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Bl CO Oxidation Mechanism of Silver-Substituted Mo/Cu CO-

Dehydrogenase — Analogies and Differences to the Native

Enzyme

Anna Rovaletti,* Giorgio Moro,” Ugo Cosentino,” UIf Ryde,"” and Claudio Greco*™

The aerobic oxidation of carbon monoxide to carbon dioxide is
catalysed by the Mo/Cu-containing CO-dehydrogenase enzyme in
the soil bacterium Oligotropha carboxidovorans, enabling the
organism to grow on the small gas molecule as carbon and
energy source. It was shown experimentally that silver can be
substituted for copper in the active site of Mo/Cu CODH to yield a
functional enzyme. In this study, we employed QM/MM calcu-
lations to investigate whether the reaction mechanism of the
silver-substituted enzyme is similar to that of the native enzyme.
Our results suggest that the Ag-substituted enzyme can oxidize
CO and release CO, following the same reaction steps as the
native enzyme, with a computed rate-limiting step of 10.4 kcal/
mol, consistent with experimental findings. Surprisingly, lower

Introduction

Carbon monoxide represents a trace gas in the atmosphere,
whose presence derives both from natural and anthropogenic
emissions. Nevertheless, some microbes base their autotrophic
metabolism on such trace levels by exploiting oxidation reactions
of CO!" Microbial CO metabolism is quite important to life on
Earth, since about two hundred million tons of CO are removed
from the lower atmosphere through bacterial oxidation every
year, thus helping to maintain CO concentration below toxic
levels.** Aerobic CO oxidation is performed by carboxydotrophic
bacteria that can use CO as their sole source of carbon and
energy. In fact, the organisms grow autotrophically on carbon
monoxide by coupling CO oxidation, performed by a particular
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activation energies for C—O bond formation have been found in
the presence of silver. Furthermore, comparison of rate constants
for reduction of copper- and silver-containing enzymes suggests a
discrepancy in the transition state stabilization upon silver
substitution. We also evaluated the effects that differences in the
water-active site interaction may exert on the overall energy
profile of catalysis. Finally, the formation of a thiocarbonate
intermediate along the catalytic pathway was found to be
energetically unfavorable for the Ag-substituted enzyme. This
finding aligns with the hypothesis proposed for the wild-type
form, suggesting that the creation of such species may not be
necessary for the enzymatic catalysis of CO oxidation.

metalloenzyme named Mo/Cu CO-dehydrogenase (MoCu-CODH),
to CO, fixation into cell carbon through the Calvin-Benson-
Basham pathway.””’

The most studied example of MoCu-CODH comes from the
aerobic soil bacterium Oligotropha carboxidovorans. MoCu-CODH
presents a symmetrical structure that is a dimer of heterotrimers (
afy),® Each of its halves can be divided into three subunits: a
larger subunit containing the active site (CoxL), a medium-sized
subunit containing one FAD molecule (CoxM) and a smaller
subunit containing two iron-sulfur centers [2Fe-2S] (CoxS).

The active site architecture of MoCu-CODH is constituted of a
unique MoO,(uS)Cu bimetallic centre in the oxidised form of the
enzyme.”

The metal center of molybdenum is characterized by a
pyramidal geometry with a distorted square base. The equatorial
plane contains an oxo ligand, two sulfur atoms belonging to the
molybdopterin cytosine dinucleotide (MCD) cofactor and a further
sulfur atom acting as a bridge between molybdenum and copper
ions (see Figure 1). In the apical position, a second oxo ligand is
located. A second sulfur atom belonging to a cysteine residue
(Cys388) is coordinated to the copper ion which connects the
active site to the protein matrix.

In the second coordination sphere of molybdenum, a
glutamate residue (Glu763) is located near the equatorial oxo
ligand. Glu763 represents a highly conserved residue in the
enzymatic family of xanthine oxidase, of which MoCu-CODH is a
member. The hypothesis has recently been advanced that this
residue plays a spectator role during the initial phase of the CO
oxidation catalysis and then directly intervenes in the release of
the CO, product.”

© 2024 The Author(s). ChemPhysChem published by Wiley-VCH GmbH
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Figure 1. MoCu-CODH large subunit containing the active site (left) and a
closer look at the bimetallic center (right). Colour code: Mo, cyan; Cu, orange;
S, yellow; O, red; N, blue; C, green; H, white.

The bimetallic active site of the enzyme in its oxidized form
hosts a molybdenum(VI) ion accepting electrons and a copper(l)
ion capable of coordinating the CO substrate. During catalysis,
Mo(VI) is reduced to Mo(lV), while Cu(l) maintains its oxidation
state, thanks to the high degree of delocalisation within the Mo(
uS)Cu unit.®’?

Under suitable conditions, the copper ion of the bimetallic site
of CO-dehydrogenase can be replaced with silver."” The resulting
enzyme has been found to maintain the ability to oxidise carbon
monoxide. However, the Cu-to-Ag replacement results in a
decrease in the CO-oxidation activity. At pH7.2 and room
temperature, the reported kinetic constants are 515" for MoCu-
CODH and 8.1s™" for MoAg-CODH. Both catalysts follow pseudo
first-order kinetics and the reaction rates are independent of the
carbon monoxide concentration. Furthermore, the similarities of
the EPR spectra of MoAg and the wild-type CODH imply a
structural conformity of their active sites and their coordination
spheres with the only exception of a water molecule that is found
not to be coordinated to the Ag ion in the resting state of MoAg-
CODH."™ Overall, the aforementioned results suggest that silver-
substituted CO-dehydrogenase adopts a catalytic mechanism
quite similar to that of the native enzyme.

Over the past twenty years, many of several experimental and
theoretical studies have been dedicated to understanding the
mechanism of CO oxidation by MoCu-CODH.™'¥ Crystallographic
studies conducted on the enzyme have led to the hypothesis that
the reaction mechanism involves the formation of a thiocarbonate
intermediate. This is supported by the analogy of this structure
with that assumed by the enzyme following irreversible inhibition
by means of n-butylisocyanate® Subsequent theoretical studies
suggested that formation of the thiocarbonate species involves
some difficulties in the evolution of the CO, product™ More
recent studies® have presented a reaction mechanism for the
oxidation of CO to CO, in good agreement with experimental
data, in which the dissociation of carbon dioxide occurs directly
from the product of the nucleophilic attack, aided by temporary
coordination of a carboxylate oxygen atom of Glu763 to the Mo
ion and in which formation of the thiocarbonate intermediate
does not constitute an obstacle for the enzymatic process.
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In the present work, the energy profile for the Ag-substituted
form of the enzyme was investigated, according to the catalytic
mechanism recently suggested based on theoretical investigations
in our laboratories for the wild-type enzyme.® The results obtained
will also be discussed in comparative terms with respect to those
obtained in the case of the copper-containing enzyme, leading to
novel insights on the CO oxidation mechanism.

Results and Discussion
CO-to-CO, Oxidation Mechanism by MoAg-CODH

Unless otherwise stated, all energy differences discussed in the
following refer to QM/MM refined energies computed by the
BigQM approach at the B3LYP-D3(BJ)/def2-TZVPD level, as
explained in the Methods section. As in the most recently
reported CO oxidation catalytic mechanism,”® the first reaction
step in the presence of silver consists of the nucleophilic attack
of the equatorial oxygen of molybdenum on the C atom of
carbon monoxide coordinated to the monovalent metal ion,
resulting in the formation of a five-membered ring (see
Figure 2). In the reactant species (2Ag), the CO molecule is
coordinated to the silver ion and it is located in the same plane
as the equatorial ligands of the molybdenum ion, with a
0(Mo=0,,)—C(CO) distance of 2.24 A. The reaction product 3Ag
is —4.5 kcalmol™' more stable than 2Ag and has a C—O bond
length of 1.32 A. The activation energy for the formation of the
new C-O bond is 2.7 kcalmol™". In the transition state TS-Ag
structure, the C—O distance of the forming bond is 1.83 A.

The catalysis proceeds with the detachment of carbon
dioxide from the active site starting from 3Ag. During this
reaction, simultaneous cleavage of the Mo—O(CO,) and Ag—O-
(CO,) bonds is observed, supported by the formation of a
temporary interaction between one of the carbonyl oxygens of
the glutamate residue (Glu763) and the molybdenum ion. In
3Ag, the Mo—0O(CO,) and Ag—0O(CO,) bond lengths are 1.98 A
and 2.15 A, respectively, and the Mo—O(Glu763) distance is
3.20 A. The former distances increase to 2.32 A and 2.94 A in
the transition state, TS2-Ag, while Mo—O(Glu763) decreases to
240 A (see Figure 2). In the 4Ag product, the CO, molecule is
completely detached from the bimetallic core, with Mo—0O(CO,)
and Ag—C(CO,) distances of 2.60 A and 3.14 A, respectively.
Glu763 is coordinated to the molybdenum ion, with a Mo—O-
(Glu763) distance of 2.26 A. The CO, releasing step has an
activation energy of 10.4 kcalmol™, but the resulting product
4Ag is quite unstable (10.3 kcalmol™' less stable than 3Ag). A
more stable product, 5Ag (18.1 kcalmol™' more stable than
4Aq), is formed upon coordination of a water molecule to Mo,
forming the Mo(IV)O(OH,) reduced enzyme form. The water
molecule coordinates at the empty equatorial position, with
decoordination of the glutamate residue (the Mo—O(Glu763)
distance is 3.29 A and the Mo—O(H,0) is 2.17 A in 5Aq).
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Figure 2. (a) Proposed catalytic cycle for the CO-to-CO, oxidation reaction by the MoAg-CODH enzyme. Relative energies with respect to the 2Ag species are
reported in kcalmol™". (b) Graphical representation of the optimised intermediates shown as balls and sticks. Non-polar hydrogens are omitted for clarity.
Colour code: Mo, cyan; Ag, silver; S, yellow; O, red; N, blue; C, light blue; H, white. Distances are reported in A.

Comparison Between the CO Oxidation Mechanisms
Catalysed by MoAg-CODH and the Wild-Type Enzyme

Next, we compared the optimised geometries of intermediates
and transition states of the MoAg-CODH catalytic cycle and the
associated energies with the corresponding results for the Cu-
containing enzyme.® Replacement of the silver ion with copper

ChemPhysChem 2024, 25, e202400293 (3 of 8)

leads to a decrease in the activation barrier for the nucleophilic
attack reaction of the oxygen atom of the Mo=0O,, unit on the
activated CO carbon. This activation energy is 6.9 kcalmol™" for
the MoCu-CODH enzyme and 2.7 kcalmol™ for the Ag-
substituted form. This is probably caused by the geometry of
the intermediate 2Ag (see Figure 3): the M—C(CO) distances is
1.88 A for Cu but 2.10 A for Ag in the optimised geometries of
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Figure 3. Graphical representation of the optimised intermediates 2Ag and
2Cu. Colour code for 2Ag as in Figure 2. Color code for 2Cu: Mo, cyan; Cu,
copper; S, yellow; O, red; N, blue; C, green; H, white. The most representative
distances are reported in A.

2Cu and 2Ag, respectively. At the same time, the orientation of
the carbon atom of the CO molecule is more favourable
towards a nucleophilic attack by the equatorial oxo ligand of
Mo in 2Ag compared to what is observed in the copper-
containing analogue (2Cu). In fact, the 0,,—C(CO) bond distance
is appreciably shorter for Ag than for Cu (2.24 A vs 2.40 A).

In Ag-substituted CODH, the interaction of the glutamate
residue with the molybdenum ion compensates for the removal
of CO, and the subsequent decrease in the coordination
number of the metal centre in the same way as observed in the
native enzyme (the Mo—O(Glu763) distance of TS2 is 2.29 A for
Cu and 240A for TS2-Ag). For both enzymes, the rate-
determining steps are in good agreement with the experimen-
tal data. In fact, the «calculated activation energies of
12.6 kcalmol™" for MoCu-CODH and 10.4 kcalmol™" for MoAg-
CODH show a good agreement with the experimentally
determined activation enthalpies of 11.4kcalmol™ and
10.2 kcalmol ="'

In order to compare the complete catalytic cycle of CO
oxidation of the wild-type and silver-substituted enzymes, binding
energies of the CO substrate to the metal ion (Cu(l) or Ag(l)) were
evaluated. The binding energy was calculated as explained in the
Methods. Formation of the bond between carbon monoxide and
M(l) is an exothermic reaction for both enzymes. As expected, Ag
establishes a weaker interaction with CO; the calculated coordina-
tion energy was found to be 5.7 kcalmol™ more favourable for
copper. This is also in line with previous observations in literature
that refer to a decrease in the s-backdonation capacity of Ag
compared to Cu, which would be reflected in a lower activation of
the CO substrate towards nucleophilic attack! However, our
results indicate that although the coordination of CO to Cu is
actually more favourable than to Ag, the greater bulkiness of the
silver ion leads to a spatial approach of the reacting species that
favours the nucleophilic reaction. In other words, theory indicates
that the effects of the lower s-backdonation capacity of Ag is
counterbalanced by structural determinants that push the Ag-
bound CO reactant closer to the product with the novel C—O bond.
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Formation of the Thiocarbonate Intermediate During
Catalysis

As explained in the Introduction, the high thermodynamic
stability of the thiocarbonate intermediate has sometimes been
reported to be an obstacle in determining a plausible
mechanism for the detaching of carbon dioxide. To complete
the comparison between the two forms of the enzyme, the
possible formation of the thiocarbonate intermediate during
the course of catalysis in MoAg-CODH was evaluated. As shown
in Figure 4, formation of the thiocarbonate intermediate occurs
from 3Ag by the formation of a bond between the carbon atom
of the newly formed CO, moiety and the u-sulfido ligand,
concomitant with the breaking of the C—Ag bond, forming 6Ag.
After cleavage of the Ag—uS bond and formation of a
(CO,)0—Ag bond, the thiocarbonate intermediate 7Ag is
formed. Our calculations revealed that the silver-substituted
structures are less stable than their native Cu-analogues. In
particular, the incorporation of Ag as metal catalyst involves a
significant loss of stability for the thiocarbonate intermediate
(7Ag), which was found to be 8.7 kcalmol™" less stable than
3Ag, compared to 0.5 kcalmol™ for the native enzyme.
Assuming that substitution of Ag for Cu does not involve
changes in the catalytic mechanism but only in the resulting
kinetics, the high instability of the thiocarbonate compound as
well as of its precursor intermediate further support the
hypothesis suggested in the work of Ritacca et al. for the wild-
type form® that the formation of such species is not necessary
for the enzymatic catalysis of CO oxidation.

Entropic Contributions

We saw above that the calculated activation energies for MoAg-
and MoCu-CODH agree the experimental activation enthalpies
within 0.2 and 1.2 kcal/mol and reproduce the trend of a lower
activation enthalpy for Ag than for Cu. However, as mentioned in
the Introduction, the reaction rate shows the opposite trend, viz.
that k., is 8.1 and 51 s™' for MoAg- and MoCu-CODH, respectively,
translating to a difference in the activation free energy of 1.1 kcal/
mol. This change must come from the entropic contributions and
we investigate in this section such contributions. Reactions that
lead to the formation of CO, once the substrate has been
coordinated to the metal cation (2Ag—3Ag—4Ag, Egs. (2) and (3)
for Ag and 2Cu—3Cu—4Cu, Egs. (6) and (7) for Cu) are identical
in the presence of either copper or silver. However, it is
experimentally known that the resting states differ regarding
whether a water molecule coordinates to the metal or not."”
Therefore, it is reasonable to think that the energy profile
associated with the catalytic processes in the Cu- and Ag-bearing
enzymes can be significantly influenced by differences in entropic
contribution coming from the CO bonding reaction (Egs. (1) und
(5)) and from the reaction that leads to the formation of reduced
enzyme state (Egs. (4) and (8)).

Egs. (1) to (4): Chemical equations representing the CO-to-
CO, oxidation catalysed by the silver-substituted enzyme:
1Ag—2Ag (1); 2Ag—3Ag (2); 3Ag—4Ag (3) and 4Ag—5Ag (4).
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Figure 4. Graphical representation of the optimised intermediates involved in the formation of the thiocarbonate species. The numbers after the name of the

intermediate is the relative stability in kcalmol™". Colour code as in Figure 2.

R, represents the MCD and axial oxo ligand, R, represents the
uS moiety and sulphur atom of Cys388 bound to Ag:

R,—Mo(0)—R,—Ag + CO = R,—Mo(0)—R,—Ag—CO m
R,—Mo(0O)—R,—Ag—CO = R,—Mo—R,—Ag—CO, )]
R,—Mo—R,—Ag—CO, = R,—Mo—R,—Ag + CO, 3)
R,—Mo—R,—Ag + H,0 = R,—Mo(H,0)—R,—Ag (4)

Egs. (5) to (8): Chemical equations representing the CO-to-
CO, oxidation catalysed by the wild-type enzyme: 1Cu—2Cu
(5); 2Cu—3Cu (6); 3Cu—4Cu (7) and 4Cu—>5Cu (8). R, and R,
are the same as for the silver enzyme:

R,—Mo(0)—R,—Cu—OH, + CO =

R,—Mo(0)—R,—Cu—CO + H,0 ©)

R,—Mo(0)—R,—Cu—CO = R,—Mo—R,—Cu—CO, ©)
R,—Mo—R,—Cu—CO, = R,—Mo—R,—Cu + CO, )
R,—Mo—R,—Cu + H,0 = R,—Mo(H,0)—R,—Cu (8)

In particular, for MoCu-CODH, the net entropic contribution
can be considered small because a gas molecule bound in
Eq. (5) is released in Eq.(7) and concomitantly the water
molecule released in Eq. (5) binds again in Eq. (8). However, this
is not true for the silver-substituted enzyme, for which there is a
cancelling entropy contribution deriving from the coordination
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of CO in Eqg. (1) and the release of CO, in Eq. (3), but also an
unfavourable entropic effect as a result of the coordination of
the water molecule in Eq. (4), which is not compensated by any
release of water in Eq. (1). In order to evaluate such entropic
effects, the two-to-one particle reactions (Egs. (1), (3), (4), (7)
and (8)) were corrected by an entropic factor of 9.0 kcalmol™',
whose sign changes depending on whether the reaction
implies an increase or not in entropy. Such a correction to AG
(with AH approximated by AE) for any reaction step in which
two molecules combine to form one has been used in many
studies and it has little dependence on the molecular identity
(8-11 kcalmol™) since the value is dominated by the transla-
tional and rotational entropy while the vibrational entropy,
which depends more on the identity of the molecule, plays a
secondary role."*?% We add the entropy factor to the transition
states of binding reactions but not to dissociation reactions,
because the ligand is (partly) bound in the transition state.

The approximated free-energy diagram is represented in
Figure 5 and it is compared to the results obtained by only
considering the total energy. It can be seen that the energies
for MoCu-CODH is modified only for the 4—5 reaction, the
barrier of which is increased, but the barrier remains lower than
the rate-limiting 3—4 reaction (9.5 compared to
12.6 kcal mol™"). However, for MoAg-CODH, most reaction steps
are affected. In particular, the barrier for the 1—2 reaction step
is increased to 11.6 kcalmol™', which is actually higher than for
the 3—4 step, which had the largest activation energy,
10.4 kcal mol™". This is not enough to reproduce the experimen-
tal free-energy trend, but it should be remembered that the
entropy treatment is very primitive. In fact, an entropy
correction of 11 kcalmol™" gives the correct difference and it
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85U8017 SUOLILLIOD BAER.0 3|edldde aup Aq pausenob ase ssjpie YO ‘SN JO s3I 10} ARiqiT8ulIUO AB|IAN UO (SUONIPUOD-PUR-SLLIBY/LI0D" A |IM A0 U1 UO//SANY) SUORIPUOD pUe SWLB | 8L 88S *[6202/50/60] U0 ArIqITaulUO AB]IM ©00001g Oue[IIN IPNIS A1S.RAIUN AQ £62001202 04dd/Z00T OT/I0P/W0 A8 | 1M Aleiq Ul |uo adoune-Ais weyo//sdiy oy pepeojumod ‘eT ‘vR0Z ‘TraL6ErT



Chemistry

Research Article Europe

European Chemical

ChemPhysChem doi.org/10.1002/cphc.202400293 Societies Publishing
Cu — Ag Cu-corrected =~ = Ag-corrected
11.58
; 7.93 834
477 -9 :
B 5081 ™ =% 251
0 ‘ : -0.66
-10.31
-11.42 = _
\ -18.20
-19.31
1 TS1-2 2 TS 2-3 3 TS 3-4 4 TS 4-5 5

Figure 5. Potential energy surface of the CO-to-CO, oxidation mechanism catalysed by Mo/Cu-CODH (blue) and by Mo/Ag-CODH (red). Straight lines represent
differences in total energies (AE) obtained by QM/MM calculations while dottet lines represent the approximated free-energies (AG) obtained by correcting
the two-to-one particle QM/MM reactions energy by an entropic factor of 9.0 kcal/mol. All relative energies are expressed in kcalmol™'.

should be recalled that the calculated activation energy for
MoCu-CODH was 1.2 kcalmol™' higher than the experimental
enthalpy. Moreover, vibrational entropy (and enthalpy) is
ignored. Still, this simple model shows a possible explanation to
the opposite trends of the activation energy and free energy.
The results show striking resemblances between the total
energy profiles of the wild-type enzyme and the Ag-substituted
enzyme. Nevertheless, a notable divergence arises when
entropy effects are taken into consideration. However, it is
interesting to notice that such divergence is essentially neutral
in terms of effects on the computed barrier for the CO, release
steps, for which a good match with experimentally determined
energies are noticed when the latter are compared with QM/
MM-computed counterparts (vide supra).

Conclusions

Recent experiments performed by Wilcoxen et al. showed that
silver can substitute for copper in the active site of MoCu-CODH
to yield a functional enzyme.'” Moreover, the EPR spectra
indicated a coordination environment in the silver-substituted
enzyme similar to that seen in the native form with the only
exception that no proton coupling is observed in the presence
of silver. This difference arises from the fact that a water
molecule coordinates to the Cu ion, but not to Ag, in the
resting state of the enzymes. In fact, it was suggested that a
Mo(VI)/Cu(l)-H,0O center is present in the wild-type form while a
Mo(VI)/Ag(l) center is found in presence of silver."" The Ag-
substituted enzyme preserves its ability to catalyse the
oxidation of CO to CO, while the hydrogenases activity is
completely lost with the introduction of the heavier metal.""?"

ChemPhysChem 2024, 25, 202400293 (6 of 8)

Despite no catalytic mechanism for the CO-to-CO, oxidation by
the MoAg-CODH form has been proposed so far, the identi-
fication of the rate-limiting step in the reductive half-reaction
for both the native and Ag-substituted enzyme provides crucial
insights into the mechanistic similarities between the two
forms."” Therefore, in this work we used QM/MM calculations
to investigate the possibility that the silver-substituted enzyme
might follow the same mechanism as the native enzyme.®

Our results suggest that the silver-substituted enzyme can
oxidise CO and release the CO, product following the same
reaction steps reported for the native enzyme. A rate-limiting
step of 10.4 kcalmol™' was computed for the Ag-substituted
form, which fits well to the experimentally reported one of
10.2 kcalmol """ By comparing the CO-oxidation mechanism
catalysed by MoAg-CODH with that of MoCu-CODH, a lower
activation energy was found in the formation of the new C-O
bond in the presence of silver. This intriguing finding contrasts
with the expectation that silver, which is known to exhibit a
lower z-backbonding capacity than copper, would result in a
reduced activation of the C—O bond of the coordinated carbon
monoxide.>*? However, our results indicate that the more
favourable C—O bond formation in the presence of Ag is not to
be ascribed to a higher activation of the metal-bound CO
molecule but to a more convenient position of the latter in the
active-pocket site. In fact, we show that the bulkier silver ion
pushes the CO molecule closer to the nucleophilic oxo ligand of
Mo in contrast to what occurs in the presence of copper.

Regarding a comparison of the rate constants for reduction
of the copper- and silver-containing enzyme, it was previously
suggest that there is a discrepancy of approximately 1 kcal/mol
in the transition state stabilisation upon substitution of silver
for copper.”™ However, such difference is hard to assess with
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the current QM/MM enzyme modeling. Still, considering the
outcomes derived from our model and the large effects due to
differences in entropic contributions (vide supra, Section
“Entropic contributions”), it is tempting to hypothesize that the
rate difference between the two enzyme forms may be
associated with such entropic effects.

Finally, formation of a thiocarbonate intermediate along the
catalytic path turned out to be energetically unfavourable for
the Ag-substituted enzyme. Assuming that the substitution of
Cu for Ag does not entail alterations in the catalytic mechanism,
the high instability of both the thiocarbonate compound and
its precursor intermediate further reinforces the hypothesis
proposed in the work of Ritacca et al. for the wild-type enzyme
that the creation of such species is dispensable for the
enzymatic catalysis of CO oxidation.”

Future studies in our laboratories will focus on assessing the
impact of the selected Cu-to-Ag substitution on the catalytic
energy profile of H, oxidation.

Computational Methods

QM/MM Calculations

The protein setup reported in our previous work was used.” For
the description of the structures of all the intermediates and
transition states, the hybrid quantum mechanical/classical (QM/
MM) approach has been employed. The protein and its surround-
ings were divided into two subsystems, called System 1 and
System 2. System 1 comprises the active site of the enzyme and
was treated by quantum mechanical calculations. It involved 66
atoms having a total charge of —3. It includes the molybdenum/
silver bimetallic centre, carbon monoxide, the truncated MCD
cofactor, the residue (Cys388) whose side chain coordinates Ag, the
main chain of the two residues adjacent to this residue (Arg387-
Ser389) and the side chain of the deprotonated glutamate residue
(Glu763); finally, a water molecule of the second coordination
sphere of silver was also included, the presence of which is known
from crystallographic measurements carried out on the native
enzyme.

System 2 comprises the remaining portion of the protein and a
sphere of solvation water molecules. This subsystem was treated
using a classical approach. In order to delimit System 1, the carbon
atoms involved in the covalent bridging bonds between Systems 1
and 2 were treated by the hydrogen link-atom approach.”® System
1 was capped with hydrogen atoms (hydrogen link atoms, HL)
whose positions are linearly related to the corresponding carbon
atoms (carbon link atoms, CL) in the full system.

QM/MM calculations were performed by means of the ComQum
software,**** which uses a subtractive scheme with electrostatic
embedding and van der Waals link-atom corrections.”® All QM/MM
geometric optimizations were performed on closed-shell singlet
states at the BP86-D3(BJ)/def2-TZVP¥>% |evel of theory using
TURBOMOLE 7.4 software.”" The resolution-of-identity technique
was used to accelerate the calculations.®?

For the MM calculations we used the Amber software,*® using the
Amber FF14SB force field for the protein,*¥ and the general Amber
force field®” with restrained electrostatic potential (RESP) charges®®
for CO and the MCD cofactor. The two Fe,S, clusters were described
with RESP charges and a non-bonded model.?”!
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The total energy of the QM/MM system is composed as follows:

EQM/MM = Egﬁ/lwptchz + EfAL/vnz,m -0 Em/n.m:o 9)
where ngV,Hpt(hz denotes the QM energy of System 1 truncated by
HL atoms and embedded in a set of point charges modelling
System 2. Eq, . o is the MM energy of System 1, still truncated by
HL atoms, without any electrostatic interactions. Eyy,. , is the
classical energy of the whole system, with CL atoms and with the
charges in System 1 set to zero, in order to avoid double-counting
of the electrostatic interactions.

BigQM Calculations

The BigQM approach was employed to obtain stable and
converged energies of each optimised geometry in the CO-
oxidation catalysis. This method®*? has been shown to be a
valuable tool in theoretical investigation of Mo/Cu CODH."**" The
BigQM approach employs a QM system that includes all chemical
groups with at least one atom within 6.0 A of the original QM
system of 66 atoms (System 1). In addition, junctions were moved
three amino acids away from any residue in System 1 and all buried
charged groups buried inside the protein were included, with
exception of the two iron-sulfur clusters (Arg27, 30, 56, 112, 126,
138, 188, 211, 261, 301, 312, 387, 391, 418, 460, 571, 797; Asp30, 42,
43, 103, 124, 192, 266, 313, 338, 439, 507, 779, 794; Glu117, 218,
299, 394, 400, 404, 533, 555, 705, 714, 763; Lys60, 185, 274, 296,
379, 759; Hip532). The BigQM calculations were performed on
coordinates obtained from the QM/MM optimisations, with a
surrounding point-charge model, at the BP86-D3(BJ)/def2-SV(P)
level.”” The multipole accelerated resolution-of-identity J approach
(marij keyword) was employed to accelerate the calculations.”™ The
resulting energies were corrected with a QW/MM MM term for the
BigQM region:

Evm = El(\:/lLIVHZ,m:D - Er\k/‘bm,qwzo (10)

Finally, the energies were also corrected by taking into consid-
eration the B3LYP-D3(BJ) functional and the def2-TZVPD basis set,
using calculations with the standard QM/MM QM system and a
point-charge model of the surroundings:

B3LY P/TZV PD
E.,, = EBY?

EBPSG/SV(P)
corr — =QM1,ptch2

QM1 ptch2 an

The CO binding energy was computed according to M(l) +CO,,—
M(1)-CO, where CO is considered as solvated in bulk water using the
COSMO continuum solvent model (epsilon=78)"1 M() was
modelled with a QM/MM model whose System 1 was composed of
64 atoms while M(I)-CO was modelled using the standard QM/MM
described above (System 1 composed of 66 atoms). All QM/MM
energies were corrected using the Big-QM approach at the B3LYP-
D3(BJ)/def2-TZVPD level of theory.
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