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Abstract

Carbenes are highly reactive compounds with unique values to synthetic chemistry. However, a
small number of natural enzymes have been shown to utilize carbene chemistry, and artificial
enzymes engineered with directed evolution required transition metal ions to stabilize the carbene
intermediates. To facilitate the design of broader classes of enzymes that can take advantage of
the rich carbene chemistry, it is thus important to better understand how to stabilize carbene
species in enzyme active sites without metal ions. Motivated by our recent studies of the anaerobic
ergothionine biosynthesis enzyme EanB, we examine carbene-protein interaction with both cluster
models and QM/MM simulations. The cluster calculations find that an N-heterocyclic carbene
interacts strongly with polar and positively charged protein motifs. In particular, the interaction
between a guanidinium group and carbene is as strong as ~30 kcal/mol, making arginine a great
choice for the preferential stabilization of carbenes. We also compare the WT EanB and its

mutant in which the key tyrosine was replaced by a non-natural analog (F2Tyr) using DFTB3/MM
simulations. The calculations suggest that the carbene intermediate in the F2Tyr mutant is more
stable than that in the WT enzyme by ~3.5 kcal/mol, due to active site rearrangements that enable
a nearby arginine to better stabilize the carbene in the mutant. Overall, the current work lies the
foundation for the pursuit of enzyme designs that can take advantage of the unique chemistry
offered by carbenes without the requirement of metal ions.
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Lysine Backbone

Carbene Stabilization in Enzyme

1. Introduction

Carbenes are a class of highly reactive compounds that feature rich chemistry.1:2 Therefore,
they are uniquely valuable in organic synthesis. Carbenes can exhibit diverse reactivities
with different spin states. For example, singlet carbenes can have both electrophilic

and nucleophilic characters and triplet carbenes have diradical reactivity.3 Most carbene
compounds are difficult to isolate due to their high reactivities, except for some relatively
stable ones, such as N-heterocyclic carbenes, which have been used to conduct novel
chemical reactions.* It appears that nature has not “discovered” carbene chemistry, as

the number of enzymes that have been shown to involve a carbene intermediate is

very limited (Scheme 1), including the thiamin diphosphate (ThDP) enzyme,® orotidine
monophosphate (OMP) decarboxylase® and, more recently, the anaerobic ergothionine
biosynthesis enzyme (EanB).”-8 Such realization motivated the design of novel enzymes
that may take advantage of carbene chemistry. For example, utilizing synthetic carbene
precursors with repurposed heme-proteins and directed evolution, Arnold and co-workers
successfully expanded the catalytic repertoire of enzymes toward novel chemical reactions
not known in natural enzymes;? the selective carbene transfer reactions in those heme
proteins involve stabilization of carbine by iron-porphyrins.%-11

To employ carbene chemistry more broadly in designed enzymes, it is essential to explore
alternative strategies that stabilize carbenes without using transition metal ions. To this end,
it is important to understand intermolecular interactions that may help stabilize carbenes

in an enzyme active site; to the best of our knowledge, this has not been explored
systematically in either experimental or computational studies. Indeed, since many carbenes
are charge neutral, it is not intuitive to predict interactions that preferentially stabilize
carbene over related species (vide infra). Establishing the physical nature of carbene
interactions will also be instrumental to the development of proper computational models
for treating the corresponding stabilization effects during the rational design process. For
example, the fact that (singlet) carbenes feature both a lone pair and an empty valence
orbital suggests that interactions involving them are likely beyond electrostatics and
therefore require more sophisticated computational models than the standard empirical force
fields.12-15
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As another potential strategy, one may incorporate non-natural amino acid(s) into the active
site to provide additional stabilization of carbenes. The contribution from the non-natural
amino acid substitution, however, is not straightforward to predict. For example, in a recent
study of the anaerobic ergothionine biosynthesis enzyme (EanB),”8 to better understand

the role of Tyr353 in catalysis, the authors replaced Tyr353 with a non-natural tyrosine
analogue, 3,5-difluoro tyrosine (F2Tyr, see Scheme 2), whose hydroxyl pK is 2.8 units
lower than that of Tyr. The rate constant (k) for EanB with F2Tyr (EanB y 353 73,) Was
slightly lower than that of the wild-type (WT) EanB, but the substrate (hercynine) deuterium
exchange is much more efficient in the EanB y 353 73, Variant relative to the WT enzyme,8
suggesting that the carbene intermediate might be more stable in EanB y 353 7 The origin
of the stability difference was not clear, since the protonation state of the Tyr remains the
same in the carbene intermediate and the reactant state (see Scheme 1). It is likely that the
interaction patterns are altered in the EanB y 353 73 active site, leading to different degrees
of stabilization of the carbene intermediate relative to the WT enzyme, although a molecular
level of understanding requires detailed computational analyses.

In this study, we conduct computational analysis of carbene stabilization by enzyme motifs
using both cluster models and realistic systems. The cluster models are constructed based on
key features of several enzymes that have been proposed to involve a carbine intermediate:
EanB,’8 the ThDP enzyme® and the OMP decarboxylase;8 stabilization of the carbene
species is analyzed with multiple QM methods, ranging from semi-empirical density
functional tight binding (DFTB) through various DFT methods to correlated ab /nitio (MP2,
SCS-MP2 and CCSD(T)) approaches. The magnitude and nature of stabilization is further
analyzed with an energy decomposition scheme.8 Finally, we also conduct DFTB3/MM
simulations to explicitly compare the properties of the carbene intermediate in the WT
EanB and the EanB y 353 75, variant; in particular, we aim to understand the underlying
mechanism for the higher degree of carbene stabilization by F2Tyr.

We observe that carbenes feature strong intermolecular interactions with various enzyme
groups, especially Arginine and Tyrosine sidechains; the degree of stabilization is lower
with other charge-neutral groups, such as backbone amide and sidechain of Thr. Therefore,
carbene intermediates can be substantially stabilized relative to the reactant state if the
proper protein groups are well positioned. In fact, the higher stability of the carbene
intermediate in EanB y 353 75, relative to the WT EanB is due largely to the better
positioning of an Arginine residue. Therefore, our study has provided valuable guidance

to the design strategies that can be utilized to stabilize carbenes in enzyme active sites to
take advantage of the unique stereospecificity/selectivity of carbene chemistry.

2 Computational Methods

2.1 Cluster calculations for carbene stabilization

To probe the interaction between carbene and typical enzyme motifs, several sets of cluster
models are constructed based on the active sites of the three enzymes mentioned earlier:
EanB (Fig. 1), ThDP enzyme and OMP decarboxylase (Fig. 2). For a comparative analysis
of stabilization, these models are also studied with the carbene replaced by the reactant
species for the corresponding enzymes. The geometries for these clusters are optimized with
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the second-order Méller-Plesset perturbation theory (MP2)17 and the aug-cc-pVTZ basis

set (aTZ),18-21 ysing the Gaussian 16 program.22 For comparison, interaction energies with
these optimized structures are also calculated using DFTB/30B, DFT methods with different
functionals (B3LYP,23-25 CAM-B3LYP,26 PBE0,2’ LC-wHPBE,?® wB97XD,29 MN1530
and MN15L31), spin-component scaled MP2 (SCS-MP2), and coupled-cluster methods
(CCSD(T)). Such comparisons are worthwhile due to the unique electronic structure of
carbenes, which may feature a non-negligible degree of multi-reference character.32 MP2,
SCS-MP2 and CCSD(T) calculations are performed with the GAMESS package,33-36
DFTB with CHARMM,37 and the others with Gaussian16.22 The complete basis set limit
energies (E cgs) are calculated based on the exponential extrapolation scheme;38 the detailed
equations and results are included in the Supporting Information.

The interaction energies are further analyzed using the canonical molecular orbital energy
decomposition analysis (CMO-EDA) with MP2 using the aug-cc-pVVDZ (aDZ), aug-cc-
pVTZ (aTZ) and aug-cc-pVQZ (aQZ) basis sets.18-21 The results with the aQz basis set and
correction of the basis set superpaosition error (BSSE) are shown in Table 2. Results at other
levels of theory are included in the Supporting Information for comparison (see Table S1
and S3, S4). The CMO-EDA calculations are performed with the GAMESS package.16:36.39

In CMD-EDA, the total interaction energy is decomposed into five terms, including
electrostatics (A£%), exchange (AE?), repulsion (AE7€P), polarization (AFP?Y) and
dispersion energies (AE9P):

AEMP? = AE“® 4+ AE® + AE™P + AEP + AE"P. ()

It is common to group AE®P and AE®X together as the exchange-repulsion (AEX~'€P) term,
as shown in Table 2. Basis set superposition error (BSSE) is considered in the intermolecular
interaction calculations using the counterpoise method originally proposed by Boys and
Bernadi,*? which is similar to the posteriori BSSE correction method defined by Xantheas.*!

2.2 QM/MM simulations of WT EanB and EanBy 3s3r2Tyr

To compare carbene stabilization in the WT EanB and EanB y 353/ 73,» QM/MM simulations
are conducted using CHARMM.37 The crystal structure of EanB with Cys412 polysulfide

in complex with hercynine (PDB: 6KTV) is used as the starting structure. The QM/MM
setup is illustrated in Fig. 3, in which a water droplet of 25 A radius centered on the terminal
sulfur atom of Cys412 persulfide is used to solvate the enzyme. Non-crystallographic waters
within 2.5 A of crystallographic atoms are deleted. The system is partitioned into three
regions within the framework of the generalized solvent boundary potential (GSBP):43-4°

a QM region that consists of 134 atoms, an inner MM region that contains all non-QM
atoms within a 28 A sphere surrounding the active site (7961 atoms), and the frozen outer
MM region (1971 atoms). The QM region contains key reacting residues, the hercynin
substrate and some residues of a-helix 18 (i.e. Glu345, Tyr353/Y353F2Tyr, Tyrd11l, Cys412,
Gly413, Thrd14, Gly415, Trp416, Arg417 and Gly418), and QM link atoms, using the

DIV scheme,8 are placed between the a and B carbons of the QM residues. The QM

region is treated with the DFTB3 level of theory*’49 with the 30B-3-1 parameter set;0:51
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as discussed in Ref.” and the Supporting Information, the C-H repulsive potential has
been modified to better balance the C-H proton affinity of the substrate and the O-H
proton affinity of Tyr353 for the carbene generation. Compared to our previous work,’ the
calculations here include the Grimme’s third version semi-empirical dispersion correction
(D352:53) for the DFTB atoms.

The inner region is propagated with classical Newtonian dynamics. A buffer region of

3 A from the edge of the inner region is treated with Langevin dynamics, and protein
atoms in the buffer region are harmonically restrained with force constants determined from
the average of crystallographic B factors.>* Relevant free energy profiles are computed
using metadynamics simulations® with the PLUMED package®® interfaced to CHARMM.
The collective variables (CVs) for metadynamics are the antisymmetric stretch describing
the proton transfers between Tyr353/Y353F2Tyr and the hercynine substrate. SHAKE® is
applied to all bonds involving hydrogen atoms that do not participate in proton transfer
reactions; due to the involvement of proton transfers, an integration time step of 0.5 fs is
adopted. The well-tempered multiple walker metadynamics method is employed with 50
walkers; each walker samples ~2.3 ns, leading to a cumulative simulation time of ~115 ns
for each enzyme system. In terms of wall time, using two Intel Xeon Gold 6132 processor,
it takes approximately 48 hours to complete 100 ps (with an integration time of 0.5 fs) of
sampling for each walker. More details about the QM/MM metadynamics simulations and
benchmark calculations are included in the Supporting Information.

3 Results and Discussions

3.1

In this section, we first examine the cluster models inspired by EanB to compare the
interactions between the carbene and nearby enzyme groups with those for the reactant
(using an imidazole to mimic hercynin); results for cluster models relevant to two other
enzymes (Fig. 2) are also briefly discussed although the magnitude of stabilization due to
neutral amine is much more modest. The interaction energies for all these cluster models
are then decomposed into various components to gain further insights into the physical
nature of intermolecular interactions involving carbene. Finally, we analyze the roles of
a non-natural amino acid (F2Y) in stabilizing the carbene intermediate of EanB using
QM/MM simulations.

Interactions Between Carbene and Active Site Residues in EanB Enzyme

In our previous work,”+8 using both DFTB3/MM metadynamics simulations and DFT cluster
models, we examined three possible reaction pathways for EanB catalysis. Both types of
calculations found that the S-S bond cleavage is the rate-determining step, while Tyr353
participates in the substrate activation step that is a prerequisite for the subsequent S-S bond
cleavage. Once the imidazole moiety in the substrate hercynin is activated (protonated) by
Tyr353, the deprotonated Tyr353 may extract the proton of e-carbon to produce a carbene
intermediate (Scheme 1C). Both DFTB3/MM and DFT cluster calculations suggested that a
carbene-based mechanism is energetically feasible, which motivated subsequent deuterium
exchange experiment that further supported the involvement of a carbene species.® Inspired
by the observation of a carbene intermediate in the absence of metal ions in the EanB active
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site, we construct a set of cluster models (see Fig. 1) to probe the interactions between the
carbene intermediate and nearby enzyme residues, in comparison to those computed for the
reactant (modeled by imidazole). The interaction energies are shown in Tables 1 and S1.

Hydroxyl Group—~Following its formation, the carbene intermediate in EanB is likely

to interact directly with the Tyr (or F2Tyr), which can provide a substantial amount of
stabilization. As references, the phenol groups in Tyr and F2Tyr form hydrogen bonds with
the neutral N atom in imidazole with distances of 1.79 A and 1.71 A, respectively (Fig. 1A-
B); the shorter distance suggests that F2Tyr forms a stronger interaction, which is consistent
with its lower sidechain pK,. The calculated interaction energies are —7.5 kcal/mol and -8.2
kcal/mol, respectively, for Tyr and F2Tyr, at the SCS-MP2 level of theory in the estimated
complete basis set (CBS) limit. For the carbene, the hydroxy! group prefers interactions with
the e-carbon that has a lone pair of electrons. The H-e-C distances are 1.83 A and 1.70 A,
respectively, for Tyr and F2Tyr; the corresponding interaction energies are —9.9 kcal/mol
and —13.7 kcal/mol, at the SCS-MP2/CBS level of theory. Similarly, at the CCSD(T)/CBS
levels of theory, the interaction between the carbene and F2Tyr (-15.4 kcal/mol) is stronger
than that of carbene-Tyr (-11.2 kcal/mol). Therefore, it is clear that the interaction with Tyr/
F2Tyr is stronger for the carbene than with the substrate imidazole, especially with F2Tyr.
Indeed, the magnitude of ~15 kcal/mol is substantially stronger than a typical hydrogen
bonding interaction that involves charge-neutral species.

In the previous study,’” we found that Thr414 also plays an important role in stabilizing the
substrate through a hydrogen bonding interaction with N s atom of the imidazole. Therefore,
we also probe the interaction between a Thr sidechain and the carbene/imidazole using the
cluster models shown in Fig. 1C. The optimized geometries suggest that the hydroxyl group
in Thr prefers to interact with the imidazole N atom or accepts a hydrogen bond from the
NH group in the carbene, instead of donating a hydrogen-bond to the carbene e-carbon;
these trends are also observed in the DFTB3/MM simulations (see below). The magnitude of
interactions with Thr is comparable for the carbene and imidazole, suggesting that the Thr
sidechain has limited ability to preferentially stabilize carbenes.

Guanidinium Group—In the active site of EanB, Arg417 is in close contact with the
substrate and thus may provide a significant stabilization. With the cluster models (Fig.
1D), the interaction energies for Arg-carbene and Arg-imidazole are —24.4 kcal/mol and
-20.3 kcal/mol, respectively, at the SCS-MP2/CBS level of theory, and both are stronger
by ~2 kcal/mol at the CCSD(T)/CBS level of theory. The AE/€r of Arg-carbene is

4.1 kcal/mol larger in magnitude than that of Arg-imidazole, suggesting that, in EanB,
Arg417 may provide a significant preferential stabilization of the carbene intermediate if
it is well positioned (see below). Compared to the interactions with Tyr and F2Tyr, the
remarkable magnitude of interaction between carbene and Arginine suggests that the latter
can potentially provide much more effective stabilization of carbenes.

Amide Group—In addition to interactions with the sidechains discussed so far, the
substrate in EanB also interacts with the backbone amide groups of a-helix 18, including
Cysd12, Gly413, Thr414, Gly415, Trp416, Arg417 and Gly418. Therefore, it is important to
analyze the interaction of imidazole and carbene with amide groups. With the model systems
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shown in Fig. 1E, the calculated AE/™¢ at the CCSD(T)/CBS level of theory for backbone-
carbene and backbone-imidazole are —6.2 kcal/mol and -5.3 kcal/mol, respectively.
Although the difference of ~1 kcal/mol is modest, there are multiple backbone amide groups
that interact with the substrate in EanB. Therefore, the accumulative contribution from
backbone amide interactions toward carbene stabilization can be substantial.

Amine Group—Besides backbone amide groups, the amine groups (such as lysine side
chain groups) may also be key factors that stabilize the carbene intermediate. For example,
among the several proposed mechanisms for the proficient decarboxylation of OMP,%8 Lee
and Houk® proposed a mechanism in which a stable carbene is involved for orotidine
5’-monophosphate decarboxylase (OMPD) by using quantum mechanical models. The
proposed carbene intermediate is shown in Scheme 1B. In the active site of OMPD, there
are two lysine (Lys42 and Lys72) residues near the substrate, participating in the reaction,
as shown in Fig. 2A. These lysine residues may either act as proton donors or acceptors
during the enzymatic reaction. If carbene is indeed involved in the reaction, there is a

high possibility that lysine is the key residue that contributes to the stabilization of the
carbene intermediate. Moreover, Mayer et. al.> demonstrated that the accumulation of a
stable carbene in thiamin diphosphate enzyme (ThDPE) is a major resonance contributor to
the deprotonated thiamin according to near-UV CD spectroscopic data. As indicated by the
crystal structure® (see Fig. 2B), the stable carbene intermediate in ThDPE is likely the result
of the strong intramoleular interaction between the —NH, group and the carbene in thiamin.
Bearing these previous studies in mind, we employ cluster models to probe the effects

of lysine side chain on the stability of carbenes, including the thiazole carbene, orotidine
carbene and imdidazole carbene, as shown in Fig. 1F and Fig. 2; to be consistent with the
putative mechanisms, the lysine here is taken to be deprotonated (see below).

As shown in Fig. 1F, the calculated AE/™€" at the CCSD(T)/CBS level of theory for
lysine-carbene and lysine-imidazole are —5.4 kcal/mol and —1.4 kcal/mol, respectively.
The difference is about 4 kcal/mol, larger than the effects of backbone amide groups (~1
kcal/mol), though the lysine-carbene interaction (5.4 kcal/mol) is similar to the backbone-
carbene interaction (=6.2 kcal/mol).

For thiazole carbene, as shown in Fig. 2B, the calculated interaction energy (AEMr)

with methylamine is —4.6 kcal/mol and —3.4 kcal/mol, respectively, at the MP2/aQz and
SCS-MP2/aQz levels of theory; the corresponding AE for thiazole and methylamine

is —5.1 kcal/mol and —4.1 kcal/mol, respectively. The similar interaction energies suggest
that the neutral Lys can stabilize the thiazole carbene but not more than the reactant state.
Similarly, for orotidine carbene, the calculated interaction energy (AE/7?) at the MP2/aQz
and SCS-MP2/aQz levels of theory for Lys-carbene is —5.5 and —4.5 kcal/mol, respectively.
The corresponding AE 7 values for Lys-orotidine are —6.4 kcal/mol and —4.7 kcal/mol,
indicating that the interaction between Lys and orotidine carbene is slightly weaker than Lys
and orotidine. Therefore, the neutral Lys side chain is expected to offer limited stabilization
of carbene intermediates. One may wonder if the positively charged Lys side chain may
better interact with the carbene intermediate. In our QM cluster model, at the MP2/aTz

level of theory, the charged Lys side chain (-NHZ) spontaneously transfers its proton to the
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carbene C atom during optimization for all studied carbene cases (imidazole, thiazole and
orotidine), suggesting that carbene does not co-exit with a positively charged Lys side chain.

3.2 Nature of intermolecular interactions involving carbene

To provide guidance into design strategies that potentially stabilize carbene relative to
enzyme substrates, it is valuable to better understand the physical nature of intermolecular
interactions involving carbene; such understanding also helps inform the development of
force field models appropriate for describing interactions involving carbene in computational
design. Indeed, the cluster model calculations show that the magnitude of interactions
between the carbene intermediate in EanB and nearby enzyme motifs can be very large.
With charge neutral groups such as Tyr and F2Tyr, the interaction energy is about 13—-20
kcal/mol; with a charged group like Arg, the interaction is as strong as ~26 kcal/mol. These
values are substantially larger than the typical hydrogen bonding interactions involving a
charge neutral species (carbene), thus it is of interest to better understand the physical origin
of such interactions with an energy decomposition analysis; while there is not a unique way
to decompose intermolecular interactions,! a self-consistent energy decomposition scheme
will provide valuable insights and help develop physical intuitions that can guide the design
of favorable stabilizations. We have conducted such analysis here at the MP2/aQz level of
theory using the decomposition scheme of Li et al.18 and the results are summarized in Table
2.

In terms of magnitude, electrostatic interactions tend to dominate for all cases studied here;
moreover, compared to imidazole, the carbene intermediate features stronger electrostatic
interactions. For example, AE€% for F2Tyr is —34.5 kcal/mol and —21.4 kcal/mol, with
carbene and imidazole, respectively; with Tyr, the corresponding values are —25.3 and —19.0
kcal/mol. The stronger electrostatic interactions are likely correlated with the presence of a
lone pair on the carbene carbon, enabling it to be a hydrogen-bond acceptor. On the other
hand, the lone pair is also expected to experience stronger exchange repulsion with the
hydrogen bonding partner. Indeed, AE®X~"¢7 is substantially more positive for carbene than
for the imidazole substrate. For example, AE®*~"¢P for F2Tyr is 43.3 and 25.5 kcal/mol, with
carbene and imidazole, respectively.

Both polarization and dispersion make considerable contributions to the total interactions,
again favoring carbene over imidazole in many cases. For example, AEP/ for F2Tyr is —20.2
and —10.9 kcal/mol, with carbene and imidazole, respectively; the corresponding values

for AEZSP are —9.8 and —6.6 kcal/mol, respectively. These observations are consistent with
the consideration that the carbene also features an empty valence orbital, suggesting that it
exhibits a larger polarizability than imidazole and therefore stronger AEA9/ and AE%p,14.62

It is also of interest to analyze the correlation between AE/™€’ and its components for

the various cluster models. A plot of AE€ vs, AE/’ shows (see Fig. 4A) that they

are strongly correlated with an R? value of 0.91, again highlighting the importance of
electrostatics. By comparison, the correlations between AE/7€’ and other components are
substantially weaker; the A2 values are 0.78 for AEP?/, 0.62 for AE&X~"2P and 0.57 for
AEYsP, Further distinguishing interactions with carbenes and with reactant substrates, the
correlations between AE/" and AEP/ are comparable (Fig. 4B), with A2 values of 0.74 for
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carbenes and 0.85 for reactant substrates. Larger differences are observed for the correlation
between AE™er and AEZ*P (Fig. 4C): while there is hardly any correlation for the reactant
substrates, the correlation is remarkably high for the carbenes with an /2 value of 0.92. This
difference highlights that intermolecular interactions with carbenes are distinct in nature as
compared to typical hydrogen bonding interactions common in enzyme active sites; indeed,
instead of N...H or O...H pairs, interactions with carbenes often involve C...H pairs in
which the carbon has both a lone pair and an empty valence orbital. Therefore, for the
parameterization of classical models to realize preferential stabilization of carbene species
in enzyme design, a more sophisticated model that reflects the charge anisotropy on the
carbene carbon is likely required.

Finally, we note that in the specific energy decomposition scheme used here,8 the electron
(charge) transfer interaction is not explicitly separated from polarization interactions (POL)
as an independent term. The consideration is that the charge transfer contribution is likely
sensitive to the size of the basis set used in the calculations. For example, in the limit

of a complete basis set on two monomers, the charge transfer contribution is expected to

be very small, making the polarization term equivalent to that defined in the CMO-EDA
scheme used here.%3 In our study, we have included basis set superposition error correction,
which makes potential charge transfer contribution small in magnitude. An indirect support
along this line is the observation in Figure 4 that the correlations between AE£,y and AEpze,
for carbene and substrate are similar, with /2 values being 0.74 and 0.85, respectively; if
charge transfer contributions were significant, the correlation is expected to be much weaker.
Finally, we have qualitatively examined the charge distributions using natural charges.%*

As shown in Table S5 in the Supporting Information, change in the natural charge upon
complex formation is modest (typically <0.03 ¢) for the carbene carbon. Nevertheless, the
total amount of natural charge for the carbene is reduced more significantly upon complex
formation as compared to the substrate; for example, for the interaction with F2Tyr, the total
natural charge for carbene in the complex is +0.163 ¢, which is substantially larger than the
value of +0.072 e for the substrate. Therefore, there is a larger but modest amount of charge
transfer associated with carbene interactions when compared to standard hydrogen-bonding
complexes.

3.3 Roles of a non-natural amino acid in carbene stabilization in EanB

As discussed above, the rate of deuterium exchange for the substrate £C-H was observed
to be more than tenfold faster in EanB y 353 73 than in the WT enzyme. Assuming that
the deuterium exchange is limited by the carbene formation, this observation suggested
that the carbene intermediate is a few kcal/mol more stable in EanB y 353 73 than in the
WT enzyme. This is puzzling since the protonation state of Tyr (or F2Tyr) remains the
same in the carbene intermediate and in the reactant (see Scheme 1); the only net change

is the proton exchange between £C and eN in the substrate. To gain insights into this
difference, we have conducted DFTB3-D3/MM simulations for the various chemical steps
in the WT EanB and EanB y 353 73 As discussed in the Supporting Information, based on
the imidazole model, the DFTB3/30B approach systematically overestimates the stability
of the carbene intermediate relative to imidazole by a significant amount. Therefore, we
will not focus on the quantitative reaction energetics from the DFTB3-D3/MM simulations
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in the current discussions. However, we note from Table 1 and Table S6 that the DFTB3-
D3 approach gives reliable intermolecular interactions in comparison to various DFT and
ab initio methods, especially in terms of relative interaction energies of carbene and

the imidazole substrate. Therefore, we conclude that the DFTB3-D3/MM calculations
are adequate for probing the different interaction patterns of the carbene intermediate in
EanB y 353/ 7-and the WT enzyme.

According to the QM/MM simulations, the stabilities of the carbene intermediate in

EanB y 353 7-and EanB 7 differ by 3.5 kcal/mol, suggesting that, in EanB y 353 7/

the carbene intermediate is indeed more stable than that in EanB /7. A close inspection of
the structures indicates that the carbene intermediate in EanB y 3537 75, s stabilized by the
charged Arg417 side chain (as shown in Fig. 5A-C) as well as the phenol group of the
non-natural amino acid (F2Tyr). In the WT EanB, the carbene intermediate is stabilized by
Tyr353 and nearby backbone amide groups, including Arg417 and Trp416, as shown in Fig.
5D and E.

The structural differences are rather local and limited to the active site. Examination of
structures from QM/MM metadynamics simulations suggests that the different positionings
of Arg417 in EanB y 353 7/-and EanB yrare likely due to the favorable interactions
between Arg417 and the fluorine atoms of F2Tyr, which orients the sidechain of Arg417 to
stabilize the carbene intermediate more effectively than Tyr353 and backbone amide groups
in the WT enzyme. These observations support the idea of employing well-positioned
cationic residues and non-natural amino acids to stabilize carbene intermediates when
designing enzymes for novel catalytic activities.

3.4 Additional discussions

For the WT EanB, the catalytic reactivity is rather low’ with a k4 of 0.68+0.01 min~1.
Therefore, there is significant interest in engineering the enzyme to further enhance the
enzymatic activity. Although this is beyond the scope of the current work and will be
explored separately, we can make brief comments based on the insights from the interaction
energy calculations and QM/MM simulations of EanB. In the WT enzyme, as shown in Fig.
6, the carbene intermediate is largely stabilized by the main chain interactions between the
NH groups in Gly413, Gly415 and Trp416 and the carbene carbon. As discussed above,
arginine and tyrosine residues can stabilize the carbene intermediate more effectively than
the backbone amide group. Therefore, positioning such sidechains in the active site to
interact with the carbene carbon will be beneficial. A careful inspection of the active site
suggests that a potential site is 11262, which is located in a loop near the active site

and therefore has the conformational flexibility to accommodate mutations. Replacing it
with an arginine or tyrosine residue may stabilize the carbene intermediate by forming

the strong carbene C...H interaction discussed above. If the mutation is done in the
background of the Y353F2Tyr mutant, in which Arg417 is already displaced to stabilize

the carbene intermediate (Fig. 5), mutation of 11e262 to a neutral group like Tyr is expected
to be more productive to avoid electrostatic repulsion with Arg417. Since conformational
rearrangements are likely to occur upon active site mutations, as illustrated by the above
discussion concerning the comparison between the WT enzyme and the Y353F2Tyr mutant,
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these suggestions need to be explored explicitly with classical and QM/MM simulations,
which will be reported separately along with experimental characterizations.

4 Conclusions

Considering the rich chemistry of carbenes, it is somewhat surprising that nature has not
“discovered” carbene chemistry in the sense that only a very limited number of enzymes
have been shown to implicate carbene intermediates. One might argue that this is because
most carbene species are charge neutral and therefore it may not be straightforward to
preferentially stabilize them relative to their precursors. Accordingly, transition metal ions
were used to stabilize carbene species in artificial enzymes designed via the help of directed
evolution.9-11

The current computational analysis, motivated by our recent studies of the enzyme EanB,:8
finds that an N-heterocyclic carbene interacts strongly with polar and positively charged
protein motifs. For example, its interactions with the tyrosine and arginine sidechains

are in the range of 10-16 and 26—34 kcal/mol (depending on the level of calculations),
respectively, which are substantially higher than the typical hydrogen-bonding interactions
involving a charge-neutral species. Indeed, these interactions are stronger by ~2-5 kcal/mol
than those calculated for the imidazole molecule, which is a model for the reactant in
EanB. An energy decomposition analysis at the MP2 level of theory suggests that stronger
polarization and dispersion contributions are likely key to the stronger intermolecular
interactions for carbenes, highlighting the importance of the lone pair and empty valence
orbital on the carbene carbon.

These results suggest that it is possible to preferentially stabilize carbenes in an enzyme
active site by strategically positioning specific protein groups. As an example, we compare
the WT EanB and its mutant in which the key tyrosine was replaced by a non-natural
analog (F2Tyr) using DFTB3/MM simulations. We observe that the carbene intermediate
in the F2Tyr mutant is more stable than that in the WT enzyme by ~3.5 kcal/mol, due

to structural rearrangements in the active site that enable a nearby arginine sidechain to
better stabilize the carbene in the mutant. The higher degree of stability of the carbene
species is qualitatively consistent with the experimental observation8 that H/D exchange of
the hercynine in the mutant is substantially faster than the WT.

In conclusion, the observations from the current work provide strong support to the notion
that carbenes can be preferentially stabilized by well-positioned protein groups in an enzyme
active site without resorting to transition metal ions. The incorporation of non-natural amino
acids can provide further controls through either direct interactions or indirect positioning of
amino acid sidechains. We hope our study helps stimulate experimental pursuit of enzyme
designs that take advantage of the rich chemistry offered by carbenes.
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Figure 1:
Model systems representing the interaction between substrate (imidazole, left column) or

carbene (right column) with protein motifs in the active site of EanB: (A) Tyrosine (Tyr);
(B) Fluorine substituted tyrosine (F2Tyr); (C) Threonine (Thr); (D) Arginine (Arg); (E)
Backbone; (F) Neutral Lysine (Lys). Geometries were optimized in vacuo at the MP2/aTz
level of theory. The distances shown are in the unit of A.
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Figure 3:
The computational set up of the EanB enzyme in QM/MM-GSBP metadynamics

simulations. The reactant-substrate (RS) complexes for the wild-type (EanB ;/7) and
Y353F2Tyr mutant (EanB y 3534 75,) feature different active site interactions: F2Tyr353
forms a hydrogen bond with the backbone carbonyl group of Ala374, instead of being
hydrogen bonded with the persulfide and hercynine substrate as observed for Tyr353 in the
wild-type enzyme. Figures are generated using Chimera.42
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Figure 4:

The relation between total interaction energy and energy components obtained by the
canonical molecular orbital energy decomposition analysis (CMO-EDA) at the MP2/aQz
level of theory with basis set superposition error (BSSE) correction for model systems
shown in Figs. 1 and 2: A. the total interaction energy (AE¢" s linearly correlated with the
electrostatic energy (AE€%): B. correlation between polarization energy (AEP?) and AE/™er
for carbenes (in blue) is less linear than that for the substrate molecules (imidazole, thiazole
or orotidine, in magenta); C. correlation between dispersion energy (AE%P) and AE 7" for
carbenes (in blue) is close to be linear; for the substrate molecules (imidazole, thiazole or
orotidine, in magenta), the correlation is much weaker.

JAm Chem Soc. Author manuscript; available in PMC 2023 November 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Lai and Cui

Page 20

, 9 ‘r
©
A oS Abe. 4“‘«
Cysa1 ’,71‘.' @ 14 Cys412 q h‘
A V) [ Hevcymne
©—

Rrzy

Cysa12 @ %ﬂmm

iy

Carbene

Clr2y
A
15
) —EanB, 15 A —l
i Yasaray [\ —EamByagseay
‘\“ 7EanEWT “‘ “‘ —EanBWT
2 I\ 2 [\
2 4 | 2
5 | §10
8 | a
2 | 2
£ | £
3 | a
K 3
g0° \ Sos
o \ a
‘\\ - = /
0 0 —
1 4 5 6 7 1 3 4 6
2-C) +(HE 4 17-4-C)
C
25 r
—EanByasaray 5 —BanByasaray
N —EanB, N\ —EanB,
20 It wr I\ wr
2 il 215 I
] | [ I\
2 I g |
815 | \‘ a |
2 “ \ 210 ‘\
3 \ 3
210 |\ S |
g 2
o | 05 |
ost | |
| \ | \
|\ | \
% J
% 2 3 4 6 7 % 2 3 4 5 6 7
7'(HN.JHH17’5'C§ 7(HN7pp116-6-C)
D E

Figure 5:
Structural differences between the WT and Y353F2Tyr mutant EanB enzymes from

QM/MM simulations. (A) Snapshots that illustrate the comparison of reactant states (R ;7
vS. Rp y) and the carbene intermediates (Cl7vs. Cl 5 y): though the reactant states are
reasonably similar, the carbene intermediates differ in terms of key active site interactions,
especially those involving Arg417 and (F2)Tyr353. (B-E) Probability density distributions
for distances between the carbene intermediate (e-C atom) and nearby hydrogen atoms
during QM/MM metadynamics simulations: (B) Arg417 side chain HH 4,417 and (C)

HE 4g417; (D) backbone ~NH of Arg417; (E) backbone -NH of Trp416. Magenta: EanB y7;
Blue: EanB Y'353R2 7yr.
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Figure 6:
Inspection of the WT EanB enzyme suggests that 116262 is a site of potential interest for

further engineering studies aimed at enhancing the catalytic activity of EanB. 11262 is
located on a loop near the active site and therefore likely has the conformational flexibility
to accommodate mutations into Arginine or Tyrosine, which can better stabilize the carbene
intermediate compared to the main-chain interactions from Gly413, Gly415 and Trp416.
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Scheme 1:

The carbene intermediate proposed in natural enzymes: A. Thiamin-based carbene

in pyruvate oxidase.® B. Proposed carbene intermediate in Orotidine monophosphate
decarboxylase.® C. The proposed mechanism for EanB,’:8 where a carbene intermediate is
involved in the catalytic reaction. RS: reactant; IM-1: first intermediate with a deprotonated
tyrosine (Tyr353); PS: product state with ergothininene formation.
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Scheme 2:
The structure of tyrosine and 3,5-difluoro tyrosine (F2Tyr). F2Tyr has a sidechain pK, about

2.8 units lower than that of tyrosine in water.
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Table 1:

Page 24

Comparison of the interaction energies for substrate(Subs)/carbene(Carb) with residues in the active site of

EanB enzyme at different QM level of theories.”

Methods Arg Backbone Tyr F2Tyr Thr
Carb  Subs A Carb  Subs A Carb  Subs A Carb Subs A Carb Subs A
DFTB3b -169 -171 -01 -24 -44 -20 42 -6.1 -19 -87 -65 21 -26 -44 -18
DFTB3-D3b -194 -197 -04 -50 -74 -24 -65 -85 -20 -111 -89 22 -48 =71 -23
DFTB3mb -26.9 -204 65 -8.7 -7.2 15 -152 -87 65 -182 -86 96 6.6 -6.4 0.2
DFTBSm-DSb -294 -231 63 -112 -102 10 -175 -111 64 -206 -109 97 -88 -90 -0.3
B3LYP- _ _ _ B _ _ B B _ B _
D3/aQz 31.2 263 4.9 10.3 9.7 0.6 15.5 124 31 20.8 136 7.3 8.3 9.2 0.9
PBE0-D3/aQz -324 -26.7 56 -109 -98 11 -164 -127 36 -21.7 -139 78 -85 -94 -0.8
MP2/aQz -335 -276 59 -120 -109 11 -169 -135 34 -226 -147 79 -97 -101 -04
MP2/CBS -279 -229 50 -70 -5.9 11 -128 -97 30 -174 -107 6.7 -50 -64 -14
SCS-MP2/aQz -31.2 -26.0 53 -103 -95 08 -150 -121 29 -201 ~-131 70 -83 -88 -05
SCSs-
MP2/CBS -244 -203 4.1 -4.2 -3.3 0.9 -9.9 -7.5 25 -137 -82 55 -26 -43 =17
CCsSD(T)/labz -330 -278 53 -123 -11.7 06 -163 -136 28 -215 -147 6.8 -103 -10.7 -04
CCSD(T)/
cas’ -26.2 -221 4.1 -6.2 -5.3 09 -112 -87 25 -154 -97 57 -45 -6.0 -15

a . . . - . .
All energies are in the unit of kcal/mol. For the results of additional QM methods, see Supporting Information.

The 30B-3-1 parameter set®9 was used for DFTB3 and DFTB3-D3 calculations; DFTB3m indicates that the modified C-H repulsive potential

developed in Ref. 7 is used. The D3 is the empirical dispersion model developed for DFTB3.53,60

The complete basis set limits were estimated by using exponential extrapolations obtained at the MP2 level of theory.
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Table 2:
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Energy decomposition analysis of intermolecular interaction energies between carbene/substrate with possible
interacting residues in enzyme active sites at the MP2/aQz level of theory with basis set superposition error

(BSSE) correction.’

AESle  AES<Tep AEPO AEds  ppinter
Tyr-Carbene -25.3 29.8 -122 -80 -15.8
Tyr-Substrate -19.0 20.9 -85 -5.7 -12.3
F2Tyr-Carbene -34.5 43.3 -20.2 -98 -21.2
F2Tyr-Substrate -214 255 -109 -6.6 -134
Thr-Carbene -12.1 13.3 -4.3 -5.8 -8.8
Thr-Substrate -13.9 16.0 -5.5 -5.7 -9.1
Arg-Carbene -36.7 311 -159 -10.7 -323
Arg-Substrate -29.1 22.8 -13.3 -6.8 -26.4
Backbone-Carbene  -15.9 17.8 -5.6 -7.3 -11.0
Backbone-Substrate  -13.4 14.7 -4.9 -6.1 -9.7
Lys-Carbene -15.1 17.2 -4.9 -7.1 -10.0
Lys-Substrate -7.8 13.1 -24 -10.2 -7.3
Lys-OMP curpene -6.9 9.4 -2.6 -4.6 -4.8
Lys-OMP g pstrate -5.3 10.2 -2.0 -8.0 -5.1
Lys-Thiamingapene =55 9.5 -2.2 -5.6 -3.8
Lys-Thiamins,psyrare  —6.6 8.4 -1.6 -4.6 -4.4

a’AII energies are in the unit of kcal/mol. As indicated in Figs.1-2 and discussed in the text, the Lys sidechain is taken to be charge neutral in these

calculations.
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