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Recently, heme proteins have been discovered and engineered by
directed evolution to catalyze chemical transformations that are
biochemically unprecedented. Many of these nonnatural enzymecatalyzed reactions are assumed to proceed through a catalytic
iron porphyrin carbene (IPC) intermediate, although this intermediate has never been observed in a protein. Using crystallographic,
spectroscopic, and computational methods, we have captured and
studied a catalytic IPC intermediate in the active site of an enzyme
derived from thermostable Rhodothermus marinus (Rma) cytochrome c. High-resolution crystal structures and computational
methods reveal how directed evolution created an active site for
carbene transfer in an electron transfer protein and how the
laboratory-evolved enzyme achieves perfect carbene transfer stereoselectivity by holding the catalytic IPC in a single orientation.
We also discovered that the IPC in Rma cytochrome c has a singlet
ground electronic state and that the protein environment uses
geometrical constraints and noncovalent interactions to influence
different IPC electronic states. This information helps us to understand the impressive reactivity and selectivity of carbene transfer
enzymes and offers insights that will guide and inspire future
engineering efforts.
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studies of cyclopropanation enzymes (24, 26, 27) have also
underscored the importance of the IPC intermediate and the
need to characterize it within a protein scaffold.
Results and Discussion
Structural Characterization of Engineered Carbene Transferase,
Rhodothermus marinus cytochrome c V75T M100D M103E. Rhodothermus

marinus (Rma) cytochrome c (cyt c) is an electron transfer protein
[Protein Data Bank (PDB) ID code 3CP5] (29) previously engineered
to catalyze the formation of carbon−silicon (14) and carbon−boron
(12) bonds by inserting a reactive iron-carbene into the corresponding
Si–H and B–H bonds of a silane or borane substrate. We set out to
capture and characterize the IPC intermediate in Rma cyt c by turning
to Rma cyt c V75T M100D M103E (TDE), a variant previously
engineered to catalyze silylation reactions with high efficiency (14).
Rma TDE was discovered after three rounds of site saturation mutagenesis and screening for enhanced activity, which resulted in amino
acid substitutions V75T, M100D, and M103E. This protein is capable
of catalyzing thousands of rounds of carbene transfer using ethyl
2-diazopropanoate (Me-EDA) (Fig. 2A) as a carbene precursor,
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Significance
Here, we capture and study a reactive iron porphyrin carbene
(IPC) intermediate in the heme binding pocket of an engineered cytochrome c protein. IPCs have never before been directly characterized in a protein, although they are thought to
be the key catalytic intermediate common to an array of abiological but synthetically useful carbene transfer reactions
catalyzed by wild-type and engineered heme proteins. Our
work provides insight into how a “carbene transferase” acquired its new-to-nature function as well as how it facilitates
efficient and selective transfer of the carbene to a second
substrate. Knowledge gained by studying this versatile intermediate provides a foundation for studying the mechanisms
of carbene transfer reactions and will facilitate the engineering
of carbene transfer enzymes.

C

arbenes are formally neutral, divalent carbon species with
two nonbonded electrons. They are typically reactive due to
their incomplete octet electron configuration (1). Highly stabilized (“persistent”) carbenes exist in biological systems, most
notably as the deprotonated thiazolium group of thiamine in
pyruvate oxidases (2). In contrast, reactive metal-carbenes have
not been found in nature, despite their versatility and utility in
chemical synthesis (3–5). Recent protein engineering efforts
have revealed that heme proteins can catalyze a myriad of formal
carbene transfer reactions, including alkene cyclopropanation
(6–9), alkyne cyclopropenation and bicyclobutanation (10), and
carbonyl olefination (11) as well as carbon−boron (12), –nitrogen
(13), –silicon (14), and –sulfur (15) bond formation (Fig. 1). The
proteins enable the heme center to make products that iron
porphyrin alone does not (10, 12), and their genetically encoded
structures direct selectivity that can be switched by evolution (6, 8–
10, 12, 14), making it possible to create whole new biocatalytic
pathways to important molecules.
By analogy to known transition metal-catalyzed reactions that
use diazo reagents as carbene precursors (3–5), the emerging
enzymatic carbene transfer activities of heme proteins are all
thought to involve a reactive iron porphyrin carbene (IPC) intermediate; transfer of the carbene to a second substrate and
product release regenerate the protein catalyst (6–15). Our
current understanding of enzyme-catalyzed carbene transfer reactions comes primarily from experimental characterizations of
model IPC compounds (16–21) and their computational studies
(22–27). Determining the structures and properties of reactive
intermediates is central to deciphering how enzymes enhance
reaction rates and dictate selectivity (28), and recent mechanistic
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presumably through the intermediacy of IPC 1 (Fig. 2A). To visualize
the active site for carbene transfer, we obtained an X-ray crystal
structure of Rma TDE at 1.47 Å (PDB ID code 6CUK) (SI Appendix,
Table S1A). This structure reveals a pocket on the distal face of the
heme created by the three mutations (Fig. 2B). In Rma TDE, the
native distal methionine has been mutated to an aspartate (M100D),
the α-carbon of which is displaced by 4.8 Å relative to its position in
the wild-type structure (SI Appendix, Fig. S1). This displacement
produces a cavity in the space previously occupied by the M100
sidechain and allows a water molecule (or hydroxide ion) to
coordinate to the heme iron in the enzyme resting state. Overall,
directed evolution created an entirely new active site in Rma TDE,
where substrates bind, the carbene forms, and catalysis takes place.
Crystallographic Observation of an IPC in Rma TDE. To observe an
IPC in the protein scaffold, crystals of Rma TDE were soaked
with Me-EDA at room temperature for 30 min under air, reduced
with sodium dithionite, and flash frozen in liquid nitrogen before
diffraction. Under these conditions, we determined an X-ray crystal
structure at 1.29 Å that shows a species bound to the iron porphyrin
(PDB ID code 6CUN) that was not present in our previous structure of Rma TDE (PDB ID code 6CUK) (SI Appendix, Table S1A).
We observed contiguous electron density from the iron porphyrin to
an active site ligand, consistent with an enzymatic IPC intermediate,
rather than iron-bound Me-EDA (Fig. 2C). The observed electron
density is in agreement with a single carbene species in a single
conformation (SI Appendix, section IIH), suggesting that this
structure represents the dominant form of the IPC intermediate in
solution during catalysis. The high occupancy of the carbene indicates that the rate of carbene formation greatly exceeds the rate of
carbene decay in the absence of a second substrate, making the
direct characterization of an enzymatic IPC intermediate possible.
The crystal structure of carbene-bound Rma TDE displays
some similarities to previously studied small molecule IPC
complexes. The Fe–C bond length of 1.9 Å is consistent with the
previously determined structure of the IPC 1-methylimidazoleligated mesotetrakis(pentafluorophenyl)porphyrin (TPFPP)
diphenylcarbene, where the reported Fe–C bond length is 1.83 Å
(20). The Fe–N (imidazole) bond length of 2.1 Å in the protein is
Lewis et al.

IPC Electronic Structure and Spectroscopy. When first proposed as a
reactive enzyme intermediate, the IPC in cytochrome P450 was
presented as analogous to oxoferryl intermediates found in the
natural P450 catalytic cycle (6). This assignment was supported
by the Fe(IV)-like Mössbauer parameters obtained for small
molecule IPC complexes (20, 21, 32). However, Zhang and coworkers (24, 26, 27) have argued that IPCs are better described
as Fe(II) closed shell singlets, lower in energy than the triplet
states. Most recently, Shaik and coworkers (23) studied a model
IPC complex and concluded that the lowest energy state for their
IPC was an open shell singlet, best described as an S = 1/2 Fe(III)
that is antiferromagnetically coupled to a carbene radical.
Although the IPC open shell singlet is similar to the Fe(III)superoxide electronic structure in heme oxygen binding (33),
no experimental evidence has been published to support the
relevance of an open shell singlet configuration in IPCs. Computational studies from both the Zhang group and the Shaik
group suggest that the energy differences between electronic
states are small (22–24, 27), and thus, the open shell singlet,
closed shell singlet, and triplet states should all be considered
plausible ground states for the IPC intermediate in the environment of an enzyme active site.
Encouraged by our success in capturing the IPC in the enzyme
crystals, we sought to use spectroscopy to characterize the electronic structure of the IPC in Rma TDE. Under conditions
similar to those where Rma TDE is catalytically active, we prepared solution samples of both Rma TDE and Me-EDA–treated
Rma TDE and analyzed them with ultraviolet-visible (SI Appendix,
Fig. S2), electron paramagnetic resonance (EPR), and Mössbauer
spectroscopy. Neither sample gave EPR signals in either parallel
(10 mW) or perpendicular (2 mW) mode at 4 K (SI Appendix, Fig.
S3). While the absence of EPR signals under these conditions
does not prove that the samples are diamagnetic, these results are
consistent with our assignment of the resting enzyme and carbenebound enzyme as low-spin species (vide infra). Mössbauer spectra
of Rma TDE at 80 K were best fit as a single species with an
isomer shift (∂Fe) of 0.45 mm·s−1 and a quadrupole splitting
(jΔEQj) of 1.18 mm·s−1 (SI Appendix, Fig. S4), consistent with an
S = 0 low-spin Fe(II) resting-state species. This observation is in
contrast to other Fe(II) hemes in proteins lacking an endogenous
distal ligand to iron, which have been shown to favor high-spin
(S = 2) states (34, 35). Mössbauer spectra of Me-EDA–treated
Rma TDE at 80 K indicated the presence of a major species (88%
abundance) and a minor species (12% abundance), the latter of which
was assigned as ferrous Rma TDE. The major species was assigned as
carbene-bound Rma TDE based on the Mössbauer parameters
PNAS | July 10, 2018 | vol. 115 | no. 28 | 7309
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Fig. 1. The scope of laboratory-evolved biocatalytic carbene transfer reactions. Engineered heme proteins catalyze a broad range of abiological reactions with diazo reagents. These reactions are assumed to proceed
through a catalytic IPC intermediate. X indicates porphyrin proximal ligand,
usually serine or histidine. All published examples of heme-dependent carbene transfer enzymes accept diazo reagents having one or more electronwithdrawing groups (e.g., COOR, CF3) as carbene precursors. The active
resting state of the catalyst is Fe(II)-porphyrin.

also consistent with that in the small molecule structure (2.17 Å)
(20). Out-of-plane distortions, particularly ruffling distortions,
are observed in both the imidazole-ligated TPFPP diphenylcarbene
structure and the carbene-bound Rma TDE structure. Whereas
the mean out-of-plane deviation for TPFPP diphenylcarbene was
1.03 Å (SI Appendix, Table S2), it is smaller for carbene-bound
Rma TDE (0.6 Å; the deviation for Rma TDE alone is 0.7 Å). The
difference in distortion between both Rma TDE structures is small,
and both values are within the range reported for c-type cytochrome proteins (0.3–1.2 Å) (30). Ruffling is known to be the main
distortion in these proteins and is thought to be induced by covalent attachment of the heme to the protein (31).
In contrast to what we observed in Rma TDE in the absence of
Me-EDA, amino acid residues D100, T101, and D102 are unresolved in the carbene-bound Rma TDE structure, indicating
that this loop region is flexible and the carbene is solvent accessible (Fig. 2C). The crystal structure also reveals close, nonpolar contacts between the iron-carbene and five amino acid
sidechains (T75, M76, P79, I83, and M89 are 3.5–4.3 Å from the
carbene) (Fig. 2C), suggesting that the active site is strongly
hydrophobic, despite its solvent accessibility.

A

B

C

Fig. 2. Carbene transfer silylation reaction and structures of resting and carbene-bound Rma TDE. (A) The C–Si bond-forming reaction catalyzed by Rma
cytochrome c proceeds via intermediate IPC 1. (B) Mutations V75T, M100D, and M103E (Rma TDE) in Rma cytochrome c increased its carbene transfer activity
(14). The crystal structure of Rma TDE with no Me-EDA bound (1.47 Å; PDB ID code 6CUK) reveals a cavity distal to the heme (orange surfaces) that is not
present in wild-type Rma cyt c. (C) The crystal structure of carbene-bound Rma TDE (1.29 Å; PDB ID code 6CUN), with the carbene species in cyan. Residues
D100, T101, and D102 are unresolved. (Inset) Omit map in green (FO–FC) of the carbene electron density contoured at 3σ. Interactions between the carbene
and amino acid residues are shown with yellow lines. (i) T75, 3.7 Å. (ii) M76, 4.3 Å. (iii) P79, 3.5 Å. (iv) I83, 3.6 Å. (v) M89, 3.5 Å.

obtained (∂Fe = 0.18 mm·s−1, jΔEQj = 1.83 mm·s−1) and the lack of
observed EPR signal (SI Appendix, Figs. S3 and S4). Thus, this reactive intermediate can be made in high yields and studied in both
freeze-quenched solutions and crystals.
Computational Models of the IPC. The symmetric Mössbauer line
shape of Me-EDA–treated Rma TDE and its lack of EPR signal
suggested that this is an S = 0 species or an S = 1 species with a
large zero-field splitting. To further differentiate these electronic
states, we used density functional theory (DFT) to characterize
model structures of IPC 1 in three possible electronic states. Our
calculations showed that the closed shell singlet (S = 0) state was
8.8 kcal·mol−1 more stable than the triplet state (S = 1) and
1.0 kcal·mol−1 less stable than the open shell singlet (Fig. 3A and
SI Appendix, Fig. S5). The geometrical features of the DFToptimized structures also suggested that the IPC in Rma TDE
exists as a singlet: the orientation of the ester group in the
carbene-bound Rma TDE crystal structure is similar to that
observed in the optimized closed shell and open shell singlet
structures but distinctly different from the triplet state (Fig. 3A).
The electronic structure of cytochrome proteins is known to correlate with heme ruffling (31, 36), and the singlet ground state is
further supported by heme ruffling analysis (SI Appendix, Table
S2): the ruffling out-of-plane distortion observed in the crystal
structure of carbene-bound Rma TDE (0.5 Å) is more similar to
that observed in the DFT-optimized closed shell singlet (0.401 Å)
and open shell singlet (0.421 Å) states than in the triplet state
(0.784 Å), where the heme is more distorted. While our DFT
calculations suggested that the triplet state was energetically and
geometrically unfavorable, the open shell and closed shell singlet
7310 | www.pnas.org/cgi/doi/10.1073/pnas.1807027115

states are very close in energy and cannot be unambiguously
assigned to IPC 1 (SI Appendix, Fig. S5). We also simulated the
Mössbauer parameters of the open shell and closed shell singlet
states but found that their predicted Mössbauer parameters were
within experimental error of the observed values (SI Appendix,
Fig. S4E). Spectroscopy and theory indicate that carbene-bound
Rma TDE is a ground-state singlet.
The DFT models suggest that the observed end-on carbene is
thermodynamically more stable than the alternative (Fe, N)bridged carbene, which also requires a large distortion of the
porphyrin that is difficult to attain for the covalently ligated
heme in cyt c proteins (SI Appendix, Fig. S6). This is in contrast
to the thiolate-ligated IPC computationally studied by Shaik and
coworkers (23), where the (Fe, N)-bridged mode was found to be
thermodynamically favored. Small molecule (Fe, N)-bridged
IPCs have been synthesized and crystallized (17–19, 25); their
experimental characterizations are distinct from that of end-on
IPCs. As far as we know, (Fe, N)-bridged carbenes are not active
intermediates in carbene transfer reactions (37).
Computational Modeling of the IPC Enzymatic Intermediate. We next
used molecular dynamics (MD) to understand how the protein
scaffold of Rma TDE affects the conformation and properties of
the IPC intermediate. MD simulations were performed on singlet IPC 1 docked into Rma TDE (PDB ID code 6CUK) using
various IPC 1 conformations as starting points and explicit water
as solvent. MD trajectories revealed that, regardless of the initial
carbene orientation, the IPC converges to a single well-defined
orientation (Fig. 3B and SI Appendix, Fig. S7). This conformation is remarkably similar to that observed in the carbene-bound
Lewis et al.
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Fig. 3. Computational models of carbene-bound Rma TDE. (A) DFT optimized structures of model IPC 1 in the closed shell singlet, open shell singlet, and
triplet electronic states. DFT calculations predict that the singlet state is 8.8 kcal·mol−1 more stable than the triplet state, which is consistent with previously
characterized small molecule IPCs. The calculated Fe–C bond lengths are 1.79, 1.84, and 1.97 Å for the closed shell singlet, open shell singlet, and triplet,
respectively. The Fe–N (imidazole) bond lengths are 2.21, 2.21, and 2.19 Å, respectively. These numbers are within experimental error of the lengths observed
in the carbene-bound Rma TDE crystal structure, where the Fe–C bond length is 1.9 Å and the Fe–N bond length is 2.1 Å. (B) Overlay of the carbene-bound
Rma TDE crystal structure with a QM/MM-optimized structure of carbene-bound Rma TDE. QM/MM structure: protein scaffold is gray, and carbene is green.
Crystal structure (PDB ID code 6CUN): protein scaffold is light pink, and carbene is cyan. The preferred carbene conformation determined by MD simulations
and QM/MM calculations is almost identical to that determined by X-ray crystallography. (C) Overlay of 10 representative snapshots obtained from 1,000 ns of
MD simulation on the carbene-bound Rma TDE. Simulations show that the active site front loop (residues 98–103; highlighted in red) is highly flexible,
switching between “open” and “closed” conformations. Despite the front loop’s high flexibility, the carbene is stabilized in a single major conformation (SI
Appendix, Fig. S7). (D) Snapshot obtained from an MD trajectory on carbene-bound Rma TDE with the front loop in the open conformation, showing that the
carbene pro-R face is solvent exposed. Solvent-accessible area is showed in orange. (E) DFT-optimized structure of the lowest-energy pro-R transition state
(closed shell singlet state) for Si–H insertion with IPC 1 (SI Appendix, Fig. S8). (F) A representative view of an MD snapshot on carbene-bound Rma TDE
showing interactions between the bridging water with the heme carboxylate, the carbene carbonyl, and the amide bond of residue D100. Hydrogen-bonding
interactions with the carbene have been shown to affect the stability of IPCs (25, 27, 37).

Rma cyt c crystal structure, indicating the catalytic relevance of
the latter in solution (Fig. 3B). Furthermore, MD simulations
highlighted the flexibility of the active site front loop (T98-E103)
(Fig. 3C), favoring an “open” conformation where the IPC is
solvent exposed and accessible to substrates with pro-R facial
selectivity, while keeping the pro-S face inaccessible (Fig. 3D).
This high degree of loop flexibility is consistent with the unresolved residues (D100–D102) observed in the carbene-bound
Rma TDE crystal structure (Fig. 2C). To further investigate the
protein’s enantiopreference, we performed DFT calculations to
characterize the intrinsic geometric features of the pro-R transition
Lewis et al.

state for carbene Si−H insertion using a truncated computational
model and dimethylphenylsilane as substrate (Fig. 3E and SI Appendix, Fig. S8). When comparing the lowest energy-optimized
pro-R transition state with the most populated structure of
carbene-bound Rma TDE, the space made available when Rma
TDE is in its open conformation provides a perfect fit for the
silane substrate (Fig. 3 D and E and SI Appendix, Fig. S8). However, the pro-S transition state could only take place when the IPC
is rotated away from its preferred conformation, which is disfavored
by the active site of Rma TDE. Thus, in Rma TDE-catalyzed
carbon−silicon bond-forming reactions, the protein dictates substrate
PNAS | July 10, 2018 | vol. 115 | no. 28 | 7311
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approach to the IPC intermediate from the pro-R face, which on
carbene transfer to the Si−H bond of the silane substrate, gives
R-configured organosilicon products exclusively as observed experimentally (>99% enantiomeric excess) (14).
MD simulations also revealed the presence of a water molecule that forms persistent hydrogen bonds bridging one of the
heme carboxylate groups and the carbonyl group of the carbene
(Fig. 3E). This water molecule is highly conserved, with its position further stabilized by polar contacts with the front loop
residues. In the carbene-bound Rma TDE crystal structure, this
bridging water was not observed but was likely obscured due to
its proximity to the unresolved residues D100–D102. Hydrogen
bonding is known to affect the electronic structure and stability
of IPC intermediates (25, 27, 37). In view of this, we designed a
truncated computational model of an IPC–water complex, and
through DFT calculations, we found that the H-bonding water
molecule stabilizes the carbene complex by about 7 kcal·mol−1 in
its closed shell singlet state. This stabilizing effect is more substantial on the closed shell singlet than on the open shell singlet
or triplet states, contributing to determining the preferred
conformation adopted by the IPC in the protein (SI Appendix,
Fig. S9). Hybrid quantum mechanics/molecular mechanics
(QM/MM) calculations showed that, within Rma TDE, the singlet–triplet energy gap of the hydrogen-bonded IPC increases
by 2.9 kcal·mol−1 (8.8 kcal·mol−1 in the truncated model,
11.7 kcal·mol−1 when considering the full system) (SI Appendix,
Fig. S10). This significant destabilization of the radical triplet
state is largely due to conformational restraints imposed by the
protein active site and the bridging water: to minimize steric
clash with the P79 and I83 sidechains, the carbene ester is forced
to adopt a conformation parallel to the heme, which is intrinsically preferred by the closed shell and open shell singlet
states but disfavors the radical triplet state, as this conformation
cannot stabilize the unpaired electron in the carbene p orbital
by the adjacent ester. Thus, mediated by amino acid residues
and an ordered water, the active site of Rma TDE imposes
multiple conformational restraints on the IPC intermediate to
stabilize the closed shell singlet state and disfavor the presence
of carbene radicals.
Summary and Conclusions
In conclusion, characterization of a catalytically active IPC intermediate inside the active site of an enzyme has provided a
foundation from which to study enzyme-catalyzed carbene transfer reactions and explain the reactivity and selectivity of Rma
TDE-catalyzed carbene transfer. Structural characterization of the
Rma TDE enzyme showed that the three mutations introduced
during directed evolution led to dramatic changes in a loop distal
to the heme and generated a protein structure preorganized for
substrate binding and IPC formation. The experimental IPC
structure and computational modeling showed that Rma TDE
stabilizes a single conformation of the IPC that gives the enzyme
complete stereoselectivity control during carbene transfer. The
conformational restraints imposed by the enzyme also favor the
formation of a singlet iron-carbene. This convergent approach to
characterizing the emerging family of carbene transferases enables
informed engineering that will enhance the generality and utility
of these powerful catalysts.
Materials and Methods
Detailed experimental methods are presented in SI Appendix.
Cloning, Expression, and Purification of Rma TDE. The gene encoding Rma
TDE was obtained as a gBlock and cloned into pET22b(+). Expression was
performed in HyperBroth (AthenaES) using Escherichia coli BL21 E. cloni
EXPRESS (Lucigen). 57Fe-labeled protein was produced using defined media
supplemented with 57Fe. Rma TDE was purified via a HisTrap HP column
(GE Healthcare).
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Crystallography. Crystals of Rma TDE were grown using the sitting drop
vapor diffusion method and were cryoprotected before diffraction at the
Stanford Synchrotron Radiation Lightsource on beamline 12–2. Carbenebound crystals of Rma TDE were prepared by soaking preformed crystals
with concentrated solutions of Me-EDA and sodium dithionite. Structures
were determined by molecular replacement, and models were built using
standard procedures.
EPR Spectroscopy. EPR spectra were recorded on a Bruker EMX X-band
CW-EPR spectrometer using Bruker Win-EPR software (version 3.0). Data
were collected in parallel mode with a power of 10 mW and in perpendicular
mode with a power of 2 mW, both at 4 K. Samples of Rma TDE were prepared
under anaerobic conditions in the presence of sodium dithionite before flash
freezing with liquid nitrogen.
Mössbauer Spectroscopy. Mössbauer spectra were recorded using a spectrometer from SEE Co., and data analysis was performed using the WMOSS
program. Solution samples of 57Fe-labeled Rma TDE were prepared under
anaerobic conditions in the presence of sodium dithionite before flash
freezing with liquid nitrogen. Samples were stored under liquid nitrogen
until being mounted on the cryostat, and data were recorded at 77 K.
DFT Calculations. DFT calculations were carried out using Gaussian09 (38) and
Gaussian16 (39) using a truncated model. Geometry optimizations and frequency calculations were performed using (U)B3LYP (40–42) functional with
the SDD basis set for iron and 6–31G(d) on all other atoms and within the
conductor-like polarizable continuum model (CPCM) (diethyl ether, e = 4)
(43, 44) to have an estimation of the dielectric permittivity in the enzyme
active site. Enthalpies and entropies were calculated for 1 atm and 298.15 K.
A correction to the harmonic oscillator approximation was also applied to
the entropy calculations by raising all frequencies below 100 cm–1 to 100 cm–1
(45, 46). Single-point energy calculations were performed using the dispersioncorrected functional (U)B3LYP-D3(BJ) (47, 48) with the Def2TZVP basis set on
all atoms and with CPCM (diethyl ether, e = 4). All energy values discussed in
the manuscript correspond to the quasiharmonic corrected Gibbs energies
(ΔG-qh) at (U)B3LYP-D3(BJ)/Def2TZVP/PCM(diethyl ether)//(U)B3LYP/6–31G(d)+
SDD(Fe)/PCM(diethyl ether) level if not otherwise noted. Further descriptions
and details of the methodology are provided in SI Appendix.
Hybrid QM/MM Calculations. QM/MM calculations within the ONIOM approach (49, 50) were carried out using Gaussian09 (38). Geometry optimizations were performed using (U)B3LYP (40–42) functional in combination
with the SDD basis set for iron and 6–31G(d) on all other atoms and
AmberFF14Sb force field (51) using a mechanical embedding scheme. Stationary points were verified as minima by a vibrational frequency analysis,
thermal corrections were calculated for 1 atm and 298.15 K, and a correction
to the harmonic oscillator approximation was included as described above.
Single-point energy calculations were performed at the (U)B3LYP/Def2TZVP:
AmberFF14Sb level and using an electrostatic embedding scheme. Snapshots
for QM/MM calculations were obtained from classical MD trajectories.
Further descriptions and details of the methodology are provided in
SI Appendix.
MD Simulations. MD simulations were performed using the GPU code
(pmemd) (52) of the AMBER 16 package (53). Parameters for the carbenebound IPC were generated within the antechamber and MCPB.py (54)
modules in AMBER16 package using the general AMBER force field (gaff)
(55), with partial charges set to fit the electrostatic potential generated at
the B3LYP/6–31G(d) level by the RESP model (56). Protonation states of
protein residues were predicted using H++ server. Each protein was immersed in a preequilibrated truncated cuboid box with a 10-Å buffer of
TIP3P (57) water molecules using the leap module, and the systems were
neutralized by addition of explicit counterions (Na+ and Cl−). All subsequent
calculations were done using the widely tested Stony Brook modification of
the Amber14 force field (ff14sb) (58). After minimization, heating, and
equilibration of the system (SI Appendix has a full description of the protocol used), production trajectories were then run for 1,000 ns (1 μs). The
obtained trajectories were processed and analyzed using the cpptraj (58)
module from Ambertools utilities.
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