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ABSTRACT: Miniature artificial metalloenzymes provide a simplified platform to extract design 
principles for engineering catalysts that outperform natural enzymes. Among them, 
mimochromes (MCs) emerged as excellent candidates for replicating the activity of peroxidases 
in a compact scaffold composed of a heme center embedded between two helical peptides. 
However, design optimizations of MCs have largely focused on structural properties, leaving the 
impact of the electronic environment less explored. To investigate how the electronic 
environment influences reactivity, we carry out both classical and ab initio molecular dynamics 
(MD) simulations of a series of mimochromes, MC6, MC6*, and MC6*a, with known 
differences in reactivity. To uncover patterns in electronic structure, we train supervised machine 
learning (ML) models and carry out statistical analysis. The ab initio MD simulations uncover 
key charge coupling interactions between Arg10' and Glu2' that are not identified in classical 
dynamics. These residues are determined to be essential in orienting Arg10' in the active site. 
Furthermore, using our ML classifiers trained to distinguish mimochromes based on partial 
charge dynamics alone, we identify critical residues such as Arg10', Lys11, Glu2', and Ser6' that 
distinguish the mimochrome analogues. Disruption of the computationally-identified 
Glu2'···Lys11 salt bridge in a new mimochrome analogue, MC6*a-LysBoc, that we synthesize 
and characterize, experimentally supports this prediction by resulting in a seven-fold decrease in 
the total turnover number. Quantum mechanical calculations show that Arg10' stabilizes the 
transition state for the formation of the reactive oxo from hydrogen peroxide. These results 
indicate that partial charge distribution dynamics are important in the reactivity series in 
mimochromes, which could provide a complementary method to augment static electric fields 
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and long-range correlated motions for the engineering of a broad array of next-generation 
metalloenzymes.

1. Introduction.

Enzymes are versatile catalysts that enable the biosynthesis of complex chemical 

compounds with high chemo-, regio-, and stereospecificity under mild conditions.1 The growing 

need for green catalysts has sparked interest in applying computational approaches and directed 

evolution to engineer non-native enzymes with enhanced reactivity and the capability to perform 

novel chemical transformations.2-8 Heme proteins, which contain a protoporphyrin IX cofactor 

typically with a coordinated iron cation, are of particular interest as they catalyze a remarkable 

array of challenging reactions, including hydroxylation,9,10 halogenation,11,12 peroxidation,13,14 

sulfoxidation,15,16 and C–C bond cleavage17, and can be tuned by modifying the protein scaffold 

and the coordinating environment of the reactive high-valent metal center.18 The tunability of the 

protein and metal environments has served as inspiration for an array of de novo designed 

enzymes that display equivalent or superior reactivities to their natural counterparts and can 

carry out reactions not found in nature.19-24 However, despite successes, the complexity of 

natural enzymes has made it difficult to extract design principles from structure–function 

relationships and quantify the core requirements for catalytic activity.25 To facilitate the 

investigation of the essential aspects of the protein environment in enzymatic heme catalysis, 

several de novo and miniaturized heme-based enzyme systems have been developed.26-34

Exemplary of a miniaturized heme-enzyme system, of mimochromes (MCs) consist of a 

iron-deuteroporphyrin IX that is covalently bound to two short helical peptides.31 Due to the 

simplicity of the protein scaffold, both the structure and reactivity of the mimochrome family has 

been successfully tuned and optimized over several generations through principles of rational 

design.31 In particular, MC635 is the first reported catalytically active analogue, composed of a 
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proximal tetradecapeptide (TD) chain providing an axial histidine, and a distal decapeptide (D) 

chain, mimicking the five-coordinated heme site of peroxidases. Modifications of MC635 have 

led to MC6*36 and MC6*a37, displaying improved catalytic properties compared to the parent 

analogue. In this work MC6, MC6*, and MC6*a refer to the iron-containing complexes, 

although other metal-complexes of MC6*a have been reported.32-34 Residues on the distal D 

chain are designated with a prime symbol (’) to distinguish them from the proximal TD chain 

sequence (Figure 1).38 

Figure 1. Representative structures of (left) MC6, (middle) MC6*, and (right) MC6*a obtained 
from the centroids of our MD simulations. Substitution sites and important residues are labeled 
on the structures. Dark blue cartoon representations are used for the secondary structures and 
atoms are colored as follows: carbon in gray, nitrogen in blue, oxygen in red, hydrogen in white, 
and iron in brown. Coordinating bonds are shown as purple dashed lines. The proteins are 
arranged in the series by which their mutations were carried out, starting from MC6, progressing 
to MC6*, and finally to MC*a, and this progression is represented by the gray arrows between 
the structures.

In the first modification, MC6 was converted to MC6* through the change of an acidic 

residue (Glu2) on the TD chain36 to a hydrophobic residue (Leu2), which eliminated a salt bridge 

(Glu2···Arg10') (Figure 1). This mutation was hypothesized to allow Arg10' to interact with the 

active site.39,40 The resulting flexibility of Arg10' is mechanistically critical, as the analogous 

distal arginine in natural peroxidases acts as a general acid catalyst that polarizes the O–O bond 

to promote cleavage and the formation of the reactive ferryl-oxo species (Compound I).41-46 
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Indeed, MC6* displayed a 2-fold higher kcat in the oxidation of 2,2'-azino-bis(3-

ethylbenzothiazoline-6-sulfonic acid (ABTS), together with a 3-fold improved catalytic 

efficiency toward both substrates, ABTS and H2O2 (𝑘𝑐𝑎𝑡 𝐾𝐻2𝑂2
𝑚  and 𝑘𝑐𝑎𝑡 𝐾𝐴𝐵𝑇𝑆

𝑚 ) compared to 

MC6. In the second iteration, design efforts were focused on improving catalyst robustness. To 

this aim, two polar residues, Gln3' and Ser7', were both changed to a non-canonical amino acid, 

aminoisobutyric acid (Aib), which was intended to promote stronger interactions between the D 

chain and the porphyrin (Figure 1).37 Nuclear magnetic resonance (NMR) chemical shifts 

revealed below-average values for the Aib residues in MC6*a, suggesting increased protein–

heme contact between the porphyrin ring and the Aib residues.37 Analysis of the circular 

dichroism (CD) spectra in the Soret region further confirms this finding.37 In the context of 

catalysis, MC6*a displayed a much higher turnover number (TON = 14 000) compared to MC6* 

(TON = 5 900), demonstrating an increased resistance against oxidative damage. MC6*a shows 

nearly unchanged 𝑘𝑐𝑎𝑡 𝐾𝐻2𝑂2
𝑚  and 𝑘𝑐𝑎𝑡 𝐾𝐴𝐵𝑇𝑆

𝑚  with respect to MC6*, resulting from a doubled 

kcat value and increased Km for both substrates, which is compatible with a narrowed and more 

hydrophobic active site.37  While experimental evidence has provided valuable insights into each 

iterative mimochrome improvement in activity or structural shifts, the precise mechanisms by 

which individual substitutions dictate reactivity differences between MC6, MC6*, and MC6*a 

have not been investigated so far.

As described above, the current explanations for differences in mimochrome reactivity 

focus on variations of the interactions established by the D chain with the active site, but have 

not explored potential electronic effects. While geometric and electronic effects are 

interconnected, even small differences in the electronic environment have shown to have large 

effects on heme catalysis through changes in the electrostatic potential,47 electric fields,47-50 and 
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local dielectric constants.51 Of particular interest are the effects of dynamic partial charge 

coupling, which has been shown computationally to be important in small proteins including to 

distinguish wild type and mutant species52-54 and provides an electrostatic corollary to geometric 

allosteric coupling.55 Dynamic motion56-58 and substrate positioning59-62 by the greater enzyme 

environment is also widely recognized as critical to understanding reaction outcomes of 

substrates interacting with high-valent Fe(IV)=O species in closely related -ketoglutarate-

dependent, non-heme iron enzymes. Molecular dynamics studies have identified long-range 

correlated motions connecting distal regions of these enzymes to the active site, with additinoal 

implications for substrate positioning, catalytic reactivity, and reaction selectivity.56-58 Unlike 

structural differences, interrogating differences in the electronic environment is typically difficult 

to probe experimentally for enzyme systems and often must rely extensively on computational 

studies.63-67 While computational studies have been performed on MC6,68 no computational 

analysis of the changes in reactivity across the mimochrome series has been carried out.

In this work, we perform extensive computational analysis across three catalytically 

active analogues of the mimochrome family (i.e., MC6, MC6*, and MC6*a). Our analysis 

follows a workflow that progresses from molecular dynamics (MD) simulations and charge 

coupling to experimental validation, which in turn informs machine learning (ML) models for 

feature identification and, ultimately, quantum mechanical (QM) reactivity studies (Figure 2). To 

investigate the role of the electronic environment, we carry out extensive classical and ab initio 

MD simulations of the three mimochromes and observe stark differences in their charge 

dynamics such as the progressively strengthening Glu2'···Arg10 inter-chain salt bridge and an 

emergent inter-chain Glu2'···Lys11 interaction in the most robust analogue, MC6*a. 

Experimental investigation of the previously unreported Glu2'···Lys11 interaction shows that 
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disrupting this interaction in a new derivative (MC6*a-LysBoc) leads to a seven-fold reduction 

in TON. These results are further corroborated by supervised ML models, which identify Arg10' 

as a key feature that distinguishes the mimochromes. Based on the results of the ML models, we 

demonstrate that Arg10' is critical for lowering the activation free energy of oxo formation. 

Finally, we show that the electric field projected along the Fe–oxo bond strengthens with 

reactivity, highlighting opportunities for engineering the electronic environment when designing 

de novo artificial metalloenzymes.

Figure 2. Schematic of the multi-step workflow progressing from (1) molecular dynamics 
simulations, to (2) ab initio MD for charge coupling analysis, (3) experimental validation, (4) 
machine learning for feature importance, and concluding with (5) QM calculations to assess 
reactivity.

2. Computational Details and Experimental Methods.

2a. Classical Molecular Dynamics Simulations and Analysis.

A full flowchart of all calculations and analysis carried out in this work is provided in 

Supporting Information Figure S1. We performed MD simulations for MC6, MC6*, and MC6*a 

using AMBER18 and the GPU-accelerated particle mesh Ewald (PME)69 molecular dynamics 

(PMEMD) code.70,71 Eight independent MD simulations were run for the resting state and twelve 
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were run for the oxo-bound state for MC6, MC6*, MC6*a (Supporting Information Text S1). 

Residue protonation states were assigned based on their default values (i.e., Arg and Lys are 

positively charged, Glu and Asp are negatively charged, and all other residues are neutral), and 

the metal center parameter builder (MCPB) was used to derive force field parameters for the 

metal center in both resting and oxo-bound states (Supporting Information Tables S1–S3 and 

Figures S2–S3). The equilibration protocol was as follows: i) 1,000 steps of hydrogen atom 

minimization, 2,000 steps of sidechain minimization with a fixed backbone, and 2,000 steps of 

unrestrained protein minimization; ii) controlled NVT heating from 0 to 300 K over 10 ps using 

the Langevin thermostat and a collision frequency of 5.0 ps-1; and iii) a 1 ns NPT simulation with 

the Berendsen barostat and a 2 ps relaxation time. Following equilibration, we collected 250 ns 

of production dynamics for each mimochrome in the resting and oxo-bound states, employing 2 

fs time steps, and the SHAKE algorithm.72 Electrostatics were treated with the PME method with 

a real-space cutoff of 10 Å.69 We subsequently analyzed the structural stability and key non-

covalent interactions for each trajectory (Supporting Information Text S2).

2b. Ab Initio Molecular Dynamics Simulations.

Representative frames were selected using the DBSCAN clustering algorithm in 

CPPTRAJ to obtain clusters and their most representative frames (i.e., cluster centroids).73 The 

centroid of the largest cluster from each independent simulation was then used as input for semi-

empirical quantum mechanical (SQM) MD simulations (Supporting Information Tables S4–S6 

and Figures S4–S6).59,73 The SQM MD simulations used GFN2-xTB74, which incorporates D3 

dispersion75, as implemented in the TeraChem v1.9 developer version.76,77 We employed the 

conductor-like polarizable continuum model (C-PCM)78,79 using a dielectric constant of 80 for 

water and a cavity derived from 1.2 times Bondi's van der Waals radii80 for all atoms, as 
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implemented in TeraChem.81,82 We modeled MC6, MC6*, and MC6*a in the closed-shell singlet 

(i.e., singlet multiplicity, 2S+1 = 1) for computational efficiency in sampling protein dynamics, 

assuming the metal center is Fe(II). For subsequent catalytic cycle modeling, we used revised 

spin state assignments using Fe(III) as a doublet, as both Fe(II) and Fe(III) are observed 

experimentally (see Sec. 2c).83,84 SQM MD simulations were performed in the NVT ensemble 

using Langevin dynamics over 20 ps for each of the 8 independent trajectories per mimochrome 

(Supporting Information Text S3).

2c. Quantum Mechanical Calculations.

A subset of 400 evenly-spaced structures (i.e., every 0.2 ps) were extracted from the 

SQM MD runs for evaluation of properties with range-separated hybrid DFT. For each snapshot, 

DFT partial charges were collected at the ωPBEh/LACVP* level of theory using implicit C-

PCM solvation, and Mulliken partial charges were summed over each residue53,85,86 to mitigate 

the limitations of partial charge schemes.87 We note that one limitation of this study is that an 

implicit solvation model will not allow for direct solvent-protein hydrogen bonding interactions 

nor account for potential participation of water in reactions at the active site of the enzyme. 

Nevertheless, choosing to treat the solvent implicitly was necessary to limit the already high 

computational cost of the first-principles dynamics and avoids sampling challenges of needing to 

sample solvent degrees of freedom. In future work, use of machine learning interatomic 

potentials that predict partial charges could be used to allow for an ML/MM approach that 

accounts for explicit water molecules. Next, the charge covariance and mutual information (MI) 

were computed using sklearn and numpy with the nearest neighbors set to 10 for MI using an in-

house script following previous work.53 To calculate the energetics of oxo formation from 

hydrogen peroxide with and without the presence of Arg10', QM calculations were performed on 
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minimal cluster models consisting of the iron porphyrin, axial histidine ligand, hydrogen 

peroxide, three water molecules to facilitate proton transfer, and with and without Arg10'. 

Models with Arg10’ included a truncated arginine sidechain (from delta carbon to guanidine 

group) to maintain computational tractability. All reaction mechanism QM calculations were 

performed using ORCA version 6.0.0 as TeraChem does not support analytical Hessians for the 

transition state calculations.88 For the reaction mechanism, initial geometry optimizations were 

carried out at the PBEh-D4/LACVP* level of theory,89 which corresponds to the LANL2DZ 

effective core potential applied to iron and 6-31G* applied to the other atoms, for the hydrogen 

peroxide (reactant) and oxo (product) bound states.90-92 All QM calculations were performed in 

implicit solvent using C-PCM, as implemented in ORCA88, using a cavity that was 1.2 × Bondi 

radii with a dielectric constant (ε) of 4, chosen to approximate the electrostatic environment of 

the mimochrome helix-porphyrin interface.78,93 Transition-state analysis, including reaction-path 

optimization with nudged elastic band (NEB) calculations and energy refinement performed at 

the ωPBEh/def2-TZVPP and ωPBEh/def2-QZVPP levels of theory and extrapolated to the 

complete basis set (CBS) limit with Gibbs free energy corrections, were then performed 

(Supporting Information Text S4).

2d. Interpretable Machine Learning Models.

We formulated two distinct temporal feature sets: the first containing residue-summed 

Mulliken charges (23 features), and the second comprising all pairwise distances (351 features). 

The features corresponding to substituted amino acids (i.e., those that varied between mimics) 

were omitted from both sets as including the charges for the mutated residues would lead to 

trivial identification of each protein by the model. We next employed random forest (RF)94 and 

multi-layer perceptron (MLP)95 multi-class classifier models with a temporal dataset split, 
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allocating six independent simulations for training, one for validation, and one for testing. This 

approach was chosen over a random split to avoid data leakage of the temporally correlated MD 

data. The RF models were built and trained using scikit-learn v1.3.1.96 Hyperparameter searching 

was performed using a grid search and 3-fold cross-validation (Supporting Information Table 

S7). The multi-class MLP classifier model was trained with PyTorch version 2.0,97 with the 

ReLU activation function98 applied between layers, and utilizing the Adam optimizer 

(Supporting Information Table S8).99 Systematic hyperparameter searches, ROC-based 

evaluation, and feature-importance analyses were also employed (Supporting Information Text 

S5).

2e. Experimental Methods.

MC6*a-LysBoc was synthesized starting from MC6*a upon reaction with N-(tert-

Butoxycarbonyloxy)succinimide (Boc-OSu). The reaction progress was monitored by analytical 

RP-HPLC, and the final product was purified by preparative RP-HPLC and its identity 

confirmed by ESI-MS analysis (Supporting Information Text S6 and Figures S7–S9). The 

peroxidase activity of MC6*a-LysBoc was evaluated in the oxidation of ABTS with H₂O₂. 

Kinetic studies were performed using a stopped-flow instrument in 50 mM phosphate buffer pH 

6.5/TFE 1:1 (v/v), monitoring the formation of oxidized ABTS·⁺ at λ = 660 nm. To determine 

catalytic parameters, initial reaction rates (v0) were measured while varying the concentration of 

one substrate and keeping the other fixed, and the experimental data were fitted to a two-

substrate Michaelis–Menten equation. The total turnover number (TON) was also measured to 

evaluate catalyst robustness (Supporting Information Text S7 and Figure S10).

3. Results and Discussion.

3a. Differences in Classical Dynamics Across Closely Related Mimochromes.
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To investigate the structural basis for the reactivity differences between MC6, MC6*, and 

MC6*a, we performed classical MD simulations for each analogue in the resting and oxo-bound 

states (see Sec. 2a). Our goal was to identify the factors that account for the progressively higher 

kcat values and the improved robustness (and thus TON) across the series. We first evaluated 

global secondary structure and backbone motions. Analysis of the secondary structure using 

DSSP revealed comparable α-helical content for the D and TD chains across all three 

mimochromes, consistent with previous experimental findings (Supporting Information Figure 

S11).37 We examined geometric backbone fluctuations by computing pairwise linear correlations 

between -carbon (Cα) motions, which showed nearly indistinguishable patterns for MC6, 

MC6*, and MC6*a (Supporting Information Figure S12). These findings indicate that geometric 

Cα motions are not sufficient to explain the observed differences in reactivity.

While global dynamics were similar across analogues, residue-wise root-mean-squared 

fluctuations (RMSF) highlighted localized differences in flexibility, particularly for the residue 

Arg10'. We found that across all the MD simulations for each mimochrome, the RMSF of Arg10' 

increases with the experimentally observed trend of kcat increase, with average RMSF values of 

3.7 Å for MC6, 4.5 Å for MC6*, and 4.8 Å for MC6*a (Figure 3 and Supporting Information 

Figure S13). Although the flexibility of Arg10' is enhanced in mimochromes displaying higher 

kcat, we also observed instances of Arg10' accessing the active site in MC6 due to frequent loss of 

the Glu2···Arg10′ salt bridge during the MD simulations (Supporting Information Figure S13). 

This occurs despite MC6 not containing the Glu2Leu substitutions. This observation is 

corroborated by a previous computational study that identified the Glu2···Arg10' interaction as 

the weakest ion pair in MC6.68 While Arg10' displayed high RMSF values, the C-terminus of the 
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TD chain exhibited the highest degree of flexibility for all mimochromes, usually appearing 

disordered (Figure 3 and Supporting Information Figure S13).

Figure 3. The structures of MC6 (left), MC6* (middle), and MC6*a (right) with their residue-
wise root mean squared fluctuation (RMSF). The coloring is the RMSD averaged across all 
classical MD trajectories for each mimochrome but shown on a single representative structure. 
The RMSF of the hangman residue, Arg10', is labeled on the structures in angstroms (Å). The 
color bar ranges from a RMSF low of 1.0 Å to a high of 6.0 Å.

We next quantified the interactions of key residues with the porphyrin ring, motivated by 

prior NMR studies suggesting increased protein–heme contact in MC6*a.37 We conducted an 

energy decomposition analysis using the generalized Born model (GBSA) on both the resting 

and oxo-bound trajectories.100,101 In the resting state, Arg10' exhibited the strongest interaction 

with the porphyrin ring for all three analogues, with average interaction strengths as favorable as 

-8.7 kcal/mol (Supporting Information Figures S14–S16). In all three cases, the second most 

strongly interacting residue was Leu5, which is adjacent to the coordinating histidine on the TD 

chain. These results indicate that Leu5 contributes to stabilizing the positioning of the TD chain 

relative to the porphyrin. For the oxo-bound state, GBSA analysis revealed a consistent 

interaction between Arg10' and the oxo with modest average interaction strengths (Supporting 

Page 12 of 44Chemical Science

C
he

m
ic

al
S

ci
en

ce
A

cc
ep

te
d

M
an

us
cr

ip
t



13

Information Figures S17–S19). Hydrogen-bond analysis further indicated that Arg10′-oxo 

hydrogen bonds are sampled intermittently in the oxo-bound classical MD simulations, with 

occupancies of 14.8 ± > 2.9%, 19.8 ± 4.1%, and 18.7 ± 5.0% for MC6, MC6*, and MC6*a, 

respectively (Supporting Information Table S9). While the total interaction energies are modest, 

their trend follows the experimentally observed series of kcat (MC6 < MC6* < MC6*a). The 

interaction strengths result from a balance between strong, favorable electrostatic contributions 

(MC6: -9.8, MC6*: -9.6, and MC6*a: -16.4 kcal/mol) and large, unfavorable polar-solvation 

energies that arise from the solvent-exposed nature of the active site (Supporting Information 

Figures S17–S19).

Overall, the classical MD simulations reveal a high degree of structural similarity across 

the mimochrome series, as evidenced by comparable secondary structure content and collective 

backbone motions. Despite this overall similarity, both RMSF and GBSA analyses consistently 

highlight the central role of Arg10' in all three mimochromes, identifying it as a flexible residue 

with energetic contributions in both the resting and oxo-bound states. The flexibility of Arg10' 

subtly increases across the series (MC6 < MC6* < MC6*a), and GBSA analysis indicates a 

progressively more favorable interaction with the oxo intermediate (Figure 3 and Supporting 

Information Figures S17–S19). The enhanced flexibility of the distal Arg could enable dynamic 

stabilization of different transition states along the catalytic cycle, facilitating both peroxide bond 

cleavage and the subsequent reaction of the Fe–oxo species with the reducing substrate, leading 

to an overall increase in kcat. Although these trends correlate with reactivity, the inability of other 

descriptions derived from classical trajectories such as C correlated motions and DSSP to 

account for the observed reactivity differences motivates investigation into the electrostatic 

properties of the system.
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3b. Charge-Coupling Interactions Distinguish Mimochromes.

In our investigation of the geometric differences between MC6, MC6*, and MC6*a, we 

identified only limited variations, primarily the increased flexibility of Arg10' in MC6*a. We 

next focused on charge-coupling interactions between residue pairs to determine if electrostatic 

differences are more noticeable between the mimochromes analogues, as even small changes 

may produce strong electrostatic differences given their compact structure and multiple charged 

side chains. To quantify charge-coupling interactions, we utilized linear cross-correlation (CC)102 

and mutual information (MI)55,103,104 analyses from information theory of the by-residue-summed 

Mulliken partial charges on each residue, as introduced previously for charge-coupling in 

proteins.53,54 Cross-correlation captures the linear dependence between charge fluctuations in 

residue pairs, while mutual information captures both linear and nonlinear relationships through 

the statistical dependence of charges between residues. We computed CC and MI scores for all 

DFT-computed snapshots on SQM trajectories (see Sec. 2). For each mimochrome, the reported 

charge-coupling distributions and CC/MI values were calculated from the concatenated charge data from 

all eight independent SQM trajectories. The resulting CC and MI heatmaps reveal distinct patterns of 

charge-coupling for the MC6, MC6*, and MC6*a mini-proteins (Figure 4). The charge-coupling 

analysis reveals a number of charge-coupling interactions unique to each mimochrome analogue, 

a strikingly different picture from the Cα correlation analysis for MC6, MC6*, and MC6*a that 

depicted highly similar patterns for all three mimochromes (Supporting Information Table S10 

and Figure S12).
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Figure 4. Charge cross-correlation and mutual information heatmaps. Heatmaps of charge 
dynamics for (left) MC6, (middle) MC6*, and (right) MC6*a derived from SQM simulations. 
The top row displays the linear cross-correlation (CC) and the bottom row displays the mutual 
information (MI). Each amino acid pair is indicated by its one-letter code and is colored 
according to the color bar on the right. Aib residues are indicated with the letter U. Amino acids 
are ordered based on residue number. The trivial case of same-residue correlations on the 
diagonal have been omitted. The N-terminus acetyl and the C-terminus amide caps are not 
shown as no notable charge coupling interactions were observed for these caps.

To understand which charge coupling interactions are most important in distinguishing 

the mimochromes, we first investigated the strongest interaction in MC6 and MC6*. In these 

cases, the single strongest shared interaction was observed between Ser6' and the porphyrin ring 

indicated by high CC scores of -0.44 and -0.52, respectively, whereas there is no evidence of 

charge coupling between Ser6' and the porphyrin in MC6*a, with a CC score of -0.06 (Figure 4 

and Supporting Information Figure S20). Observation of the electronic interaction caused us to 

notice that in both the classical and ab initio MD of MC6 and MC6*, Ser6' is most often 

positioned directly above iron and is often found occupying the open coordination site 

(Supporting Information Figure S20). This interaction leads to very clear time-dependent 
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coupling where Ser loses charge (i.e., becomes significantly more positively charged), and the 

porphyrin accumulates charge (i.e., becomes significantly more negatively charged) upon 

coordination of the metal by Ser6' (Supporting Information Figure S21). While all three 

mimochromes share the Ser6' residue in common, the disruption of the Ser6'···porphyrin 

interaction in MC6*a is important for maintaining an open coordination site for hydrogen 

peroxide binding. In addition to the charge-coupling interaction between Ser6' and the porphyrin, 

we also see a charge coupling interaction between Ser6' and Arg10' for MC6 and MC6* with CC 

scores of -0.59 and -0.30, respectively. However, we do not observe charge coupling between 

Ser6' and Arg10' in MC6*a with a low cross-correlation score of -0.12 (Supporting Information 

Figures S22 and S23). The lack of charge coupling between Arg10' and Ser6' in the most reactive 

MC6*a (i.e. showing the highest kcat) may be important in preventing Ser6' from competing with 

hydrogen peroxide for hydrogen bonding with Arg10', a residue thought to stabilize the 

transition state for oxo formation.36

We next considered the intra-chain charge coupling interaction between Glu2' and Arg10' 

on the D chain, distinct from the inter-chain Glu2'···Arg10 salt bridge. While coupling in MC6 

(CC = -0.11) and MC6* (CC = -0.09) was weak and comparable, MC6*a exhibited significantly 

increased charge coupling (CC = -0.43; Supporting Information Figure S24). A strong inverse 

correlation in MC6*a charge fluctuations between Glu2' and Arg10' indicates that the two 

residues are capable of interacting in MC6*a despite being at opposite ends of the D chain with 

their close interaction occurring above the porphyrin during portions of dynamics (Supporting 

Information Figure S25). The colocalization of arginine and carboxylate residues has been 

observed in many peroxidases and plays an important mechanistic role with arginine stabilizing 
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the O–O bond cleavage and the carboxylate acting to transfer a proton from the metal-proximal 

oxygen to the distal oxygen,105-108 suggesting a similar role in MC6*a. 

We next analyze the two strongest charge-coupling interactions observed for MC6*a, 

which correspond to the inter-chain interactions between Glu2' and either Arg10 or Lys11 

(Figure 4). Notably, the Glu2'···Arg10 interaction exhibits progressive increase in charge-

coupling across the series, with CC values of -0.32, -0.58, and -0.76 for MC6, MC6*, and 

MC6*a, respectively (Supporting Information Figure S26). The increased coupling between 

Glu2' and Arg10 likely stabilizes the positioning of the D chain and the overall helix-porphyrin-

helix fold through a salt bridge linking the distal (D) and proximal (TD) chains, in agreement 

with prior observations in the literature.31,35,36,68 This interaction is not only strong over the 

whole trajectory but can be attributed to a clear inverse correlation in the time-dependence of the 

charges on Glu2' and Arg10, consistent with a persistent electrostatic interaction due to the 

presence of a salt bridge (Supporting Information Figure S27). The second strongest charge 

coupling interaction for MC6*a was observed between Glu2' and Lys11, an interaction which 

has not been previously reported in the literature (Figure 5). Over all SQM trajectories, the CC 

between Glu2' and Lys11 was the strongest in MC6*a with a value of -0.50 compared to 0.00 in 

MC6 and 0.13 in MC6* (Figure 5). Much like the Glu2'···Arg10 pair, Glu2'···Lys11 also bridges 

the D and TD chains, suggesting a stabilizing salt-bridge function. Analysis of charge 

fluctuations over the MC6*a trajectory reveals sustained, highly anti-correlated charge coupling 

between Glu2' and Lys11, consistent with persistent electrostatic compensation indicative of a 

stabilizing salt bridge (Figure 6). Collectively, these results indicate that the increased reactivity 

of MC6*a is associated with strengthened electrostatic interactions involving Glu2'···Arg10, 

Glu2'···Lys11, and Glu2'···Arg10', and a concurrent reduction in coupling between Ser6' and 
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both the porphyrin and Arg10'. In particular, the inter-chain interactions likely contribute to the 

improved resistance of MC6*a compared to the previous analogues, providing an overall greater 

stabilization of the helix-heme-helix structure. Concurrently, the reduced coupling of Ser6' with 

the porphyrin and the intra-chain Glu2'···Arg10' interaction may favor H2O2 activation, thereby 

accounting for the increased kcat of MC6*a. Finally, we note that in these SQM MD simulations 

we did not explicitly account for water molecules to reduce computational cost and avoid the 

need to sample solvent degrees of freedom (see Sec. 2c). Nevertheless, from classical MD we 

note that 3.67-4.93 water molecules come within 6.0 Å of the heme Fe during MD (Supporting 

Information Table S11). To test whether the implicit-solvent charge analysis was sensitive to 

nearby solvent electrostatics, we performed paired GFN2-xTB/COSMO calculations on 

approximately 100 evenly spaced resting-state MD snapshots from each replicate, with either a 

10 Å shell of explicit MM water point charges around the heme or without explicit water point 

charges. The residue-summed Mulliken charges from the two protocols were strongly correlated 

for MC6, MC6*, and MC6*a (r = 0.98, 0.96, and 0.95), indicating that nearby explicit water 

point charges do not qualitatively alter the residue-level charge distributions (Supporting 

Information Figure S28). While these specific interactions do not be strongly modified by the 

presence of explicit waters, this is unlikely to be the case for all possible charge-charge coupling 

interactions. Thus, future work could also account for explicit protein-solvent charge coupling, 

especially when aided by alternative approaches such as emerging machine learning interatomic 

potentials (MLIPs) that could directly predict partial charges. MLIPs can also address the 

timescale limitations of the present work, which may be particularly important for couplings that 

involve larger-scale rearrangements that cannot be captured at short timescales.
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Figure 5. Two-dimensional distributions of charges showing the charge-coupling interaction 
between Lys11 and Glu2' with representative structures from the extremes of the distribution. 
(left) Charge coupling distribution for Lys11 and Glu2'. Distributions include all QM snapshots 
from all trajectories. (middle) Representative structure for Lys11 with a relatively positive 
charge. (right) Representative structure for Lys11 with a relatively negative charge. Charge 
coupling plots and structures are shown for (top) MC6, (middle) MC6*, and (bottom) MC6*a. 
The cross-correlation (CC) and mutual information (MI) scores are shown in inset. Regions with 
high populations are indicated with yellow and regions with low populations are indicated with 
purple in the distributions. Dark blue cartoon representations are used for the secondary 
structures with purple dashed lines for the coordinating bonds. The atoms are colored as follows: 
carbon in gray, nitrogen in blue, oxygen in red, hydrogen in white, and iron in brown.
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Figure 6. Time-dependent charge deviation from the mean for Lys11 (blue) and Glu2' (red) over 
time for MC6*a. The time-dependent charge deviation was calculated for 400 DFT-computed 
snapshots spaced 0.2 ps apart for MC6*a. The depicted snapshots were taken from SQM MD 
trajectory 7. The y-axis represents the deviation of the charge from its average value, while the x-
axis indicates the elapsed time in picoseconds (ps).

3c. Experimental Validation of the Glu2'···Lys11 Interaction.

Based on the results of the MI and CC analysis of charge coupling interactions, we next 

experimentally investigated the role of the Lys11···Glu2' inter-chain salt bridge on reactivity of 

MC6*a, as it exhibited the strongest charge coupling signal that has not been described 

previously. For this purpose, we introduced a tert-butyloxycarbonyl (Boc) group to the side chain 

of Lys11, a modification that prevents salt bridge formation by neutralizing the ε-ammonium 

group through carbamate formation while introducing steric bulk but not altering the dihedral 

preferences of the amino acid.109-111 Further, the Boc group is removed in strongly acidic 

conditions, thus stable in the conditions required for product purification and catalytic screening. 

The derivative of MC6*a with Boc-protected Lys11 sidechain (referred to as MC6*a-LysBoc) 

was synthesized by reaction with N-(tert-Butoxycarbonyloxy)succinimide (Boc-OSu), which 

enables selective functionalization of primary amines (Supporting Information Text S6 and 

Figures S7–S9). To test whether the functionalization affected catalysis, the oxidation of ABTS 

in the presence of H2O2 was assayed.
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Catalytic parameters were measured by stopped-flow technique, in the same experimental 

conditions as previously reported for MC6*a (Supporting Information Text S7).37 Kinetic 

experiments were performed by keeping fixed the concentration of one substrate (ABTS or 

H2O2) while varying the concentration of the other substrate. The initial reaction rates (v0) were 

then plotted against the concentration of the varying substrate, and both datasets were fitted to a 

2-substrate Michaelis–Menten kinetic model (Figure 7 and Supporting Information Text S7). The 

kinetic parameters of MC6*a-LysBoc are reported, together with those of MC6*a as comparison 

(Table 1).37

Figure 7. Peroxidase activity of MC6*a-LysBoc. (left) Initial rate dependence towards H2O2 
concentration reaction conditions were MC6*a-LysBoc (20 nM), ABTS (2 mM) in 50 mM 
phosphate buffer pH 6.5/TFE (1:1 v/v). (right) Initial rate dependence towards ABTS 
concentration: reaction conditions were MC6*a-LysBoc (20 nM), H2O2 (450 mM) in 50 mM 
phosphate buffer pH 6.5/TFE (1:1 v/v).

Table 1. Catalytic parameters for ABTS oxidation, catalyzed by MC6*a-LysBOC. The MC6*a 
parameters, taken from ref. [29] are reported for comparison.

𝐊𝐀𝐁𝐓𝐒
𝐦

(𝟏𝟎―𝟐𝐦𝐌)
𝐊𝐇𝟐𝐎𝟐

𝐦
(𝐌)

𝒌𝐜𝐚𝐭
(𝟏𝟎𝟑 𝐬―𝟏)

𝒌𝐜𝐚𝐭/𝐊𝐀𝐁𝐓𝐒
𝐦

(𝟏𝟎𝟑𝐦𝐌―𝟏𝐬―𝟏)
𝒌𝐜𝐚𝐭/𝐊

𝐇𝟐𝐎𝟐
𝐦

(𝟏𝟎𝟑𝐦𝐌―𝟏𝐬―𝟏)
TON
(𝟏𝟎𝟑)

MC6*a 9 ± 1 0.44 ± 0.05 5.8 ± 0.3 64 ± 8 0.013 ± 0.002 14
MC6*a-
LysBoc 19 ± 4 0.77 ± 0.08 8.6 ± 0.6 45 ± 10 0.011 ± 0.001 2
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From the analysis of v0 dependence on H2O2 concentration, we observe that much higher 

concentrations of hydrogen peroxide are required to reach saturation in MC6*a-LysBoc 

compared to MC6*a (Figure 7). Indeed, while MC6*a reached a plateau between 0.6 and 0.8 M 

of H2O2, at least 1.4 M of peroxide are required for MC6*a-LysBoc to reach saturation. This 

finding results in an almost doubled Km for H2O2 and 1.5-fold increased kcat for MC6*a-LysBoc 

compared to MC6*a. Such increase in kcat and Km leads to an almost unchanged catalytic 

efficiency (𝑘cat / 𝐾
H2O2
m ). Similarly, the Km for the ABTS substrate is doubled compared to that 

observed for MC6*a (Figure 7). The increased Km for both substrates suggests that a more 

solvent-exposed active site is present in MC6*a-LysBoc, which is hardly saturated with substrate 

molecules. This is especially true for H2O2, given its reduced size compared to ABTS. Next, we 

measured the total turnover number (TON) of MC6*a-LysBoc, to evaluate the effect of the 

sidechain modification on catalyst robustness. Interestingly, the minimum catalyst concentration 

required for complete conversion of 70 M ABTS was 35 nM, yielding to a TON of ~ 2000 

(Supporting Information Figure S10). This value is much lower compared to that of MC6*a 

(14000)37 in the same experimental conditions, highlighting that Lys11 modification negatively 

affects catalyst robustness. Taken together, these results indicate that the Lys11 side chain plays 

a key role in stabilizing the overall catalyst structure, an observation not recognized prior to our 

computational analysis. The observed decrease in TON, along with the increased Km values, 

suggests that the active site becomes more exposed, which may contribute to oxidative 

deactivation of the catalyst during the reaction. Notably, Lys11 has been previously employed to 

immobilize MC6*a onto nanomaterials upon functionalization with a pegylated 

dibenzocyclooctyne (PEG4-DBCO) as a “clickable” group.112-114 When MC6*a is immobilized 

on gold nanoparticles of various shapes, its catalytic efficiency decreases relative to the freely 
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diffusing enzyme, primarily due to reduced kcat values.113 In these cases, the Km for H2O2 is 

actually lowered upon immobilization. In contrast, MC6*a-LysBoc exhibits a markedly different 

behavior: both the kcat and Km increase compared to the unmodified enzyme. This suggests that 

the effects observed with nanomaterial immobilization arise from different underlying causes, 

likely related to steric hindrance and conformational constraints imposed by the nanoparticle 

surface. The effect observed with MC6*a-LysBoc is likely attributable to hindering of ability of 

the Lys11 sidechain to form a charge-assisted hydrogen bond.

3d. Charge-derived features distinguish mimochromes.

Motivated by our identification of significant differences in the charge coupling patterns 

between the mimochrome analogues and the experimental validation of the importance of the 

identified Glu2'···Lys11 charge coupling interaction in MC6*a reactivity, we sought to 

investigate whether these differences in charge distribution would be sufficient to distinguish the 

analogues. While we expect differences in charges for the three substituted residues that vary 

between MC6, MC6*, and MC6*a, we investigated if any of the shared residues also exhibit 

differences in charge distribution. The distinct electrostatic patterns revealed by the charge-

coupling analysis suggested the potential to classify the mimochromes based solely on their 

charge distributions. To aid in the identification of qualitative distinguishing differences in 

charge distribution between the mimochromes, we trained supervised machine learning (ML) 

classifier models (i.e., random forest, RF, and multi-layer perceptron, MLP, see Sec. 2d) to 

distinguish patterns in charge differences among the mimochromes from their ab initio MD 

trajectories.115 The models were trained as multi-class classifiers to distinguish ab initio MD 

frames as belonging to MC6, MC6*, or MC6*a based on by-residue summed Mulliken partial 

charges of the shared residues using a random 60-20-20 train-validation-test split. These RF 
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models showed good performance with area under the curve (AUC) scores of 0.75–0.95 (Figure 

8 and Supporting Information Table S12). The MLP model in particular showed AUC scores of 

0.87–0.90 (Supporting Information Figures S29 and S30).

Figure 8. Receiver operating characteristic (ROC) curve for RF models for classification of 
individual snapshots as belonging to trajectories of one of three mimochromes. The models were 
trained on (top, left) by-residue summed charges of residues shared by the three mimochromes, 
(top, right) geometric pair-wise distance features, (bottom, left) by-residue summed charges on 
an unseen test trajectory, and (bottom, right) pairwise distances for all shared residues on an 
unseen test trajectory. ROC curves are shown for MC6 (red), MC6* (blue), and MC6*a (green). 
A diagonal dotted line represents the line of no discrimination.

Given the high computational cost of obtaining key charge-derived features, we repeated 

our investigation to ascertain if similar patterns are observable in the geometric characteristics of 

the mimochromes that could have been obtained from a purely classical MD trajectory. To test 

whether geometric features could distinguish MC6, MC6*, and MC6*a, we trained RF and MLP 
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models on centroid-to-centroid pairwise distances of all residues shared between the 

mimochromes from the same DFT-computed snapshots of the ab initio MD trajectories (351 

features). We found that the models trained on geometric features were also able to almost 

perfectly classify the mimochromes (i.e., test set AUC scores of 1.0 for all mimochromes, Figure 

8 and Supporting Information Figures S31–S32).

Given the temporal correlation in simulation trajectory data, we next tested if the models 

could generalize to unseen trajectories. We retrained the models with a new train-validation-test 

split where we used six trajectories for training, one trajectory for validation, and one trajectory 

for testing. With by-residue summed charges as features, we found that the models were still able 

to accurately classify the mimochromes for an unseen trajectory with AUC scores of 0.75–0.94 

for the RF models and 0.71–0.88 for the MLP (Figure 8 and Supporting Information Figures 

S33–S34). However, the models trained on the geometric pairwise distances were unable to 

accurately classify the mimochromes with AUCs of 0.36–0.58 for the RF model and 0.40–0.60 

for the MLP (Figure 8 and Supporting Information Figures S35–S36). The fact that the models 

trained on by-residue summed partial charges were able to generalize to not just randomly split 

test data but also to held-out, unseen trajectories with only 23 features highlights the importance 

of charge distribution in understanding mimochrome systems.

Given the strong classification accuracy on unseen trajectories for the models trained on 

by-residue summed partial charges, we examined the feature rankings to determine which 

specific residues drive the separation among mimochromes (Figure 9). This ranking of charge-

based features contrasts with that of the geometric model, which performed poorly on unseen 

data and identified an entirely different set of important residue pairs and did not identify the 

Lys11···Glu2' interaction (Supporting Information Figure S37). From feature importance 
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analysis on the RF model, we found Arg10' to have the highest feature importance as measured 

by Gini impurity. The ranking of Arg10' as the residue with the highest feature importance is of 

interest given its involvement in the hangman effect and its suggested importance in the catalytic 

improvement between MC6 and MC6*. Lys11 had the second-highest feature importance score 

and is one of the charged amino acids on the TD chain and is involved in in the interchain charge 

coupling interaction with Glu2' identified in the mutual information and cross correlation 

analysis (Figure 5). Glu2' had the fourth-highest feature importance score and is involved in 

prominent charge coupling interactions such as both Glu2'···Arg10 and Glu2'···Arg10' 

(Supporting Information Figures S20 and S22). While Gln4 had the third-highest feature 

importance score, we observed no notable charge coupling interactions and it is likely due to its 

proximity to the Glu2Leu substitution in the TD chain that differentiates MC6 and MC6*. 

Arg10', Lys11, and Glu2' rank among the highest-scoring features, consistent with their observed 

charge coupling interactions that distinguish the more reactive mimochromes. Ser6' has a 

similarly high score, yet its dominant coupling with Arg10' is inversely correlated with activity. 

Thus, this suggests Ser6' as a rational target for mutagenesis to disrupt this interaction in future 

mimochrome analogues. Additionally, residues with low feature importance such as Gln3, Ser7, 

and Gln8 could be considered for future mutagenesis as they were least important in 

distinguishing the mimochrome analogues. While the charge-coupling analysis suggests key 

interacting pairs, the feature importance analysis provides a quantitative ranking of the 

contribution of all shared residues, to the extent that they can be captured by relatively short xTB 

simulations. Furthermore, the successful classification of unseen trajectories confirms that the 

overall charge distribution and not pairwise geometric distances, serves as a robust and 

generalizable feature that distinguishes the analogues.
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Figure 9. Ranked Gini feature importance for the RF model trained on charge-derived features. 
(left) The RF model was trained on by-residue summed charges, indicated with their three-letter 
code and residue index. (right) Representative structure of MC6*a with the residues with high 
feature importance scores shown in stick representation. Dark blue cartoon representations are 
used for the secondary structures and atoms are colored as follows: carbon in gray, nitrogen in 
blue, oxygen in red, hydrogen in white, and iron in brown. Metal coordinating bonds are shown 
as purple dashed lines.

3e. Reactivity and Mechanistic Insights.

We have identified Arg10' as the residue with the highest feature importance score in the 

ML models as well as playing a key role in a number of charge-coupling interactions that 

distinguish MC6*a from former analogues. We next sought to better understand the mechanistic 

role of Arg10' in the observed mimochrome peroxidase activity. We first performed QM 

calculations for oxo formation using a minimal model containing only the heme, its distal 

imidazole, three water molecules and H2O2 in the reactant state, with or without Arg10' 

(Supporting Information Figures S38 and S39). This minimal system was selected to isolate the 

Arg-H2O2-porphyrin interaction, allowing us to assess a mechanistic feature that should be 

relevant to other porphyrin-based catalysts that generate high-valent oxo species from hydrogen 

peroxide. Using these models, we identified transition states for the formation of the reactive oxo 

intermediate from hydrogen peroxide in the presence and absence of Arg10'. Full 
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characterization of the transition states was initiated with NEB calculations to a identify putative 

transition states at the ωPBEh/LACVP* level of theory (Supporting Information Figures S40 and 

S41). Transition states were then optimized, and single-point energy refinement was performed 

with ωPBEh/def2-TZVPP and ωPBEh/def2-QZVPP extrapolated to the complete basis set (CBS) 

limit with Gibbs free energy corrections from the lower ωPBEh/LACVP* level of theory (see 

Sec. 2c and Supporting Information Text S4).

The reaction was first modeled in the absence of Arg10' to isolate its specific contribution 

to catalysis. Optimization of the identified transition state revealed a barrier with a G‡ value of 

25.2 kcal/mol, which corresponds to a significant reduction in the free energy barrier upon 

inclusion of entropic effects and extrapolation to the CBS limit (Figure 10 and Supporting 

Information Tables S13 and S14). The identified transition state corresponds to the expected 

heterolytic O–O cleavage following protonation of the distal oxygen of the ferric hydroperoxo 

intermediate (Supporting Information Figure S42). For the oxo-formation reaction with the 

inclusion of Arg10', we identified a similar transition state for the O–O cleavage of hydrogen 

peroxide (Supporting Information Figure S43). Full characterization of the transition state 

reveals a significant reduction in the barrier height following the inclusion of Arg10' with a G‡ 

value of 17.1 (Figure 10 and Supporting Information Tables S15 and S16). We also observed a 

small barrier (TS0) for the proton transfer; however, it does not produce a free energy at both the 

lower and higher levels of theory. Overall, Arg10' lowers the free energy activation barrier for 

O–O bond cleavage from 25.2 kcal/mol to 17.1 kcal/mol through the stabilization of the proton 

transfer and polarization of the O–O bond. In contrast, the reaction without Arg10' relies entirely 

on the water molecules to stabilize the transition state, resulting in a significantly higher barrier.
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Figure 10. (left) Reaction energy diagram for generation of the oxo-bound intermediate from 
hydrogen peroxide with (red) and without (blue) the presence of Arg10'. (right) Structure of the 
transition state for the reaction with Arg10'. Energies were computed at the PBEh/def2-TZVPP 
and PBEh/def2-QZVPP levels of theory and extrapolated to the complete basis set (CBS) limit 
and are reported in kcal/mol above each reaction step, with free energies (G) indicated above 
and electronic energies (E) indicated below in parentheses. The bond breaking in the transition 
state is shown as a red dashed line. Atoms are colored as follows: carbon in gray, nitrogen in 
blue, oxygen in red, hydrogen in white, and iron in brown. Metal-coordinating bonds are shown 
as purple dashed lines, hydrogen bonds are shown as yellow dashes, and the dissociating O-O 
bond is shown in red.

The stabilization of the oxo-formation reaction by Arg10' highlights the critical role of 

electrostatic interactions in the catalytic mechanism. To further probe the collective influence of 

the protein scaffold’s electrostatic environment, we calculated the electric field projected along 

the Fe-oxo bond, as its strength has been correlated with peroxidase activity in heme enzymes, 

using snapshots of the full protein from oxo-bound MD simulations (see Sec. 2a and Supporting 

Information Text S8).47,50 We used classical MD to generate the structures because we had not 

previously generated oxo-bound SQM trajectories, but we evaluate the electric field fully 

quantum mechanically from the partial charges of the entire system. That is, the projected 

electric field across the Fe-oxo bond was calculated for each structure from the sum of electric 
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field contributions from each computed atomic partial charge, atomic dipole, and atomic 

multipole moment in the extended protein environment (Supporting Information Text S8). The 

results reveal an increase in the average strength of the projected electric field along the Fe-oxo 

bond that correlates with the observed kcat: MC6 (-75.1 MV/cm) < MC6* (-87.1 MV/cm) < 

MC6*a (-95.6 MV/cm) (Figure 11). In particular, a stronger electric field along the Fe–oxo bond 

reflects increased electrophilicity of the oxo moiety, which enhances Compound I reactivity and 

is consistent with the experimentally observed increase in kcat across the MC6 series. Upon 

inspecting the structures with the strongest and weakest projected electric fields, a stronger 

electric field was observed when the D chain formed the expected -helical fold and a weaker 

electric field when it was more disordered (Figure 11 and Supporting Information Figure S44). 

When the D chain was more structured (i.e., had greater helical content), Arg10' was found in 

close proximity to the oxo with the two negatively charged residues on the D chain, Asp1' and 

Glu2' (i.e., charges with strong coupling with a number of residues identified previously) 

positioned closer to the active site, leading to stronger calculated local electric fields. These 

findings indicate that the folding and rigidity of the D chain is crucial in affecting both the kcat 

and robustness (i.e., TON) of mimochromes. Indeed, proper helical folding of the D chain 

enables the formation of charge coupling interactions that contribute to the global stabilization of 

the structure (such as Glu2'···Arg10 and Glu2'···Lys11), while also increasing the electric field 

strength at the active site.  Additionally, differences in the macrodipole of the D-chain helix itself 

between the different mimochromes could contribute to the electric field projected along the Fe–

oxo bond. This latter feature may contribute to the progressive increase of kcat from MC6 to 

MC6*a, suggesting a potential avenue to further improve mimochrome reactivity in future 

generations. 
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Figure 11. (left) Calculated projected electric fields projected across the Fe-oxo in MV/cm for 
MC6 (red), MC6* (green), and MC6*a (blue). Significance levels, calculated using two-tailed t-
tests, are denoted by stars: **** for p ≤ 0.0001 (MC6*a vs. MC6) and * for 0.01 < p ≤ 0.05 
(MC6*a vs. MC6*). (middle) The MC6*a structure with the strongest electric field and (right) 
weakest electric fields are depicted. Dark blue cartoon representations are used for the secondary 
structures and atoms are colored as follows: carbon in gray, nitrogen in blue, oxygen in red, 
hydrogen in white, and iron in brown. Coordinating bonds are shown as purple dashed lines.

4. Conclusions.
Our integrated computational and experimental analysis of the mimochrome series (MC6, 

MC6*, and MC6*a) reveals that dynamic electronic properties, rather than global structural 

dynamics, dictate their different catalytic properties, particularly kcat and TON. While classical 

MD simulations showed nearly indistinguishable backbone motions across the analogues, ab 

initio MD simulations and data-driven analyses uncovered distinct charge-coupling networks that 

correlate with experimentally observed trends in peroxidase reactivity. We identified key charge-

coupling interactions, such as the inter- and intra-chain interactions Arg10'···Glu2' and 

Glu2'···Arg10, respectively, and the previously unreported Glu2'···Lys11 salt bridge, that 

distinguish the fastest (highest kcat) and most robust (highest TON) mimochrome. The functional 

importance of this interaction was confirmed experimentally. The disruption of the 

Glu2'···Lys11 interaction in our newly reported MC6*a-LysBoc derivative resulted in a seven-

fold decrease in TON, underscoring its role in structural stability. Supervised machine learning 
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models trained on the partial charge dynamics obtained from the ab initio MD simulations 

successfully classified the mimochromes on unseen trajectories and identified Arg10', Lys11, 

Glu2', and Ser6' as the most important distinguishing residues. 

QM calculations confirmed the mechanistic importance of Arg10', showing it lowers the 

free energy barrier of the reaction from 25.2 kcal/mol to 17.1 kcal/mol. This electrostatic 

stabilization is reflected across the full protein, as the calculated electric field projected along the 

Fe–oxo bond strengthens, in line with the improved reactivity of Compound I. This work 

demonstrates that peripheral substitutions, such as the Aib residues in MC6*a, can reshape 

charge-coupling networks to enhance catalysis by strengthening productive long-range 

interactions while diminishing unproductive ones, such as the Ser6' interaction that blocks the 

active site in less active analogues. These findings establish a key principle for designing 

artificial enzymes: reactivity can be tuned through indirect modulation of dynamic charge-

coupling networks. This represents a complementary tool to more established methods for 

understanding static electric fields and long-range, geometric correlated motions. Future studies, 

perhaps aided by rapidly maturing machine learning foundation models, should build upon the 

dynamic observations to carry out studies of catalytic mechanisms with larger QM models that 

incorporate catalytically relevant residues such as Glu2 and Lys11. 

Focusing on mutations that could further enhance reactivity beyond the frontier MC6*a 

based on our overall findings, we note that such mutations would have to be validated 

experimentally in future work. Subsequent mimochrome generations could be improved by 

targeting residues identified as important but detrimental, such as Ser6', could be mutated to an 

Ala to avoid deleterious interactions. We separately propose that single mutations of residues 

that are non-critical for distinguishing reactivity, such as Gln3, Ser7, and Gln8, to positively 
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charged residues (i.e., Lys or Arg) could further optimize the electrostatic environment. 

Interactions between the heme and the D chain could be strengthened by mutating Glu2' to Asp 

to strengthen the interactions of Arg10' with the heme. Alternatively, a stronger salt bridge could 

be obtained by mutating Lys11 to an Arg. Nevertheless, we note that these computational 

predictions of mutants could have unforeseen consequences on protein secondary structure and 

would require further validation. 

The general approach of exploring charge coupling networks through ab initio MD or 

with emerging neural network potentials that predict charge is anticipated to be a broadly useful 

tool for understanding catalytic systems that is complementary to more established techniques 

such as evaluating static electric fields or long-range, correlated motions. The analysis of charge-

coupling networks is a likely useful strategy for understanding and engineering catalytic systems 

because rationally-tuned charge dynamics can produce significant functional effects with 

minimal structural changes.
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