/6-311++G**| Amber ff99) using a reduced QM region in
which the thiol link (CH,-S-CH,) bridging the Cys315 and the FAD
was kept in the MM embedding part to reduce the
computational cost. The reported absorption spectra for the
MSOX wild type and C315Ala mutant are rather similar with the
absorption peak centered at ~454 nm.?7-16 The B3LYP functional
has been shown to be the most reliable one in terms of accuracy
of the absorption spectra of riboflavin with respect to both
MPWB1K and PBEO. The TD-B3LYP/6-311+G(2d, 2p) approach
still suffers from deviations from the experimental values by 40-
50 nm.?° Yet, this computational set-up has been extensively
used to compute with appreciable accuracy the spectra of the
flavin chromophores.3%31 All the molecular structures shown in
the figures were drawn using the visual molecular dynamics
(VMD) program.3?

Results and discussion

Reaction Mechanism

All the intermediate states identified along the reaction
pathways and their related free energy profiles are shown in
Figures 2, 3 and 4. The optimized structures of the transition
states are sketched in Figure S1 (ESI'). The atomic coordinates
of all the intermediates and transition states are given in ESI'. In
the following sections, the intermediate states (1-5) are
thoroughly discussed, and in the following section the UV/Vis
spectra of the intermediate states are analyzed. Finally, the
reaction pathway is discussed and its atomic-level mechanism
in MSOX is unravelled.

MSOX-CPG complex (state 1)

The first state on which we focused is an enzyme-substrate
complex. In this state, hereafter indicated as state 1, the CPG is
located in proximity of the flavin ring of FAD. The carboxy group
of CPG is tightly anchored by two base residues, Arg52 and
Lys347. Compared to the binding position of the sarcosine
substrate, analyzed at an analogous QM/MM level,> the
hydrogen-bond (H-bond) between the carboxy group of the
substrate and the guanidine group of Arg52 are different.
Namely, at the CPG binding, the carboxy group of CPG rigidly
interacts with Arg52 via bidentate H-bonds, and the position of
CPG shifts toward the N3 side of the flavin ring. Thus, the N
atom of the CPG amine and the C3 (C2) atom of the CPG
cyclopropane turn out to be the closest ones to the flavin C4
and C4a atoms, respectively, and their distances in the state 1a
are R(NCPS, C4FAD)= 2 81 A and R(C3PS, C4aFAP)=3.68 A. On the
other hand, at the sarcosine binding state, the N atom of the
sarcosine amine and the Cy atom of the sarcosine are closest
ones to the C4a and N5 atoms of flavin, respectively, as the
carboxy group of the CPG interacts with the side chain of Arg52
via a monodentate hydrogen bond, and the position of the
sarcosine shifts to the C7 atom of the flavin. These different
positions depend on the substrates relative to the FAD flavin
and are considered to be crucial to trigger different amine

J. Name., 2013, 00, 1-3 | 3
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Figure 2. QM/MM optimized structures of the intermediate states. The letter following each number in states indicates a specific conformer. For the sake of clarity, only the

atoms of the QM subsystem are shown.

oxidation (H- elimination) reactions; for instance, in sarcosine,
the C1 hydrogen is transferred to the FAD, whereas in CPG, the
C2 hydrogen is the one transferred to the FAD.

The search for stable CPG conformers in the state 1 allowed us
to identify four different conformers,33 hereafter denoted as
the states 1a-1d. The most stable conformer is 1a (Figure 2),
followed by a conformer with the rotated cyclopropane head of
CPG (state 1b). Their relative stability locates the 1b above 1a
by AG =1.4 kcal moll. The other two conformers of state 1, 1c

H
- H
NCH:COz NCH:COr
) o
@ 0 (gz P 0

1 2

and 1d, present a rotated amine group pointing toward the
opposite and same side, respectively, of the 04 atom of FAD.
Both 1c and 1d are energetically located above 1a by AG = 6~9
kcal moll. However, in these amine conformations (1c and 1d),
the distances of (C2¢P¢, N5FAP) and (C3°PS, C4af*P) shrink to
about 3 A (Table S1, in ESI'). As discussed in detail in the
following sections, such a parallel orientation of the C2¢P6-C3¢PG
bond and N5FAP-C4afAP bond in the 1c and 1d states play a
central role in the oxidation of CPG promoted by FAD. From a
- Ner.cor

JJCHzCOr { /NCHzCOz < eECCEE:
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Figure 3. Schematic illustration of the intermediate states. CPG moieties are colored blue for easy identification. The green curved arrows show the movement of electrons.
The dashed arrows showing the direct proton transfer between C2 and N in the CPG moiety are only helpful guides to connect the states.
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Figure 4. Free energy profile calculated at the QM/MM (UB3LYP-D3/TZVP|AMBER99) theoretical level. The green and blue colors refer to the different amine conformation

in CPG along the reaction pathway.

geometric standpoint, in 1a, only the C3P¢ atom is close to the
N5FAP and C4afP atoms, whereas in state 1b, only the C2¢P¢
atom is close to the N5FP and C4afAP atoms (Table S1). The
activation barriers of all the states 1, such as AG(TS(1a,1b)) and
AG(TS(1a,1c)), are characterized by values AG* < 13.3 kcal mol-
1. Such a relative low activation barrier is a clear indication of
the fact that the conformers of state 1 (1a-1d) can be easily
interconverted.

CPG bound states (states 2)

By searching the possible reactions from the state 1,33 a C4a
adduct formation of CPG to FAD was found to be a plausible
candidate. This pathway includes the cleavage of a C3-C1 bond
in CPG, accompanied by the formation of a new C3-C4a bond
between CPG and FAD. Two unique features characterize this
reaction pathway. The first one is the fact that only the 1c and
1d states can give rise to C4a adducts (states 2b and 2a) with a
low activation barrier. The free energy barriers to the states 2a
and 2b result rather similar and sufficiently low (AG(TS(1c,2b))
=~ AG(TS(1d,2a)) = 16kcal mol!) to make this reaction pathway
realizable.

The second feature is that the C3°P6-C1¢PG bond cleavage and
the C3¢P6-C4afAP bond formation occur at the different faces, in
a way similar to what is observed in an Sy2 reaction. If the
reaction proceeds in the same face as an Syl reaction, then
C3CPG-C1°PS bond cleavage occurs before the formation of the
C3CPG_C4afAP bond. At the transition state, the C3€PG radical is
formed, and the radical species is expected to undergo a
rotation bringing the system from the C1°P6 atom direction to
the C4a™P one. The activation barrier for this pathway turns out

This journal is © The Royal Society of Chemistry 20xx

to be AG =28 kcal mol?, and this relatively large value can be
ascribed to the fact that a C3°PS radical has to be generated to
rotate the methylene terminal (-C3H,). Conversely, in the Sy2-
like pathway, the C3P¢ radical rotation is not necessary and the
motion of the C3H, moiety in CPG is negligible, since the C3¢P6-
C1°P6 bond elongates, and the C3°°6-C4a"AP bond shrinks. Thus,
this reaction channel (1d -> 2a and 1c -> 2b) is the one realizing
the minimum energy pathway not to form a C3S radical
species during the C4a adduct formation.

We also checked whether or not an alternative C atom (C2¢P¢)
of the CPG moiety can react with C4afP This inspection has
shown that the formed product is the state 2c. Nonetheless, this
state 2c and its associated transition state are energetically less
stable (AG(2c) = 18 kcal mol! and AG(TS(1d,2c)) = 45 kcal mol-
1), hence the C2PS atom is unlikely to become an alternative
reactive side with respect to C4aP,

Among the C4a adduct states of states 2, the conformation
identified as state 2a is the most stable. In the state 2b, the
amine NH of CPG points away from the FAD flavin ring, and this
state 2b is energetically higher than 2a by 9 kcal mol. In Figure
4, the green and blue colors identify the amine conformation in
CPG along the reaction pathway. Among the states 1, the one
labeled as 1d is energetically higher than 1c by AG = 3 kcal mol-
1, and this same state can revert easily to 2a as the direction of
the CPG amine is identical in both cases. Similarly, state 1c can
be converted into 2b by the CPG binding. Since in this case the
energetic order of the states 1 and 2 is reversed, the relative
energy at which the transition state is located turns out to be
similar, i.e. AG(TS(1c,2b)) = AG(TS(1d,2a)) = 16 kcal mol2.

J. Name., 2013, 00, 1-3 | 5

Please do not adjust margins




Physical.Chemistry Chemical Physics

We did also a thorough inspection of the states realized by the
SET mechanism. Since the SET mechanism can realize a diradical
structure, namely a CPG radical form and a flavin radical, the
QM subsystem assumes a triplet spin state electronic
configuration. Our calculations show that SET in state 1 is still
unstable, being characterized by AG (1sger) = 16 kcal mol?, and
the second one expected as stable, presenting a ring-opened
cyclopropane group (2sg7) is equally unlikely in view of its higher
energy AG (2sgr) = 18 kcal molt. We remark that this energy is
when higher than the one characterizing the TS(1d,2a) in the
radical formation step. The transition state for the C3-C1 bond
cleavage in the SET mechanism is energetically slightly higher
(AG (TS(1ser, 2se7)) = 20 kcal molt). The molecular structures of
these states in the SET mechanism are reported in Figure S2
(ESI"). This energetically demanding pathway indicates that the
SET mechanism is unfavorable compared to the polar
mechanism via the nonradical nucleophilic attack by the C3¢P6
atom.

CPG H transferred states (states 3)

In the hydrogen transfer process, we observed that one proton

(H*) binding to the C2¢P¢ atom in state 2 (Hc,) is transferred to
the N5FAP atom in state 3. The relative stability in terms of
energy difference between states 2a and 2b (AG(2b) — AG(2a) =
9 kcal mol?) is barely affected by the process, since upon
overcoming the transition states (AG(TS(2b, 3b)) -
AG(TS(2a,3a)) = 7 kcal mol?) the realized products are still
separated by an identical energy difference (AG(3b) — AG(3a) =
9 kcal mol?). In these products, the conformers a and b differ
only in the trans- and cis-configuration of the C1P6—NCP¢ bond.
The state 3a results much more stable in comparison with states
1 and 2 (AG(3a) =—10 kcal mol). The transition state TS(2a,3a)
is, in turn, less energetically demanding than the TS(1d, 2a),
although the transition state TS(2b, 3b) is still high in energy,
and, as such, comparable to TS(1d,2a). Hence, a reaction
channel passing across TS(2b, 3b) is relatively unfavorable
compared to the reaction via TS(2a,3a).

Imine intermediates (states 4)

The state 3 can realize an alternative protonation state, the
imine state, in which the proton of the CPG amine is transferred
to the FAD N5. This imine state is slightly more stable than the
state 3a (AG(4a) — AG(3a) = —1.5 kcal moll). We can infer that
water molecules are prone to access freely the CPG. In this
respect, the water molecules indicated as Watl and Wat2 in
Figure 1(B) can play an active role in the mechanism, if they can
be positioned in the proper active places. This can occur, for
instance, as a consequence of the incoming of additional water
molecules forcing at least two of them to form the needed H-
bond network. Water molecules in proximity of the CPG might
mediate the proton transfer to the state 4, although we could
not clearly determine such a reaction pathway with the present
model without including additional water molecules. In the
state 3b, the corresponding imine state (4b) is the more stable
one (AG(4b) — AG(3b) = —6 kcal mol?). In the reduction step of
L-proline in MSOX, a deprotonation of the amino group is

6 | J. Name., 2012, 00, 1-3

required.3* This suggests that a proton transfer is possible for
the amine group of the substrate upon binding to the active site.
Therefore, the enamine-imine tautomerization of 3 -> 4 is a
viable process at the active site of MSOX.

Product states (states 5)

After the C4a®P¢-C3P¢ bond cleavage occurring in the state 3a,
a secondary amino acid product, ethenyl amino acetic acid, is
formed in the state 5a. Compared to the initial substrate of CPG,
this amino acid product is two-electron oxidized as the Hcgy™
moiety was transferred to the FAD flavin from CPG. The state 5a
turns out to be less stable in comparison with states 3a and 4a
(AG(5a)-AG(4a) = 5 kcal mol?), and the activation barrier for
accessing the 5a state from the 3a is rather modest (AG(5a) —
AG(3a) = 7 kcal molt). These two facts, taken together, suggest
that the reaction from 3a to 5a does not occur spontaneously
because the reverse reaction (5a -> 3a) is faster compared to
the forward reaction (3a -> 5a). It should be noted that the
product amino acid is still bound to the active site. The
conclusion that can be drawn is that a dissociation of the
product amino acid is essential to revert to the initial oxidized
flavin (EFAD,,) by reaction with O,. The transition state TS(3b,
5b) is highly unfavored energetically (AG(TS(2b, 3b)) = 20 kcal
mol!) mainly because the terminal C3H, moiety in CPG should
undergo a large rotation of approximately 902 in the 3b -> 5b
reaction.

UV/Vis spectra

Accurate spectroscopic measurements have been reported for
MSOX1:35 and these can provide a solid benchmark on which
theoretical approaches can be tested. In the absence of CPG,
the MSOX exhibits an intense absorption band at A,,,=454 nm
ascribed to an unmodified oxidized flavin.1® Upon CPG addition,
a charge transfer band was observed in the 500-700 nm range,3®
accompanied by a shift of the absorption to Amax = 422 nm.
Under aerobic conditions, the species with Ana. = 422 nm
accumulates and acts as a mechanism-based inhibitor for
MSOX. This inactivated species is assigned to a CPG-modified
flavin.1®6 Under anaerobic conditions, MSOX carrying the CPG
substrate show that the absorption spectra changes to
broadband over the 400-500 nm range, which is assigned to the
formation of a 1,5-dihydro-FAD (EFADH,). Thus, the MSOX
catalytic cycle becomes trapped at the final oxidation step
which, in turn, regenerates the unmodified oxidized state
(EFADOX).

This journal is © The Royal Society of Chemistry 20xx
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Figure 5. Computed UV/Vis spectra as provided by TDDFT (B3LYP/6-311++G**)
calculations.

In order to verify the experimental UV/Vis spectra assignments
for our simulated model, TDDFT calculations were done for all
the intermediates identified in the present work. The results for
the major states 0, 1a, 3a, 4a and 5a are shown in Figure 5. For
the sake of completeness, the UV/Vis spectra for all the
intermediate states are reported in Figure S3 (ESI'). The state
labeled as 0 is the unmodified MSOX without the CPG substrate.
The calculated absorption peak for 0 is A(0) = 476 nm, which is
overestimated by 22 nm with respect to the experimental value,
a fact not entirely surprising in TDDFT approaches. In the CPG
binding MSOX, the state 1a, the computed absorption peak is
located at A(1a) = 443 nm, qualitatively consistent with the
peak shift toward shorter wavelengths. Inactive species
candidates with adsorption spectra peaked at A= 422nm are
two states 3a and 4a. The calculated absorption peaks for 3a are
A(3a) = 515 nm and 450 nm. We remark that also the 3b state
is characterized by adsorption peaks in the same range, namely
A(3b) =586 nm and 451 nm. These wavelength absorptions are
anyhow longer than A(1a) = 443 nm for 1a and, as such,
inconsistent with the experimental results. Nonetheless, our
computed absorption peaks for the states 3a, within the
limitations of the TDDFT approach, are perfectly reasonable and
corroborated by the observation that strong mw orbital
interactions between the FAD flavin and CPG unsaturated part
(-CH=CH-NH-) have been found for the HOMO and LUMO
orbitals in the states 3a and 3b. These interactions can reduce
the HOMO-LUMO gap and thus shift the transitions between
these two states to lower frequencies. The calculated
absorption peak for the state 4a, the protonated tautomer of
the state 3a, is located at A(4a) = 430 nm. From a free energy
standpoint, the state 4a is more stable than 3a. In an attempt at
getting a comprehensive scenario, we considered also a
protonated state of 4a (4a+H*), but in this case we obtained a
substantially longer wavelength absorption peak (A(4a+H*) =
524 nm). State 4b, a conformer of 4a, is also characterized by a
similar absorption band peaked at A(4b) = 418 nm. Therefore,
we can identify the state 4a, the imine state, as the
experimentally observed inactivated species.

In state 5a (green line in Figure 5) the absorption spectrum
shows a long tail spreading in the wavelength range up to 500
nm. This feature is very similar to the experimental one for final
state before the FAD oxidation. A broad absorption spectrum is
found also for a model lacking the CPG oxidized product
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(EFADH- state). One additionally protonated state, the EFADH,
state without the CPG oxidized product, exhibits a low
absorption peak centered at A(EFADH,;) = 482 nm. These
calculated UV/Vis spectra in the absence of a substrate are
reported in Figure S4 (ESI'). On these grounds, the EFADH, state
can be ruled out as a possible final metastable state. The energy
profile of Figure 4 shows that state 5a can be rapidly converted
into the inactive state 4a, being the activation barrier for 5a ->
TS(3a, 5a) -> 3a as low as AG =2 kcal molL. Therefore, we expect
that the final metastable state before the FAD oxidation
(EFADH, state in Schemes 1 and 2) can be assigned to the
reduced FAD in the absence of the CPG substrate (EFADH-
state), where O, can easily react with flavin to produce
hydrogen peroxide (H,0,) and an oxidized flavin (EFAD,y).
Reaction mechanism of the CPG oxidation by MSOX

The insight into the reaction mechanism of CPG in MSOX
provided by the present study is the major focus of this section.
The first step of this mechanism is the binding of CPG to the FAD
flavin ring, a process that proceeds through the nucleophilic
attack of the CPG C3 atom occurring simultaneously with the
C3—-C2 bond cleavage. This reaction can also be interpreted as a
bond switch between the pristine C1-C3 bond in CPG and a
newly formed CPG C3— FAD C4a bond. This reaction step, which
passes through the most unstable state TS(1d, 2a), is deeply
different from the previously proposed single electron transfer
process, in which a one-electron transfer occurs to CPG from
the FAD flavin, and the cyclopropyl group opens forming a
radical state. We have already shown that the radical
intermediate states in SET are higher in energy than the TS(1d,
2a). We recall also that a rotation of the amino group in CPG via
state 1d is crucial and has to be realized before the CPG adduct
production in the state 2a. Based on the reaction rate kinetics,
the first slow step in Scheme 1 gives k3 = 0.10 min,16
corresponding to AG* = 21.3 kcal mol in terms of free energy.
This activation barrier is comparable to the one calculated for
the TS(1d,2a), namely AG(TS(1d,2a)) = 16.2 kcal mol?,

The second feature worthy of note is that the inactive species
spectroscopically observed and having a spectrum peaked at
Amax=422nm is assigned to an imine state 4a, and not to the
amine state 3a. The states 4a and 3a are related to the imine-
enamine tautomers, and only the position of one proton is
different. Their UV/Vis spectra are significantly different, and
their adsorption peaks are centered on A(3a)= 515 nm
and A(4a) = 430 nm. Hence, there is no room for doubt: The
imine state 4a is the inactive species. We remind that the
intermediate state 4a is the most stable among all the
intermediate states 1-5 identified in this study, and the inactive
species is positioned in such a way that it screens completely
the active site (C4a and N5) which becomes inaccessible to O,.
The existence of this stable intermediate state of 4a is
consistent with the observation that the species 4a is
accumulated under aerobic conditions and the CPG acts as a
mechanism-based inhibitor.

The third remarkable feature is that the following slow process
EFAD,.4-X -> EFADH, is expected to include not only the
dissociation of the CPG oxidized product (3a -> 5a), but also the
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release of the product from the active site (5a ->). As shown in
the free energy profile of Figure 4, the bond cleavage (3a ->
TS(3a, 5a) -> 5a) does not correspond to the high activation
barrier of AG*= 22.7 kcal mol, expected from the reaction rate
kinetics (k;=0.01 min? in schemel).'® By looking at Figure S4,
the UV/Vis spectra for the reduced flavin in states 5a, 5b and
EDADH- are not affected by the presence of the product in the
active site. Thus, the last metastable state realized before the
FAD oxidation process (EFADH; species in Schemes 1 and 2) is
represented by the EFADH- state, where the oxidized CPG
product is released from the active site. Since the product
amino acid is tightly anchored to the surrounding base residues,
Lys347 and Arg52, because of their strong electrostatic
interactions, an additional activation barrier must be overcome
in the product release process. The negatively charged flavin
(EFADH") is well suited to release the substrate product with a
negatively charged carboxy group.

The reaction mechanism we propose for the CPG oxidation in
MSOX (0 -> 1a -> 1d -> 2a -> 3a -> 4a -> 3a -> 5a -> EFADH" -> 0)
is summarized in Scheme 3.

Scheme 3. Reaction mechanism of CPG in MSOX derived from the present QM/MM
calculations.
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The present QM/MM results clearly suggest that the reaction
of MSOX with CPG can be categorized as a polar mechanism.
The SET mechanism, for the reasons summarized in this work,
can be ruled out the CPG oxidation reaction in MSOX. In our
previous theoretical study,® we were able to show that
sarcosine in MSOX proceeds through a HACET mechanism,
which can be roughly categorized as a hydride transfer
mechanism. In the HACET mechanism, sarcosine is needed to
close to the flavin ring to form substantial orbital overlap
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between the amine w orbital and flavin aromatic = orbital. In
particular, the approach of N mine and C4a atoms is essential to
low the activation barrier in the sarcosine oxidation. Based on
these considerations, the HACET mechanism can be
reinterpreted: The hydride transfer of the sarcosine oxidation in
MSOX is stabilized by a polar mechanism through the Nypine-C4a
interaction, although an amine adduct is not stably formed for
the sarcosine substrate (AE = 16.3 kcal moll, AE*=44.9 kcal mol
1).5 Based on the similarities between the reactions in sarcosine
and CPG substrates, a polar mechanism is likely to play a key
role also for other amine substrates in MSOX.

Conclusions

By resorting to accurate QM/MM molecular modelling, we
unravelled the reaction mechanism of CPG in MSOX. The CPG
substrate is widely used to trap radical species in enzymatic
reactions, and the CPG has been identified as a prototype
example of the SET mechanism in MSOX.

The amine group of CPG can take two conformations, resulting
in the two alternative pathways. In the first one, the CPG NH
amine points directly toward the O atom of flavin, whereas in
the second one the CPG NH amine points away from this same
O flavin atom. The former pathway has lower activation barriers
for the transitions 2a -> 3a and 3a -> 5a compared to the latter
one with higher activation barriers for the processes 2b -> 3b
and 3b ->5b. On these grounds, we can infer that the most
favorable reaction pathway is the one realizing the subsequent
steps 1a -> 1d -> 2a -> 3a -> 4a -> 3a -> 5a. According to this
mechanism, the rotations of the cyclopropyl and the CPG amine
are crucial to trigger the 1a -> 1d step. From this point, the CPG-
flavin interaction proceeds through a nucleophilic attack of the
C3 atom belonging to the cyclopropyl group to the C4a atom of
the flavin ring, thus realizing the 1d -> 2a step. The related
activation barrier is AG(TS(1d, 2a)) = 16.1 kcal mol, namely the
first slow step in the overall catalytic cycle (AG;#*=21.4 kcal mol-
1). The radical states are located at energetically higher values
than the TS(1d, 2a), which clearly suggests that the SET
mechanism can be ruled out.

After a proton transfer (2a -> 3a) and an enamine-imine
transformation (3a -> 4a), the imine state (4a) is formed,
identified in our simulations as the most stable intermediate
state. Such a high stability of the intermediate state can be
ascribed to the inhibition of the catalytic activity. The imine
species turns out to be the only possible one possessing the
characteristic absorption peaks in a wavelength range (A(4a) =
430 nm, A(4b) = 418 nm) compatible with the experimental
value Amax= 422nm. This allows us to identify the inactivated
species as the imine state (4a).

The second slow step after the formation of the inactivated
species is a product release from the active site. This somehow
escapes the capabilities of our QM/MM model. Nonetheless,
the reaction steps 4a -> 3a -> TS(3a, 5a) -> 5a could be traced
and investigated. Indeed, we found that the associated
activation barrier, AAG = AG(TS(3a,5a)) — AG(4a) = 8.8 kcal mol
1 is too low to be compared with the analogous barrier
estimated from the kinetic rate (AG,* = 22.7 kcal mol?). This
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indicates that something is missing and that there should be an
additional activation barrier to be overcome to access the
product release. One possible explanation is that the carboxy
group of the product is strongly anchored to the two base
residues of Arg52 and Lys347; these strong interactions have to
be destabilized somehow to make the release from the active
site feasible. The final intermediate state before the FAD
oxidation has been identified as the EFADH" state in the absence
of a substrate. This conclusion is supported by the computed
UV/Vis spectra.

We have formerly shown that the key interaction in the
sarcosine oxidation is the approach of the Nsarcosine gnd C4aflavin
atoms.> This is comparable to the nucleophilic attack of C3°P¢ to
the C4afl?vin atom evidenced in the present study. The explicit
and implicit influences from the polar mechanism is expected to
stimulate investigations in other amine oxidoreductases.
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