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ABSTRACT OF THE DISSERTATION

Mechanistic Insight from Physical Models of Laboratory-Engineered Catalysts

by

Declan Marshall Evans

Doctor of Philosophy in Molecular Biology

University of California, Los Angeles, 2023

Professor Kendall N. Houk, Chair

The development of catalysts for faster, more selective, and more sustainable chemical reac-

tions remains an outstanding goal in chemistry. While advancements in statistical models have

greatly improved our predictive ability, physical models remain our most valuable tools for mech-

anistic understanding. Density functional theory (DFT) calculations provide structural models of

reaction intermediates and transition states and can accurately predict thermodynamic quantities.

For larger systems, molecular dynamics (MD) simulations using classical force fields model time-

dependent movements of protein-ligand complexes. This Thesis combines both approaches to

model several designed and engineered catalysts.

In Chapter 2, we investigate dirhodium catalysts that were designed to catalyze an enantiose-

lective Si–H insertion. Our experimental collaborators observed that the enantioselectivity of the

reaction correlated strongly with the Hammet constant of the carbene’s aryl substituents but lacked

a clear understanding as to why. DFT calculations using an Rh2(OAc)4 catalyst showed that the

aryl rings of the carbene rotate in the transition state, resulting in one aryl conjugating with the

vacant carbene p-orbital. For asymmetrically substituted carbenes, the transition state with the

electron-rich aryl conjugated to the vacant carbene p-orbital was always lower in energy, and this
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energy difference increased with greater electronic differences between the rings. We then showed

that because of this geometric constraint, the chiral environment of the designed catalysts favored

one enantiomeric transition state over the other. Again, the energy difference between transition

states correlated with the differences in Hammet substituent constants between the rings.

In Chapter 3, we investigate a laboratory-evolved family of flavin-dependent halogenases with

orthogonal selectivity for the chlorination of tryptamine. Few mutations separate the wild type

from the most distant mutant, and crystal structures show that there are minimal structural dif-

ferences between the enzymes. DFT calculations and MD simulations established that a catalytic

lysine activates HOCl through general acid catalysis for chlorination of the substrate. Energetic dif-

ferences in the transition states or Wheland intermediates calculated by DFT showed the intrinsic

site selectivity for each substrate. Docking calculations and MD simulations of protein-substrate

complexes showed how each enzyme binds the substrate to position a single site closest to the

halogenating species, influencing the site selectivity of this reaction. Our physical model was then

used to predict site selectivity for several nonnative substrates.

Finally, Chapter 4 investigates a set of computationally designed enzymes with varying activity

for a chemiluminescence reaction. Initial designs were optimized by site-saturation mutagenesis,

and it was not clear why the final proteins were so much more active than the initial designs. Our

DFT calculations confirmed the proposed reaction mechanism and showed that anion formation

in the substrate was critical for the reaction. Docking calculations and MD simulations showed

that LuxSit-i, the most active variant, was the best at stabilizing this anion in the transition states.

Changing the substituent resulted in worse stabilization during the simulations, which is consistent

with the observed substrate specificity.

All three of these chapters explore notable examples of catalyst engineering and provide physi-

cal models for their mechanisms. The insight gained here will hopefully lead to future generations

of engineered catalysts with continuously improved capabilities.
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Chapter 1

Introduction
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Catalysts are critical to faster, more efficient chemical reactions and have a projected market

size of over $35 Billion [1]. The development of cheaper, faster, and more selective catalysts re-

mains an outstanding goal in chemistry. While experimentation has always been and will continue

to be the most effective means of catalyst development, the rapid development of computer hard-

ware and software continues to enhance the utility of computation. Advanced statistical models

have recently exploded in popularity; some can now make predictions with super-human ability.

Despite the utility of this predictive power, statistical models rarely give any mechanistic insight

that is critical for understanding by a human. For this insight, we depend on calculated physi-

cal models, which provide details about chemical structure and reactivity that are not possible with

experimentation alone. In this Thesis, we will discuss the role of physical models in catalyst devel-

opment and provide examples of catalysts that have been developed through joint experimentation

and computation.

Considerable advances have been made in organic and inorganic catalysis, enabling the synthe-

sis of countless pharmaceutical and industrial chemicals [2, 3, 4, 5]. In Chapter 2, a collaboration

with Qi-Lin Zhou published in the Journal of the American Chemical Society, we investigate a

dirhodium catalyst that was developed for enantioselective Si–H insertion with carbenes (Figure

1.1. Dirhodium catalysts of this kind are used extensively in Si–H and C–H activation chemistry

[6] due to their ability to stabilize carbene and nitrene intermediates. Despite the power of these

catalysts, many are impractical to use at scale because of solvent constraints, incorporation of rare

and expensive metals, or difficulties involved in the synthesis. Biocatalysts, catalysts isolated from

living organisms, offer a much more scalable and sustainable alternative due to their mild operating

conditions and relative ease of synthesis.

Naturally occurring enzymes possess a wealth of chemical functionality, but their utility is

limited by the process of natural selection. Only the enzymes that provide a selective advantage for

the organism will persist through generations. Engineering new enzymes for non-natural purposes

is challenging, as a protein of N residues has 20N possible combinations of amino acids. Even the

smallest peptides have too many possible sequences to observe with exhaustive sampling. Several
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enzyme engineering methods have emerged to navigate this enormous search space and the most

successful of which will be covered in this Thesis. In Chapter 3, a collaboration with Jared Lewis

published in Chem Catalysis, we investigate a family of enzymes generated through Directed

evolution (Figure 1.2). This process involves iterative rounds of mutagenesis and screening and

is increasingly used to re-engineer natural enzymes for non-natural purposes. In Chapter 4, a

collaboration with David Baker accepted at Nature, we investigate an enzyme developed through

Computational Design (Figure 1.3).

Each study discussed here presents both experimental observations and a computational inves-

tigation of the associated mechanism. Quantum Mechanical (QM) models using Density Func-

tional Theory (DFT) calculations are necessary to determine transition state structure and explain

differences in reactivity. While DFT is used whenever possible, unfavorable scaling with system

size necessitates the use of classical molecular mechanics and force fields. While these calculations

are unable to observe transition state behavior, they are fast enough to observe how large macro-

molecules can affect reaction intermediates. Force fields are most used in Molecular Dynamics

(MD) simulations, which model time-dependent motions of catalyst-substrate complexes. Finally,

the explosion in popularity of Machine learning methods necessitates their mention here. These

models can incorporate large amounts of data to identify patterns in high-dimensional spaces and

have led to some of the most important breakthroughs in recent years. Each of these methods will

be discussed further, with a particular emphasis on how they relate to catalyst engineering.

1.1 Directed Evolution

The most successful and robust method for enzyme engineering is directed evolution, which

imitates the natural process of evolution through iterative rounds of mutation and screening for

some desired trait. Almost any trait of the protein can be optimized with this method, including

stability [7, 8], solubility [9, 10, 11], activity [12, 13, 14, 15], and selectivity [16, 17]. Researchers

at Merck recently demonstrated that directed evolution can be used to design an entire biocatalytic
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cascade for the production of pharmaceuticals [18]. Natural enzymes involved in the bacterial

purine nucleoside degradation pathway were evolved to accept synthetic precursors and the path-

way was run in reverse to synthesize islatravir. The resulting three-step biocatalytic cascade uses

fewer than half of the steps as comparable synthetic routes and delivers an impressive 51% overall

yield. Moreso, this biocatalytic cascade generates 4 stereocenters with high enantiomeric excess

from achiral substrates. The success of this study is largely due to the structural similarity between

islatravir and natural purine nucleosides. Directed evolution is generally most successful when the

reaction of interest is similar to the natural reaction and there is a high degree of activity already

present in the enzyme.

Nonetheless, the evolution of heme-containing enzymes has resulted in enzymes that catalyze

reactions not observed in nature [19]. These enzymes represent the potential of what can be

achieved through this powerful process. The biggest limitation of directed evolution is the reliance

on high-throughput experimentation to generate and screen large libraries of mutants. The incor-

poration of experiments [20] and machine learning models [21] have been increasingly adopted

to alleviate the experimental bottleneck. Despite these limitations, directed evolution will likely

remain the dominant method of enzyme engineering for the foreseeable future because it is not

limited by the gaps in our structural and mechanistic understanding of enzymes.

1.2 Computational Design

As mentioned earlier, directed evolution works best when an existing enzyme has native activ-

ity for the reaction of interest. If no such enzyme exists, or if the expression and isolation of this

enzyme is challenging, a protein can be created using computational design methods. These pro-

teins are usually designed following the hypothesis that an enzyme will fold to position catalytic

residues for maximum transition state stabilization [22, 23, 24, 25]. Unlike directed evolution,

computational design depends on a physical model of the protein and a detailed understanding

of the reaction mechanism. Despite advancements in energetic score functions [26, 27] and neu-
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ral networks [28, 29, 30, 31], the gaps in our understanding still result in low success rates for

computationally designed enzymes.

The most successful examples of computational enzyme design usually rely on additional ex-

perimental methods to improve activity. For example, the Kemp Eliminase originally designed by

Baker and Houk [24] underwent multiple rounds of directed evolution to afford a highly active en-

zyme having little in common with the initial design [12, 13, 14, 15]. Even the luciferase described

in detail in Chapter 4 used site saturation mutagenesis to achieve the most active mutant. Despite

these limitations, computational design will only improve as neural networks and physical models

improve.

1.3 Density Functional Theory

Nearly a century ago, physicist Paul A. M. Dirac famously claimed that “the underlying physi-

cal laws necessary for the mathematical theory of a large part of physics and the whole of chemistry

are thus completely known, and the difficulty is only that the exact application of these laws leads

to equations much too complicated to be soluble. It therefore becomes desirable that approximate

practical methods of applying quantum mechanics should be developed, which can lead to an ex-

planation of the main features of complex atomic systems without too much computation.” [32]

This bold claim postulated that our physical understanding of atomic structure was sufficient to

answer any chemical question, the only bottleneck was the computational power. No doubt com-

putational power has increased substantially in the almost 100 years since Dirac’s claim, yet the

exact application of quantum mechanics (QM) remains possible in only the smallest systems. This

is primarily due to the difficulties associated with solving the many-bodied Schrödinger equation.

The advent of density functional theory [33, 34] addressed this problem directly by operating

on the electron density rather than the wavefunction. While a universal density functional is known

to exist, no such functional has been determined to date. Instead, approximate density functionals

have been widely developed to accurately model certain types of systems. Extensive benchmarking

5



studies have been published that compare the performance of different functionals on different

systems [35, 36, 37]. By far the most used density functional in biological and organic chemistry

is B3LYP [38] due to its favorable cost-accuracy trade-off. Other methods like M06-2X [39] and

ωB97X-D [40] are also used regularly in biological systems, whereas M06 [39] and PBE0 [41, 42]

are commonly used for organometallics. In recent years, the accuracy of B3LYP and many other

functionals have been improved by the incorporation of empirical corrections to dispersion, leading

to the so-called DFT-D3 methods [43].

This report will focus primarily on calculations using Gaussian [44, 45], however, several other

computational chemistry software packages like Orca [46, 47] and Q-Chem [48] are commonly

used as well. Gaussian calculations typically start with a geometry optimization, where an input

set of atomic coordinates are adjusted following the Berny optimization algorithm until a stationary

point is reached on the potential energy surface [49]. A subsequent frequency calculation, which

calculates the second derivatives of the energy with respect to the Cartesian nuclear coordinates,

determines whether this stationary point represents a ground state (local minimum) or transition

state (first-order saddle point). This information can then be used along with quasi-harmonic cor-

rections [50, 51, 52] to obtain thermodynamic values like free energy.

Despite the benefits of DFT, most standard code implementations scale exponentially with the

size of the system. This poor scaling makes DFT impractical for systems larger than a few hundred

atoms. Semi-empirical quantum mechanical (SQM) methods, like GFN2-xTB [53], are popular

for systems of this size due to their increased calculation speed. These methods work similarly to

DFT, but several of the most computationally expensive steps are replaced with data obtained from

experiments. The speed of these SQM calculations also makes them attractive for conformational

searches like CREST [54], which uses GFN2-xTB and a meta-dynamics driven search algorithm

to rapidly explore conformational space for the global minimum. Despite the efficiency of these

methods, they are still impractical for very large macromolecular complexes like proteins. In such

systems, we must turn to other physical models which scale linearly with system size.
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1.4 Molecular Dynamics

Modern computational resources are not yet capable of modeling proteins with QM methods

on a practical timescale. These systems require methods that utilize classical mechanics, also

called molecular mechanics (MM), which scale linearly with system size. Energy is calculated

from a linear combination of pre-parametrized energy functions (force fields) which are obtained

from experiments or higher accuracy QM methods. While some force fields are parametrized for

transition states [55], the majority are parametrized only for ground states, meaning bonds cannot

break or form using classical molecular mechanics. Furthermore, the way these force fields are pa-

rameterized is variable, and different force fields have been developed to model specific systems.

Several biological force fields have been developed, including CHARMM [56] and AMOEBA

[57, 58, 59, 60, 61]. The Rosetta force field [26], which includes both physical and statistical

parameters, has also gained popularity in recent years for protein design and engineering. This

report will focus primarily on applications of the AMBER force field [62, 63, 64, 27] which is

parametrized for proteins and widely implemented in most MD software. The general AMBER

force field (GAFF) [65] is an extension of AMBER which uses charges derived from DFT calcu-

lations to parametrize force fields for any ligands or cofactors.

Molecular dynamics simulations begin with a structure of some protein-ligand complex. If

no such complex is available from experimental structural characterization, the ligand can be

docked into the protein computationally. Several docking programs exist, the most popular be-

ing AutoDock Vina [66] or Rosetta [67, 68, 69]. These programs use low-resolution force fields to

rapidly sample different conformations of the protein-ligand complex and predict the most likely

binding orientation.

Starting from a protein-ligand complex, the system is solvated and minimized using the steep-

est descent or conjugate gradient methods. Forces are randomly assigned to each atom based on

the total energy of the system, and each atom accelerates due to its corresponding force and mass.

Forces are recalculated from the force field at discrete timesteps throughout the simulation (usu-
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ally 1 or 2 fs) and the acceleration of each atom is adjusted accordingly. Recent advancements

in graphics processing units (GPUs) and hardware specialized for MD [70, 71, 72] have dramat-

ically improved calculation speeds, allowing simulation times on the nanosecond to microsecond

timescales for most proteins and macromolecules. While these simulations never show chemical

reactivity, they can give critical insight into how the enzyme can bind to and influence reaction

intermediates. In some cases, it is beneficial to use both QM and MM simultaneously in so-called

QM/MM. These methods treat part of the system, usually the active site, with quantum mechanics

and the rest of the system with force fields. This report will not cover these methods, with the ex-

ception of ONIOM [73], which is used in Gaussian to conduct multi-layered QM/QM or QM/MM

Gaussian calculations.

1.5 Machine Learning

Machine learning has revolutionized nearly every scientific field in the last decade and compu-

tational chemistry is no exception. As stated earlier, these models can incorporate large amounts

of data to identify patterns in high-dimensional spaces with super-human ability. Perhaps the most

impressive examples are the neural networks developed to predict protein structures as accurately

as experimental methods [28, 29, 30, 31]. These networks identify patterns in protein sequences

and predict structural constraints to guide high-resolution force field minimizations. Accurate

structures of proteins [74] and protein complexes [75] are now widely available. Neural networks

are also being increasingly used in protein design [76, 77, 78, 79, 80] and will be discussed in

Chapter 4.

There are countless examples of models that read experimental results or DFT-calculated val-

ues to estimate transition state barrier heights [81, 82, 83, 84, 85, 86, 87, 88]. These models can

sometimes provide barrier height predictions on par with DFT yet use only a fraction of the com-

pute time. Similar works targeted at reducing DFT compute time have developed semi-empirical

quantum mechanics methods with DFT-level accuracy [89], new DFT functionals [90], and even

8



entirely machine-learned potentials [91]. Machine learning has also been used in synthesis to pre-

dict the yields of reactions [92] and even optimize reaction conditions [93]. While these methods

rarely improve our mechanistic understanding, their predictive ability makes them invaluable tools.

The next chapters each give an example of catalysts that were developed with the above meth-

ods and the insight we gained from computational investigation. In Chapter 2 we investigate an

organometallic catalyst developed through traditional chemical synthesis to catalyze an enantios-

elective Si–H insertion reaction. Computational models using QM and QM/MM methods were

used and show that the catalyst provides a chiral environment that restricts the conformations of

the substrate during the reaction. In Chapter 3 we investigate a family of enzymes that were evolved

through directed evolution to have orthogonal selectivity for chlorination of low molecular weight

arenes. Small model theozyme calculations using QM showed intrinsic differences in substrate

reactivity, and MD simulations with protein-ligand complexes showed how the enzyme alters this

intrinsic reactivity. In Chapter 4 we investigate a set of computationally designed enzymes that

catalyze the chemiluminescence of diphenylcoelenterazine, a synthetic marine luciferase. Small

model theozyme calculations using QM confirmed the proposed reaction mechanism, and MD

simulations of protein-ligand complexes showed how mutations in the active site affected interme-

diate binding in the most active variants. Finally, we end with a summary of each project and an

outlook on the future of catalyst development.
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Figure 1.1: Chapter 2 Abstract

Catalytic enantioselection usually depends on differences in steric interactions between prochiral
substrates and a chiral catalyst. We have discovered a carbene Si–H insertion in which the enan-
tioselectivity depends primarily on the electronic characteristics of the carbene substrate, and the
log(er) values are linearly related to Hammett parameters. A new class of chiral tetraphosphate
dirhodium catalysts was developed; it shows excellent activity and enantioselectivity for the inser-
tion of diarylcarbenes into the Si–H bond of silanes. Computational and mechanistic studies show
how the electronic differences between the two aryls of the carbene lead to differences in energies
of the diastereomeric transition states. This study provides a new strategy for asymmetric catalysis
exploiting the electronic properties of the substrates.
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Figure 1.2: Chapter 3 Abstract

Flavin-dependent halogenases (FDHs) catalyze selective halogenation of electron-rich aro- matic
compounds without the need for harsh oxidants required by conventional oxidative halogenation
reactions. Predictive models for halogenase site selectivity could greatly improve their utility for
chemical synthesis. Toward this end, we analyzed the structures and selectivity of three halogenase
variants evolved to halogenate tryptamine with orthogonal selectivity. Crystal structures and rever-
sion mutations revealed key residues involved in altering halogenase selectivity. Density functional
theory calculations and molecular dynamics simulations are both consistent with hypohalous acid
as the active halogenating species in FDH catalysis. This model was used to accurately predict the
site selectivity of halogenase variants toward different synthetic substrates, providing a valuable
tool for implementing halogenases in biocatalysis efforts.
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Figure 1.3: Chapter 4 Abstract

De novo enzyme design has sought to introduce active sites and substrate binding pockets pre-
dicted to catalyze a reaction of interest into geometrically compatible native scaffolds [94, 95],
but has been limited by a lack of suitable protein structures and the complexity of native protein
sequence-structure relationships. Here we describe a deep-learning based “family-wide halluci-
nation” approach that generates large numbers of idealized protein structures containing diverse
pocket shapes and designed sequences that encode them. We use these scaffolds to design artifi-
cial luciferases that selectively catalyze the oxidative chemiluminescence of the synthetic luciferin
substrates diphenylterazine (DTZ) [96] and 2-deoxycoelenterazine (h-CTZ) through the placement
of an arginine guanidinium group adjacent to an anion species that develops during the reaction in
a high shape complementarity binding pocket. For both luciferin substrates, we obtain designed
luciferases with high selectivity; the most active of these is a small (13.9 kDa) and thermostable
(TM > 95◦C) enzyme with a catalytic efficiency on DTZ (kcat/KM = 106 M−1s−1) comparable
to native luciferases but with much higher substrate specificity. The design of highly active and
specific biocatalysts from scratch with broad applications in biomedicine is an important milestone
for computational enzyme design, and our approach should enable the design of a wide range of
novel luciferases and other enzymes.
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2.2 Abstract

Catalytic enantioselection usually depends on differences in steric interactions between prochi-

ral substrates and a chiral catalyst. We have discovered a carbene Si–H insertion in which the

enantioselectivity depends primarily on the electronic characteristics of the carbene substrate, and

the log(er) values are linearly related to Hammett parameters. A new class of chiral tetraphosphate

dirhodium catalysts was developed; it shows excellent activity and enantioselectivity for the inser-

tion of diarylcarbenes into the Si–H bond of silanes. Computational and mechanistic studies show

how the electronic differences between the two aryls of the carbene lead to differences in energies

of the diastereomeric transition states. This study provides a new strategy for asymmetric catalysis

exploiting the electronic properties of the substrates.
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2.3 Introduction

Enantiomers of chiral molecules often exhibit biological activities distinct from one another

because of the homochirality of biological molecules (e.g., l-amino acids and d-saccharides). As

a result, industrial compounds such as pharmaceuticals, pesticides, flavors, and fragrances often

must be a single enantiomer [1]. In the past several decades, asymmetric catalysis has become a

reliable method for the synthesis of enantiomerically enriched chiral compounds [2]. Most current

methods of asymmetric catalysis rely on the spatial interactions between the catalyst and substrate

for enantiocontrol. Many sterically crowded chiral catalysts have been developed that utilize this

principle to achieve high enantioselectivity [3, 4, 5]. For unsaturated substrates, the chiral catalyst

is often able to achieve enantiocontrol by discriminating between the two prochiral faces of the

substrate [6]. It is difficult to identify prochiral faces when the reactive center is attached to two

sterically similar substituents (Figure 2.1A). For this reason, only limited successes have been

achieved in the catalytic enantioselective reactions, such as hydrogenations of diaryl [7] or dialkyl

ketones [8, 9] or of diaryl or dialkyl ethylenes [10, 11, 12] and cycloadditions of diaryl ethylenes

[13].

Many active intermediates of organic reactions, such as carbocations, carbon radicals, car-

benes, and conjugated carbanions, have planar structures. Asymmetric reactions that proceed via

these active intermediates often rely on the steric differences between the substituents connected

to the prochiral center [14, 15, 16, 17]. Catalytic enantiocontrol by discriminating substituent

electronics is very rare [18, 19, 20, 21]. Recently, Fürstner and co-workers [22] studied the struc-

tures of rhodium-diphenylcarbenes by X-ray single-crystal diffraction: the electron-rich phenyl

ring (4-Me2NC6H4) adopts a coplanar orientation with the carbene plane (θ = 0.9◦) to maximize

the overlap of the π cloud of the phenyl ring with the (empty) carbene p orbital. The electron-

deficient phenyl ring (4-CF3C6H4) lies orthogonal to the carbene plane (θ = -94.7◦) to stabilize the

lone pair of the carbene that also donates to the Rh dz2 orbital. In this way, the electronic prop-

erties of the substituents determine the degree of conjugation between the aryl rings and the p or
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lone-pair orbitals of the carbene center. On the basis of this property, we speculated that enantios-

elective transformation could be achieved by a chiral catalyst that distinguishes the conformations

of a prochiral carbene intermediate. This strategy provides a new method for enantiocontrol for

chiral transformations of substrates, which have sterically similar substituents. Although stereos-

electivity has been achieved in carbene reactions catalyzed by Cu, Fe, and Rh catalysts [23, 24],

the carbenes generally have one ester group and one aryl or alkenyl group, or in the work by Shaw,

very different substitution patterns on the two aryl groups of diaryl carbenes that cause large steric

differences [25]. We have now found that dirhodium catalysts modified with chiral spiro phosphate

ligands (Figure 2.1B, Rh2(SPA)4) can differentiate the conformations of diarylcarbenes to achieve

highly enantioselective transformations even though the substituents are in positions where they

have no different direct interactions with the catalyst.

Transition-metal-catalyzed carbene insertion into Si–H bonds is a powerful method for the

synthesis of optically active silanes. However, high enantioselectivity has been achieved only with

the use of carbenes with markedly different substituents (e.g., one substituent is an alkyl, alkenyl,

or aryl group and the other substituent is an electron-withdrawing group) [26, 27, 28, 29, 30].

Enantioselective Si–H bond insertion of diarylcarbenes remains undeveloped. The challenge in

the enantioselective Si–H bond insertion of diarylcarbene stems from the difficulty of precisely

distinguishing the Re and Si faces of the carbene. We sought to overcome this limitation using

a chiral catalyst capable of distinguishing the electronic-induced conformations of the prochiral

carbene intermediate (Figure 4.1B).

2.4 Results and Discussion

The insertion of 4-nitrophenyl phenyl diazomethane (D1) into dimethylphenylsilane (S1) was

performed using several chiral dirhodium catalysts commonly used in asymmetric carbene trans-

formations [31, 32, 33]. The best performing catalyst for this reaction, Rh2(S-PTTL)4, gave high

yield but only modest enantioselectivity, prompting further investigation. A new type of dirhodium
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catalyst that contains spiro phosphate ligands C1–C5 was developed [34]. Of the spiro phosphate

dirhodium catalysts, C2 afforded both good yield and the highest enantioselectivity (Figure 2.2).

Even 0.01 mol % catalyst is sufficient for excellent results.

A variety of diphenyl diazomethylenes D1–D12 bearing electronically different para substituents

were evaluated in the reaction with silane S1 catalyzed by C2 (Table 2.1). The substrates with a

strong electron-withdrawing group or a strong electron-donating group at the para position of one

phenyl ring exhibited high enantioselectivity (entries 1–4 and 12), whereas the substrates having a

moderate or weak electronic effect exhibited lower enantioselectivity (entries 5–11). Moreover, the

substrates with electron-withdrawing groups (D3, R = CF3) or electron-donating groups (D11, R

= OMe) afforded Si–H bond insertion products with opposite absolute configurations (entry 3 and

entry 11). When the Hammett substituent constant (σp) [35] differences of the para substituents of

two phenyl rings are over 0.5, the e.e. values of the corresponding Si–H bond insertion products

are over 90%. Moreover, a plot of log(er) values against Hammett’s σp values is shown in Figure

?? (slope 2.86, R2 = 0.96). These results clearly indicate that the enantioselectivity of this reaction

is directly related to the electronic properties of carbene intermediates.

Next, various diphenyl diazomethanes bearing different para substituents were studied (Table

2.2). These results show that the enantioselectivity of the reaction is directly correlated with the

differences in substrate electronics. Again, when the difference of the Hammett substituent con-

stant of the two para substituents is equal or greater than 0.5, the e.e. of the corresponding Si–H

bond insertion product is equal or greater than 90% (entries 1–6, 9–11, and 14–16). Moreover,

sterically similar substituents (e.g., p-NO2 vs p-NMe2, entry 1; p-CF3 vs p-CH3, entry 10; p-OCF3

vs p-OCH3, entry 14) were precisely differentiated, indicating that the observed enantioselectivity

is not a result of steric effects.

The chiral spiro phosphate dirhodium catalyst C2 is also efficient for the enantioselective Si–H

bond insertion of other diazo compounds containing two different aryl groups (Figure 2.3). In every

case, the electronic property of the substituents on the aryl rings significantly affected the enantios-

electivity of the reaction. For instance, the naphthyl phenyl diazomethane afforded the Si–H bond

28



insertion product P31 with 53% e.e.; however, introducing a p-NO2 at the phenyl ring dramati-

cally increased the e.e. value of product P32 to 96%. Similarly, 4-nitrophenyl 2′-methoxylphenyl

diazomethane provided much higher enantioselectivity (P34, >99% e.e.) than 2-methoxylphenyl

phenyl diazomethane (P33, 32% e.e.). Moreover, if one aryl ring of the substrates has a strong

electron-withdrawing para substituent (e.g., NO2 or CF3) and the other aryl ring is a heteroaryl

ring (P36–P38), excellent enantioselectivity can be obtained. Excellent enantioselectivity can also

be achieved when the diaryl diazomethane substrates have an ortho substituent (P39 and P40). Pre-

sumably because of the small radius of the fluorine atom, the 2-fluoro-substituted diazo compound

afforded relatively lower e.e. (83% e.e., P41). However, the enantioselectivity can be increased

by introducing an electron-donating group (4-OMe) at the other aryl ring of the substrate (91%

e.e., P42). In addition to dimethylphenylsilane (S1), other silanes can also be used in the Si–H

bond insertion reaction with diaryl diazomethane D1, affording Si–H bond insertion products with

excellent enantioselectivtiy (P43–P49). It is worth mentioning that the alkynyl silane underwent

Si–H bond insertion reaction, giving the corresponding product P47 with high yield (93%) and

excellent enantioselectivity (> 99% e.e.). The absolute configuration of (S)-P47 was determined

by single-crystal X-ray diffraction analysis.

2.5 Mechanistic Studies

A kinetic isotopic study was carried out; in a competition experiment using dimethylphenyl-

silane and deuterated dimethylphenylsilane, the kinetic isotope effect (KIE) was found to be 1.5.

This result is similar to the values reported in the Si–H insertions of aryl diazoesters catalyzed by

transition metals such as Ir [28], Rh [29], and Cu [36]; these reactions proceed through concerted

three-center transition states. To gain insights about the origin of enantioselectivity from the cata-

lyst and the electronic effects of substrates, we also conducted a computational investigation. C1

was used as the model catalyst to avoid the conformational complexity from the relative rotation

of the outermost phenyl of C2. X-ray structure analysis of the catalyst C1 reveals that the presence
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of four identical chiral ligands around the dirhodium core results in a rigid catalyst with higher

symmetry (D4 symmetry) than the ligands themselves (C2 symmetry) [34]. This symmetry causes

both sides of the dirhodium catalyst to be identical, limiting the number of possible conformations

for the transition state of Si–H insertion.

Initially, a dirhodium-tetraformate catalyst (Rh2(O2CH)4) was computed to observe transition-

state geometries in the absence of any steric effects caused by the ligands. Figure 2.4A shows

that the Si–H insertion proceeds via a concerted three-center transition state. Calculated transition-

state geometries for diphenylcarbene insertion into the Si–H bond of dimethylphenylsilane show

that one aryl ring rotates to a near-coplanar orientation with the carbene empty p orbital, while

the other phenyl ring rotates to a near orthogonal orientation. For substituted diphenylcarbenes,

two transition-state geometries are possible, depending on whether the substituted aryl ring is con-

jugated (TS-1) or orthogonal (TS-2) to the empty p orbital. These two transition states are not

equal in energy and the favored transition state always results when the electron-rich aryl ring is

nearly coplanar with the carbene plane. Plotting the energy difference (∆∆G‡) vs the correspond-

ing Hammett substituent constant σp shows a linear correlation (Figure 2.4A), indicating that this

energy difference is greater when the electronic difference between aryl rings is more pronounced.

In the chiral environment of C1, the transition state for the Si–H bond approaching the asym-

metrical diphenylcarbene (R1 = NO2, R2 = OMe) from its Re face (TS-3) is the lowest in energy

(Figure 2.4B,C). This transition state is favored by 5.6 kcal mol−1 over TS-5 because of the differ-

ent steric effects of the two aryl substituents on carbene; this steric difference originates from the

electronic effects of substituents that orient electron-rich and electron-deficient aryl rings differ-

ently. Moreover, TS-3 is favored by 2.2 kcal mol−1 over TS-4 (which would lead to the opposite

enantiomer) because of the steric effects that the chiral catalyst has on the transition-state con-

formations. In these structures, the electron-rich aryl ring (R2 = OMe) is able to adopt a more

coplanar orientation in TS-3 (θ = 19.5◦) than in TS-4 (θ = 31.6◦). The last possible transition state,

TS-6, is 7.4 kcal mol−1 higher in energy than TS-3 because of both unfavorable electronics and

steric clashes with the catalyst. Moreover, when two aryls of the carbene have similar electronic
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properties, as in the case for R1 = CN and R2 = CF3, the energy difference between TS′-3 and

TS′-5 is smaller (2.4 kcal mol−1), which is consistent with the low enantioselectivity observed in

the experiment [37, 38, 39, 40, 41].

These calculations show that the chiral environment of the catalyst C1 can fix the conforma-

tions of the transition state in the Si–H bond insertion reaction. On this basis, the energy difference

of the transition states, which relates to the enantioselectivity of the reaction, is primarily due to

the electronic difference between two aryls of carbene.

2.6 Conclusion

In summary, we have achieved a method for highly enantioselective carbene insertion into

Si–H bonds that relies primarily on the electronic properties of the substrates. It represents the first

highly enantioselective diarylcarbene insertion into the heteroatom–hydrogen bonds. A new class

of D4 symmetric dirhodium catalysts bearing chiral spiro phosphate ligands was developed, and

computational studies demonstrate that the chiral environment of these catalysts can differentiate

the various possible transition-state conformations. The chiral induction observed in this study

not only enables the unprecedented enantioselective transformations of carbenes having spatially

similar groups but also inspires the development of new strategies for chiral transformations of

charged active intermediates, such as carbocations, carbanions, and carbon radicals.

2.7 Methods

2.7.1 General Information

NMR spectra were recorded with a Bruker AV 400 spectrometer at 400 MHz (1H NMR), 101

MHz (13C NMR), 79 MHz (29Si NMR), 376 MHz (19F NMR), 128 MHz (11B NMR) and 162

MHz (31P NMR). Chemical shifts (δ values) were reported in ppm down field from internal Me4Si

(1H and 13C NMR). High Resolution Mass Spectra (HRMS) were recorded on an IonSpec FT-ICR
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mass spectrometer with Electron Spray Ionization (ESI) resource and Waters GCT Premier mass

spectrometer. Melting points were measured on a RY–I apparatus and uncorrected. Enantiose-

lectivities were recorded on Agilent HPLC, using a chiral stationary phase column (Daicel Co.

CHIRALPAK, CHIRALCEL, Phenomenex). The chiral HPLC methods were calibrated with the

corresponding racemic mixtures. All reactions and manipulations were performed using standard

Schlenk techniques. All solvents were purified and dried using standard procedures. All chiral

carboxylate dirhodium complexes were purchased from Strem and TCI.

2.7.2 Preparation of substrates

Preparation of diarylmethanones

(4-Nitrophenyl)(phenyl)methanone (K1), 4-benzoylbenzonitrile (K2), phenyl(4-(trifluoromethyl)phenyl)methanone

(K3), (4-chlorophenyl)(phenyl)methanone (K6), (4-bromophenyl)(phenyl)methanone (K7), (4-

iodophenyl)(phenyl)methanone (K8), (4-fluorophenyl)(phenyl)methanone(K9), phenyl(p-tolyl)methanone

(K10), (4-methoxyphenyl)(phenyl)methanone (K11), (4-(dimethylamino)phenyl)(phenyl)methanone

(K12), (4-methoxyphenyl)(4-nitrophenyl)methanone (K14), (4-methoxyphenyl)(4-(trifluoromethyl)phenyl)methanone

(K26), (4-bromophenyl)(4-methoxyphenyl)methanone (K27), (4-chlorophenyl)(4-methoxyphenyl)methanone

(K28), (4-fluorophenyl)(4-methoxyphenyl)methanone (K29), (4-methoxyphenyl)(ptolyl)methanone

(K30), naphthalen-2-yl(phenyl)methanone (K31), (2-methoxyphenyl)(phenyl)methanone (K33),

(2-chlorophenyl)(phenyl)methanone (K39), (2-bromophenyl)(phenyl)methanone (K40), (2-fluorophenyl)(phenyl)methanone

(K41) and (2-fluorophenyl)(4-methoxyphenyl)methanone (K42) were purchased from Aldrich,

Alfa, or TCI chemical company.

The diarylmethanones K41, K52, K13 [42], K15-K18 [43], K19 [44], K20 [45], K21-K25 [44,

45], K32 [46], K34-K35 [46], K36 [47] were prepared according to literature methods. The new

diarylmethanones were prepared by using the following procedure (taking K37 for example).

Step 1: A dry 250 mL Schlenk-tube equipped with a magnetic stir bar, was charged with benzofuran-
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5-carbaldehyde (1.5 g, 10.0 mmol) and THF (25 mL) under argon. Under vigorous stirring, a so-

lution of bromo[4-(trifluoromethyl)phenyl]magnesium (15.0 mmol) in THF (40 mL) was slowly

added under 0 ◦C. The reaction mixture was stirred under argon for 1.0 h and quenched with sat-

urated aqueous NH4Cl (20 mL). The aqueous layer was extracted with diethyl ether (3 x 20 mL).

The combined organic extract was washed with brine, then dried over MgSO4, filtered, and concen-

trated to give crude product. The crude product was purified by silica gel column chromatography

(eluting with petroleum ether/EtOAc, 8:1, v/v) to afford benzofuran5-yl(4-(trifluoromethyl)phenyl)methanol

(2.5 g, 85% yield) as an oil.

Step 2: A 100 mL Schlenk-tube equipped with a magnetic stir bar, was charged with benzofuran-

5-yl(4-(trifluoromethyl)phenyl)methanol (2.3 g, 7.8 mmol) and THF (30 mL). Under vigorous

stirring, 2-Iodoxybenzoic acid (3.3 g, 11.7 mmol) was added at one portion at ambient temper-

ature. The reaction mixture was stirred for 2 h and diluted by water. The mixture was filtered

and washed with EtOAc. The aqueous layer was extracted with EtOAc (3 x 40 mL). The com-

bined organic extract was washed with brine, then dried over MgSO4, filtered, and concentrated to

give a solid. The crude product was purified by silica gel column chromatography (eluting with

petroleum ether/EtOAc, 15:1, v/v) to afford benzofuran-5-yl(4-(trifluoromethyl)phenyl)methanone

(K37) (2.0 g, 86% yield) as a solid.

Preparation of diaryl hydrazones and diazomethanes

Diaryl hydrazones and diazomethanes were prepared according to the literature methods [48]. The

following are the typical procedure for the preparation of diaryl hydrazones and diazomethanes.

Step 1: Hydrazine monohydrate (80% purity, 18 mL, 300.0 mmol) was added to (4-nitrophenyl)(phenyl)methanone

(6.8 g, 30.0 mmol) in ethanol (100 mL). HOAc (0.5 mL) was added and the mixture was stirred at

reflux for 12 h. After cooling to room temperature, (4-nitrophenyl)(phenyl)methanone hydrazone

precipitated as yellow crystal. Filtration of the crude mixture gave pure (4-nitrophenyl)(phenyl)methanone
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hydrazone as a yellow solid in 70% yield (5.0 g, 21.0 mmol). When the hydrazone could not pre-

cipitate. The EtOH was removed in vacuo, the residue was taken up in Et2O and water. The layers

were separated and the aqueous layer was extracted with Et2O (3 x 20 mL). The combined organic

layer was dried with MgSO4, filtered, then concentrated in vacuo. Column chromatography using

15–25% EtOAc/hexanes as the eluent afforded the desired product. (Note: An inseparable mixture

of two isomers of ketone hydrazone was obtained, which was used in the next step without further

purification.)

Step 2: (4-Nitrophenyl)(phenyl)methanone hydrazone (2.9 g, 12.0 mmol) and anhydrous MgSO4

(3.6 g) were placed into an oven-dried Schlenk tube under argon atmosphere and 50 mL DCM was

introduced. After cooling to 0 ◦C, to this rapidly stirring mixture was added activated MnO2 (3.7

g, 42.0 mmol) in one portion. The reaction mixture was warmed to room temperature and stirred

for 5-6 h, and filtered off the solid. The solvent was removed under reduced pressure and the crude

product was used for next reaction. (Note: The purity of compounds were determined by 1H NMR,

which was generally 90% 100%. The impurity was identified as (Ar1Ar2 )C=N-N=C(Ar1Ar2).)

Preparation of silanes

Dimethyl(phenyl)silane (S1), ethoxydimethylsilane (S2), chlorodimethylsilane (S3), triethylsilane

(S4), methyldiphenylsilane (S5) were purchased from Aldrich, Alfa, or TCI chemical company.

Dimethyl(phenylethynyl)silane (S7) [49], (3-chloropropyl)dimethylsilane (S8) [50], 5-(dimethylsilyl)-

1-methyl-1H-indole (S9) [49] were prepared according to the methodology described by the liter-

atures.

2.7.3 Preparation of catalysts

Procedure for synthesis of C1[51]

According to our previously reported procedure, SI-1 (3.4 g, 10.8 mmol), Rh2(OAc)4 (0.6 g, 1.4
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mmol) and 130 mL dry toluene were introduced into a 250 mL two-necked flask. The mixture was

refluxed for 36 h at reflux using a Soxhlet apparatus filled with sand and Na2CO3 for the removal

of acetic acid. The mixture was then concentrated under vacuum and purified by column chro-

matography on silica gel using DCM as mobile phase to give the crude product. The crude product

was recrystallized in a mixed solvent of DCM and MeOH to give C1 as a green needle crystal (1.5

g, 93% yield).

Procedure for synthesis of C2 and C3

(S)-7,7’-dimethoxy-2,2’,3,3’-tetrahydro-1,1’-spirobi[indene] (SI-2) was prepared from the opti-

cally pure (S)-SPINOL according to our previously reported procedures [52].

Step 1. Synthesis of SI-3 [53].

According to the reported procedure, in an oven-dried Schlenk tube (120 mL in volume) equipped

with a stir bar were placed with SI-2, B2pin2 (4.5 g, 17.6 mmol), [Ir(OMe)(cod)]2 (212 mg, 0.32

mmol) and dipyridinyl tetraaminodiborane (248 mg, 0.64 mmol). After evacuation and refill with

dry nitrogen for three times, dry methoxycyclopentane (30 mL) was added with syringe. The

resulting mixture was stirred at 110 ◦C for 36 h. After cooling to room temperature, the reaction

mixture was concentrated and the residue was purified by column chromatography on silica gel

(eluting with petroleum ether/DCM = 1:1, v/v) to give SI-3 as a white solid (3.8 g, 89% yield).

Step 2. Synthesis of SI-4

To a solution of SI-3 (1.3 g, 2.5 mmol), phenylboronic acid (2.4 g, 15 mmol) and Pd(PPh3)4 (433

mg, 0.375 mmol) in toluene (30 mL) and EtOH (14 mL), aqueous K2CO3 (1 M, 20 mL) was

added. The mixture was degassed by freezing and then heated at reflux for 24 h. The reaction

mixture was cooled to ambient temperature and diluted by ethyl acetate. The aqueous layer was

extracted with EtOAc (3 x 20 mL). The combined organic extract was washed with brine, then

dried over MgSO4, filtered, concentrated. The residue was purified by column chromatography

(eluting with petroleum ether/DCM = 4:1, v/v) to give SI-4 as a white solid (0.8 g, 78% yield).

Step 3. Synthesis of SI-5
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To a dried Schlenk tube equipped with septum and stir bar, SI-4 (850 mg, 2.0 mmol) was added.

After three vacuum nitrogen cycles, dry DCM (20 mL) was added by syringe. The solution was

cooled to -78◦C, treated with BBr3 (1 M, 15 mmol) in DCM and allowed to warm to room tem-

perature. After stirring overnight, the reaction mixture was diluted with DCM and washed sequen-

tially with saturated NaHCO3 and brine. The organic layer was dried over anhydrous MgSO4 and

then concentrated. The residue was purified by column chromatography (eluting with petroleum

ether/DCM = 1:1, v/v) to give SI-5 as a white solid (460 mg, 57% yield).

Step 4. Synthesis of SI-6

To a 50 mL oven-dried Schlenk flask containing SI-5 (460 mg, 1.2 mmol) was added 4 mL an-

hydrous pyridine and freshly distilled POCl3 (370 mg, 2.4 mmol) under a nitrogen atmosphere.

The mixture was stirred under 90 ◦C for 12 h. After cooling to room temperature, 4 mL of H2O

was added. The mixture was stirred under 90 ◦C for another 12 h, then cooled by an ice-bath,

followed by a slow addition of HCl (aq. 3 N, 35 mL). After stirring for 1 h, the mixture was

extracted by DCM (3 x 20 mL). The combined organic layer was concentrated and the residue

was purified by column chromatography (eluting first with petroleum ether/EtOAc = 1:1, v/v, then

MeOH/DCM= 1:5, v/v) to give 440 mg white solid. The white solid was dissolved with 100 mL

DCM, washed with concentrated HCl (10 mL). The organic layer was dried by anhydrous MgSO4

and then concentrated. The residue was dried under vacuum to give SI-6 as a white solid (430 mg,

79% yield).

Step 5. Synthesis of C2

By using the same procedure as for C1. The catalyst C2 was prepared in 65% yield. Green sheet

crystal. m.p.: decomposed over 320 ◦C. [α]D 25 +289 (c 1.0, CHCl3). 1H NMR (400 MHz,

CDCl3) δ 7.64 (s, 8H, ArH), 7.42 – 7.37 (m, 16H, ArH), 7.33 (s, 8H, ArH), 7.22 – 7.13 (m, 24H,

ArH), 3.17 – 3.06 (m, 8H, 4CH2), 2.94 (s, 3H, H2O), 2.92 – 2.80 (m, 8H, 4CH2), 2.33 – 2.24

(m, 8H, 4CH2), 2.07 – 1.95 (m, 13H, 4CH2 + (CH3)2(CO)). 13C NMR (101 MHz, CDCl3) δ

146.6 (p, J = 3.3 Hz), 146.3, 141.7, 140.2, 138.4, 128.5, 127.1, 127.0, 120.8, 120.8, 58.6, 38.6,

30.9 ((CH3)2(CO)), 30.7. 31P NMR (162 MHz, CDCl3) δ 6.6 (s). HRMS (MALDI) calcd for
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[C116H88O16P4Rh2, M + Na]+: 2090.3064, Found: 2090.3034.

Procedure for synthesis of C4 and C5

(S)-4,4’-dibromo-2,2’,3,3’-tetrahydro-1,1’-spirobi[indene]-7,7’-diol (SI-10) and (S)-4,4’-diphenyl-

2,2’,3,3’-tetrahydro-1,1’-spirobi[indene]-7,7’-diol (SI-11) were prepared from the optically pure

(S)-SPINOL according to our previously reported procedures [52].

2.7.4 Typical procedure for Si-H bond insertion reaction

General procedure A

Dimethyl(phenyl)silane S1 (32.7 mg, 0.24 mmol) and C2 (0.42 mg, 0.0002 mmol, in 2 mL DCM)

was injected into an oven-dried Schlenk tube under argon atmosphere. The mixture was cooled to 0

◦C under ice-bath, a solution of D1 (47.9 mg, 0.2 mmol, in 1 mL DCM) was introduced by syringe

in 3 min. The color of diazo compound immediately disappeared after the addition. The TLC

showed that the reaction completed as soon as the addition finished. Then the reaction mixture

was concentrated and purified by a flash chromatography on silica gel (eluting with petroleum

ether/EtOAc = 50:1, v/v) to give P1 as a colorless oil (64.0 mg, 92% yield).

Taking P3 for example:

The P3 (68 mg, 0.18 mmol) was added into a 25 mL oven-dried Schlenk tube under argon at-

mosphere, and 2 mL of DCM was injected. The mixture was cooled to 0 ◦C under ice-bath, a

solution of BF3/AcOH (28 µL, 143 µL/mmol) was introduced. The mixture was stirred at reflux

for 4 h, and cooled to room temperature and quenched with saturated aqueous NaHCO3 (2 mL).

The mixture was extracted with Et2O for three times and the combined organic extract was washed

with brine, dried over MgSO4, filtered, and concentrated to give a solid. The solid was dissolved

in Et2O (2 mL) and was successively added 3- chloroperoxybenzoic acid (155 mg, 0.9 mmol) and

triethylamine (20 mg, 0.20 mmol) under ice-bath. The mixture was stirred at room temperature for

20 h and then diluted by Et2O (2 mL). The mixture was successively washed by saturated aque-
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ous NaHSO3 and saturated NaHCO3. The water layer was extracted with Et2O for three times.

The combined extract was washed with brine, dried over MgSO4, filtered, and concentrated to

give a solid. The crude product was purified by silica gel column chromatography (petroleum

ether/EtOAc, 10:1, v/v) to afford alcohol 3ol (34 mg, 75% yield) as a pale solid.

General procedure B

Hydrazone (0.2 mmol, 1 equiv) and anhydrous MgSO4 (70 mg, 350 mg/mmol) were placed into an

oven-dried Schlenk tube under argon atmosphere and 2 mL DCM was introduced. After cooling

to 0 ◦C, to this rapidly stirring mixture was added activated MnO2 (0.7 mmol, 3.5 equiv) in one

portion. The reaction mixture was warmed to room temperature and kept stirring for 5-6 h, TLC

indicated that the hydrazone was consumed completely. Then the solid was filtered off and washed

with anhydrous DCM. The solution was concentrated to 1 mL, and was reacted with silane as in

the procedure A.

Taking P29 for example:

The P29 (35 mg, 0.1 mmol) was fluorinated and then treated as in Method A. The P29 was dis-

solved in THF/MeOH (2 mL, 1:1, v/v), and was successively added KHCO3 (100 mg, 1.0 mmol,

10 equiv) and KF (58 mg, 1.0 mmol, 10 equiv) under ice-bath. After stirring for several minutes,

the mixture was added aqueous H2O2 (30%, 10 equiv). The resulting mixture was stirred at room

temperature for 24 h, and extracted with Et2O for three times. The combined extract was washed

with brine, dried over MgSO4, filtered, and concentrated to give a solid. The solid was purified

by silica gel column chromatography (eluting with petroleum ether/EtOAc, 10:1, v/v) to afford

alcohol 29ol (10 mg, 45% yield).

Notes: For the Si-H insertion products P3-P5, P9, P22-P25 and P29, the enantiomeric excesses

(ee) cannot be directly measured, but determined after converting to the corresponding alcohols

[54].

2.7.5 DFT Calculations

Conformations of each species were generated using Maestro with the OPLS3 force field. Con-
formational searches were conducted by restraining the position of the rhodium and rhodium-
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bound atoms. Geometry optimizations and frequency calculations were performed with Gaus-
sian09 [55] at the B3LYP–D3/6–31G(d)–LANL2DZ(Rh,I) level of theory [56]. Multi-layered
ONIOM calculations [57] were performed on C1 due to the size of the catalyst. Carbon and
hydrogen atoms of C1 were modeled with the Universal Force Field, and all other atoms with
B3LYP–D3/6–31G(d)–LANL2DZ(Rh,I). Single point energy corrections were performed at the
M06/6–311++G(d,p)–SDD(Rh,I)/SMD(DCM) level of theory [58]. Free energies were corrected
with Truhlar’s rigid-rotor harmonic oscillator treatment [59, 60] through Goodvibes [61].
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Figure 2.1: Chiral differentiations of prochiral faces and enantioselective diarylcarbene in-
sertion into Si–H bonds
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Figure 2.2: Enantioselective Si–H Bond Insertion of 4-Nitrophenylphenyl Diazomethane Cat-
alyzed by Chiral Dirhodium Catalystsa

aReaction conditions: Catal/D1/S1 = 0.0002:0.2:0.24 (mmol), 1 mL solution of D1 was dropped
into a 2 mL solution of S1 and catalyst at 0 ◦C, ¡3 min, isolated yield.
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Figure 2.3: Substrate Scope of Diarylcarbene Insertion into Si–H Bondsa

aReaction conditions: hydrazone (0.2 mmol), MnO2 (3.5 equiv), MgSO4, DCM, rt, 5–6 h; then
PhMe2SiH (1.2 equiv), C2 (0.1 mol %), DCM, 0 ◦C. Isolated yields were given. The e.e. values
were determined by chiral HPLC analysis.
bDimethylchlorosilane was used and the hydrolysis product was isolated after workup.
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Figure 2.4: Computational studies

(A) Optimized transition-state structures for carbene insertion into the Si–H bond with a tetrafor-
mate dirhodium (Rh2(O2CH)4) as a model catalyst. (B) Structures of optimized transition states for
the Si–H bond insertion of asymmetrically substituted diphenylcarbene formed from C1. ONIOM
partitioning of the transition-state geometry, with the atoms shown opaque modeled with density
functional theory (DFT), and the atoms shown transparent modeled with the universal force field
(UFF). The relative Gibbs free energies with single-point corrections are given in kcal mol−1. (C)
Favorable enantio-determining transition-state structure for the Si–H bond insertion of asymmet-
rically substituted diphenylcarbene (R1 = NO2, R2 = OMe) formed from C1.
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Table 2.1: Rhodium-Catalyzed Enantioselective Si–H Bond Insertions of Diphenyl Diazomethylenes
D1–D12

Entrya R ∆σp
(R–H)b

Product Yield (%) e.e. (%)

1 NO2 0.78 P1 92 > 99
2 CN 0.66 P2 96 98
3c CF3 0.54 P3 91 95(S)d

4c SCF3 0.50 P4 68 97
5c OCF3 0.35 P5 66 76
6 Cl 0.28 P6 95 66
7 Br 0.23 P7 79 77
8 I 0.18 P8 62 82
9c F 0.06 P9 88 25
10 Me -0.17 P10 51 18
11 OMe -0.27 P11 47 64(R)d

12 NMe2 -0.60 P12 45 91

aReaction conditions: Condition A (for entries 1–3, 6, 7, 10, and 11): diazo compound (0.2 mmol),
PhMe2SiH (1.2 equiv), C2 (0.1 mol %), DCM, 0 ◦C. Condition B (for entries 4, 5, 8, 9, and 12):
hydrazone (0.2 mmol), MnO2 (3.5 equiv), MgSO4, DCM, rt, 5–6 h; then PhMe2SiH (1.2 equiv),
C2 (0.1 mol %), DCM, 0 ◦C. Isolated yields were given. The e.e. values were determined by chiral
HPLC.
bHammett substituent constant for para substituents.
cThe e.e. value was determined by the corresponding alcohol obtained through the oxidation of the
Si–H insertion product.
dThe absolute configuration was assigned by analogy with the reported data.
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Table 2.2: Rhodium-Catalyzed Enantioselective Si–H Bond Insertion of Diphenyl Diazomethanes
D13–D30

Entrya R1 R2 ∆σp
(R1–R2)b

Product Yield (%) e.e. (%)

1 NO2 NMe2 1.38 P13 66 96
2 NO2 OMe 1.05 P14 78 99
3 NO2 Me 0.95 P15 87 99
4 NO2 F 0.72 P16 86 98
5 NO2 Br 0.55 P17 80 95
6 NO2 Cl 0.5 P18 88 96
7 NO2 CF3 0.24 P19 80 86
8 CN CF3 0.12 P20 42 36
9 CF3 OMe 0.81 P21 78 98
10c CF3 Me 0.71 P22 85 94(S)
11c CF3 F 0.48 P23 63 92
12c CF3 Br 0.31 P24 71 67
13c CF3 Cl 0.26 P25 73 76(R)
14 OCF3 OMe 0.62 P26 58 93
15 Br OMe 0.50 P27 58 94
16 Cl OMe 0.55 P28 59 93
17c F OMe 0.33 P29 43 77(R)
18 Me OMe 0.10 P30 40 56

aReaction conditions: hydrazone (0.2 mmol), MnO2 (3.5 equiv), MgSO4, DCM, rt, 5–6 h; then
PhMe2SiH (1.2 equiv), C2 (0.1 mol %), DCM, 0 ◦C. Isolated yields were given. The e.e. values
were determined by chiral HPLC analysis.
bThe Hammett substituent constant difference for para substituents.
cThe e.e value was determined by the corresponding alcohol obtained through the oxidation of
Si–H insertion product.
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2.8 Computational Models
Table S2.1: Computed Energies of Dirhodium-Tetraformate Transition States (Hartree)

Structure Electronic
Energy

Zero Point
Energy

Enthalpy Free Energy qH Free En-
ergy

TS-1 (R=Br) -4653.6958 0.454312 -4653.2026 -4653.313 -4653.3048
TS-2 (R=Br) -4653.6959 0.45421 -4653.2026 -4653.3141 -4653.3049
TS-1 (R=CF3) -2417.3084 0.469088 -2416.7981 -2416.9143 -2416.9041
TS-2 (R=CF3) -2417.3105 0.469279 -2416.8 -2416.9162 -2416.9059
TS-1 (R=Cl) -2539.8707 0.454748 -2539.3773 -2539.4866 -2539.4786
TS-2 (R=Cl) -2539.8701 0.454802 -2539.3767 -2539.4869 -2539.4778
TS-1 (R=CN) -2172.4855 0.463051 -2171.9833 -2172.0937 -2172.0857
TS-2 (R=CN) -2172.4885 0.462981 -2171.9862 -2172.0972 -2172.0887
TS-1 (R=F) -2179.5172 0.456153 -2179.0229 -2179.1306 -2179.1232
TS-2 (R=F) -2179.5162 0.456112 -2179.0218 -2179.1299 -2179.1221
TS-1 (R=I) -2091.0628 0.453815 -2090.5699 -2090.681 -2090.6728
TS-2 (R=I) -2091.0615 0.453516 -2090.5687 -2090.681 -2090.6721
TS-1 (R=Me) -2119.5715 0.491766 -2119.0405 -2119.1513 -2119.1428
TS-2 (R=Me) -2119.5704 0.491862 -2119.0393 -2119.1503 -2119.1416
TS-1 (R=NMe2) -2214.1929 0.537649 -2213.6134 -2213.7297 -2213.7206
TS-2 (R=NMe2) -2214.1878 0.537483 -2213.6084 -2213.7247 -2213.7158
TS-1 (R=NO2) -2284.744 0.467082 -2284.2369 -2284.3494 -2284.3407
TS-2 (R=NO2) -2284.7474 0.467329 -2284.2402 -2284.3529 -2284.3438
TS-1 (R=OCF3) -2492.52 0.473789 -2492.0047 -2492.1196 -2492.1117
TS-2 (R=OCF3) -2492.5183 0.473769 -2492.0027 -2492.1201 -2492.1099
TS-1 (R=OMe) -2194.7734 0.496911 -2194.2364 -2194.3487 -2194.3403
TS-2 (R=OMe) -2194.7707 0.496603 -2194.2341 -2194.3462 -2194.3378
TS-1 (R=SCF3) -2815.4781 0.470362 -2814.9651 -2815.083 -2815.074
TS-2 (R=SCF3) -2815.4801 0.469987 -2814.9673 -2815.0878 -2815.0762
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Table S2.2: Computed Dnergies of (S)-C1 Transition States (Hartree)

Structure Electronic
Energy

Zero Point
Energy

Enthalpy Free Energy

TS-3 -6835.565466 -6833.9538 -6833.8602 -6834.0875
TS-4 -6835.565181 -6833.9536 -6833.8602 -6834.0839
TS-5 -6835.558894 -6833.9472 -6833.8537 -6834.0785
TS-6 -6835.556087 -6833.9446 -6833.8512 -6834.0757
TS-3’ -6945.8393 -6944.2597 -6944.1659 -6944.392
TS-4’ -6945.8371 -6944.2577 -6944.1639 -6944.3904
TS-5’ -6945.8351 -6944.2556 -6944.1617 -6944.3881
TS-6’ -6945.8368 -6944.2574 -6944.1638 -6944.3881

Cartesian Coordinates

TS-1 (R=Br)
Rh -3.93328 -0.78749 -0.34488
Rh -1.55776 -0.22373 0.18343
O -4.44838 0.17503 1.42185
O -2.27301 0.67891 1.90977
O -3.65253 -2.55628 0.71237
O -1.48797 -2.02974 1.21823
O -1.02775 -1.15770 -1.60970
O -3.19732 -1.69648 -2.08145
O -1.86192 1.53234 -0.90381
O -4.04080 1.02926 -1.35812
C 0.41693 0.26004 0.65212
C 0.54676 1.41763 1.55495
C 0.07745 2.70006 1.20812
C 1.02512 1.21544 2.86772
C 0.12234 3.74535 2.12196
H -0.32964 2.85806 0.21787
C 1.03116 2.25857 3.79239
H 1.36025 0.22823 3.16816
C 0.59520 3.53077 3.42087
H -0.22318 4.73187 1.82460
H 1.38698 2.07533 4.80258
H 0.61803 4.34780 4.13680
C 1.53577 -0.70809 0.62724
C 1.34567 -2.04363 0.21783
C 2.85629 -0.28702 0.91083
C 2.41622 -2.92780 0.12508

H 0.35246 -2.38793 -0.02643
C 3.93606 -1.15610 0.80389
H 3.04051 0.74499 1.18614
C 3.70480 -2.47781 0.41577
H 2.25561 -3.95527 -0.18171
H 4.94419 -0.81499 1.01242
C -3.52611 0.67019 2.12363
H -3.83775 1.16851 3.05418
C -3.01190 1.74799 -1.40800
H -3.10217 2.69399 -1.96421
C -2.53190 -2.75916 1.24550
H -2.42396 -3.69466 1.81550
C -1.96358 -1.66712 -2.31272
H -1.62919 -2.14285 -3.24817
Si 1.37909 1.31672 -2.08093
H 0.62597 0.91701 -0.77247
C 2.13922 -0.27906 -2.71288
H 1.34103 -1.01555 -2.84667
H 2.64085 -0.11937 -3.67525
H 2.86485 -0.70004 -2.01057
C 0.11694 2.04769 -3.26428
H -0.34118 2.95376 -2.85738
H 0.58655 2.29320 -4.22484
H -0.68110 1.31939 -3.43522
C 2.64251 2.56137 -1.48049
C 2.26772 3.89272 -1.21543
C 3.96903 2.18278 -1.19667
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C 3.17674 4.80851 -0.68631
H 1.25141 4.22107 -1.42050
C 4.88302 3.09584 -0.66809
H 4.29312 1.16264 -1.38535
C 4.48674 4.41000 -0.40920
H 2.86417 5.83010 -0.48693
H 5.90285 2.78320 -0.45889
H 5.19588 5.12118 0.00609
Br 5.17718 -3.67961 0.26550

TS-2 (R=Br)
Rh -3.76317 1.00933 -0.51813
Rh -1.52215 0.15390 0.18734
O -3.05732 2.91377 -0.07470
O -1.00963 2.12876 0.56902
O -4.36650 0.77686 1.45791
O -2.30520 0.04269 2.11202
O -2.20971 -1.76487 -0.27700
O -4.26114 -0.98403 -0.90938
O -0.95243 0.36543 -1.81356
O -2.98683 1.18565 -2.44243
C 0.34986 -0.53978 0.78269
C 1.41980 0.46447 0.64988
C 1.77697 1.03083 -0.58934
C 2.02204 0.98718 1.81382
C 2.72511 2.04130 -0.67299
H 1.29569 0.67292 -1.48972
C 2.94514 2.02793 1.74354
H 1.74236 0.59405 2.78531
C 3.30362 2.53720 0.49739
H 3.00965 2.45017 -1.63624
H 3.38851 2.43053 2.64742
C 0.56913 -1.63888 1.74609
C -0.51117 -2.35388 2.30491
C 1.88224 -2.07157 2.05285
C -0.28549 -3.42881 3.16095
H -1.52120 -2.05811 2.06692
C 2.10300 -3.15731 2.89421
H 2.72818 -1.56926 1.59780
C 1.01774 -3.83585 3.45763
H -1.13125 -3.95886 3.58982
H 3.11949 -3.47735 3.10629
C -1.87836 3.03219 0.35347
H -1.54139 4.05639 0.57431
C -1.79913 0.83047 -2.64423

H -1.42876 0.92540 -3.67683
C -3.52109 0.37383 2.29651
H -3.86734 0.28895 3.33794
C -3.40370 -1.87993 -0.71270
H -3.71142 -2.91160 -0.94537
Si 0.91562 -2.55422 -1.49982
H 0.49851 -1.36837 -0.58248
C 0.31469 -4.09767 -0.61477
H -0.76322 -4.00803 -0.44943
H 0.50969 -4.99572 -1.21379
H 0.78980 -4.22205 0.36297
C 0.09079 -2.29159 -3.16714
H 0.43150 -1.36960 -3.64735
H 0.29665 -3.13349 -3.83945
H -0.99037 -2.21030 -3.02098
C 2.78282 -2.41161 -1.55190
C 3.41066 -1.45189 -2.36916
C 3.59770 -3.18977 -0.70681
C 4.79343 -1.27153 -2.34200
H 2.81306 -0.83190 -3.03347
C 4.98226 -3.01497 -0.67753
H 3.14700 -3.93624 -0.05835
C 5.58171 -2.05240 -1.49293
H 5.25612 -0.52163 -2.97801
H 5.59278 -3.62771 -0.01915
H 6.65893 -1.91099 -1.46754
H 1.18790 -4.68225 4.11783
Br 4.60232 3.93276 0.38584

TS-1 (R=CF3)
Rh -3.96278 -0.69943 -0.34293
Rh -1.57644 -0.17551 0.17754
O -4.47079 0.38240 1.35586
O -2.28742 0.86452 1.82831
O -3.74731 -2.40496 0.82581
O -1.57728 -1.90699 1.33554
O -1.05651 -1.25173 -1.53448
O -3.23892 -1.73246 -2.01158
O -1.81149 1.50239 -1.04152
O -4.00675 1.05324 -1.46937
C 0.40083 0.29085 0.64918
C 0.54881 1.49152 1.48969
C 0.05837 2.75047 1.08600
C 1.06451 1.36651 2.79781
C 0.11998 3.84537 1.93805
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H -0.37756 2.84869 0.09960
C 1.08826 2.46013 3.66228
H 1.41624 0.40072 3.14478
C 0.63220 3.70654 3.23282
H -0.24510 4.81088 1.59790
H 1.47359 2.33632 4.67058
H 0.66807 4.56227 3.90144
C 1.50543 -0.69953 0.68276
C 1.28449 -2.05858 0.38609
C 2.83560 -0.27527 0.91218
C 2.34503 -2.95953 0.34351
H 0.28035 -2.40435 0.19478
C 3.89643 -1.16952 0.85063
H 3.03659 0.77142 1.10549
C 3.64976 -2.51653 0.56950
H 2.16192 -4.00658 0.12765
H 4.91208 -0.82558 1.01720
C -3.54189 0.90024 2.03174
H -3.84756 1.46596 2.92496
C -2.95141 1.72679 -1.56535
H -3.00316 2.63440 -2.18649
C -2.64203 -2.60408 1.39110
H -2.57038 -3.50306 2.02212
C -2.00094 -1.76730 -2.22075
H -1.67165 -2.31536 -3.11751
Si 1.47399 1.17028 -2.11499
H 0.66866 0.87305 -0.81158
C 2.03860 -0.50666 -2.74165
H 2.72171 -0.99376 -2.03877
H 1.16335 -1.15277 -2.85555
H 2.54516 -0.41718 -3.71053
C 0.31195 2.06487 -3.28977
H -0.04162 3.00621 -2.85786
H 0.81739 2.28503 -4.23813
H -0.56244 1.43877 -3.48851
C 2.89019 2.23790 -1.51362
C 2.65342 3.54444 -1.04402
C 4.20461 1.73836 -1.43567
C 3.68382 4.31841 -0.51058
H 1.65040 3.96135 -1.08241
C 5.24100 2.51185 -0.91029
H 4.42202 0.73069 -1.77995
C 4.98028 3.80196 -0.44217
H 3.47606 5.32072 -0.14572
H 6.24910 2.10814 -0.86311

H 5.78428 4.40318 -0.02591
C 4.81183 -3.46439 0.43758
F 4.44348 -4.75005 0.61615
F 5.78538 -3.18672 1.33327
F 5.37323 -3.37557 -0.79198

TS-2 (R=CF3)
Rh -3.74901 0.95642 -0.56219
Rh -1.50850 0.15496 0.19742
O -3.10439 2.87663 -0.09143
O -1.05461 2.13930 0.60040
O -4.39817 0.70025 1.39716
O -2.33722 0.01121 2.09962
O -2.13831 -1.77845 -0.28911
O -4.19051 -1.04506 -0.97304
O -0.89249 0.39082 -1.78599
O -2.93073 1.16206 -2.46331
C 0.35102 -0.48940 0.83708
C 1.41065 0.52401 0.69104
C 1.83811 1.01046 -0.55854
C 1.93088 1.12577 1.85719
C 2.78338 2.02311 -0.64117
H 1.41731 0.58987 -1.46079
C 2.84945 2.16708 1.77225
H 1.58981 0.78805 2.82995
C 3.29060 2.60738 0.52324
H 3.12149 2.37318 -1.61071
H 3.22830 2.63389 2.67548
C 0.58212 -1.57752 1.80031
C -0.48825 -2.33968 2.31785
C 1.90101 -1.95321 2.15788
C -0.24956 -3.40532 3.18089
H -1.49980 -2.08746 2.03976
C 2.13503 -3.02900 3.00757
H 2.74103 -1.41325 1.73608
C 1.05820 -3.75497 3.52757
H -1.08689 -3.97308 3.57650
H 3.15475 -3.30514 3.26139
H 1.23935 -4.59437 4.19371
C -1.93995 3.02251 0.36615
H -1.63349 4.05335 0.59957
C -1.72904 0.83839 -2.63590
H -1.33497 0.94855 -3.65801
C -3.56553 0.31168 2.25490
H -3.93582 0.21099 3.28651

49



C -3.31785 -1.92118 -0.75533
H -3.59472 -2.95935 -0.99709
Si 0.98162 -2.54047 -1.47326
H 0.53948 -1.37235 -0.57005
C 0.47208 -4.10097 -0.55875
H -0.61090 -4.08150 -0.40194
H 0.73087 -4.99820 -1.13409
H 0.94657 -4.17169 0.42499
C 0.11276 -2.33629 -3.12730
H 0.40609 -1.40680 -3.62412
H 0.33262 -3.17631 -3.79711
H -0.96721 -2.29264 -2.95663
C 2.84104 -2.32213 -1.57401
C 3.41801 -1.45194 -2.51880
C 3.69700 -2.93718 -0.63989
C 4.79017 -1.20043 -2.52891
H 2.78900 -0.95954 -3.25726
C 5.07047 -2.68800 -0.64451
H 3.28718 -3.61475 0.10443
C 5.61895 -1.81615 -1.58780
H 5.21315 -0.52366 -3.26663
H 5.71257 -3.17379 0.08584
H 6.68738 -1.61772 -1.59041
C 4.35722 3.66182 0.43234
F 4.29415 4.53433 1.46315
F 5.59760 3.11520 0.45749
F 4.26779 4.37393 -0.71351

TS-1 (R=Cl)
Rh -3.82494 0.45926 0.27539
Rh -1.39078 0.09345 -0.14102
O -4.19974 -0.92804 -1.22086
O -1.97374 -1.24010 -1.62715
O -3.73645 1.96808 -1.15253
O -1.50592 1.64024 -1.52479
O -1.03265 1.45156 1.40744
O -3.25905 1.82404 1.75066
O -1.48336 -1.41952 1.29430
O -3.71135 -1.09111 1.67008
C 0.64887 -0.23550 -0.54339
C 0.87894 -1.48003 -1.31062
C 0.55461 -2.74797 -0.78748
C 1.28568 -1.40491 -2.65813
C 0.68750 -3.89587 -1.55930
H 0.17322 -2.81538 0.22463

C 1.38742 -2.55644 -3.43929
H 1.49455 -0.43691 -3.10080
C 1.10761 -3.80786 -2.89151
H 0.44694 -4.86363 -1.12696
H 1.69452 -2.47053 -4.47812
H 1.20323 -4.70528 -3.49649
C 1.63091 0.86411 -0.71153
C 1.28385 2.20325 -0.43060
C 2.96983 0.60041 -1.08357
C 2.21731 3.22920 -0.53537
H 0.27491 2.43972 -0.13026
C 3.91320 1.61618 -1.18881
H 3.28690 -0.41897 -1.26511
C 3.52736 2.92755 -0.91297
H 1.93606 4.25533 -0.32449
H 4.93922 1.39054 -1.45620
C -3.21405 -1.43975 -1.81655
H -3.44881 -2.16304 -2.61236
C -2.60554 -1.65752 1.85156
H -2.58882 -2.47124 2.59396
C -2.63307 2.20254 -1.71033
H -2.62837 3.00509 -2.46367
C -2.03539 1.99647 1.97559
H -1.78073 2.71330 2.77224
Si 1.75952 -0.94180 2.18870
H 0.93620 -0.68447 0.85778
C 1.54902 0.64873 3.15654
H 0.49799 0.77822 3.42682
H 2.15868 0.64447 4.06858
H 1.83616 1.50988 2.54427
C 1.05506 -2.47489 3.01483
H 1.16643 -3.35797 2.37720
H 1.58513 -2.66909 3.95576
H -0.00831 -2.33594 3.22261
C 3.50051 -1.20005 1.56261
C 3.81113 -2.31818 0.76211
C 4.50929 -0.24594 1.78763
C 5.07803 -2.46760 0.19842
H 3.05001 -3.06432 0.54858
C 5.78312 -0.39959 1.23791
H 4.29688 0.63776 2.38412
C 6.06661 -1.50754 0.43642
H 5.29465 -3.32960 -0.42691
H 6.54784 0.34985 1.42363
H 7.05430 -1.62394 -0.00197
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Cl 4.71333 4.21562 -1.02397

TS-2 (R=Cl)
Rh -3.71007 0.38278 -0.51247
Rh -1.33811 0.03063 0.19067
O -3.44087 2.39153 -0.06168
O -1.28635 2.06206 0.62695
O -4.24390 0.02283 1.46324
O -2.07771 -0.30723 2.10779
O -1.57569 -1.97734 -0.33567
O -3.76323 -1.67152 -0.91759
O -0.82406 0.42349 -1.79518
O -2.99207 0.72454 -2.43942
C 0.64714 -0.25160 0.77912
C 1.45165 0.98300 0.74200
C 1.64456 1.71987 -0.44344
C 1.93005 1.53584 1.94843
C 2.32176 2.93115 -0.43709
H 1.24574 1.33437 -1.37302
C 2.57798 2.76865 1.97156
H 1.76665 1.00814 2.88175
C 2.78447 3.45099 0.77442
H 2.48377 3.47901 -1.35918
H 2.92795 3.19060 2.90753
C 1.10247 -1.32964 1.68656
C 0.20508 -2.28807 2.20089
C 2.47945 -1.48553 1.97613
C 0.66359 -3.33799 2.99335
H -0.84724 -2.20070 1.97836
C 2.93566 -2.54641 2.75216
H 3.19407 -0.78564 1.55837
C 2.02635 -3.47462 3.26902
H -0.04560 -4.06012 3.38814
H 3.99904 -2.65206 2.94930
H 2.37975 -4.30315 3.87721
C -2.32613 2.75723 0.39868
H -2.22709 3.82669 0.63922
C -1.75222 0.67407 -2.63177
H -1.40747 0.86538 -3.65983
C -3.33451 -0.22479 2.29577
H -3.65659 -0.39815 3.33399
C -2.72019 -2.35175 -0.75780
H -2.78877 -3.42083 -1.01396
Si 1.69325 -1.90347 -1.59166
H 0.99236 -0.91325 -0.60057

C 1.43145 -3.60078 -0.83557
H 0.35671 -3.76220 -0.70830
H 1.83594 -4.38695 -1.48498
H 1.89854 -3.68754 0.15000
C 0.87942 -1.70579 -3.27333
H 1.01263 -0.69415 -3.66774
H 1.30464 -2.41914 -3.99020
H -0.19461 -1.89080 -3.18257
C 3.47628 -1.33340 -1.56720
C 3.86940 -0.18435 -2.28036
C 4.44466 -1.98019 -0.77540
C 5.17323 0.30454 -2.20243
H 3.14779 0.34025 -2.90197
C 5.75189 -1.49724 -0.69708
H 4.17458 -2.86679 -0.20793
C 6.11669 -0.35125 -1.40764
H 5.45307 1.19648 -2.75657
H 6.48498 -2.01290 -0.08211
H 7.13248 0.02958 -1.34306
Cl 3.63463 4.98767 0.78653

TS-1 (R=CN)
Rh -3.78567 0.41460 0.29895
Rh -1.35479 0.08459 -0.15954
O -4.16294 -1.01716 -1.15455
O -1.93911 -1.31308 -1.58387
O -3.76361 1.88315 -1.17159
O -1.54119 1.57438 -1.59851
O -0.98892 1.49911 1.33292
O -3.21417 1.82557 1.72678
O -1.38603 -1.37415 1.33256
O -3.61535 -1.08980 1.73359
C 0.66370 -0.19423 -0.61031
C 0.94447 -1.45324 -1.32640
C 0.62906 -2.70832 -0.76488
C 1.40156 -1.41865 -2.66033
C 0.82090 -3.88029 -1.48518
H 0.21884 -2.74502 0.23731
C 1.55541 -2.59593 -3.39282
H 1.60633 -0.46377 -3.13243
C 1.28583 -3.83138 -2.80500
H 0.59061 -4.83720 -1.02436
H 1.89619 -2.54309 -4.42316
H 1.42420 -4.74863 -3.37064
C 1.62022 0.92637 -0.79721
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C 1.22389 2.26666 -0.59548
C 2.97741 0.68032 -1.11302
C 2.13090 3.31037 -0.72613
H 0.19929 2.48567 -0.34142
C 3.89283 1.71653 -1.23837
H 3.32629 -0.33730 -1.23123
C 3.47288 3.04229 -1.04706
H 1.80905 4.33583 -0.57628
H 4.93249 1.50204 -1.46013
C -3.17994 -1.53477 -1.74867
H -3.41608 -2.28577 -2.51772
C -2.49280 -1.62144 1.91675
H -2.44253 -2.40769 2.68634
C -2.68227 2.11424 -1.77042
H -2.71135 2.88908 -2.55141
C -1.98965 2.03238 1.91597
H -1.73158 2.77241 2.68964
Si 1.84015 -0.81719 2.19673
H 1.03131 -0.60495 0.87348
C 1.57222 0.75882 3.17735
H 1.81391 1.63526 2.56716
H 0.51895 0.84077 3.45885
H 2.18837 0.77947 4.08459
C 1.20562 -2.37928 3.02792
H 1.33460 -3.25389 2.38167
H 1.75788 -2.56295 3.95788
H 0.14175 -2.27969 3.25621
C 3.59710 -1.01021 1.58215
C 3.95234 -2.12475 0.79495
C 4.56587 -0.01183 1.78949
C 5.22187 -2.22805 0.22637
H 3.22279 -2.90629 0.59624
C 5.84241 -0.11756 1.23376
H 4.32004 0.86850 2.37844
C 6.16933 -1.22273 0.44495
H 5.47290 -3.08903 -0.38747
H 6.57579 0.66573 1.40617
H 7.15885 -1.30232 0.00256
C 4.41636 4.11550 -1.16056
N 5.18650 4.98295 -1.24766

TS-2 (R=CN)
Rh -3.66398 0.35024 -0.55560
Rh -1.30454 0.04792 0.20460
O -3.45393 2.35803 -0.07226

O -1.31579 2.07052 0.68051
O -4.23999 -0.05204 1.40024
O -2.08425 -0.35233 2.09196
O -1.47759 -1.95402 -0.36624
O -3.65884 -1.69623 -0.99174
O -0.74972 0.49917 -1.75694
O -2.90863 0.73441 -2.45684
C 0.65086 -0.19361 0.84815
C 1.43486 1.05189 0.82433
C 1.69762 1.76387 -0.36291
C 1.82319 1.63062 2.05267
C 2.35784 2.98135 -0.33220
H 1.36885 1.35176 -1.30716
C 2.45314 2.86825 2.09238
H 1.60490 1.11195 2.97976
C 2.74102 3.54725 0.89777
H 2.57627 3.50788 -1.25561
H 2.73675 3.30673 3.04368
C 1.12262 -1.27752 1.72383
C 0.24753 -2.28464 2.18580
C 2.49789 -1.38870 2.04783
C 0.72456 -3.33788 2.96116
H -0.80076 -2.22917 1.93581
C 2.97220 -2.45270 2.80689
H 3.19587 -0.65088 1.66875
C 2.08404 -3.42878 3.27146
H 0.03441 -4.09789 3.31615
H 4.03244 -2.52470 3.03306
H 2.45249 -4.25995 3.86684
C -2.36448 2.74485 0.42788
H -2.29848 3.81269 0.68522
C -1.66271 0.72863 -2.61595
H -1.29719 0.94502 -3.63146
C -3.34743 -0.29861 2.25055
H -3.69065 -0.49961 3.27671
C -2.60193 -2.35166 -0.82067
H -2.63563 -3.41722 -1.09667
Si 1.79062 -1.82103 -1.59880
H 1.06998 -0.87067 -0.61863
C 1.61073 -3.53235 -0.84675
H 0.54474 -3.74641 -0.72141
H 2.05297 -4.29834 -1.49529
H 2.07916 -3.60051 0.13996
C 0.95889 -1.66411 -3.27743
H 1.05038 -0.64941 -3.67632
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H 1.39975 -2.36306 -3.99853
H -0.10769 -1.88674 -3.17652
C 3.55261 -1.18060 -1.59172
C 3.91518 -0.07028 -2.37866
C 4.52716 -1.72142 -0.73093
C 5.19391 0.48241 -2.30644
H 3.18979 0.37260 -3.05770
C 5.80868 -1.17285 -0.65541
H 4.28318 -2.57785 -0.10773
C 6.14283 -0.06719 -1.44077
H 5.45043 1.34102 -2.92133
H 6.54639 -1.60743 0.01433
H 7.13847 0.36395 -1.37995
C 3.42273 4.80622 0.92964
N 3.98099 5.82695 0.95282

TS-1 (R=F)
Rh 3.73687 -0.30999 0.25442
Rh 1.28553 -0.04762 -0.14191
O 4.03234 1.19533 -1.14120
O 1.78992 1.44601 -1.49913
O 3.73063 -1.71136 -1.28410
O 1.49473 -1.44047 -1.66934
O 1.00005 -1.55307 1.27563
O 3.24107 -1.80204 1.63197
O 1.28587 1.32090 1.43889
O 3.53829 1.12084 1.76041
C -0.77012 0.18531 -0.52987
C -1.07303 1.52117 -1.09232
C -0.91536 2.70437 -0.34453
C -1.37198 1.64271 -2.46488
C -1.10561 3.95178 -0.92825
H -0.61274 2.63470 0.69292
C -1.53402 2.89687 -3.05315
H -1.44719 0.74953 -3.07583
C -1.41996 4.05695 -2.28735
H -0.99432 4.84820 -0.32368
H -1.75613 2.96245 -4.11492
H -1.56191 5.03260 -2.74389
C -1.65084 -0.94221 -0.90820
C -1.22776 -2.28077 -0.73772
C -2.96874 -0.72639 -1.37878
C -2.06052 -3.34722 -1.05563
H -0.23962 -2.47880 -0.35181
C -3.80918 -1.78386 -1.70563

H -3.34960 0.28355 -1.46461
C -3.33795 -3.08183 -1.54204
H -1.73753 -4.37606 -0.93661
H -4.82236 -1.61744 -2.05385
C 3.01829 1.71245 -1.68271
H 3.21317 2.50827 -2.41781
C 2.39737 1.58733 2.00354
H 2.33627 2.32763 2.81706
C 2.64724 -1.93725 -1.88299
H 2.68825 -2.66647 -2.70666
C 2.02934 -2.06927 1.82311
H 1.81184 -2.85467 2.56435
Si -1.99055 0.33362 2.22912
H -1.09746 0.36337 0.91880
C -1.64862 -1.34459 2.99058
H -0.61566 -1.38837 3.34392
H -2.32586 -1.54280 3.83069
H -1.77285 -2.13424 2.24285
C -1.46431 1.79685 3.28364
H -1.76624 2.74655 2.83017
H -1.92680 1.73317 4.27650
H -0.37666 1.79964 3.39314
C -3.72941 0.48380 1.56275
C -4.15818 1.67363 0.94010
C -4.61197 -0.61138 1.57704
C -5.41726 1.75944 0.34626
H -3.49441 2.53313 0.89144
C -5.87760 -0.52543 0.99525
H -4.30403 -1.54969 2.03154
C -6.27956 0.65894 0.37421
H -5.72606 2.68162 -0.13872
H -6.54356 -1.38398 1.01599
H -7.26128 0.72548 -0.08745
F -4.14695 -4.11259 -1.84706

TS-2 (R=F)
Rh -3.64522 0.21224 -0.51415
Rh -1.25541 0.00515 0.19359
O -3.60357 2.12900 0.28123
O -1.41537 1.94713 0.91621
O -4.15850 -0.54252 1.35478
O -1.97747 -0.67823 2.02013
O -1.28060 -1.92379 -0.61052
O -3.46279 -1.73703 -1.26186
O -0.76486 0.73187 -1.70512
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O -2.94845 0.96394 -2.32678
C 0.74652 -0.15373 0.78791
C 1.42353 1.15066 0.91342
C 1.57071 2.02979 -0.17897
C 1.80957 1.61132 2.19096
C 2.11570 3.29594 -0.01683
H 1.24114 1.70972 -1.15850
C 2.32202 2.89387 2.37127
H 1.67612 0.96885 3.05431
C 2.48086 3.71302 1.26067
H 2.25184 3.96825 -0.85740
H 2.60364 3.25969 3.35291
C 1.29129 -1.27847 1.58812
C 0.49181 -2.38237 1.94805
C 2.66702 -1.32059 1.91735
C 1.03862 -3.46306 2.63649
H -0.55511 -2.38546 1.68688
C 3.21371 -2.40959 2.58958
H 3.31204 -0.50466 1.61187
C 2.39787 -3.48378 2.95804
H 0.40200 -4.29881 2.91324
H 4.27527 -2.42254 2.82162
H 2.82147 -4.33434 3.48564
C -2.53103 2.54440 0.79617
H -2.55176 3.56769 1.20117
C -1.70744 1.04594 -2.50279
H -1.37669 1.43687 -3.47771
C -3.23672 -0.79106 2.17322
H -3.54802 -1.16019 3.16251
C -2.36446 -2.33392 -1.14554
H -2.31546 -3.35364 -1.55934
Si 1.95745 -1.41916 -1.71283
H 1.15724 -0.61605 -0.62269
C 1.87095 -3.20769 -1.15347
H 0.81822 -3.48545 -1.04534
H 2.34068 -3.86984 -1.89138
H 2.35708 -3.36306 -0.18580
C 1.11398 -1.11501 -3.36284
H 1.14313 -0.05796 -3.64204
H 1.59773 -1.70092 -4.15427
H 0.06396 -1.41209 -3.29103
C 3.67212 -0.67725 -1.60674
C 3.95462 0.56245 -2.21219
C 4.69305 -1.29178 -0.85601
C 5.20353 1.16715 -2.07278

H 3.18879 1.06608 -2.79735
C 5.94552 -0.69196 -0.71593
H 4.50750 -2.24567 -0.36959
C 6.20115 0.54044 -1.32197
H 5.39865 2.12599 -2.54554
H 6.72084 -1.18408 -0.13439
H 7.17437 1.01100 -1.21010
F 3.00053 4.94613 1.42234

TS-1 (R=I)
Rh -4.08969 -1.32670 -0.27159
Rh -1.86270 -0.27437 0.14209
O -4.78298 -0.29104 1.38913
O -2.73925 0.65056 1.78612
O -3.47325 -2.87540 0.97068
O -1.43592 -1.91239 1.34833
O -1.19078 -1.28507 -1.55993
O -3.21734 -2.27670 -1.91460
O -2.48631 1.27603 -1.10659
O -4.52696 0.32150 -1.47673
C -0.00036 0.61312 0.53069
C -0.10359 1.79395 1.41414
C -0.83066 2.94238 1.04048
C 0.39972 1.72703 2.72941
C -1.00037 3.99988 1.92556
H -1.27687 2.98178 0.05350
C 0.19866 2.77732 3.62524
H 0.92391 0.83570 3.05713
C -0.48541 3.92461 3.22500
H -1.55030 4.88206 1.60826
H 0.58713 2.69706 4.63690
C 1.27680 -0.14153 0.54510
C 1.33453 -1.49491 0.15147
C 2.49426 0.49693 0.87333
C 2.54393 -2.18370 0.10549
H 0.42595 -2.01068 -0.11889
C 3.71015 -0.17819 0.82547
H 2.49668 1.54791 1.13627
C 3.72511 -1.51802 0.44004
H 2.56110 -3.22593 -0.19401
H 4.62828 0.34726 1.06099
C -3.96918 0.43446 2.02139
H -4.36933 0.96032 2.90173
C -3.65549 1.21541 -1.61198
H -3.92435 2.06799 -2.25555
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C -2.32711 -2.81147 1.48582
H -2.04252 -3.64385 2.14743
C -2.01160 -2.04136 -2.17633
H -1.59451 -2.55129 -3.05916
Si 0.72046 1.85065 -2.15346
H 0.06224 1.25890 -0.84464
C 1.07895 0.34208 -3.20654
H 0.14161 -0.14654 -3.48376
H 1.62938 0.61207 -4.11619
H 1.67101 -0.38482 -2.64059
C -0.50079 3.06988 -2.89631
H -0.08207 3.51641 -3.80680
H -1.43630 2.56171 -3.14173
H -0.72820 3.87988 -2.19541
C 2.27408 2.67582 -1.52079
C 2.19438 3.79274 -0.66470
C 3.54709 2.14519 -1.79906
C 3.34227 4.34814 -0.09955
H 1.22664 4.21771 -0.41164
C 4.69970 2.70722 -1.24786
H 3.64238 1.27098 -2.43784
C 4.59760 3.80544 -0.39112
H 3.25906 5.20081 0.56900
H 5.67305 2.28101 -1.47601
H 5.49247 4.23783 0.04877
H -0.62676 4.74867 3.91887
I 5.59637 -2.55695 0.33173

TS-2 (R=I)
Rh 3.79873 -1.59503 -0.26927
Rh 1.71720 -0.28520 0.16279
O 2.67664 -3.31494 0.04511
O 0.77709 -2.11481 0.46334
O 4.17730 -1.47784 1.77115
O 2.26436 -0.29371 2.16803
O 2.84370 1.43412 -0.21061
O 4.75852 0.23682 -0.55396
O 1.35038 -0.39872 -1.88805
O 3.24699 -1.60631 -2.28461
C -0.04479 0.78214 0.56350
C -1.25535 -0.05546 0.43067
C -1.60704 -0.66745 -0.78857
C -2.00542 -0.39260 1.57387
C -2.69331 -1.52818 -0.88080
H -1.00409 -0.47444 -1.66827

C -3.07869 -1.28104 1.50045
H -1.73274 0.02384 2.53744
C -3.42949 -1.82814 0.26908
H -2.95291 -1.97174 -1.83591
H -3.63421 -1.52941 2.39805
C -0.11035 1.94260 1.48058
C 1.06028 2.48596 2.05451
C -1.34062 2.58788 1.75331
C 0.99508 3.59954 2.88722
H 2.01361 2.02579 1.84771
C -1.40006 3.70632 2.57937
H -2.24976 2.22575 1.28835
C -0.23245 4.21314 3.15381
H 1.90709 3.99275 3.32782
H -2.35612 4.18990 2.75695
H -0.27662 5.08652 3.79937
C 1.45745 -3.18117 0.33518
H 0.89215 -4.11075 0.50184
C 2.18449 -1.02750 -2.61984
H 1.92783 -1.05585 -3.69066
C 3.34405 -0.88042 2.50047
H 3.56997 -0.85276 3.57741
C 4.08378 1.29337 -0.47105
H 4.62725 2.23507 -0.64767
Si -0.28249 2.62845 -1.85837
H -0.02208 1.48952 -0.80573
C 1.09244 3.86259 -1.53919
H 2.05827 3.39925 -1.75672
H 0.97693 4.76356 -2.15406
H 1.10185 4.15531 -0.48385
C -0.26378 1.84040 -3.56448
H -0.43402 2.60260 -4.33503
H 0.69870 1.35566 -3.74531
H -1.04871 1.08266 -3.65933
C -1.96879 3.28245 -1.38126
C -3.11400 2.46886 -1.49490
C -2.11909 4.55631 -0.80315
C -4.35606 2.90521 -1.03400
H -3.03520 1.47302 -1.92284
C -3.36302 5.00383 -0.35535
H -1.25345 5.20276 -0.68318
C -4.48192 4.17515 -0.46271
H -5.22361 2.25624 -1.11789
H -3.45654 5.99218 0.08711
H -5.44925 4.51642 -0.10347
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I -5.10917 -3.15399 0.13384

TS-1 (R=Me)
Rh -3.74813 0.28567 0.25942
Rh -1.29244 0.05363 -0.14038
O -4.02927 -1.18506 -1.17553
O -1.78482 -1.39992 -1.54518
O -3.75008 1.72938 -1.23881
O -1.50928 1.49494 -1.62146
O -1.02226 1.51103 1.32963
O -3.26664 1.74656 1.67481
O -1.28619 -1.36834 1.39050
O -3.53858 -1.18711 1.72484
C 0.76813 -0.15054 -0.52888
C 1.07949 -1.45973 -1.14744
C 0.91820 -2.67534 -0.45437
C 1.39290 -1.51925 -2.52051
C 1.11610 -3.89513 -1.09141
H 0.60778 -2.65184 0.58323
C 1.56338 -2.74555 -3.16272
H 1.47510 -0.59893 -3.08860
C 1.44324 -3.93892 -2.45091
H 1.00109 -4.81803 -0.52871
H 1.79732 -2.76320 -4.22388
H 1.59120 -4.89306 -2.94922
C 1.64462 0.99720 -0.85643
C 1.21514 2.32671 -0.64804
C 2.97063 0.80955 -1.31103
C 2.05511 3.40067 -0.91737
H 0.22099 2.50900 -0.26955
C 3.80264 1.89007 -1.58054
H 3.36151 -0.19465 -1.42368
C 3.35960 3.20613 -1.39682
H 1.69317 4.41306 -0.75264
H 4.82047 1.70597 -1.91494
C -3.01043 -1.67434 -1.73393
H -3.19818 -2.45048 -2.49174
C -2.39517 -1.65729 1.94870
H -2.32885 -2.42421 2.73692
C -2.66582 1.98555 -1.82448
H -2.71120 2.74039 -2.62467
C -2.05665 2.00994 1.88258
H -1.84668 2.77522 2.64688
Si 1.98657 -0.39082 2.20987
H 1.08701 -0.39076 0.90172

C 1.70689 1.30517 2.95642
H 0.66997 1.39724 3.28769
H 2.37650 1.47935 3.80787
H 1.88111 2.08244 2.20518
C 1.40228 -1.82835 3.26902
H 1.63783 -2.79017 2.80174
H 1.89159 -1.79908 4.25062
H 0.31925 -1.77091 3.40419
C 3.71991 -0.60864 1.54856
C 4.11084 -1.81501 0.93327
C 4.63978 0.45560 1.56165
C 5.36867 -1.94672 0.34534
H 3.41942 -2.65225 0.88599
C 5.90456 0.32311 0.98719
H 4.36137 1.40709 2.00740
C 6.26851 -0.87690 0.37301
H 5.64684 -2.88077 -0.13536
H 6.59956 1.15845 1.00774
H 7.24931 -0.97932 -0.08411
C 4.25101 4.38011 -1.71678
H 4.09057 4.71967 -2.74895
H 4.04474 5.23245 -1.06034
H 5.31050 4.11977 -1.62063

TS-2 (R=Me)
Rh -3.65570 0.22153 -0.50499
Rh -1.26200 0.00937 0.19214
O -3.60325 2.14283 0.27932
O -1.41198 1.95620 0.90313
O -4.16129 -0.52104 1.37162
O -1.97744 -0.65750 2.02797
O -1.29966 -1.92543 -0.59972
O -3.48388 -1.73337 -1.24278
O -0.77921 0.71723 -1.71520
O -2.96508 0.96093 -2.32544
C 0.74467 -0.15279 0.77646
C 1.42775 1.14969 0.87822
C 1.59461 2.00603 -0.22849
C 1.80455 1.63938 2.14550
C 2.14742 3.26881 -0.07775
H 1.27274 1.66945 -1.20549
C 2.32452 2.92406 2.29054
H 1.65613 1.02015 3.02394
C 2.52320 3.75663 1.18434
H 2.28316 3.89844 -0.95464
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H 2.58794 3.28017 3.28378
C 1.28349 -1.26854 1.59530
C 0.48200 -2.36903 1.96082
C 2.65605 -1.30574 1.93667
C 1.02371 -3.44200 2.66522
H -0.56245 -2.37669 1.68996
C 3.19781 -2.38686 2.62580
H 3.30194 -0.49129 1.62948
C 2.38018 -3.45799 2.99866
H 0.38538 -4.27544 2.94518
H 4.25733 -2.39589 2.86739
H 2.80003 -4.30247 3.53898
C -2.52564 2.55647 0.78580
H -2.54024 3.58222 1.18518
C -1.72413 1.03297 -2.50858
H -1.39645 1.41591 -3.48784
C -3.23596 -0.76603 2.18737
H -3.54381 -1.12752 3.18068
C -2.38745 -2.33389 -1.12766
H -2.34451 -3.35625 -1.53588
Si 1.94234 -1.45518 -1.69705
H 1.14209 -0.63339 -0.61789
C 1.82595 -3.23867 -1.12754
H 0.76892 -3.50127 -1.02468
H 2.29238 -3.91173 -1.85770
H 2.30317 -3.39358 -0.15535
C 1.11118 -1.14310 -3.35168
H 1.15427 -0.08646 -3.63076
H 1.59101 -1.73542 -4.14072
H 0.05722 -1.42659 -3.28346
C 3.66950 -0.74377 -1.58565
C 3.98065 0.48465 -2.19973
C 4.67422 -1.37399 -0.82611
C 5.24209 1.06284 -2.06112
H 3.22751 1.00071 -2.79005
C 5.93896 -0.80048 -0.68645
H 4.46604 -2.31891 -0.33164
C 6.22349 0.42072 -1.30207
H 5.45927 2.01344 -2.54097
H 6.70117 -1.30438 -0.09769
H 7.20665 0.87054 -1.19107
C 3.13708 5.12775 1.32898
H 4.18737 5.12596 1.00725
H 2.61319 5.86685 0.71164
H 3.11148 5.47395 2.36729

TS-1 (R=NMe2)
Rh 3.86914 0.45365 -0.28972
Rh 1.43032 0.15007 0.16302
O 4.22164 -0.48642 1.52737
O 1.98982 -0.74277 1.95169
O 3.72241 2.27785 0.70099
O 1.49558 1.99324 1.12876
O 1.06367 1.04921 -1.69551
O 3.29144 1.36662 -2.08779
O 1.58473 -1.68103 -0.82979
O 3.81387 -1.40507 -1.23836
C -0.64577 -0.14042 0.52834
C -0.86177 -1.26722 1.46858
C -0.63870 -2.60958 1.11375
C -1.16199 -0.98219 2.81622
C -0.74521 -3.62815 2.05491
H -0.35545 -2.84653 0.09604
C -1.24836 -2.00266 3.76137
H -1.30119 0.04963 3.12147
C -1.05267 -3.33263 3.38579
H -0.58353 -4.65849 1.74841
H -1.47244 -1.75412 4.79558
H -1.13301 -4.12883 4.12097
C -1.60837 0.97861 0.57015
C -1.28944 2.25919 0.07036
C -2.94289 0.78502 0.99466
C -2.22191 3.28164 0.02122
H -0.29104 2.44796 -0.29548
C -3.89261 1.79245 0.94112
H -3.24626 -0.19290 1.35244
C -3.55591 3.08399 0.45973
H -1.91094 4.24240 -0.37086
H -4.89987 1.57368 1.27519
C 3.22777 -0.85535 2.21082
H 3.45527 -1.34597 3.16980
C 2.72180 -2.02506 -1.28747
H 2.73857 -3.00088 -1.79878
C 2.60624 2.61071 1.17899
H 2.57537 3.57200 1.71555
C 2.07146 1.44431 -2.37168
H 1.82314 1.91527 -3.33662
Si -1.61932 -1.07264 -2.06342
H -0.79828 -0.68908 -0.70465
C -2.17183 0.59831 -2.70274
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H -1.29575 1.24840 -2.78069
H -2.62555 0.48724 -3.69598
H -2.89250 1.08393 -2.03921
C -0.39143 -1.94199 -3.18271
H -0.02281 -2.87024 -2.73907
H -0.85515 -2.16951 -4.15120
H 0.46861 -1.28644 -3.34232
C -3.00808 -2.15931 -1.46105
C -2.84212 -3.55316 -1.34593
C -4.23367 -1.60305 -1.04449
C -3.85650 -4.36055 -0.83320
H -1.90839 -4.01612 -1.65567
C -5.24990 -2.40774 -0.52861
H -4.39315 -0.53070 -1.11092
C -5.06187 -3.78753 -0.42020
H -3.70653 -5.43364 -0.75075
H -6.18729 -1.95905 -0.21012
H -5.85153 -4.41455 -0.01475
N -4.48573 4.09845 0.41398
C -4.13332 5.38121 -0.17438
H -3.29437 5.84635 0.35844
H -3.85464 5.28707 -1.23424
H -4.98779 6.05629 -0.10543
C -5.86900 3.83400 0.77527
H -6.32933 3.07643 0.12355
H -5.95097 3.48567 1.81288
H -6.44740 4.75489 0.68633

TS-2 (R=NMe2)
Rh -3.73489 0.70346 -0.47286
Rh -1.40409 0.06189 0.17394
O -3.21978 2.66363 -0.00417
O -1.09765 2.06925 0.61084
O -4.26795 0.38840 1.51181
O -2.13650 -0.17585 2.11002
O -1.89122 -1.90609 -0.34596
O -4.03572 -1.32946 -0.88648
O -0.89040 0.38304 -1.82798
O -3.01282 0.98533 -2.41167
C 0.58735 -0.47539 0.69425
C 1.51371 0.66500 0.63854
C 1.73945 1.39285 -0.54775
C 2.09905 1.18168 1.81338
C 2.52534 2.53003 -0.57612
H 1.27101 1.05496 -1.46406

C 2.85715 2.34416 1.80760
H 1.91922 0.68583 2.76139
C 3.11486 3.04424 0.60622
H 2.67292 3.03000 -1.52593
H 3.24698 2.70592 2.75125
C 0.90373 -1.55896 1.67904
C -0.10082 -2.37804 2.22632
C 2.24716 -1.86715 1.98849
C 0.22354 -3.44110 3.06842
H -1.13458 -2.17969 1.98845
C 2.57091 -2.93831 2.81825
H 3.04185 -1.27532 1.54845
C 1.55710 -3.72896 3.36626
H -0.57108 -4.05442 3.48479
H 3.61386 -3.15806 3.03195
H 1.80552 -4.56518 4.01474
C -2.05365 2.88442 0.42322
H -1.82050 3.93184 0.67106
C -1.79614 0.76939 -2.63569
H -1.45487 0.92770 -3.67122
C -3.37103 0.04321 2.32412
H -3.68841 -0.09280 3.36978
C -3.08233 -2.13424 -0.74379
H -3.29007 -3.18676 -0.99534
Si 1.31937 -2.26218 -1.53288
H 0.74228 -1.12753 -0.51757
C 0.88215 -3.88510 -0.70592
H -0.19099 -3.88266 -0.49382
H 1.11269 -4.72687 -1.37136
H 1.41099 -4.02855 0.24023
C 0.44869 -2.00729 -3.17455
H 0.67852 -1.03208 -3.61113
H 0.74927 -2.79191 -3.88092
H -0.63195 -2.05966 -3.01950
C 3.14479 -1.87999 -1.57686
C 3.63471 -0.80391 -2.34211
C 4.06356 -2.60582 -0.79357
C 4.98653 -0.46289 -2.32467
H 2.95324 -0.21888 -2.95434
C 5.41784 -2.27070 -0.77726
H 3.71779 -3.43561 -0.18346
C 5.88042 -1.19590 -1.54054
H 5.34205 0.37547 -2.91768
H 6.11122 -2.84510 -0.16847
H 6.93413 -0.93013 -1.52398
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N 3.90932 4.17744 0.58216
C 4.35351 4.76491 1.83516
H 3.51455 5.09281 2.46895
H 4.95523 4.05098 2.41044
H 4.98283 5.63155 1.62375
C 3.96384 4.98742 -0.62390
H 4.37228 4.41463 -1.46575
H 2.97468 5.36994 -0.91989
H 4.62446 5.83985 -0.45499

TS-1 (R=NO2)
Rh -3.89264 0.50421 0.29590
Rh -1.47446 0.09826 -0.16360
O -4.31707 -0.86816 -1.20184
O -2.10384 -1.21416 -1.64787
O -3.81074 2.01790 -1.12437
O -1.59411 1.65600 -1.53883
O -1.06038 1.44039 1.38332
O -3.27445 1.84955 1.76681
O -1.57798 -1.42309 1.25771
O -3.78993 -1.05340 1.67961
C 0.53684 -0.25809 -0.59924
C 0.77649 -1.48906 -1.37320
C 0.34571 -2.74779 -0.90293
C 1.31527 -1.41409 -2.67476
C 0.49563 -3.88840 -1.68019
H -0.11401 -2.80818 0.07681
C 1.42774 -2.55681 -3.46675
H 1.61642 -0.45270 -3.07685
C 1.03652 -3.79926 -2.96883
H 0.17458 -4.85057 -1.29011
H 1.83130 -2.47273 -4.47196
H 1.14126 -4.69105 -3.58058
C 1.55882 0.81909 -0.70131
C 1.21772 2.17414 -0.50459
C 2.92049 0.49768 -0.91243
C 2.19015 3.16803 -0.53101
H 0.18782 2.44478 -0.33528
C 3.90374 1.47948 -0.92211
H 3.21513 -0.53685 -1.03512
C 3.52105 2.80495 -0.73233
H 1.93526 4.21063 -0.38716
H 4.94845 1.22985 -1.05562
C -3.35114 -1.39205 -1.81792
H -3.61082 -2.10552 -2.61457

C -2.69331 -1.64425 1.83568
H -2.67654 -2.46375 2.57092
C -2.71554 2.23846 -1.70156
H -2.71101 3.04419 -2.45108
C -2.04414 1.99904 1.97248
H -1.76343 2.70598 2.76879
Si 1.66955 -0.99304 2.18761
H 0.85574 -0.75501 0.86961
C 1.75769 0.70066 2.98823
H 2.22718 1.42160 2.31023
H 0.74568 1.05924 3.19450
H 2.33056 0.67745 3.92323
C 0.76455 -2.29778 3.19240
H 0.61491 -3.21142 2.60785
H 1.34256 -2.55552 4.08843
H -0.21784 -1.92658 3.49486
C 3.33172 -1.58263 1.56126
C 3.43289 -2.78168 0.82742
C 4.48955 -0.79485 1.70176
C 4.63870 -3.16789 0.24202
H 2.55699 -3.40887 0.68451
C 5.70202 -1.18432 1.13007
H 4.44311 0.14383 2.24816
C 5.77551 -2.36799 0.39169
H 4.69107 -4.08801 -0.33378
H 6.58375 -0.56049 1.25031
H 6.71495 -2.66648 -0.06592
N 4.55968 3.85292 -0.72804
O 4.19421 5.01760 -0.57815
O 5.72889 3.49609 -0.87105

TS-2 (R=NO2)
Rh -3.72184 0.59011 -0.55732
Rh -1.40355 0.08209 0.20834
O -3.31482 2.58381 -0.14434
O -1.19682 2.11441 0.57661
O -4.32540 0.31580 1.41282
O -2.20064 -0.13656 2.11589
O -1.78947 -1.91800 -0.24930
O -3.92658 -1.45999 -0.91376
O -0.82764 0.36698 -1.78074
O -2.94974 0.83810 -2.47180
C 0.52576 -0.33094 0.84341
C 1.44032 0.81672 0.73230
C 1.75673 1.42255 -0.50051
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C 1.91697 1.41715 1.91961
C 2.55417 2.55475 -0.55482
H 1.36083 0.99768 -1.41216
C 2.68849 2.57235 1.87691
H 1.66077 0.98159 2.87905
C 3.01281 3.11855 0.63687
H 2.82165 3.01183 -1.49928
H 3.05295 3.04188 2.78216
C 0.90147 -1.41246 1.76407
C -0.06556 -2.28788 2.30536
C 2.26586 -1.65937 2.05944
C 0.31590 -3.34285 3.12961
H -1.10895 -2.12831 2.08037
C 2.64256 -2.72694 2.86629
H 3.02921 -1.02738 1.61993
C 1.66623 -3.56899 3.40984
H -0.44266 -3.99900 3.54664
H 3.69481 -2.90585 3.06890
C -2.17982 2.87972 0.31591
H -2.00164 3.94506 0.52550
C -1.71556 0.67644 -2.64055
H -1.33878 0.81287 -3.66566
C -3.45381 0.03309 2.27326
H -3.80766 -0.08906 3.30809
C -2.94763 -2.21583 -0.69566
H -3.09467 -3.28450 -0.91661
Si 1.43583 -2.21188 -1.53269
H 0.83854 -1.13614 -0.60533
C 1.07993 -3.84871 -0.68316
H -0.00174 -3.94018 -0.54396
H 1.43378 -4.69467 -1.28476
H 1.54612 -3.90643 0.30537
C 0.60468 -2.05620 -3.21182
H 0.80050 -1.08056 -3.66663
H 0.95863 -2.83653 -3.89634
H -0.47843 -2.15626 -3.09227
C 3.25860 -1.77398 -1.57218
C 3.72384 -0.72235 -2.38557
C 4.18689 -2.40755 -0.72386
C 5.05692 -0.31351 -2.34992
H 3.03632 -0.21044 -3.05547
C 5.52302 -2.00433 -0.68594
H 3.86394 -3.22281 -0.08159
C 5.95894 -0.95331 -1.49614
H 5.39204 0.50359 -2.98317

H 6.22364 -2.50907 -0.02564
H 6.99735 -0.63463 -1.46398
H 1.95876 -4.40192 4.04365
N 3.86009 4.31704 0.58198
O 4.23870 4.80076 1.64950
O 4.14472 4.76605 -0.52928

TS-1 (R=OCF3)
Rh 3.93455 -1.29279 0.36485
Rh 1.74115 -0.22164 -0.16209
O 4.76645 -0.13028 -1.13882
O 2.76095 0.84889 -1.62592
O 3.44628 -2.74428 -1.04102
O 1.45005 -1.74953 -1.53689
O 0.91804 -1.39544 1.35725
O 2.92388 -2.37554 1.83916
O 2.22295 1.22268 1.27544
O 4.24087 0.25650 1.72968
C -0.08139 0.68946 -0.65942
C 0.09924 1.92181 -1.45627
C 0.80554 3.03579 -0.95953
C -0.28903 1.93595 -2.81300
C 1.06102 4.13809 -1.76579
H 1.17199 3.01189 0.05841
C 0.00269 3.02904 -3.62853
H -0.79005 1.07188 -3.23558
C 0.66157 4.14215 -3.10688
H 1.59170 4.99207 -1.35306
H -0.29415 3.00902 -4.67368
H 0.87319 5.00010 -3.73909
C -1.34689 -0.05741 -0.84904
C -1.41941 -1.44715 -0.61654
C -2.53216 0.60775 -1.24408
C -2.60376 -2.14707 -0.82576
H -0.54006 -1.97924 -0.28945
C -3.72108 -0.08096 -1.45214
H -2.52061 1.68187 -1.38100
C -3.73503 -1.45867 -1.25122
H -2.65997 -3.21951 -0.67326
H -4.62619 0.43241 -1.75215
C 4.00715 0.64991 -1.77377
H 4.47896 1.24831 -2.56798
C 3.34955 1.12938 1.86827
H 3.55316 1.92559 2.60148
C 2.35413 -2.63889 -1.65601
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H 2.13641 -3.41827 -2.40206
C 1.69188 -2.18425 1.99339
H 1.20161 -2.77115 2.78592
Si -0.86803 1.77490 2.13052
H -0.27947 1.24263 0.76437
C -0.27593 0.60588 3.47227
H 0.81607 0.61841 3.51151
H -0.67687 0.90824 4.44761
H -0.58349 -0.42142 3.26179
C -0.26709 3.54366 2.35182
H -0.51274 4.17268 1.49015
H -0.72224 3.99103 3.24408
H 0.82052 3.55079 2.47611
C -2.71196 1.67441 1.84795
C -3.42914 2.75512 1.29848
C -3.41111 0.47865 2.10038
C -4.79025 2.64470 1.00986
H -2.92074 3.69343 1.08799
C -4.76968 0.36274 1.81210
H -2.88603 -0.37953 2.51177
C -5.46026 1.44524 1.26160
H -5.32561 3.48998 0.58511
H -5.28465 -0.57438 1.99202
H -6.51475 1.34668 1.02031
O -4.88792 -2.20337 -1.54472
C -5.90211 -2.17831 -0.64917
F -6.84603 -3.01443 -1.07473
F -5.50495 -2.56376 0.58309
F -6.45025 -0.94874 -0.51833

TS-2 (R=OCF3)
Rh -3.59251 1.28833 -0.56148
Rh -1.48541 0.16807 0.17581
O -2.62720 3.09918 -0.23765
O -0.70910 2.07186 0.46322
O -4.19274 1.26465 1.42993
O -2.26472 0.24346 2.10509
O -2.43121 -1.65711 -0.20292
O -4.37507 -0.63344 -0.83075
O -0.90372 0.21013 -1.83036
O -2.82806 1.23605 -2.49908
C 0.27992 -0.74207 0.80066
C 1.46202 0.12662 0.65966
C 1.88301 0.63218 -0.58639
C 2.10407 0.59876 1.82464

C 2.92225 1.54773 -0.67321
H 1.37298 0.30913 -1.48399
C 3.11906 1.54917 1.74742
H 1.77833 0.24492 2.79652
C 3.52474 2.00280 0.49832
H 3.26203 1.92688 -1.63029
H 3.60145 1.93457 2.63901
C 0.35692 -1.84006 1.78502
C -0.80582 -2.39417 2.36047
C 1.60375 -2.43296 2.10023
C -0.71956 -3.47388 3.23592
H -1.76849 -1.97037 2.11903
C 1.68337 -3.52357 2.96002
H 2.50684 -2.05163 1.63729
C 0.52009 -4.04426 3.53612
H -1.62548 -3.87989 3.67707
H 2.64984 -3.97010 3.17731
H 0.58010 -4.89474 4.21013
C -1.44298 3.07495 0.19256
H -0.96564 4.05234 0.35977
C -1.69569 0.72630 -2.68456
H -1.32805 0.71347 -3.72230
C -3.41070 0.77049 2.28136
H -3.75274 0.78714 3.32748
C -3.64028 -1.62777 -0.61063
H -4.08930 -2.61734 -0.79022
Si 0.61310 -2.85092 -1.45155
H 0.34321 -1.60996 -0.55382
C -0.18190 -4.28836 -0.54315
H -1.23990 -4.05605 -0.38701
H -0.10298 -5.21511 -1.12466
H 0.26821 -4.45493 0.44009
C -0.16086 -2.53008 -3.13327
H 0.29165 -1.66672 -3.62973
H -0.04702 -3.40635 -3.78327
H -1.22681 -2.31992 -3.00564
C 2.48379 -2.93555 -1.50201
C 3.21714 -2.07911 -2.34606
C 3.20537 -3.78243 -0.63872
C 4.61171 -2.06392 -2.32761
H 2.69503 -1.41071 -3.02719
C 4.60117 -3.77287 -0.61797
H 2.67353 -4.45449 0.02978
C 5.30663 -2.91062 -1.46048
H 5.15619 -1.39177 -2.98551
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H 5.13818 -4.43705 0.05441
H 6.39315 -2.89850 -1.44221
O 4.59816 2.90403 0.42229
C 4.27349 4.21759 0.30837
F 5.40875 4.91546 0.28320
F 3.52166 4.64720 1.33993
F 3.58332 4.47869 -0.82134

TS-1 (R=OMe)
Rh 3.77513 0.05026 -0.34073
Rh 1.32684 0.05469 0.15750
O 4.04089 -0.92749 1.47201
O 1.80014 -0.92468 1.92535
O 3.88128 1.87845 0.64719
O 1.65118 1.85892 1.14430
O 1.04756 1.01926 -1.68030
O 3.28814 1.03330 -2.12692
O 1.23205 -1.76035 -0.87063
O 3.47814 -1.78645 -1.28274
C -0.73303 0.03671 0.59762
C -1.09463 -1.08757 1.48994
C -1.04600 -2.43291 1.08098
C -1.35078 -0.81690 2.85040
C -1.27919 -3.46365 1.98453
H -0.80366 -2.66161 0.05127
C -1.55656 -1.85414 3.75832
H -1.35684 0.21170 3.19588
C -1.53483 -3.18200 3.32971
H -1.25547 -4.49372 1.63841
H -1.73998 -1.61977 4.80358
H -1.71070 -3.98941 4.03531
C -1.56111 1.25573 0.66224
C -1.08611 2.49443 0.18703
C -2.90745 1.20654 1.10665
C -1.88257 3.63511 0.19001
H -0.07849 2.56155 -0.19463
C -3.71453 2.33029 1.10309
H -3.32278 0.26227 1.43953
C -3.20495 3.56188 0.65360
H -1.46946 4.56833 -0.17440
H -4.74487 2.28889 1.44203
C 3.02040 -1.18298 2.16699
H 3.20070 -1.70389 3.11984
C 2.31145 -2.25206 -1.33388
H 2.19416 -3.21676 -1.85244

C 2.82956 2.33941 1.16151
H 2.92989 3.29322 1.70260
C 2.08323 1.27685 -2.38056
H 1.87735 1.78164 -3.33812
Si -1.91319 -0.68899 -2.06477
H -1.05548 -0.49167 -0.74368
C -2.22139 1.05802 -2.67260
H -1.25700 1.56015 -2.79227
H -2.74176 1.04383 -3.63838
H -2.81601 1.64294 -1.96478
C -0.86073 -1.71962 -3.22721
H -0.64850 -2.70837 -2.81107
H -1.36105 -1.84421 -4.19565
H 0.09632 -1.21333 -3.38054
C -3.45634 -1.55373 -1.46209
C -3.49418 -2.95407 -1.31768
C -4.58915 -0.81858 -1.06151
C -4.61518 -3.59579 -0.79226
H -2.63691 -3.55344 -1.61480
C -5.71256 -1.45666 -0.53390
H -4.59361 0.26382 -1.15337
C -5.72583 -2.84644 -0.39617
H -4.62218 -4.67743 -0.68761
H -6.57590 -0.87042 -0.22990
H -6.59853 -3.34435 0.01811
O -4.06825 4.60578 0.69986
C -3.61336 5.88650 0.27731
H -3.32266 5.87984 -0.78120
H -4.45824 6.56275 0.41683
H -2.76620 6.23046 0.88447

TS-2 (R=OMe)
Rh -3.70403 0.41069 -0.51099
Rh -1.32733 0.05373 0.18061
O -3.39721 2.43425 -0.15776
O -1.23186 2.10506 0.50033
O -4.21976 0.15218 1.48570
O -2.04788 -0.15383 2.12480
O -1.60750 -1.98099 -0.22115
O -3.79151 -1.66322 -0.81232
O -0.83193 0.31597 -1.83244
O -2.99934 0.65478 -2.46033
C 0.69340 -0.24162 0.73301
C 1.50767 0.98035 0.60415
C 1.68090 1.64401 -0.63150

62



C 2.01965 1.61285 1.75300
C 2.36127 2.84337 -0.71616
H 1.26052 1.20362 -1.52664
C 2.67412 2.84277 1.68505
H 1.87489 1.15337 2.72482
C 2.86386 3.45934 0.44321
H 2.51187 3.33926 -1.66998
H 3.03075 3.30091 2.60017
C 1.12861 -1.23895 1.75571
C 0.21538 -2.12671 2.35531
C 2.50006 -1.39428 2.06126
C 0.65314 -3.10816 3.24350
H -0.83525 -2.04259 2.12301
C 2.93700 -2.38538 2.93641
H 3.22717 -0.74832 1.58200
C 2.01178 -3.24515 3.53566
H -0.07108 -3.77668 3.70102
H 3.99832 -2.48980 3.14649
H 2.34896 -4.01934 4.22001
C -2.26556 2.80318 0.25886
H -2.14572 3.88230 0.44144
C -1.76458 0.55646 -2.66631
H -1.43045 0.68944 -3.70741
C -3.30110 -0.05210 2.32079
H -3.61344 -0.16221 3.37087
C -2.76247 -2.35468 -0.61516
H -2.85585 -3.43577 -0.80627
Si 1.60796 -2.06792 -1.44326
H 0.94248 -0.96047 -0.48599
C 1.38324 -3.67852 -0.51228
H 0.31974 -3.79711 -0.28423
H 1.71052 -4.52439 -1.13013
H 1.93279 -3.70080 0.43287
C 0.67564 -2.03031 -3.07063
H 0.77910 -1.06938 -3.58069
H 1.04643 -2.82393 -3.73190
H -0.38772 -2.19424 -2.87747
C 3.37662 -1.48583 -1.57225
C 3.72643 -0.43858 -2.44673
C 4.38542 -2.02430 -0.74972
C 5.02998 0.05382 -2.49772
H 2.97241 0.00417 -3.09295
C 5.69180 -1.53652 -0.80004
H 4.14823 -2.82834 -0.05842
C 6.01483 -0.49432 -1.67235

H 5.27690 0.86619 -3.17583
H 6.45679 -1.96772 -0.15953
H 7.03083 -0.11025 -1.70918
O 3.51040 4.64139 0.24967
C 4.02839 5.31998 1.38424
H 4.49449 6.23014 1.00227
H 3.23215 5.58895 2.09137
H 4.78379 4.71610 1.90528

TS-1 (R=SCF3)
Rh 4.18374 -1.07606 0.31876
Rh 1.90565 -0.17184 -0.16939
O 4.92978 0.33993 -1.00108
O 2.84920 1.17799 -1.43750
O 3.89626 -2.38836 -1.27203
O 1.83332 -1.52802 -1.74483
O 1.16402 -1.59089 1.16758
O 3.24333 -2.42608 1.60757
O 2.18249 1.09890 1.46390
O 4.28854 0.31443 1.86780
C 0.02820 0.59600 -0.64281
C 0.07534 1.98472 -1.13537
C 0.55356 3.04439 -0.33877
C -0.21879 2.24936 -2.48924
C 0.68687 4.32445 -0.86215
H 0.82889 2.84301 0.68942
C -0.04815 3.52807 -3.01905
H -0.55131 1.44082 -3.13188
C 0.38897 4.57425 -2.20663
H 1.03848 5.13076 -0.22380
H -0.26740 3.70515 -4.06841
H 0.50460 5.57402 -2.61600
C -1.12904 -0.23982 -1.04314
C -1.07333 -1.64704 -0.96317
C -2.36874 0.35677 -1.36830
C -2.21401 -2.41887 -1.15531
H -0.14227 -2.12974 -0.71000
C -3.50781 -0.41085 -1.58058
H -2.45280 1.43615 -1.40333
C -3.43870 -1.80065 -1.43750
H -2.16524 -3.49754 -1.04524
H -4.45435 0.07113 -1.79446
C 4.11301 1.12006 -1.55991
H 4.54317 1.86006 -2.25188
C 3.29536 1.05324 2.08354
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H 3.38467 1.76036 2.92301
C 2.82570 -2.30603 -1.92631
H 2.71700 -2.99825 -2.77525
C 1.99573 -2.37259 1.73729
H 1.54446 -3.09427 2.43636
Si -1.31893 0.85595 2.13061
H -0.37784 0.80679 0.88124
C -1.78167 -0.92507 2.49888
H -2.35745 -1.36383 1.67773
H -0.87275 -1.51896 2.62251
H -2.38387 -0.99114 3.41361
C -0.32649 1.70202 3.48470
H -0.06680 2.72743 3.20063
H -0.90026 1.74043 4.41878
H 0.60502 1.15617 3.65807
C -2.79024 1.85150 1.54016
C -2.64506 3.20121 1.16201
C -4.04942 1.24766 1.35962
C -3.71168 3.91554 0.61619
H -1.68421 3.69713 1.27095
C -5.12235 1.96166 0.82386
H -4.19699 0.20214 1.61334
C -4.95330 3.29553 0.44673
H -3.57423 4.95190 0.31931
H -6.07928 1.46763 0.68572
H -5.78437 3.85036 0.01899
C -5.75573 -2.16608 -0.05171
F -6.82385 -2.93647 0.19315
F -4.95747 -2.17968 1.03543
F -6.18696 -0.89267 -0.19407
S -4.92266 -2.80474 -1.54500

TS-2 (R=SCF3)
Rh 3.36795 -1.82722 -0.60780
Rh 1.52902 -0.34641 0.20339
O 2.13943 -3.43382 -0.13072
O 0.46225 -2.07609 0.62087
O 4.10089 -1.82288 1.33945
O 2.40537 -0.48602 2.08588
O 2.73847 1.28076 -0.30268
O 4.43303 -0.07300 -1.01721
O 0.81842 -0.36800 -1.76218
O 2.50028 -1.72371 -2.49557
C -0.00605 0.88181 0.86835
C -1.33542 0.25345 0.78800

C -1.92118 -0.14125 -0.43035
C -1.99022 -0.09531 1.98823
C -3.13277 -0.81590 -0.45352
H -1.41440 0.08703 -1.35744
C -3.17730 -0.82267 1.96857
H -1.54306 0.17319 2.93941
C -3.76125 -1.17481 0.74778
H -3.58662 -1.08592 -1.40055
H -3.65229 -1.11329 2.90016
C 0.15648 2.00762 1.80455
C 1.42641 2.37420 2.29916
C -0.95437 2.81391 2.15565
C 1.57122 3.48011 3.13264
H 2.28928 1.78558 2.02761
C -0.80206 3.92747 2.97472
H -1.93211 2.57659 1.75151
C 0.46285 4.26063 3.47107
H 2.55526 3.74081 3.51172
H -1.66575 4.53813 3.22328
H 0.58357 5.12945 4.11272
C 1.00293 -3.19723 0.35927
H 0.38222 -4.07394 0.59778
C 1.45502 -1.04143 -2.63620
H 1.02403 -1.00957 -3.64873
C 3.46491 -1.18200 2.21449
H 3.86970 -1.21683 3.23747
C 3.89397 1.03706 -0.78694
H 4.48786 1.93133 -1.03290
Si -0.01148 2.94628 -1.49132
H 0.06007 1.72633 -0.53993
C 0.95284 4.30555 -0.62480
H 1.97912 3.96064 -0.46440
H 0.97716 5.21772 -1.23349
H 0.52962 4.55281 0.35365
C 0.74204 2.45558 -3.14184
H 0.17541 1.65250 -3.62150
H 0.77775 3.31430 -3.82335
H 1.76090 2.09134 -2.97994
C -1.85132 3.28827 -1.59507
C -2.66380 2.58582 -2.50568
C -2.48088 4.17544 -0.70087
C -4.04790 2.75808 -2.52308
H -2.21208 1.89079 -3.21012
C -3.86565 4.35125 -0.71363
H -1.88386 4.73233 0.01669
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C -4.65156 3.64028 -1.62361
H -4.65550 2.20464 -3.23418
H -4.33160 5.04277 -0.01628
H -5.73003 3.77375 -1.63298
C -4.71034 -3.68320 0.17986
F -3.78228 -4.19483 1.00395
F -4.16269 -3.63928 -1.05091
F -5.75755 -4.52373 0.14093
S -5.32311 -2.05445 0.73452

TS-3
Rh -0.14295 0.01475 0.09776
Rh -0.19853 0.31177 -2.52950
P 2.58202 0.86064 -1.18911
P 0.48631 -2.58190 -1.53673
P -2.92088 -0.47371 -1.27909
P -0.72711 2.91429 -0.97317
O 1.77818 0.82420 0.11482
O 1.83929 0.80597 -2.51391
O 3.47869 2.23140 -1.27657
O 3.65829 -0.37436 -1.03067
O 0.62554 -1.93335 -0.15377
O 0.30516 -1.70780 -2.76125
O 1.79293 -3.51014 -1.89474
O -0.74006 -3.66806 -1.34265
O -2.06592 -0.86347 -0.06416
O -2.23989 -0.17511 -2.60001
O -3.82078 0.78058 -0.70928
O -3.99950 -1.66022 -1.64952
O -0.86859 1.97319 0.23134
O -0.77018 2.32470 -2.37234
O -1.92938 4.03799 -0.94258
O 0.65684 3.75412 -0.70777
C 6.35336 1.24944 -1.16270
C 5.51796 1.89732 -0.10321
C 4.22729 2.44594 -0.19566
C 3.74004 3.16147 0.84577
C 4.48608 3.31271 2.03002
C 5.72476 2.67057 2.16742
H 6.28563 2.73954 3.08987
C 6.20959 1.93740 1.08540
C 7.45787 1.13688 1.03373
H 7.49668 0.40576 1.86936
H 8.34074 1.81078 1.06336
C 7.35499 0.41772 -0.32398

H 8.35128 0.31960 -0.80852
H 6.94811 -0.60520 -0.15548
C 5.65170 0.43243 -2.20139
C 4.49255 -0.47519 -2.06575
C 4.14862 -1.25708 -3.18010
H 3.29793 -1.91919 -3.13534
C 4.84331 -1.11791 -4.39257
C 5.86788 -0.17030 -4.53050
H 6.36219 -0.03891 -5.48445
C 6.23917 0.60479 -3.43099
C 7.27248 1.66811 -3.41378
H 7.08644 2.41648 -4.21404
H 8.28102 1.21637 -3.52986
C 7.10700 2.29872 -2.02174
H 8.09050 2.58957 -1.59128
H 6.49091 3.22102 -2.12311
C 0.63605 -6.34485 -1.80545
C 1.49810 -5.61426 -0.81646
C 2.11682 -4.35683 -0.92007
C 3.00351 -3.95568 0.09669
C 3.20508 -4.77009 1.22278
C 2.49900 -5.97292 1.35675
H 2.60475 -6.57489 2.24999
C 1.63416 -6.36277 0.33248
C 0.72308 -7.53420 0.34696
H 1.31116 -8.47198 0.25150
H 0.11050 -7.54993 1.27421
C -0.16222 -7.30569 -0.89036
H -1.10875 -6.81688 -0.56490
H -0.42081 -8.26622 -1.38798
C -0.25994 -5.55138 -2.71249
C -0.97336 -4.37037 -2.44988
C -1.82798 -3.86259 -3.44729
H -2.38546 -2.95369 -3.27338
C -1.91992 -4.49907 -4.69498
C -1.13476 -5.62603 -4.96842
H -1.16431 -6.09177 -5.94504
C -0.29938 -6.12307 -3.96644
C 0.66204 -7.24310 -4.10417
H 1.30636 -7.10736 -4.99951
H 0.11253 -8.20708 -4.16239
C 1.49183 -7.15584 -2.81381
H 2.43498 -6.60729 -3.03744
H 1.76413 -8.16771 -2.44073
C -6.61578 -0.34777 -0.64376
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C -6.00381 0.61946 -1.61155
C -4.72945 1.20004 -1.58588
C -4.39363 2.13884 -2.58022
H -3.41794 2.60030 -2.58647
C -5.30788 2.44946 -3.59945
C -6.54891 1.80207 -3.65127
H -7.23975 2.00287 -4.45997
C -6.86688 0.87782 -2.65434
C -8.08439 0.03567 -2.59676
H -8.25677 -0.48213 -3.56498
H -8.96284 0.66049 -2.32748
C -7.76174 -0.97459 -1.48492
H -8.66671 -1.21106 -0.88297
H -7.41173 -1.91937 -1.95968
C -5.74520 -1.40993 -0.03437
C -4.66462 -2.12215 -0.59153
C -4.20996 -3.28993 0.05247
H -3.41359 -3.87041 -0.39487
C -4.72619 -3.67625 1.23412
C -5.74725 -2.83869 1.90414
H -6.11722 -3.09099 2.88911
C -6.20332 -1.71116 1.22750
C -7.19938 -0.72306 1.71341
H -6.88756 -0.29256 2.68942
H -8.19784 -1.20293 1.79913
C -7.19498 0.35059 0.60996
H -6.52350 1.18233 0.92259
H -8.21250 0.76768 0.44326
C -0.41286 6.64004 -0.32619
C -1.22375 5.75106 0.56703
C -2.03453 4.65064 0.23737
C -2.85926 4.11653 1.24223
C -2.78425 4.62757 2.54956
C -1.86000 5.63855 2.85830
H -1.76137 5.99079 3.87729
C -1.10303 6.16094 1.87975
C -0.05371 7.20047 2.04207
H -0.52325 8.17695 2.28896
H 0.67771 6.91060 2.82720
C 0.61748 7.24507 0.65801
H 1.53205 6.60998 0.68550
H 0.92265 8.27967 0.38695
C 0.23266 6.01522 -1.52147
C 0.87873 4.68946 -1.63209
C 1.50135 4.37076 -2.85438

H 1.96971 3.40804 -2.99082
C 1.46572 5.23417 -3.88922
C 0.77846 6.45570 -3.78906
H 0.72159 7.11851 -4.64299
C 0.15747 6.80044 -2.58406
C -0.65014 8.02121 -2.34106
H -1.43497 8.14088 -3.11892
H 0.01154 8.91362 -2.31433
C -1.27716 7.75580 -0.96556
H -1.31799 8.68389 -0.35390
H -2.32042 7.39560 -1.11486
H -4.35616 -4.56798 1.72296
H -3.41116 4.21720 3.32913
H 4.08197 3.88808 2.85267
H 3.87288 -4.44726 2.01043
H -2.56810 -4.09395 -5.46112
H -5.03887 3.16345 -4.36698
H 1.93671 4.96537 -4.82616
H 4.55001 -1.71418 -5.24683
C -0.10251 -0.08278 2.23649
C 1.28565 -0.09156 2.75809
C -1.16198 0.53567 3.05327
C 2.15569 -1.16819 2.48675
C 1.81493 1.02624 3.44062
C -2.42442 0.84774 2.48716
C -1.02378 0.73895 4.44639
C 3.46537 -1.17357 2.93716
H 1.78873 -1.99284 1.88984
C 3.12100 1.02357 3.91854
H 1.20036 1.90597 3.59163
C -3.46347 1.33624 3.25733
H -2.58505 0.68693 1.43334
C -2.05248 1.25610 5.22816
H -0.09736 0.46736 4.93898
C 3.92900 -0.08455 3.67615
H 4.13260 -2.00091 2.73293
H 3.51792 1.86213 4.47748
C -3.28708 1.56260 4.63265
H -4.42618 1.56656 2.81162
H -1.89045 1.40547 6.28964
H -3.34913 -3.22106 3.92105
C -2.76446 -2.33429 3.64582
Si -1.03315 -2.85198 3.13039
H -2.76906 -1.64542 4.49441
H -3.26434 -1.82702 2.81684
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C 0.07978 -3.15681 4.61390
C -1.02257 -4.28520 1.91957
H -0.45707 -1.56618 2.36201
C 1.20711 -3.99517 4.51416
C -0.17499 -2.55790 5.86408
H -1.32304 -3.96338 0.92051
H -0.02409 -4.71954 1.83481
H -1.70225 -5.07425 2.26582
C 2.04504 -4.22485 5.60484
H 1.43406 -4.48244 3.57133
C 0.65967 -2.78314 6.95964
H -1.03829 -1.91023 5.98881
H 2.90834 -4.87612 5.49776
C 1.77381 -3.61504 6.83141
H 0.44031 -2.31134 7.91403
H 2.42608 -3.78866 7.68307
H -3.51970 3.28835 1.02022
H 2.75737 3.60836 0.78635
H 3.50239 -2.99704 0.03383
O -4.35673 2.06751 5.29201
C -4.23327 2.35768 6.67888
H -5.19612 2.77107 6.98246
H -4.02684 1.45113 7.26159
H -3.44410 3.09721 6.86292
N 5.29173 -0.11153 4.21112
O 6.01046 -1.06461 3.90420
O 5.64063 0.81578 4.94473

TS-4
Rh 0.11885 -0.00436 0.08427
Rh 0.28878 0.44131 -2.51873
P 2.22035 2.14847 -0.81699
P 2.15183 -1.82098 -1.47418
P -1.88843 -1.58746 -1.65841
P -1.76801 2.25364 -1.00985
O 1.31904 1.67121 0.32279
O 1.77557 1.92097 -2.24924
O 2.48419 3.76041 -0.66831
O 3.67962 1.44742 -0.49135
O 1.79363 -1.27406 -0.08486
O 1.75898 -1.04191 -2.71150
O 3.77687 -2.01527 -1.62637
O 1.53699 -3.34971 -1.44302
O -1.16399 -1.62014 -0.30254
O -1.14164 -1.05901 -2.87177

O -3.28031 -0.77174 -1.38530
O -2.36409 -3.11240 -2.06607
O -1.53486 1.28790 0.15778
O -1.14998 1.94089 -2.36452
O -3.36821 2.40935 -1.34358
O -1.28286 3.71779 -0.43587
C 5.40468 4.01124 0.10771
C 4.17591 4.12990 0.95626
C 2.82347 4.11079 0.57276
C 1.86924 4.34126 1.50782
C 2.21335 4.53958 2.85870
C 3.55392 4.46198 3.26055
H 3.82563 4.55742 4.30341
C 4.52213 4.22640 2.28489
C 5.97012 3.98773 2.50434
H 6.13338 3.20546 3.27627
H 6.46913 4.93580 2.79830
C 6.45805 3.50752 1.12533
H 7.48454 3.87553 0.90674
H 6.48120 2.39398 1.12452
C 5.32714 3.14827 -1.11451
C 4.64648 1.85001 -1.31514
C 4.87492 1.17605 -2.52514
H 4.38240 0.23547 -2.72317
C 5.67280 1.75571 -3.52473
C 6.22697 3.03279 -3.35367
H 6.80238 3.48653 -4.15034
C 6.02456 3.71542 -2.15307
C 6.51052 5.07726 -1.82439
H 6.20111 5.80826 -2.60220
H 7.61653 5.06753 -1.71777
C 5.82921 5.38241 -0.48057
H 6.50415 5.95541 0.19268
H 4.92879 6.00804 -0.67606
C 4.03244 -5.07188 -1.67718
C 4.31191 -4.08840 -0.57778
C 4.32264 -2.68383 -0.61286
C 4.82209 -1.98610 0.50222
C 5.22568 -2.68465 1.65141
C 5.09068 -4.07831 1.71202
H 5.34750 -4.61633 2.61526
C 4.61822 -4.75717 0.58739
C 4.37389 -6.21679 0.47405
H 5.34216 -6.76168 0.46942
H 3.72821 -6.58177 1.30091
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C 3.65994 -6.34789 -0.88214
H 2.56078 -6.37399 -0.70378
H 3.94920 -7.28631 -1.40442
C 2.99973 -4.72721 -2.70989
C 1.79340 -4.02590 -2.56056
C 0.92688 -3.92970 -3.66574
H -0.01390 -3.40566 -3.57412
C 1.29998 -4.46847 -4.90755
C 2.55152 -5.07918 -5.06154
H 2.86526 -5.45258 -6.02780
C 3.39070 -5.18234 -3.95046
C 4.77291 -5.71911 -3.94046
H 5.38892 -5.24833 -4.73671
H 4.75011 -6.82278 -4.06699
C 5.29103 -5.33226 -2.54575
H 5.88803 -4.39658 -2.63765
H 5.95353 -6.12224 -2.12831
C -5.41634 -2.87129 -1.52709
C -5.06908 -1.81452 -2.52875
C -4.10659 -0.80270 -2.43009
C -3.95392 0.08961 -3.51080
H -3.21188 0.87193 -3.47504
C -4.73636 -0.05568 -4.66734
C -5.64686 -1.11444 -4.77135
H -6.21600 -1.26209 -5.68011
C -5.78068 -1.99301 -3.69513
C -6.59632 -3.22953 -3.67099
H -6.41156 -3.84702 -4.57648
H -7.67349 -2.96929 -3.59007
C -6.10431 -3.95105 -2.40696
H -6.94155 -4.46840 -1.88871
H -5.36239 -4.72429 -2.71055
C -4.30734 -3.46437 -0.70524
C -2.96940 -3.74498 -1.05846
C -2.20957 -4.58891 -0.22519
H -1.20005 -4.85284 -0.51447
C -2.70502 -5.04039 0.94235
C -4.04025 -4.59964 1.40148
H -4.42092 -4.88968 2.37203
C -4.79081 -3.81001 0.53625
C -6.14737 -3.25992 0.78597
H -6.17136 -2.66588 1.72450
H -6.88810 -4.08690 0.82984
C -6.39345 -2.36319 -0.43987
H -6.14549 -1.31230 -0.16897

H -7.45738 -2.39682 -0.76223
C -3.94081 5.34286 -0.68360
C -4.26108 4.09818 0.08406
C -4.10559 2.75434 -0.29002
C -4.72491 1.77341 0.50251
C -5.40774 2.15359 1.66889
C -5.41034 3.49711 2.07858
H -5.88353 3.77996 3.01026
C -4.83160 4.42384 1.29759
C -4.73180 5.87875 1.58280
H -5.74110 6.34225 1.54428
H -4.25754 6.06006 2.57143
C -3.84099 6.40182 0.44117
H -2.79139 6.46505 0.80787
H -4.15525 7.41680 0.11231
C -2.73618 5.32516 -1.57036
C -1.41783 4.69617 -1.33178
C -0.39827 4.95491 -2.26638
H 0.57562 4.50878 -2.13975
C -0.64398 5.69623 -3.36522
C -1.92885 6.20319 -3.62294
H -2.12142 6.75859 -4.53188
C -2.95573 5.97970 -2.69985
C -4.36681 6.41460 -2.84762
H -4.78671 6.08074 -3.82102
H -4.43457 7.51967 -2.75183
C -5.06991 5.71389 -1.67725
H -5.85390 6.36298 -1.22867
H -5.56257 4.79110 -2.05974
H -2.11669 -5.69982 1.56233
H -5.90585 1.40527 2.26775
H 1.43796 4.70482 3.59529
H 5.59637 -2.14045 2.51037
H 0.63586 -4.37679 -5.75709
H -4.60759 0.62874 -5.49572
H 0.14795 5.86632 -4.08343
H 5.82314 1.22998 -4.45873
C 0.07945 -0.25220 2.21739
C 1.18104 0.32758 3.01533
C -1.30575 -0.17995 2.73778
C 2.48731 0.41816 2.46747
C 1.02933 0.74391 4.35592
C -2.19810 -1.26709 2.63805
C -1.80169 1.02900 3.28000
C 3.54977 0.91897 3.19599
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H 2.66104 0.06978 1.46102
C 2.08761 1.26142 5.09903
H 0.06181 0.66631 4.83874
C -3.47354 -1.20860 3.17859
H -1.87585 -2.17144 2.13944
C -3.07641 1.10006 3.82692
H -1.17758 1.91489 3.26991
C 3.36264 1.35203 4.51957
H 4.54017 0.98954 2.75741
H 1.91367 1.57755 6.12123
C -3.88736 -0.03481 3.80708
H -4.13961 -2.06093 3.14700
H -3.44570 2.01359 4.27690
H 1.88183 -5.11936 2.08405
C 1.16340 -4.37626 1.71616
Si 0.88865 -3.07783 3.04159
H 0.24266 -4.90177 1.45409
H 1.54947 -3.92876 0.79875
C -0.39599 -3.59113 4.31017
C 2.47835 -2.57831 3.90912
H 0.36423 -1.70107 2.30510
C -0.73721 -2.75192 5.39027
C -1.01840 -4.85124 4.24059
H 3.13680 -1.99279 3.26711
H 2.28595 -1.98781 4.80937
H 3.00527 -3.49378 4.20934
C -1.67551 -3.14495 6.34307
H -0.26854 -1.77591 5.48843
C -1.95563 -5.25192 5.19438
H -0.75441 -5.54151 3.44524
H -1.92918 -2.47739 7.16214
C -2.29244 -4.39490 6.24284
H -2.42111 -6.23095 5.11783
H -3.02826 -4.69977 6.98198
H -4.66604 0.72886 0.23208
H 0.82375 4.33286 1.22723
H 4.86279 -0.90462 0.49233
N -5.19554 0.00460 4.46060
O -5.51096 1.03868 5.05450
O -5.90661 -0.99985 4.38685
O 4.46385 1.82848 5.14904
C 4.33757 2.30928 6.48119
H 3.62052 3.13739 6.54143
H 4.02960 1.51080 7.16791
H 5.32911 2.66679 6.76266

TS-5
Rh -0.08704 -0.00003 0.07542
Rh 0.09650 0.24826 -2.55745
P 2.75820 0.75548 -1.01158
P 0.66365 -2.63782 -1.40650
P -2.73594 -0.48181 -1.53479
P -0.47957 2.89426 -1.11790
O 1.85751 0.74240 0.22659
O 2.12420 0.73113 -2.39269
O 3.71131 2.09086 -1.01523
O 3.78531 -0.51443 -0.79274
O 0.66758 -1.96046 -0.02951
O 0.58140 -1.79358 -2.66146
O 2.01018 -3.55462 -1.62299
O -0.56165 -3.73465 -1.29244
O -1.99728 -0.86294 -0.24357
O -1.93958 -0.20431 -2.79319
O -3.66574 0.79094 -1.05692
O -3.78867 -1.66168 -1.98659
O -0.76554 1.98211 0.08370
O -0.43401 2.28103 -2.50688
O -1.62834 4.07030 -1.20429
O 0.91504 3.67109 -0.73879
C 6.53724 1.01550 -0.74895
C 5.66172 1.67106 0.27321
C 4.39152 2.25335 0.11857
C 3.84756 2.93454 1.15546
C 4.51623 3.02148 2.39168
C 5.73451 2.35347 2.58031
H 6.23870 2.37477 3.53663
C 6.27543 1.65334 1.50403
C 7.50184 0.81880 1.50806
H 7.46657 0.06509 2.32402
H 8.39917 1.46570 1.61200
C 7.46551 0.13833 0.12780
H 8.48736 0.02703 -0.29699
H 7.02583 -0.87829 0.24391
C 5.87000 0.23444 -1.83675
C 4.67512 -0.63536 -1.77918
C 4.36730 -1.38658 -2.92545
H 3.49178 -2.01668 -2.94212
C 5.13348 -1.25378 -4.09480
C 6.19526 -0.34012 -4.16003
H 6.74549 -0.21096 -5.08318
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C 6.52986 0.40572 -3.02916
C 7.59218 1.43648 -2.93824
H 7.47403 2.20086 -3.73626
H 8.59164 0.95543 -3.00466
C 7.36759 2.05340 -1.54818
H 8.33333 2.30884 -1.05903
H 6.78484 2.99472 -1.66958
C 0.88932 -6.40193 -1.52753
C 1.65460 -5.62291 -0.49684
C 2.26482 -4.36137 -0.59545
C 3.05861 -3.91055 0.47606
C 3.17321 -4.67908 1.64540
C 2.46865 -5.88460 1.76679
H 2.50218 -6.44935 2.68946
C 1.69923 -6.32537 0.68795
C 0.80041 -7.50624 0.66998
H 1.40262 -8.43988 0.66291
H 0.11003 -7.49323 1.54086
C 0.02346 -7.33650 -0.64749
H -0.95199 -6.84712 -0.42458
H -0.18223 -8.31856 -1.12738
C 0.06985 -5.65592 -2.54193
C -0.68041 -4.47829 -2.38998
C -1.44906 -4.02107 -3.47729
H -2.03409 -3.11648 -3.38586
C -1.41918 -4.70377 -4.70341
C -0.59786 -5.82721 -4.86242
H -0.53390 -6.32937 -5.81911
C 0.15020 -6.27403 -3.77149
C 1.13110 -7.38553 -3.77893
H 1.85284 -7.27440 -4.61672
H 0.59865 -8.35816 -3.85006
C 1.83930 -7.24033 -2.42302
H 2.79460 -6.69004 -2.58147
H 2.08492 -8.23431 -1.98837
C -6.46858 -0.30807 -1.23701
C -5.75946 0.64392 -2.15212
C -4.48815 1.21453 -2.01252
C -4.05557 2.14782 -2.97359
H -3.08023 2.60319 -2.88958
C -4.86962 2.46007 -4.07415
C -6.10513 1.82040 -4.23817
H -6.71720 2.02261 -5.10766
C -6.52075 0.90319 -3.27097
C -7.74624 0.07193 -3.32021

H -7.83332 -0.45204 -4.29648
H -8.63999 0.70630 -3.13757
C -7.53707 -0.93230 -2.17606
H -8.49583 -1.15669 -1.65869
H -7.15277 -1.88362 -2.60944
C -5.66977 -1.37192 -0.53894
C -4.55250 -2.10328 -0.98836
C -4.17362 -3.26968 -0.29474
H -3.34558 -3.86313 -0.66041
C -4.80264 -3.63905 0.83644
C -5.87049 -2.78275 1.40211
H -6.33414 -3.02190 2.35002
C -6.24632 -1.65532 0.67765
C -7.27156 -0.65175 1.06025
H -7.04493 -0.21295 2.05594
H -8.27887 -1.12065 1.06000
C -7.15561 0.40879 -0.04973
H -6.50968 1.23946 0.31452
H -8.14973 0.83149 -0.31450
C -0.06230 6.59660 -0.41584
C -0.99482 5.73893 0.38431
C -1.82519 4.68592 -0.03755
C -2.76669 4.18387 0.87706
C -2.78475 4.66961 2.19592
C -1.84280 5.62717 2.60601
H -1.81896 5.95819 3.63652
C -0.97492 6.12443 1.70962
C 0.10690 7.10533 1.98519
H -0.33286 8.10152 2.20680
H 0.74804 6.76664 2.82761
C 0.90308 7.13401 0.66830
H 1.77817 6.45204 0.76666
H 1.28341 8.15497 0.44475
C 0.65591 5.95490 -1.55978
C 1.24934 4.60224 -1.63264
C 1.96445 4.26824 -2.79860
H 2.40323 3.28793 -2.90506
C 2.05935 5.14303 -3.82009
C 1.42188 6.39408 -3.76311
H 1.47240 7.06836 -4.60846
C 0.71265 6.75472 -2.61260
C -0.05250 8.01154 -2.42220
H -0.75985 8.17831 -3.26317
H 0.64709 8.86955 -2.32547
C -0.80890 7.76379 -1.10994
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H -0.85469 8.68585 -0.48958
H -1.85258 7.46132 -1.35420
H -4.49059 -4.53059 1.36467
H -3.49734 4.27677 2.90848
H 4.06916 3.57011 3.21028
H 3.76768 -4.31548 2.47351
H -2.00149 -4.33812 -5.53912
H -4.52607 3.16925 -4.81595
H 2.60036 4.86320 -4.71504
H 4.86781 -1.82594 -4.97422
C -0.27752 -0.01068 2.21397
C 1.00856 0.09462 2.92272
C -1.48800 0.59113 2.87812
C 2.03478 -0.85140 2.67922
C 1.31780 1.16189 3.78962
C -2.62087 0.95183 2.12233
C -1.58564 0.69189 4.28643
C 3.24679 -0.79261 3.33758
H 1.85012 -1.63835 1.95761
C 2.54258 1.24074 4.45093
H 0.60332 1.96385 3.93656
C -3.78981 1.39807 2.73217
H -2.59727 0.87048 1.04981
C -2.73763 1.16046 4.90968
H -0.75816 0.36893 4.90652
C 3.50267 0.24081 4.25724
H 4.01878 -1.53538 3.16277
H 2.73390 2.08133 5.10802
C -3.83082 1.50830 4.11827
H -4.65954 1.66073 2.14295
H -2.80741 1.24223 5.98756
H -3.64328 -3.23535 3.55503
C -3.06431 -2.31625 3.40095
Si -1.26285 -2.75080 3.09298
H -3.21100 -1.67196 4.27076
H -3.46926 -1.78948 2.53256
C -0.29951 -3.00751 4.68414
C -1.05206 -4.17830 1.89989
H -0.62538 -1.44086 2.36999
C 0.92903 -3.69634 4.67244
C -0.77455 -2.54438 5.92736
H -1.40617 -3.91920 0.90096
H 0.00123 -4.44668 1.80456
H -1.59866 -5.05708 2.26571
C 1.65353 -3.91356 5.84340

H 1.32402 -4.07388 3.73512
C -0.05498 -2.75985 7.10357
H -1.72281 -2.01709 5.98435
H 2.59834 -4.44917 5.80457
C 1.16241 -3.44289 7.06304
H -0.44591 -2.39859 8.05120
H 1.72362 -3.61140 7.97839
H -3.44421 3.39410 0.58003
H 2.87729 3.40173 1.04905
H 3.55145 -2.94894 0.41942
N -5.06248 1.98551 4.76639
O -6.01991 2.25740 4.04308
O -5.06074 2.08294 5.99394
O 4.70466 0.19078 4.89025
C 4.94669 1.10463 5.95097
H 4.20191 0.99134 6.74910
H 5.93727 0.85826 6.33678
H 4.94361 2.14576 5.60500

TS-6
Rh 0.05318 -0.03205 0.10444
Rh 0.11685 0.43177 -2.50883
P 2.16605 2.08078 -0.89549
P 1.96465 -1.89070 -1.54920
P -2.06871 -1.54597 -1.57895
P -1.81480 2.28689 -0.90090
O 1.34213 1.58244 0.29317
O 1.62315 1.89538 -2.29933
O 2.44730 3.68505 -0.72008
O 3.63973 1.35971 -0.69441
O 1.67515 -1.35274 -0.13944
O 1.54918 -1.08410 -2.76084
O 3.57668 -2.12953 -1.76361
O 1.30825 -3.40100 -1.50734
O -1.29714 -1.60384 -0.25060
O -1.35208 -1.03695 -2.81763
O -3.42598 -0.69135 -1.25044
O -2.60121 -3.05465 -1.97664
O -1.54570 1.31706 0.25468
O -1.27898 1.96175 -2.28677
O -3.42663 2.48110 -1.15041
O -1.26387 3.73874 -0.35337
C 5.42507 3.94181 -0.31206
C 4.31909 4.02840 0.69330
C 2.93047 3.99176 0.48410
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C 2.09812 4.16146 1.54092
C 2.60799 4.31622 2.84448
C 3.99096 4.26358 3.06896
H 4.39207 4.32727 4.07205
C 4.83157 4.09612 1.96870
C 6.30304 3.91066 1.99068
H 6.59818 3.12558 2.71756
H 6.80090 4.87348 2.23459
C 6.62230 3.47032 0.55155
H 7.59628 3.88310 0.20815
H 6.69104 2.35887 0.52869
C 5.20479 3.06435 -1.50563
C 4.53677 1.74645 -1.60267
C 4.66155 1.04618 -2.81296
H 4.17679 0.08919 -2.93756
C 5.33025 1.62220 -3.90558
C 5.85507 2.92079 -3.82652
H 6.32669 3.37005 -4.69101
C 5.76346 3.62737 -2.62643
C 6.24847 5.00712 -2.37687
H 5.82582 5.71734 -3.11979
H 7.35905 5.02793 -2.40662
C 5.72892 5.31550 -0.96252
H 6.46335 5.91808 -0.38411
H 4.79120 5.90960 -1.05192
C 3.74689 -5.19176 -1.81422
C 4.09093 -4.21399 -0.72807
C 4.14129 -2.81048 -0.76884
C 4.69069 -2.12394 0.32952
C 5.10335 -2.82979 1.47083
C 4.93087 -4.21900 1.54014
H 5.19536 -4.76119 2.43865
C 4.41002 -4.88775 0.43075
C 4.11738 -6.33951 0.33062
H 5.06781 -6.91409 0.29862
H 3.48651 -6.68221 1.17812
C 3.35838 -6.45245 -1.00268
H 2.26492 -6.44264 -0.79079
H 3.60144 -7.40143 -1.52941
C 2.69502 -4.81681 -2.81705
C 1.51494 -4.07949 -2.63360
C 0.62093 -3.95530 -3.71374
H -0.30064 -3.40293 -3.59508
C 0.94176 -4.50462 -4.96550
C 2.16853 -5.15451 -5.15462

H 2.44252 -5.53765 -6.12912
C 3.03560 -5.28412 -4.06793
C 4.39950 -5.86508 -4.09723
H 5.00695 -5.41476 -4.91169
H 4.33755 -6.96750 -4.22152
C 4.97023 -5.49464 -2.71879
H 5.59524 -4.57954 -2.82970
H 5.61804 -6.30588 -2.31946
C -5.62368 -2.73195 -1.33339
C -5.28100 -1.67701 -2.33860
C -4.28995 -0.69078 -2.26475
C -4.15461 0.20980 -3.34085
H -3.39412 0.97448 -3.32344
C -4.98048 0.09578 -4.47039
C -5.91960 -0.93957 -4.55259
H -6.52408 -1.06350 -5.44188
C -6.03744 -1.82566 -3.48074
C -6.88461 -3.04027 -3.43852
H -6.74692 -3.65449 -4.35454
H -7.95111 -2.75228 -3.31928
C -6.36984 -3.78543 -2.19749
H -7.20283 -4.28453 -1.65507
H -5.65967 -4.57553 -2.53194
C -4.50525 -3.36135 -0.55246
C -3.18841 -3.67603 -0.95198
C -2.42464 -4.54663 -0.15075
H -1.43373 -4.83695 -0.47672
C -2.89242 -4.99230 1.03024
C -4.19922 -4.51879 1.53686
H -4.55560 -4.80659 2.51722
C -4.95683 -3.70340 0.70193
C -6.29037 -3.12094 0.99853
H -6.27114 -2.53610 1.94282
H -7.05069 -3.92903 1.05715
C -6.55011 -2.20603 -0.21097
H -6.26283 -1.16510 0.06035
H -7.62442 -2.20621 -0.49885
C -3.89785 5.42327 -0.46986
C -4.20605 4.18827 0.31805
C -4.09677 2.84084 -0.05810
C -4.68480 1.87304 0.77370
C -5.29382 2.26974 1.97503
C -5.25243 3.61552 2.37616
H -5.66900 3.91182 3.33027
C -4.70223 4.52873 1.55962
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C -4.55861 5.98227 1.83278
H -5.55905 6.46593 1.84493
H -4.02968 6.15745 2.79443
C -3.71834 6.48340 0.64399
H -2.64999 6.52664 0.95524
H -4.02879 7.50358 0.32783
C -2.73940 5.37648 -1.41576
C -1.42312 4.72162 -1.24058
C -0.44476 4.96194 -2.22295
H 0.52586 4.49814 -2.14293
C -0.72920 5.70739 -3.30961
C -2.01528 6.23814 -3.50599
H -2.24074 6.79723 -4.40507
C -3.00046 6.03493 -2.53414
C -4.40755 6.49980 -2.61300
H -4.88214 6.17362 -3.56360
H -4.44676 7.60623 -2.51694
C -5.06666 5.81625 -1.40737
H -5.81361 6.48262 -0.92239
H -5.59683 4.90338 -1.76246
H -2.30160 -5.67229 1.62527
H -5.77029 1.53234 2.60452
H 1.92968 4.43018 3.67997
H 5.51188 -2.29345 2.31747
H 0.25690 -4.39204 -5.79584
H -4.86448 0.78597 -5.29588
H 0.03039 5.86257 -4.06518
H 5.39700 1.07629 -4.83770
C 0.06752 -0.24857 2.22718
C 1.25966 0.26246 2.98960
C -1.27038 -0.11473 2.83717
C 2.53064 0.28106 2.37175
C 1.19415 0.65365 4.34605
C -2.24973 -1.12168 2.67451
C -1.66251 1.04593 3.53492
C 3.66817 0.69820 3.05419
H 2.62730 -0.05598 1.35178
C 2.31953 1.08873 5.03914
H 0.25403 0.60431 4.88042
C -3.48300 -1.04065 3.29393
H -2.01613 -1.98623 2.06578
C -2.91167 1.14910 4.14706
H -0.99506 1.89936 3.57789
C 3.54682 1.10157 4.38192
H 4.63723 0.71087 2.57033

H 2.26417 1.39196 6.07740
C -3.81011 0.07761 4.07773
H -4.20472 -1.84620 3.21265
H -3.16743 2.06215 4.67286
H 1.71873 -5.18285 2.03648
C 1.03080 -4.40086 1.69208
Si 0.81402 -3.12283 3.04775
H 0.08662 -4.87747 1.42004
H 1.43104 -3.94528 0.78495
C -0.49090 -3.60821 4.30679
C 2.43037 -2.72745 3.92426
H 0.33219 -1.72323 2.34653
C -0.83449 -2.75835 5.37697
C -1.11926 -4.86572 4.24375
H 3.13474 -2.19696 3.28212
H 2.27412 -2.12089 4.82097
H 2.89216 -3.67394 4.23492
C -1.77950 -3.13910 6.32803
H -0.36343 -1.78316 5.46864
C -2.06320 -5.25441 5.19580
H -0.85423 -5.56325 3.45483
H -2.03331 -2.46336 7.14035
C -2.40095 -4.38721 6.23562
H -2.53211 -6.23233 5.12534
H -3.14000 -4.68394 6.97510
H -4.65849 0.82618 0.50510
H 1.02533 4.13744 1.39414
H 4.76126 -1.04401 0.31400
O -5.01440 0.03003 4.71086
C -5.34659 1.07676 5.61034
H -5.44363 2.04216 5.09818
H -6.31042 0.80400 6.04359
H -4.59917 1.16978 6.40914
N 4.74653 1.51837 5.12416
O 4.58713 1.98146 6.25363
O 5.83695 1.37152 4.57384

TS-3’
Rh -0.01177 -0.01845 0.04102
Rh 0.25913 0.31092 -2.56924
P 2.57305 1.51971 -0.83669
P 1.50622 -2.33098 -1.42282
P -2.33502 -1.14918 -1.73464
P -1.13623 2.66332 -1.16057
O 1.61718 1.24912 0.33096
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O 2.07647 1.30664 -2.25738
O 3.09429 3.07434 -0.80359
O 3.89237 0.59584 -0.50010
O 1.26206 -1.68956 -0.05010
O 1.27683 -1.51560 -2.67925
O 3.05301 -2.86131 -1.56451
O 0.60213 -3.70824 -1.38052
O -1.59538 -1.34906 -0.40225
O -1.55583 -0.67663 -2.94531
O -3.57236 -0.14615 -1.32060
O -3.04416 -2.54801 -2.22887
O -1.22337 1.68551 0.02098
O -0.81750 2.11234 -2.53915
O -2.56920 3.45438 -1.32438
O -0.05845 3.80699 -0.69468
C 6.07406 2.84634 -0.23469
C 4.94949 3.23230 0.67491
C 3.59154 3.44176 0.37697
C 2.78571 3.97902 1.32368
C 3.27788 4.27336 2.60933
C 4.60161 3.95660 2.94499
H 4.97539 4.12661 3.94624
C 5.41712 3.40593 1.95727
C 6.81902 2.94393 2.10936
H 6.91015 2.21768 2.94532
H 7.48857 3.81515 2.27412
C 7.11244 2.26724 0.75775
H 8.16335 2.43928 0.43678
H 6.95822 1.16980 0.86794
C 5.76893 1.91017 -1.36106
C 4.86881 0.73810 -1.39679
C 4.89994 -0.06734 -2.54665
H 4.24444 -0.92037 -2.62851
C 5.70986 0.27915 -3.64024
C 6.47365 1.45520 -3.62625
H 7.05497 1.73629 -4.49498
C 6.47085 2.26250 -2.48791
C 7.18747 3.54986 -2.32148
H 6.94108 4.25174 -3.14717
H 8.28298 3.36918 -2.27782
C 6.66059 4.07615 -0.97671
H 7.46276 4.59006 -0.40262
H 5.85514 4.81819 -1.17947
C 2.70411 -5.90381 -1.59731
C 3.18513 -4.99174 -0.50593

C 3.44794 -3.61190 -0.53872
C 4.04196 -3.01157 0.58732
C 4.29962 -3.76952 1.74104
C 3.93682 -5.12211 1.78976
H 4.08020 -5.69662 2.69583
C 3.35864 -5.70444 0.66059
C 2.80925 -7.07944 0.56203
H 3.63821 -7.81919 0.56428
H 2.10033 -7.28453 1.39311
C 2.07817 -7.06883 -0.79161
H 0.99822 -6.86455 -0.61077
H 2.16425 -8.05044 -1.30748
C 1.76256 -5.36242 -2.63447
C 0.72360 -4.42758 -2.49453
C -0.09321 -4.15445 -3.60838
H -0.89883 -3.43860 -3.52774
C 0.16655 -4.76490 -4.84547
C 1.26222 -5.62569 -4.98811
H 1.49686 -6.06071 -5.95104
C 2.05563 -5.89557 -3.87157
C 3.29662 -6.70667 -3.85432
H 3.99774 -6.37950 -4.65214
H 3.04595 -7.78260 -3.97330
C 3.88198 -6.42551 -2.46159
H 4.65992 -5.63442 -2.55883
H 4.36656 -7.33246 -2.03744
C -6.00521 -1.90375 -1.58833
C -5.51891 -0.81169 -2.49209
C -4.43028 0.05201 -2.31795
C -4.19729 1.04998 -3.28346
H -3.36458 1.72815 -3.17631
C -5.01941 1.14443 -4.41762
C -6.05784 0.22454 -4.61128
H -6.66646 0.26350 -5.50551
C -6.27689 -0.75559 -3.64148
C -7.26117 -1.86013 -3.71898
H -7.18222 -2.39675 -4.68907
H -8.28830 -1.46078 -3.57728
C -6.85703 -2.77482 -2.55246
H -7.75131 -3.22051 -2.06377
H -6.23947 -3.60842 -2.95775
C -4.99333 -2.73709 -0.85477
C -3.71581 -3.17160 -1.26116
C -3.08580 -4.20751 -0.54362
H -2.12644 -4.58072 -0.87816
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C -3.64015 -4.71464 0.57335
C -4.90363 -4.14564 1.09591
H -5.32422 -4.48715 2.03248
C -5.52185 -3.14895 0.34678
C -6.77334 -2.42575 0.68679
H -6.69354 -1.94181 1.68419
H -7.63465 -3.12714 0.66074
C -6.88448 -1.37258 -0.43085
H -6.47321 -0.40782 -0.05659
H -7.94264 -1.20697 -0.73067
C -1.85581 6.32268 -0.47698
C -2.54623 5.22732 0.27791
C -3.00346 3.97766 -0.17675
C -3.80547 3.21536 0.69030
C -4.04580 3.67095 1.99799
C -3.45555 4.86294 2.44778
H -3.59244 5.18293 3.47296
C -2.72051 5.59690 1.59655
C -1.99340 6.85131 1.92190
H -2.71889 7.67372 2.10136
H -1.33477 6.71325 2.80657
C -1.16039 7.11660 0.65549
H -0.13160 6.72164 0.81742
H -1.08306 8.20495 0.43986
C -0.90883 5.92236 -1.56274
C 0.05458 4.80063 -1.57656
C 0.90651 4.68940 -2.69219
H 1.61307 3.87581 -2.75718
C 0.80900 5.55672 -3.71976
C -0.16506 6.56966 -3.72177
H -0.25901 7.23104 -4.57351
C -1.01990 6.70634 -2.62297
C -2.12911 7.68423 -2.50127
H -2.79812 7.63976 -3.38771
H -1.71800 8.70881 -2.37417
C -2.86411 7.22199 -1.23558
H -3.21778 8.08830 -0.63430
H -3.75538 6.62770 -1.54028
H -3.13597 -5.49985 1.12146
H -4.65232 3.08397 2.67362
H 2.61958 4.70095 3.35423
H 4.73919 -3.29813 2.61019
H -0.45661 -4.53806 -5.70066
H -4.82804 1.90708 -5.16124
H 1.46224 5.44666 -4.57596

H 5.70485 -0.34290 -4.52588
C -0.27745 -0.12408 2.13636
C 0.94650 0.21825 2.89157
C -1.59682 0.13243 2.77201
C 2.11242 -0.56479 2.76105
C 1.02552 1.39430 3.66842
C -2.77411 0.13237 1.99403
C -1.74200 0.27547 4.17278
C 3.27812 -0.24062 3.43327
H 2.08666 -1.42550 2.10557
C 2.19336 1.72802 4.34569
H 0.17346 2.06194 3.72760
C -4.02744 0.26330 2.58274
H -2.70653 0.01376 0.92598
C -2.99318 0.42893 4.76116
H -0.86782 0.24015 4.81199
C 3.32481 0.90345 4.25028
H 4.16160 -0.86139 3.33039
H 2.23258 2.62586 4.95416
C -4.14264 0.41788 3.96511
H -4.91552 0.25655 1.95952
H -3.07985 0.54776 5.83625
H -2.76724 -4.15350 3.45881
C -2.41071 -3.12580 3.31732
Si -0.55868 -3.13194 2.98773
H -2.68417 -2.54895 4.20461
H -2.94306 -2.68641 2.46951
C 0.43588 -3.18711 4.58267
C -0.03387 -4.46169 1.77211
H -0.26111 -1.73316 2.30293
C 1.72238 -3.75829 4.60934
C -0.06746 -2.66575 5.79141
H -0.35438 -4.21477 0.75836
H 1.05327 -4.56345 1.74219
H -0.45674 -5.43220 2.06033
C 2.47816 -3.80329 5.78041
H 2.13731 -4.18511 3.70265
C 0.68309 -2.70629 6.96705
H -1.06181 -2.22867 5.82150
H 3.46764 -4.25269 5.77040
C 1.95982 -3.27255 6.96324
H 0.27112 -2.30004 7.88712
H 2.54558 -3.30323 7.87796
H -4.19905 2.26005 0.36805
H 1.74300 4.16615 1.10836
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H 4.26687 -1.95285 0.58237
C -5.50617 0.49566 4.59976
F -5.99731 -0.74003 4.85337
F -5.47832 1.15949 5.77526
F -6.39806 1.11666 3.79937
C 4.51950 1.22255 4.97291
N 5.49142 1.47819 5.55988

TS-4’
Rh -0.01585 -0.02240 0.06489
Rh -0.10705 0.47340 -2.53354
P 2.16631 1.94855 -1.05833
P 1.64910 -1.97676 -1.73344
P -2.35549 -1.36258 -1.47039
P -1.78048 2.44167 -0.78131
O 1.39560 1.49200 0.18295
O 1.50866 1.82401 -2.41928
O 2.57400 3.52523 -0.88876
O 3.59449 1.12149 -0.97877
O 1.49440 -1.43795 -0.30245
O 1.19769 -1.13080 -2.90560
O 3.22326 -2.30747 -2.06477
O 0.90609 -3.44503 -1.66003
O -1.49048 -1.49168 -0.20558
O -1.69893 -0.87630 -2.75087
O -3.62504 -0.43171 -1.02318
O -3.00682 -2.82676 -1.85044
O -1.50175 1.43426 0.34160
O -1.37665 2.08944 -2.20465
O -3.38481 2.76330 -0.90744
O -1.07061 3.83340 -0.26638
C 5.58671 3.56031 -0.70932
C 4.56918 3.70887 0.37864
C 3.16974 3.77857 0.27660
C 2.43548 3.99792 1.39496
C 3.05375 4.10211 2.65590
C 4.44209 3.94531 2.77271
H 4.92363 3.97676 3.74071
C 5.18103 3.72404 1.61094
C 6.63247 3.43196 1.51869
H 6.92264 2.61538 2.21245
H 7.21693 4.35197 1.73408
C 6.80930 2.99245 0.05489
H 7.78130 3.34106 -0.35818
H 6.79670 1.87943 0.01544

C 5.21445 2.71984 -1.89157
C 4.44363 1.45701 -1.95160
C 4.41700 0.77454 -3.17849
H 3.85146 -0.13972 -3.27814
C 5.03794 1.32072 -4.31371
C 5.66434 2.57455 -4.25953
H 6.09676 3.00528 -5.15346
C 5.72227 3.26199 -3.04646
C 6.32311 4.59935 -2.81999
H 5.89659 5.35020 -3.51949
H 7.42669 4.54190 -2.93620
C 5.93742 4.91981 -1.36625
H 6.75543 5.45945 -0.84021
H 5.04069 5.58018 -1.37579
C 3.20009 -5.36993 -2.20322
C 3.68342 -4.44757 -1.12184
C 3.81231 -3.04863 -1.12915
C 4.48346 -2.42809 -0.05954
C 4.94498 -3.19172 1.02452
C 4.69882 -4.57074 1.06993
H 5.00251 -5.15494 1.92884
C 4.05335 -5.17411 -0.01098
C 3.67210 -6.60382 -0.12678
H 4.58312 -7.22792 -0.24954
H 3.09046 -6.93779 0.75862
C 2.80678 -6.63349 -1.39824
H 1.73534 -6.57261 -1.10003
H 2.95519 -7.57680 -1.96854
C 2.09423 -4.90805 -3.10692
C 0.97751 -4.11093 -2.81052
C 0.00719 -3.90929 -3.81026
H -0.86770 -3.30881 -3.60451
C 0.19348 -4.44167 -5.09608
C 1.36226 -5.15173 -5.40048
H 1.53460 -5.52187 -6.40289
C 2.30568 -5.35815 -4.39216
C 3.62870 -6.00956 -4.54751
H 4.19232 -5.56892 -5.39799
H 3.49628 -7.10314 -4.69286
C 4.32838 -5.70922 -3.21208
H 4.99057 -4.82465 -3.35130
H 4.96164 -6.56404 -2.88733
C -5.94546 -2.33572 -0.96872
C -5.61631 -1.28071 -1.97879
C -4.56385 -0.35717 -1.96557
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C -4.45675 0.55748 -3.03282
H -3.65054 1.27350 -3.06221
C -5.37351 0.51945 -4.09529
C -6.37880 -0.45484 -4.12138
H -7.05760 -0.52127 -4.96184
C -6.46737 -1.35675 -3.05996
C -7.38338 -2.51773 -2.97283
H -7.35635 -3.11808 -3.90781
H -8.41713 -2.16777 -2.76435
C -6.82156 -3.32125 -1.79023
H -7.63959 -3.78085 -1.19291
H -6.19076 -4.14554 -2.19419
C -4.81283 -3.05195 -0.28997
C -3.55229 -3.43576 -0.79584
C -2.78730 -4.37352 -0.07547
H -1.84283 -4.71358 -0.48146
C -3.19426 -4.82457 1.12584
C -4.42828 -4.28810 1.74042
H -4.72862 -4.58178 2.73767
C -5.19084 -3.40150 0.98645
C -6.45688 -2.74326 1.39858
H -6.32728 -2.18636 2.35114
H -7.26211 -3.50231 1.49832
C -6.74678 -1.78112 0.23318
H -6.37070 -0.76857 0.50367
H -7.83749 -1.70444 0.02953
C -3.55109 5.73095 -0.16473
C -3.90336 4.51226 0.63009
C -3.94543 3.16710 0.23069
C -4.57325 2.24499 1.08467
C -5.06376 2.67516 2.32846
C -4.86528 4.00177 2.74499
H -5.18969 4.31650 3.72870
C -4.28393 4.87438 1.90608
C -3.99232 6.30455 2.18540
H -4.94230 6.87404 2.27603
H -3.38259 6.41493 3.10804
C -3.19840 6.75154 0.94437
H -2.11076 6.69549 1.17686
H -3.43955 7.80026 0.66306
C -2.47689 5.60461 -1.19768
C -1.21245 4.83849 -1.13157
C -0.29658 5.00927 -2.18638
H 0.63322 4.46304 -2.18824
C -0.59869 5.79395 -3.24017

C -1.84501 6.43637 -3.32947
H -2.09029 7.02746 -4.20253
C -2.76583 6.30161 -2.28543
C -4.12976 6.88488 -2.24956
H -4.70186 6.61681 -3.16394
H -4.06678 7.98878 -2.13828
C -4.75045 6.23792 -1.00419
H -5.39855 6.95610 -0.45520
H -5.38237 5.37957 -1.32736
H -2.60489 -5.55570 1.65830
H -5.56820 1.97632 2.97914
H 2.45210 4.26035 3.54140
H 5.44965 -2.70601 1.84964
H -0.54869 -4.26881 -5.86450
H -5.27944 1.21991 -4.91488
H 0.11045 5.89559 -4.05181
H 4.98724 0.79066 -5.25594
C 0.11036 -0.30340 2.15772
C 1.33734 0.11872 2.89022
C -1.20063 -0.15770 2.83075
C 2.58887 0.11160 2.23602
C 1.32326 0.46477 4.26186
C -2.17497 -1.17376 2.78843
C -1.54187 1.05235 3.47679
C 3.76004 0.45028 2.90977
H 2.64139 -0.18613 1.19996
C 2.48901 0.80816 4.93530
H 0.39130 0.45488 4.81347
C -3.37298 -1.05246 3.47507
H -1.97502 -2.07334 2.22249
C -2.74491 1.18565 4.15857
H -0.85839 1.89296 3.43802
C 3.71461 0.79472 4.26133
H 4.70744 0.43857 2.38157
H 2.45227 1.07162 5.98789
C -3.65596 0.11665 4.20001
H -4.08455 -1.87032 3.47933
H -2.97835 2.11278 4.67263
H 1.46023 -5.38126 1.80198
C 0.80534 -4.55096 1.51045
Si 0.77471 -3.27409 2.88438
H -0.18524 -4.96138 1.30187
H 1.17147 -4.11581 0.57894
C -0.43465 -3.70757 4.25499
C 2.48002 -2.96118 3.61189
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H 0.31167 -1.86218 2.24791
C -0.60186 -2.86897 5.37560
C -1.17632 -4.90282 4.21852
H 3.13426 -2.42906 2.92028
H 2.43226 -2.37961 4.53711
H 2.93907 -3.93051 3.84613
C -1.48800 -3.19754 6.40018
H -0.03518 -1.94427 5.45107
C -2.06250 -5.23943 5.24344
H -1.04685 -5.59445 3.39144
H -1.60585 -2.53124 7.25043
C -2.22636 -4.38203 6.33227
H -2.62225 -6.16950 5.19128
H -2.92087 -4.63696 7.12815
H -4.66607 1.20590 0.79988
H 1.35590 4.05594 1.33064
H 4.61433 -1.35366 -0.05103
C 4.97047 1.07741 5.04249
F 4.84807 2.19527 5.79213
F 5.24545 0.06465 5.89793
F 6.04757 1.23209 4.24769
C -4.85540 0.20776 4.97718
N -5.82730 0.27592 5.61392

TS-5’
Rh -0.20388 0.06083 0.09410
Rh -0.29593 0.50186 -2.51130
P 2.59458 0.36663 -1.29895
P -0.20981 -2.51843 -1.66653
P -3.07766 0.25665 -1.16141
P -0.15503 3.07080 -0.83851
O 1.85415 0.37925 0.04206
O 1.79765 0.54131 -2.58067
O 3.72182 1.55397 -1.34606
O 3.43372 -1.05104 -1.28751
O 0.10212 -1.98432 -0.26093
O -0.24577 -1.56362 -2.84312
O 0.86891 -3.67044 -2.11703
O -1.62565 -3.33673 -1.46408
O -2.27758 -0.36438 -0.00637
O -2.39635 0.48333 -2.49529
O -3.67233 1.63543 -0.48585
O -4.38746 -0.66109 -1.54097
O -0.45615 2.12475 0.33517
O -0.41457 2.58068 -2.25283

O -1.04542 4.44520 -0.68150
O 1.40295 3.53111 -0.62350
C 6.36242 0.11609 -1.62129
C 5.76385 0.78172 -0.42288
C 4.57287 1.51837 -0.32245
C 4.28641 2.15610 0.83769
C 5.14264 2.04763 1.95033
C 6.27955 1.22951 1.88589
H 6.92004 1.10060 2.74822
C 6.55636 0.58064 0.68331
C 7.65699 -0.37748 0.41637
H 7.67146 -1.19148 1.17195
H 8.62974 0.15923 0.40358
C 7.30979 -0.92832 -0.97836
H 8.22628 -1.11359 -1.58061
H 6.77562 -1.89763 -0.85437
C 5.42340 -0.49647 -2.61269
C 4.16118 -1.23718 -2.39068
C 3.60859 -1.91210 -3.49063
H 2.68277 -2.45580 -3.38221
C 4.19145 -1.80171 -4.76384
C 5.31560 -0.98936 -4.97368
H 5.72595 -0.87512 -5.96873
C 5.90095 -0.33369 -3.88980
C 7.08102 0.56441 -3.93506
H 6.92619 1.38774 -4.66520
H 7.99029 -0.01962 -4.19362
C 7.16554 1.10936 -2.49943
H 8.22219 1.22439 -2.17174
H 6.68547 2.11397 -2.47315
C -0.83695 -6.21436 -2.07560
C 0.19137 -5.71629 -1.10132
C 1.05120 -4.60862 -1.19054
C 2.04070 -4.44178 -0.20347
C 2.11332 -5.32773 0.88361
C 1.17922 -6.36466 1.00987
H 1.19265 -7.01308 1.87640
C 0.21411 -6.52534 0.01388
C -0.91688 -7.48630 0.02934
H -0.53774 -8.51930 -0.12415
H -1.48504 -7.41646 0.98201
C -1.78145 -7.02992 -1.15880
H -2.59460 -6.37245 -0.77508
H -2.24998 -7.89562 -1.67661
C -1.58285 -5.21848 -2.91691
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C -2.03283 -3.93017 -2.58427
C -2.80125 -3.21903 -3.52566
H -3.15711 -2.22474 -3.29565
C -3.06357 -3.77089 -4.78939
C -2.53332 -5.02051 -5.13436
H -2.69133 -5.42960 -6.12389
C -1.78165 -5.71747 -4.18656
C -1.07521 -7.00282 -4.40248
H -0.44781 -6.96365 -5.31898
H -1.81212 -7.83167 -4.47011
C -0.20142 -7.14033 -3.14602
H 0.82616 -6.78720 -3.39073
H -0.13015 -8.20112 -2.81904
C -6.64074 1.11432 -0.37550
C -5.86281 1.98911 -1.31118
C -4.49564 2.29188 -1.29861
C -3.99611 3.20632 -2.24527
H -2.94645 3.45807 -2.25754
C -4.84974 3.76388 -3.21053
C -6.19860 3.38851 -3.25640
H -6.85165 3.77948 -4.02591
C -6.67775 2.48595 -2.30502
C -8.04220 1.91101 -2.25092
H -8.34120 1.50087 -3.23964
H -8.76495 2.68554 -1.91578
C -7.91051 0.78900 -1.20929
H -8.83072 0.70651 -0.58990
H -7.77427 -0.17633 -1.74789
C -5.99802 -0.13842 0.14871
C -5.10812 -1.02979 -0.48278
C -4.90421 -2.30563 0.07909
H -4.26257 -3.01542 -0.42674
C -5.46806 -2.64464 1.25350
C -6.27019 -1.65064 2.00295
H -6.66833 -1.87904 2.98280
C -6.48502 -0.41179 1.40620
C -7.24078 0.73207 1.97630
H -6.82519 1.03002 2.96308
H -8.31582 0.46700 2.06908
C -7.03414 1.84372 0.93156
H -6.19669 2.49756 1.26552
H -7.94468 2.47272 0.82039
C 1.09833 6.54545 0.01127
C 0.12628 5.81627 0.88882
C -0.95172 4.98512 0.53480

C -1.84517 4.59967 1.54883
C -1.58791 4.96653 2.88101
C -0.42334 5.68270 3.20141
H -0.19555 5.91406 4.23424
C 0.40126 6.07513 2.21669
C 1.68766 6.79966 2.38572
H 1.49456 7.83906 2.72813
H 2.35264 6.27081 3.10237
C 2.28951 6.78799 0.96938
H 3.01130 5.94281 0.89646
H 2.83754 7.73105 0.75209
C 1.51118 5.88168 -1.26318
C 1.79690 4.45138 -1.50429
C 2.25154 4.08659 -2.78642
H 2.45357 3.05185 -3.01802
C 2.38216 5.01233 -3.75778
C 2.03502 6.35469 -3.52942
H 2.10446 7.07768 -4.33205
C 1.58428 6.74446 -2.26388
C 1.12518 8.10368 -1.88597
H 0.35954 8.47808 -2.59939
H 1.99195 8.79790 -1.84455
C 0.51888 7.89173 -0.49206
H 0.74670 8.74668 0.18194
H -0.58783 7.81968 -0.59423
H -5.29094 -3.62398 1.67857
H -2.26535 4.66286 3.66737
H 4.90186 2.56588 2.86918
H 2.86324 -5.18206 1.64995
H -3.64281 -3.21191 -5.51269
H -4.45688 4.45714 -3.94280
H 2.71975 4.71121 -4.74130
H 3.73574 -2.30860 -5.60449
C -0.11342 -0.11471 2.19977
C 1.23965 -0.42430 2.70922
C -1.03563 0.64250 3.09186
C 1.89042 -1.61876 2.33552
C 1.96247 0.50295 3.48728
C -2.17925 1.28094 2.56698
C -0.86762 0.65687 4.49797
C 3.16543 -1.91315 2.78883
H 1.37499 -2.30258 1.67351
C 3.24782 0.20967 3.94062
H 1.52619 1.46638 3.72590
C -3.10186 1.90780 3.39600
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H -2.35323 1.27338 1.50430
C -1.77150 1.30138 5.33310
H -0.03197 0.13224 4.94535
C 3.84384 -1.00680 3.61331
H 3.64487 -2.84274 2.49952
H 3.78230 0.92678 4.55398
C -2.90096 1.93410 4.78477
H -3.97896 2.38185 2.96735
H -1.61993 1.30643 6.40784
H -3.97485 -2.64340 3.87136
C -3.21667 -1.88362 3.64506
Si -1.63657 -2.71205 3.05097
H -3.07132 -1.27454 4.54082
H -3.60477 -1.22483 2.86334
C -0.58642 -3.33661 4.47952
C -1.95049 -4.04424 1.76758
H -0.81160 -1.55498 2.34380
C 0.40296 -4.31687 4.26936
C -0.75729 -2.85767 5.79364
H -2.20031 -3.61176 0.79687
H -1.06477 -4.66816 1.62838
H -2.76992 -4.69599 2.09603
C 1.18798 -4.79766 5.31639
H 0.56025 -4.71672 3.27266
C 0.02411 -3.33541 6.84684
H -1.51619 -2.10906 6.00418
H 1.94340 -5.55497 5.12455
C 1.00034 -4.30514 6.60961
H -0.13144 -2.95438 7.85280
H 1.61010 -4.67698 7.42859
H -2.70297 3.98394 1.31158
H 3.38131 2.74197 0.92733
H 2.72358 -3.60342 -0.25639
C 5.18654 -1.39114 4.16767
F 5.82012 -0.35314 4.75398
F 6.00300 -1.87817 3.20562
F 5.07206 -2.36508 5.10266
C -3.84739 2.58980 5.63874
N -4.61705 3.12202 6.32993

TS-6’
Rh 0.18256 0.01034 0.05651
Rh 0.57603 0.49465 -2.51560
P 2.39582 2.12882 -0.62155
P 2.29658 -1.82976 -1.35765

P -1.70475 -1.49286 -1.89134
P -1.54404 2.33282 -1.14695
O 1.39570 1.64824 0.43317
O 2.05874 1.93970 -2.08713
O 2.67986 3.72897 -0.41207
O 3.80753 1.38257 -0.20047
O 1.83351 -1.29256 0.00541
O 2.02768 -1.01977 -2.60836
O 3.92295 -2.06279 -1.36735
O 1.64793 -3.34274 -1.40292
O -1.08571 -1.56781 -0.48513
O -0.85726 -0.95535 -3.03191
O -3.09745 -0.65362 -1.70309
O -2.17625 -2.99921 -2.36290
O -1.44331 1.33070 0.01027
O -0.84451 2.01837 -2.46068
O -3.10790 2.57080 -1.58570
O -1.03242 3.75433 -0.49789
C 5.54368 3.89292 0.56681
C 4.26311 4.01571 1.33409
C 2.94026 4.03966 0.85850
C 1.92865 4.26172 1.73338
C 2.18231 4.40704 3.11062
C 3.48998 4.28622 3.60044
H 3.69041 4.34038 4.66245
C 4.51891 4.06370 2.68559
C 5.94461 3.79417 2.99524
H 6.04347 2.98609 3.75080
H 6.43615 4.72436 3.35222
C 6.51929 3.34736 1.63918
H 7.56245 3.70770 1.50179
H 6.53052 2.23404 1.60832
C 5.53124 3.05518 -0.67445
C 4.84367 1.77304 -0.94241
C 5.14465 1.11364 -2.14466
H 4.65038 0.18599 -2.39276
C 6.01963 1.69435 -3.07704
C 6.58116 2.95915 -2.84755
H 7.21778 3.41480 -3.59501
C 6.30754 3.62657 -1.65258
C 6.79345 4.97348 -1.26633
H 6.54844 5.72381 -2.04866
H 7.88962 4.94205 -1.08714
C 6.02984 5.26659 0.03557
H 6.66837 5.81390 0.76347
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H 5.15533 5.91243 -0.20631
C 4.11888 -5.11974 -1.43762
C 4.31781 -4.15791 -0.30216
C 4.35720 -2.75357 -0.31526
C 4.74362 -2.07961 0.85805
C 5.00312 -2.79912 2.03527
C 4.84445 -4.19130 2.05884
H 4.99087 -4.74526 2.97695
C 4.49007 -4.84754 0.87850
C 4.23096 -6.30021 0.71940
H 5.18516 -6.86381 0.79894
H 3.50249 -6.66458 1.47452
C 3.64807 -6.39829 -0.70054
H 2.53661 -6.40442 -0.62792
H 3.96775 -7.33561 -1.20678
C 3.19046 -4.73716 -2.55333
C 1.98998 -4.01106 -2.50234
C 1.22968 -3.87968 -3.67975
H 0.29630 -3.33457 -3.66526
C 1.70214 -4.40984 -4.89105
C 2.94922 -5.04655 -4.94106
H 3.34110 -5.41362 -5.88085
C 3.68223 -5.18377 -3.76070
C 5.04645 -5.75146 -3.63488
H 5.74158 -5.28356 -4.36493
H 5.01199 -6.85247 -3.78043
C 5.44485 -5.39589 -2.19327
H 6.06721 -4.47258 -2.21616
H 6.05014 -6.20621 -1.73043
C -5.25140 -2.71581 -2.05342
C -4.80978 -1.64467 -3.00162
C -3.84576 -0.64807 -2.80543
C -3.60476 0.27054 -3.84697
H -2.86079 1.04372 -3.73411
C -4.29893 0.16348 -5.06258
C -5.20916 -0.88175 -5.26245
H -5.71024 -0.99916 -6.21466
C -5.43318 -1.78513 -4.22234
C -6.26600 -3.00861 -4.28955
H -6.01997 -3.60934 -5.19172
H -7.34232 -2.73275 -4.28684
C -5.88484 -3.76503 -3.00766
H -6.76755 -4.27901 -2.56740
H -5.13315 -4.54390 -3.27000
C -4.22024 -3.34409 -1.15986

C -2.86314 -3.63819 -1.41352
C -2.17767 -4.49778 -0.53295
H -1.15129 -4.76879 -0.74639
C -2.76520 -4.95418 0.58897
C -4.12803 -4.50489 0.94820
H -4.58454 -4.79944 1.88409
C -4.80202 -3.69881 0.03616
C -6.16706 -3.13407 0.18798
H -6.25954 -2.55701 1.13265
H -6.91926 -3.95119 0.15667
C -6.30302 -2.21179 -1.03587
H -6.06132 -1.17007 -0.72604
H -7.33887 -2.22210 -1.44069
C -3.60676 5.49182 -0.80447
C -4.02213 4.22251 -0.12729
C -3.90353 2.89504 -0.56826
C -4.60554 1.90146 0.13459
C -5.33244 2.24771 1.28436
C -5.30011 3.56567 1.76918
H -5.80860 3.81783 2.69107
C -4.64224 4.50676 1.07231
C -4.49264 5.93720 1.44618
H -5.47658 6.44991 1.38325
H -4.06427 6.04023 2.46653
C -3.51910 6.47991 0.38372
H -2.48870 6.47139 0.80607
H -3.76888 7.52568 0.09909
C -2.35978 5.46670 -1.63095
C -1.08326 4.76816 -1.36198
C -0.00895 5.02013 -2.23503
H 0.93715 4.52351 -2.08476
C -0.16730 5.82364 -3.30588
C -1.41346 6.40459 -3.59602
H -1.53602 7.01225 -4.48341
C -2.49339 6.18595 -2.73422
C -3.87407 6.69472 -2.92563
H -4.25940 6.43154 -3.93437
H -3.89627 7.79547 -2.77460
C -4.66611 5.96997 -1.82913
H -5.44008 6.63310 -1.38367
H -5.18241 5.09423 -2.28416
H -2.23111 -5.62303 1.24686
H -5.89106 1.49014 1.81380
H 1.36105 4.56442 3.79754
H 5.28366 -2.27216 2.93803
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H 1.11993 -4.29130 -5.79556
H -4.10175 0.86737 -5.86062
H 0.66535 5.98971 -3.97748
H 6.22553 1.18044 -4.00700
C -0.05874 -0.23615 2.14700
C 1.01773 0.24906 3.06444
C -1.47024 -0.11517 2.58154
C 2.35598 0.29076 2.61266
C 0.77795 0.61253 4.40925
C -2.40243 -1.13763 2.31819
C -1.94591 1.05597 3.21135
C 3.39060 0.70908 3.43942
H 2.58339 -0.02633 1.60747
C 1.80402 1.03785 5.24515
H -0.22370 0.55357 4.81627
C -3.69740 -1.07324 2.81243
H -2.08966 -1.99914 1.74286
C -3.24758 1.12601 3.70041
H -1.29282 1.91492 3.31627
C 3.12310 1.08917 4.76476
H 4.40676 0.74206 3.05983
H 1.59452 1.31474 6.27334
C -4.11164 0.03880 3.55071
H -4.37958 -1.90039 2.65130
H -3.58610 2.02192 4.21044
H 1.66717 -5.17124 2.17432
C 1.02266 -4.40020 1.73479
Si 0.55956 -3.15043 3.05442

H 0.14927 -4.89486 1.30522
H 1.55145 -3.91838 0.91094
C -0.92066 -3.68799 4.07844
C 2.01497 -2.73495 4.17141
H 0.16970 -1.75951 2.30754
C -1.53073 -2.82923 5.01421
C -1.43896 -4.99099 3.95351
H 2.80753 -2.19968 3.64534
H 1.71538 -2.13107 5.03259
H 2.43046 -3.67827 4.54992
C -2.63041 -3.23991 5.76638
H -1.15642 -1.81773 5.14822
C -2.53014 -5.41352 4.71481
H -0.97933 -5.69387 3.26389
H -3.10533 -2.54679 6.45509
C -3.13510 -4.53384 5.61382
H -2.90986 -6.42540 4.60086
H -3.99503 -4.85447 6.19573
H -4.57463 0.87113 -0.18988
H 0.90500 4.28479 1.38211
H 4.80466 -0.99931 0.86784
C -5.44106 0.01266 4.24831
F -5.90734 1.25119 4.51882
F -5.35383 -0.63906 5.43738
F -6.38346 -0.63196 3.52545
C 4.18766 1.50449 5.63010
N 5.05224 1.84024 6.33243
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3.2 Abstract

Flavin-dependent halogenases (FDHs) catalyze selective halogenation of electron-rich aro-

matic compounds without the need for harsh oxidants required by conventional oxidative halo-

genation reactions. Predictive models for halogenase site selectivity could greatly improve their

utility for chemical synthesis. Toward this end, we analyzed the structures and selectivity of three

halogenase variants evolved to halogenate tryptamine with orthogonal selectivity. Crystal struc-

tures and reversion mutations revealed key residues involved in altering halogenase selectivity.

Density functional theory calculations and molecular dynamics simulations are both consistent

with hypohalous acid as the active halogenating species in FDH catalysis. This model was used to
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accurately predict the site selectivity of halogenase variants toward different synthetic substrates,

providing a valuable tool for implementing halogenases in biocatalysis efforts.

3.3 Introduction

Flavin-dependent halogenases (FDHs) natively catalyze selective halogenation of electron-rich

aromatic compounds [1]. The utility of these enzymes stems from their unique mechanism, which

involves the reaction of FDH-bound reduced flavin with O2 to form a peroxyflavin species that

reacts with proximally-bound chloride or bromide to generate HOX (X = Cl, Br) [2]. This species

migrates through the enzyme to the substrate binding site, where it forms a persistent interme-

diate thought to be a lysine-derived haloamine [3]. It is not known if this intermediate directly

halogenates substrates [3] or serves as a reservoir of X+ that can be used to reform HOX upon

reaction with water [4]. In either case, halogenation proceeds via electrophilic aromatic substi-

tution (EAS). Although conventional EAS requires harsh oxidants to generate reactive halenium

(X+) formal equivalents [5], FDHs use atmospheric oxygen and halide salts. Moreover, whereas

EAS is typically subject to substrate-controlled site selectivity, substrate binding within an FDH

can override substrate-based selectivity (Figure 3.1) [6, 7], enabling catalyst-controlled site selec-

tivity on a range of substrates [8, 9]. The remarkable selectivity of FDHs has made them appealing

starting points for enzyme engineering efforts. To assess the feasibility of tuning FDH selectivity,

a number of groups have used targeted mutagenesis to alter the site of halogenation [10]. We used

directed evolution to engineer variants of the FDH RebH (UniProtKB/Swiss-Prot: Q8KHZ8.1)

that halogenate the C7, C6, and C5 positions of tryptamine with > 90% selectivity (0S, 8F, and

10S, Figure 3.1) [11]. We also established that these enzymes demonstrate high conversion and

selectivity on a range of other non-native substrates and therefore became interested in developing

a general approach to predict FDH selectivity. Docking calculations revealed multiple substrate

binding modes, only some of which were consistent with observed selectivity [8]. This inabil-

ity to reliably predict relevant binding modes indicated that a more sophisticated approach was
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required to model FDH selectivity. We reasoned that 0S, 8F, and 10S, which possess only 5-10

mutations relative to one another, would facilitate comparative analysis of FDH selectivity since

wild-type (WT) enzymes with analogous selectivity preferences differ by hundreds of residues.1

Crystal structures and reversion mutations were used to identify mutations responsible for the ob-

served changes in 0S, 8F, and 10S yield and selectivity. To accurately model FDH selectivity,

we computationally evaluated the energetic feasibility of both chloramine and HOCl halogenating

agents. We then established whether FDH selectivity could be reliably predicted using molecular

dynamics (MD) simulations involving energetically-relevant species in analogy to recent studies

on native FDH/substrate pairs [12, 13]. This approach provided insight into the mechanisms by

which mutations in the RebH scaffold alter binding and selectivity on tryptamine and added sup-

port to the case that HOCl is the active halogenating species in FDH catalysis. Moreover, we

established that density functional theory (DFT) calculations paired with docking calculations and

MD simulations involving this species constitute a framework for accurately predicting FDH site

selectivity on non-native substrates, improving the utility of these enzymes for biocatalysis.

3.4 Results

3.4.1 Reversion of Mutations Reveals Residues that Improve Catalysis by

Evolved RebH Variants

Relative to RebH, variants 0S, 8F, and 10S possess 1-11 total mutations that increase kcat by

1.2-5.9-fold and significantly increase KM for 8F and 10S (Table 3.1) [11]. Each of the mutations

in 10S and 8F was individually reverted to the WT residue, and the conversion and selectivity of

each reversion variant toward tryptamine was evaluated (Figure 3.2).

The simplest RebH variant in the selectivity lineage, 0S, contains a single point mutation

(N470S) that gives rise to a six-fold increase in kcat with minimal change in KM and selectiv-

ity for C7 (> 99%). To establish if the beneficial effects of S470 only result from its smaller
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size, S470A was introduced into 0S. Although an increase in conversion compared to RebH was

observed for this variant, 0S still outperformed S470A by approximately three-fold.

Variant 10S contains six mutations that enable it to halogenate tryptamine with 95% selectivity

for C5. Individually reverting these mutations back to the WT residues showed that three of these

six mutations are primarily responsible for the selectivity and/or conversion of 10S (Figure 3.2:

H52I, C465F, and S470N). Of these three reversions, H52I and C465F are responsible for the ob-

served C5 selectivity. Although the H52I variant has high conversion relative to 10S, the selectivity

reverts to primarily C7. The C465F variant displays reduced selectivity for C5 as well as reduced

overall conversion. As is observed in 0S, the S470N mutation affects conversion without signif-

icantly altering site selectivity. We wondered whether the precise identity of these three residues

mattered, or whether similar residues would also confer the observed changed in selectivity and/or

conversion. To investigate this possibility, we also made 10S variants H52F, C465S, and S470A

(Figure 3.2). H52F led to a modest reduction in C5 selectivity relative to 10S and displayed higher

overall conversion. Reduced conversions were observed for the C465S and S470A variants, indi-

cating that C465 and S470 act as more than just a small replacement for the native Phe and Asn

residues, respectively.

Variant 8F, which catalyzes 6-chlorination of tryptamine with 90% selectivity, contains 11 mu-

tations. Individually reverting each of these mutations (Figure 3.2) again revealed that not all of

the mutations acquired during the evolutionary campaign have a large effect on 8F activity or se-

lectivity. Seven of the 11 reversions were found to affect the selectivity and/or conversion of 8F

(Figure 3.2: M52I, P110S, L130S, P448S, L465F, S470N, and Q509R). Residues 52 and 465 were

again found to influence selectivity to the greatest extent; however, variant P110S also displayed

reduced site selectivity for the C6 position. Several reversions reduced 8F yield (P110S, L130S,

P448S, L465F, S470N, and Q509R), but the largest effect was observed for the P448S variant.
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3.4.2 Crystal Structures of the 0S-Tryptamine-FAD, 10S-FAD, and 8F-FAD

Complexes Provide Insight into the Effects of Key Mutations on Catal-

ysis

The structures of 0S, 8F, and 10S were solved to resolutions of 2.6, 2.25, and 2.55 Å (PDB

IDs: 7JU0, 6P00, and 6P2V), respectively. Consistent with previous structures, the asymmetric

unit contained two protein molecules. Aligning each structure to that of RebH (PDB ID: 2OA1)

[14] revealed RMSD values of 0.283, 0.616, and 0.301 Å2 for 0S, 8F, and 10S, respectively, in-

dicating that subtle changes in structure are responsible for the observed changes in selectivity.

Occupancy of different ligands typically observed in FDH structures (FAD and halogenation sub-

strate) varied in the structures obtained. In all structures, electron density for the adenine base and

phosphate moieties of FAD was observed, but the isoalloxazine ring showed very little density.

The occupancy of the loop comprised of residues 449-455, often disordered in previous RebH

structures [3, 14], also varied in the structures obtained.

In the structure of 0S, residues 2-528 were included in chain A and residues 2-529 in chain B

with no missing regions in between (530 residues for full length enzyme). Density in the composite

omit map was observed for the loop consisting of residues 449-455. Though crystals of 0S, 8F,

and 10S were soaked in a solution containing tryptamine, occupancy for this substrate was only

observed for 0S. This finding is consistent with the much lower KM for tryptamine of 0S (10.6

µM) relative to 10S and 8F (160 and 1747 µM, respectively). Tryptamine was found to bind in

the active site of 0S in a manner analogous to how L-tryptophan binds to RebH (Figure 3.3A). A

hydrogen-bonding network between S470, H109, and E357, which is reminiscent of the catalytic

triad found in serine hydrolases [15], is also observed in the 0S structure, and this could alter

substrate binding and access relative to the native network containing N470 in RebH.

The 10S structure consisted of residues 2-528 in chain A and residues 2-529 in chain B with the

loop between residues 451-455 omitted in both chains. Although density is observed within this

region, the main chain cannot be reliably modeled within this density. Numerous attempts were
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made to soak tryptamine into 10S crystals; however, even with high concentrations of tryptamine

(> 10 mM), no clear density for tryptamine was observed within the active site. Overlaying the

structures of 10S and RebH containing L-Trp substrate shows a steric clash between H52 in 10S

and L-Trp, suggesting that the combination of H52 and C465 must significantly alter substrate

binding (Figure 3.3B) .

The 8F structure consisted of residues 1-527 in chain A and residues 2-529 in chain B, but the

loop between residues 447-456 was omitted in both chains. Seven mutations played a significant

role in 8F (Figure 3.3C). Similar to 10S, when the structure of RebH containing L-Trp is overlaid

with 8F, a steric clash is observed between N1 and C2 of the indole moiety of the substrate and the

sulfur atom of M52 (3.1 and 2.6 Å, respectively). L465 opens the active site, potentially allowing

the substrate to rotate or flip to accommodate the M52 mutation. P110 is flanked by two aromatic

residues, H109 and F111, which sandwich tryptophan bound in the overlaid RebH structure (Figure

3.3D).

3.4.3 Computational Analysis Suggests that Bound HOCl is the Active Halo-

genating Species in FDH Catalysis

As previously noted, a lysine-derived chloramine or bound HOCl, both of undetermined pro-

tonation state, have been proposed as the active halogenating species during FDH-catalyzed arene

halogenation [3, 4]. In either case, aromatic halogenation is believed to occur via EAS involving

rate-limiting electrophilic attack to form a Wheland intermediate followed by low-barrier proton

loss to form the aromatic product. The lack of a deuterium kinetic isotope effect (KIE) for RebH-

catalyzed tryptophan halogenation is consistent with this mechanism [11]. The ∆G◦ for formation

of the Wheland intermediate (∆G◦Whel) has been found to correlate strongly with ∆G‡ for this reac-

tion [16]. We therefore reasoned that ∆G◦Whel values calculated by DFT could provide insight into

feasibility of different proposed halogenating agents within FDHs. Scheme 1 and Table 2 show the

calculated ∆G◦Whel using several possible halogen donors for EAS at the the 7-position of indole.

Very high ∆G◦Whel values were calculated for reactions involving neutral methylchloramine
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and HOCl (72.4 and 21.2 kcal/mol; Table 2, Entries 1 and 2), making chlorination by these species

unlikely. Protonation of either lowers these ∆G◦Whel values considerably (Table 2, Entries 3 and 4)

due to the increased electrophilicity of the chlorine. The extremely negative ∆G◦rxn value calcu-

lated for H2OCl+ calls into question the existence of such a highly reactive species in an enzyme.

Instead, it has been suggested that K79 transiently protonates HOCl during the formation of the

Wheland intermediate [12], resulting in a slightly negative ∆G◦Whel (Table 2, Entry 5). Taken to-

gether, these energies support two possible chlorinating agents: a positively charged lysine-bound

chloramine at K79, and HOCl with general acid catalysis by K79 [2, 4, 12].

Because DFT calculations suggested that two species were plausible halogenating intermedi-

ates, we next sought to compare these models using molecular dynamics (MD) simulations of

tryptamine binding to RebH. Two systems were prepared to represent the two possible reactant

complexes determined by DFT: one with the chlorine covalently bound to K79 (K79-Cl, Figure

3.4a), and one with HOCl held close to K79 (K79-HOCl, Figure 3.4b) [13] using restraints in

AMBER (see methods). Each simulation was run in pentaplicate, and the distances between the

chlorine and substrate carbons were measured (Figure S3.1). Consistently long C-Cl distances

are observed with K79-Cl, and these distances vary greatly between replicas. In contrast, much

shorter C-Cl distances are observed with K79-HOCl, and these distances were consistent across all

replicas. Similar results are observed in the 0S mutant (Figure S3.2) and in previous simulations of

tryptophan binding in PrnA and PyrH13. In the current simulations, the chlorine of HOCl remains

closer to C7 than either C6 or C5, which is consistent with the experimentally observed selectiv-

ity of the enzyme. These simulations suggest that FDH catalysis likely involves halogenation by

HOCl rather than a chloramine and that accounting for this distinction could improve predictive

models of FDH selectivity.
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3.4.4 DFT Calculations and MD Simulations can be used to Model the Se-

lectivity of RebH Variants

With a model for the reaction mechanism in hand, we next sought to investigate how mutations

in 0S, 10S, and 8F give rise to the observed site selectivity of these variants. Transition state

structures were calculated using DFT for the general acid-catalyzed electrophilic attack at the 5-

, 6- and 7-positions of indole (Figure 3.5). These transition states are all structurally similar. A

proton is shared between the methylammonium nitrogen and the HOCl oxygen with a nearly linear

N–H–O angle. Simultaneously, the chlorine is shared between the HOCl oxygen and indole carbon

with a nearly linear O–Cl–C angle. Energetically, TS6 is most favorable with an activation energy

of 18.2 kcal/mol with respect to the complex. TS5 was slightly higher in energy (19.0 kcal/mol)

and TS7 was higher still (20.1 kcal/mol). The ability of RebH and 0S to chlorinate the least

favorable C7 highlights the importance of substrate binding (i.e. catalyst control) for halogenation

of indole-containing substrates [10].

Crystal structures of other FDH-tryptophan complexes show that each enzyme binds its sub-

strate with the carbon to be halogenated closest to the active site lysine [2, 3, 14, 17, 18, 19]. RebH

is no exception, as C7 of tryptophan is closest to K79 in this structure [3]. The indole ring is held

in place by pi stacking with H109 and F111, and the amine extends upward to hydrogen bond with

Y454, E461, and F465 (Figure 3.6). The crystal structure of the 0S-tryptamine complex shows that

the N470S mutation does not affect this binding orientation, and the two substrates overlay well

(Figure 3.6A). The crystal structures of 10S and 8F variants do not contain tryptamine, so, to probe

binding within 10S and 8F, tryptamine was docked into the active site of these structures. Docked

structures show that tryptamine binds to 10S and 8F in different orientations than that observed in

RebH and 0S (Figure 3.6B, C). In these variants, the indole ring flips to hydrogen bond with the

backbone of S110 (P110 in 8F), and different carbons are projected towards the catalytic K79. In

10S, C5 is closest to K79 with a N-C5 distance of 4.3 Å; in 8F, C6 is closest to K79 with a N-C6

distance of 3.9 Å. These orientations are consistent with solved crystal structures of the tryptophan-
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5 halogenase PyrH and tryptophan-6 halogenases BorH and Thal (Figure S3.3) [17, 18, 19]. Thus,

the crystal structure of the 0S-tryptamine complex and structures of tryptamine docked into 10S

and 8F show that the evolved variants all follow the established trend that substrates bind with the

halogenation site closest to the active site lysine.

As previously noted, a correlation between halogenation site and proximity of that site to K79

in RebH was not observed in docking simulations of more structurally diverse substrates. We there-

fore sought to determine if MD simulations using HOCl-bound models of FDH variants could

provide improved predictive value in this regard. Simulations of RebH in complex with HOCl

and tryptamine show that the chlorine remains closer to C7 than either C5 or C6 for most of the

simulation and simulations of 0S show similar behavior (Figures S3.1-S3.2, Table S2). Likewise,

previously reported simulations of tryptophan binding in PrnA and PyrH in complex with HOCl

show that chlorine remains closer to C7 and C5, respectively, in these systems [13]. These results

show that FDHs bind their substrates in an orientation that not only places halogenation sites prox-

imal to the active site lysine, but also appears consistent with a near attack conformation (NAC)

[20], those conformations that have the substrate and Cl of HOCl within a distance that is likely

to lead to a transition state for reaction. Simulations of 8F and 10S were less clear (Figure S3.4);

the carbon closest to chlorine changed frequently, and considerably longer C-Cl distances were

observed. These observations are consistent with the higher KM values experimentally measured

for these variants. We reasoned that these C-Cl distances, which are significantly longer than those

in the calculated transition state structures, are likely not relevant to the observed selectivity.

To precisely define a NAC for halogenation at each site of tryptamine, intrinsic reaction coor-

dinate calculations were performed on the respective calculated transition state structures, and the

reactant complexes were optimized by DFT. The resulting complexes show that a C-Cl distance

of 3.0-3.1 Å is ideal for NAC formation. Distances this short were rarely if ever observed in MD

simulations using conventional force fields, so this threshold was extended to include any distance

below 3.6 Å. The free energy of NAC formation (∆G◦N ) in the enzyme can then be estimated by

calculating the relative mole fraction of enzyme-NAC relative to enzyme-ground state in each sim-
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ulation. Calculated ∆G◦N values provide a quantitative comparison to intrinsic ∆G‡TS calculated

by DFT.

Using this approach, preferential NAC formation can be observed at C7 for RebH and 0S (Ta-

ble 3 and S3). This site is favored by roughly 2 kcal/mol in these enzymes, which contrasts with

the 1.9 kcal/mol the site is disfavored from DFT-calculated ∆G‡TS values. While preferential NAC

formation at C7 is slightly underestimated, the similarity between values obtained by MD simula-

tions and DFT calculations shows that differences in NAC formation can be useful when gauging

the enzymes’ ability to override the intrinsic site selectivity of the reaction. In the variants 8F and

10S, there is a clear shift away from NAC formation at C7. Instead, NAC formation is roughly

equivalent for both C5 and C6 in these enzymes. While C5 NAC formation is slightly underes-

timated in 10S, this metric provides a useful explanation for why these variants lack selectivity

for the original halogenation site and correctly identifies two other sites where NAC formation is

preferential.

3.4.5 Predicting Site Selectivity in Non-native Substrates Beyond Tryptamine

Given successful recapitulation of RebH selectivity toward tryptamine using the methods de-

scribed above, we next sought to evaluate their efficacy toward a subset of the compounds explored

in our previous substrate-activity profiling effort [8]. Relative free energies of Wheland intermedi-

ate formation (∆∆G◦Whel) were calculated at each sp2 hybridized carbon to gauge the intrinsic site

selectivity for chlorination (Table 4). As previously noted, Wheland intermediate energies have

been shown to correlate strongly with transition state barrier heights, while being easier to deter-

mine computationally. Comparison of ∆∆G◦Whel on various sites of the indole ring confirm this

to be the case (Figure S3.5). For many of the substrates, including 1, 2, 4, 6, and 7, chlorination

is observed at the most reactive carbon (lowest ∆∆G◦Whel), suggesting that the enzyme has little

catalyst control over most non-native substrates. This is not always the case (e.g. substrates 3 and

5), so further modeling of the enzyme is needed to reliably predict chlorination sites.

Docking the substrates into the RebH active site yielded several low-energy poses for each (Fig-
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ures S3.6-S3.12). These different binding orientations often projected different halogenation sites

towards the catalytic K79, making it difficult to predict the halogenation site based on these struc-

tures alone. In every case, docking poses that were consistent with experimentally-determined se-

lectivity were observed, where the carbon to be halogenated is closest to K79. In the docking poses

inconsistent with observed selectivity, a carbon predicted to be unreactive by DFT (∆∆G◦Whel > 15

kcal/mol) was closest to K79. Although such poses may exist in the enzyme, selectivity on the na-

tive substrate, tryptophan, occurs on a site disfavored by 11.2 kcal/mol (C7 vs. C2), and it is

unlikely RebH has a higher degree of catalyst control over non-native substrates. Limiting our

search to only include reactive poses (where a site with ∆∆G◦Whel < 11 kcal/mol is closest to

K79) the observed halogenation site was always the site closest to K79.

Finally, MD simulations were conducted to quantify catalyst control in the HOCl-bound en-

zyme (Table 4 and S4, Figure S3.13). For many of the substrates, including 1, 3, 6 and 7, NAC

formation was favored at the observed halogenation site. Moreover, in substrate 3, preferential

NAC formation correctly predicts chlorination at C3 over C5, the most reactive site calculated

by DFT. Substrate 4 shows similar NAC formation for both C1 and C3; however, differences in

intrinsic reactivity make C1 the only possible halogenation site for this substrate. Halogenation

could not be correctly predicted with this method for two of the substrates tested. In substrate 2,

NAC formation predicts chlorination at C3, yet no chlorination is experimentally observed at this

site. Instead, chlorination is observed at C1, which is calculated to be the most reactive site. For

substrate 5, poor substrate binding was observed, and no NACs were formed at any site. In this

case, chlorination is observed at C9, which is less reactive than C7 but closer to K79 in docking

calculations.
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3.5 Discussion

3.5.1 Crystal Structures, Reversion Mutations, and MD Simulations Pro-

vide Molecular Insight into the Altered Selectivity of Evolved FDHs

The crystal structures of 0S, 8F, and 10S, reversion mutations in these enzymes, and a NAC

model for selectivity was used to rationalize the effects of mutations identified via directed evolu-

tion. The crystal structure of 0S shows that the only mutation in this enzyme, N470S, is located

in the active site but does not contact the substrate. Introducing N470A into RebH does not fully

account for the increased conversion of 0S, suggesting that the hydroxyl group of serine, not just

its small size, is important for the improved function of 0S. In WT RebH, N470 forms a hydrogen

bond network with H109 and E357, and this network is maintained but less persistent in the N470S

variant (Figure S3.14). Residue 470 is at the start of a large loop (residues 439-468) that regulates

substrate access to the active site. We speculate that relaxed hydrogen bonding to S470 facilitates

loop movements required for substrate entry, thus increasing kcat 6-fold [21], while permitting

native-like hydrogen bonding to maintain a KM similar to that of WT RebH.

Residues 52 and 465 impart the largest changes in selectivity to both 10S and 8F. Overlaying

the structures of 10S and RebH (PDB ID: 2OA1, Figure 3.3) reveals that I52H sterically restricts

one region of the active site whereas F465C expands a different section. Docking calculations

show that 10S binds the indole moiety in a different orientation than RebH (Figure 3.6B) to avoid

a steric clash between tryptamine and H52 if the native binding mode were adopted (Figure 3.3B).

Just as in 10S, mutation of residue 52 to methionine within 8F would be expected to favor the

flipped substrate binding conformation based on its size relative to the WT isoleucine residue, and

this is supported by docking calculations (Figure 3.7).

While both H52 and M52 favor a flipped substrate binding mode, docking calculations suggest

that residues 52 and 465 act in concert to rotate the flipped substrate such that C5 and C6 point

toward K79 in 10S and 8F, respectively. H52 in 10S is positioned further into the active site
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than M52 in 8F due to hydrogen bonding between the indole nitrogen and the backbone carbonyl

of E357. This orientation of H52 rotates tryptamine such that C5 is closer to K79 (Figure 3.7).

Mutating residue 52 to Phe leads to a variant with reduced selectivity for C5 (Figure 3.2, 85.5%

vs 93.7%), perhaps due to its inability to H-bond with E357. The thioether sidechain of M52 in

8F, although bulky enough to cause substrate flipping, could allow the indole ring to rotate slightly

closer to residue 52, which would cause C6 to project towards K79 (Figure 3.7).

Reverting C465 and L465 to Phe in 10S and 8F, respectively, also results in lower selectivity

and reduced conversion. In 10S, F465C creates more space in the active site, perhaps making

room for the bulkier H52 residue in 10S. Variant 10S C465S exhibits similar site selectivity but

8-fold lower conversion relative to 10S, indicating that any improvements resulting from the re-

duced size and hydrogen bonding capability of C465 cannot be recapitulated even by the relatively

conservative S465 variant. In 8F, docking calculations suggest that L465 leads to a steric clash

with the primary amine of tryptamine, leading to rotation of tryptamine to achieve C6 selectivity.

This repulsion also breaks a hydrogen bond between the backbone carbonyl of residue 465 and the

primary amine of tryptamine that is found in both 0S and 10S, which is consistent with the signif-

icantly higher KM of 8F compared with 10S (1747 vs. 160 µM, respectively). The subtle changes

in tryptamine positioning by residues 52 and 465 highlight how these residues act together to tune

the selectivity of 10S and 8F.

Although several additional residues modulate the yield and selectivity of 8F, reversions P110S

and P448S have the largest effects on 8F yield. Residues H109 and F111 contribute to substrate

binding via π-stacking, and MD simulations show that P110 rigidifies F111 to enforce this inter-

action [13] (Figure S3.15) while shifting the backbone carbonyl to better engage the indole N-H

of tryptamine in a hydrogen bond to favor the flipped substrate orientation. Residue 448 is in the

active site access loop noted above, so P448 could modulate the dynamics of this loop to facilitate

substrate entry.

Comparing the effects of critical mutations in 10S and 8F to those present in natural haloge-

nases reveals interesting parallels. First, the three reported 5-tryptophan halogenases possess F52,
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[22, 23, 24] which, as noted above, was nearly as effective as H52 in the engineered 5-tryptamine

halogenase 10S. O’Connor and coworkers showed that introducing I52F into RebH results in an

inactive variant [25]. Introducing I52H both alone and in combination with F465C into RebH also

resulted in inactive variants in our hands, indicating that while an aromatic residue at this posi-

tion can lead to a 5-halogenase, other mutations are required to enable such a change in RebH.

Previously reported 6-tryptophan halogenases possess either V52 and greater sequence similarity

to 7-typtophan halogenases [18, 19] or F52 and more sequence similarity to 5-typtophan haloge-

nases [26, 27, 28]. Our finding that I52M in 8F confers selectivity for the tryptamine 6-position

thus represents a unique solution to achieving this selectivity relative to those observed in natural

FDHs. Similarly, all known 5- and 6-Trp-FDHs contain proline at the residue corresponding to

residue 110 in RebH, but while P110 emerged in the 8F lineage, it is not present in 10S. Finally, all

known 5- and 6-Trp-FDHs contain serine at the site corresponding to residue 470 in RebH, and all

7-Trp-FDHs contain asparagine, yet S470 increases the catalytic activity of 0S without changing

its selectivity. In short, laboratory evolution of FDHs to alter site selectivity led to mutations that,

in some cases, are similar to those that emerged via natural selection [29], but novel solutions to

altered selectivity were also obtained.

3.5.2 Analysis of Laboratory-Evolved Enzymes Affords a Computational

Model for FDH Selectivity

Both HOCl and an active site lysine-derived haloamine have been proposed as the active halo-

genating species in FDH catalysis.3,4 DFT calculations show halogenation by either of these

species, when protonated, is exergonic. Calculated transition state energies show that K79 can ac-

tivate HOCl by general acid catalysis, and this finding is consistent with mutagenesis experiments

that show K79 is essential for activity4. Furthermore, the catalytic lysine of many halogenases has

been calculated to be much more acidic than free lysine in solution [30, 31]. We calculate pKa val-

ues of 7.1, 7.0, 6.9, and 6.9 for K79 in RebH, 0S, 10S, and 8F, respectively. These low pKa values

result largely from hydrophobic residues, including A50, I52, I82, and F111, that are proximal to
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K79. Furthermore, these values suggest that at physiological pH, K79 can readily donate a proton

to HOCl to assist in halogenation. MD simulations of WT RebH using K79-HOCl also give much

shorter C-Cl distances than K79-Cl, and these distances are consistent with the observed selectiv-

ity. Taken together, these data suggest that chlorination by HOCl provides a better model for site

selectivity in RebH than a lysine-derived chloramine.

Calculated transition state energies show that chlorination of tryptamine at C6 is most favored

and chlorination at C7 is least favored. Nevertheless, RebH and 0S chlorinate C7 with high se-

lectivity, which highlights the importance of substrate binding. Indeed, all tryptophan FDHs crys-

talized with substrates to date bind their substrates in orientations that project the Csp2-H bond

to be halogenated proximal to the active site lysine residue [2, 3, 14, 17, 18, 19]. Although 10S

and 8F were not crystallized with substrate, docking calculations show these enzymes also bind

tryptamine following this trend. MD simulations using HOCl show that each enzyme preferentially

forms near attack conformations for the observed halogenation site. Comparison of ∆∆G◦N values

determined by MD simulations to ∆∆G‡TS values calculated by DFT shows that preferential NAC

formation accounts for almost all the catalyst control over the reaction.

3.5.3 The FDH Selectivity Model Accurately Predicts Selectivity on Non-

Native Substrates

Beyond providing insights into the selectivity of 0S, 8F, and 10S toward tryptamine, compu-

tational tools also provided improved ability to predict the selectivity of other non-native FDH-

substrate pairs. We previously attempted to use docking calculations alone to model tryptamine

binding in 0S, 10S, and 8F11 and to model the binding poses of a panel of substrates in RebH8. In

both cases, poses consistent with the observed halogenation selectivity were observed, but so too

were poses inconsistent with the observed selectivity and scope.

Calculating the relative energies of Wheland intermediates provided a wealth of predictive

ability. Similar metrics, like RegioSQM [32], and HalA [33], have been used previously, and we

find that these methods perform comparably (Figure S3.16). For almost every substrate, the site
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identified as most reactive was the experimentally observed halogenation site. This is perhaps

unsurprising, as these enzymes would not necessarily be expected to exhibit high catalyst control

over reactions involving non-native substrates. Docking provided additional insight into substrate-

enzyme interactions. As with our previous studies,8,11 many docking poses could be identified,

and each projected a different halogenation site proximal to K79. Including the ∆∆G◦Whel values

calculated from DFT allowed us to exclude docking poses that do not represent catalytically ac-

tive binding conformations (i.e. NACs) and provided a much better predictor for site selectivity.

Furthermore, MD simulations show that NAC formation can provide a quantitative comparison

between the intrinsic site selectivity of the substrate and the catalyst control of the enzyme.

Density functional theory calculations, docking, and molecular dynamics simulations all pro-

vided insight into site selectivity, but no one method was able to reliably predict the halogenation

site every time. Instead, the three methods used together provide a more complete picture for sub-

strate and catalyst control over the reaction to identify sites where halogenation is likely. Perfect

predictive ability, while ideal, is not completely necessary for a model to provide value. The ability

to predict one or a few sites out of many can identify regions of the substrate where chlorination is

possible and can be paired with subsequent directed evolution to engineer highly selective catalysts

for the desired site.

3.6 Conclusion

Improved models for rationalizing and predicting FDH selectivity toward aromatic substrates

would substantially improve the utility of these enzymes for biocatalysis. Our recent finding that

FDHs can also catalyze non-native olefin halocyclization suggests that such models would have

utility beyond even the native function of these enzymes [34]. We therefore evaluated the energetics

of electrophilic aromatic substitution (EAS) by hypohalous acid and chloramine species that have

been proposed as active halogenating intermediates in FDH catalysis. The first step of EAS is

highly endergonic unless these species are protonated. A low pKa value was calculated for K79,
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which is more consistent with its role as a proton donor than chloramine source. Moreover, MD

simulations showed that HOCl provided a better model for site selectivity in RebH.

Crystal structures and reversion mutations for three previously evolved RebH variants with or-

thogonal selectivity were next used to identify mutations that altered variant activity and selectivity.

Notably, RebH variants containing only those mutations that led to large changes in selectivity in

the evolved variants were inactive, highlighting the importance of permissive mutations, identified

via random mutagenesis, for achieving the high selectivities observed. Because these enzymes only

possess a handful of mutations, they constitute ideal test cases for predictive models of FDH selec-

tivity. Indeed, docking calculations and MD simulations show that each enzyme binds tryptamine

in an orientation that places the carbon to be chlorinated closest the catalytic lysine. This binding

orientation allows the enzyme to overcome the intrinsic site selectivity that favors chlorination at

the 6-position of tryptamine. Similar calculations also recapitulated the selectivity for several non-

native FDH/substrate pairs, which provides a general framework for modeling and predicting FDH

selectivity for biocatalysis efforts.
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3.7 Methods

3.7.1 Materials

Unless otherwise noted, all reagents were obtained from commercial suppliers and used without

further purification. Oligonucleotides were purchased from Integrated DNA Technologies (San

Diego, CA). Plasmids pET-28a/RebF and pET-28a/RebH in BL-21 DE3 E. coli were provided by

the Walsh group of Harvard Medical School, Boston, MA [35]. The pLIC-MBP plasmid was pro-

vided by the Bottomley group of Monash University, Clayton, Australia [36]. The pGro7 plasmid

encoding the groES and groEL chaperone set was purchased from Takara (Otsu, Shiga, Japan).

BL21(DE3) E. coli cells were purchased from Invitrogen (Carlsbad, CA). NdeI and HindIII re-

striction enzymes, T4 DNA polymerase, and Phusion HF polymerase were purchased from New

England Biolabs (Ipswitch, MA). Luria broth (LB) and Terrific broth (TB) media were purchased

from Research Products International (Mt. Prospect, IL). Qiagen Miniprep Kits were purchased

from QIAGEN Inc. (Valencia, CA) and used according to the manufacturer’s instructions. All

genes were confirmed by sequencing at the University of Chicago Comprehensive Cancer Center

DNA Sequencing & Genotyping Facility (900 E. 57th Street, Room 1230H, Chicago, IL 60637).

Electroporation was carried out on a Bio-Rad MicroPulser using method Ec2. Ni-nitrilotriacetic

acid (Ni-NTA) resin and Pierce R© BCA Protein Assay Kits were purchased from Fisher Scien-

tific International, Inc. (Hampton, NH), and the manufacturer’s instructions were followed when

using both products. Amicon R© 30 kD spin filters for centrifugal concentration were purchased

from EMD Millipore (Billerica, MA) and used at 4,000 g at 4 ◦C. The glucose dehydrogenase

(GDH-105), FAD, and NAD were purchased from Codexis (Redwood City, CA).

3.7.2 General Procedures

Standard molecular cloning procedures were followed [37]. Reactions were analyzed using an Ag-

ilent Technologies 6130 LC-MS. RebH protein concentrations were determined by A280 measure-
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ments taken on a Tecan Infinite M200 pro microplate reader and extinction coefficients calculated

based on amino acid composition (Protein Calculator v3.3, http://www.scripps.edu/cdputnam/protcalc.html).

MBP-RebF concentrations were measured using the Pierce BCA Protein Assay Kit.

3.7.3 UHPLC/LC-MS Method

Agilent Eclipse Plus C18 4.6 x 150 mm column, 3.5 µM particle size; solvent A = H2O/0.1% TFA,

solvent B = CH3CN; 0-10 min, B = 15%; 10-17 min, B = 15-22%; 17-20 min, B = 22-30%; 20-21

min, B = 30%. Absorbance at 280 nm and total ion counts were measured.

3.7.4 Cloning RebH Reversion Variants

All point mutations were introduced via overlap extension technique [38]. The fragment PCR con-

ditions were as follows: 1 ng/µl parent template, 5x Phusion GC buffer, 0.2 mM dNTPs each, 0.5

µM forward primer, 0.5 µM reverse primer, 0.02 U/µl Phusion polymerase, and 5% v/v DMSO.

Fragments were gel purified. The assembly PCR conditions were as follows: 1:1 ratio of frag-

ments, 5x Phusion GC buffer, 0.2 mM dNTPs each, 0.5 µM forward primer, 0.5 µM reverse primer,

0.02 U/µl Phusion polymerase, and 5% v/v DMSO. Fragment and assembly PCR were performed

in a volume of 50 µL with the following procedure: 98 ◦C 30 s, (98 ◦C 20 s, 55 ◦C 30 s, 72 ◦C

90 s) for 28 cycles, 72 ◦C 10 min. The resulting RebH insert was gel purified and digested with

the restriction enzymes HindIII (0.33 U/µl) and NdeI (0.33 U/µl) in 10x Cutsmart buffer in a final

reaction volume of 60 µl. The digestion was conducted at 37 ◦C for 12-16 hours, after which it

was gel purified. This insert was ligated into digested pET-28a (insert:plasmid ratio of 7.5:1) using

T4 DNA ligase. Ligations were conducted for 20 hours at 16 ◦C. Ligations were cleaned with

Zymo DNA Cleaning and Concentrating kits and were transformed by electroporation into E. coli

BL21(DE3) containing a plasmid encoding the chaperone pGro7.
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3.7.5 Expression and Purification of MBP-RebF and RebH

For crystallization experiments, large-scale cultures (750 mL) of RebH variants were grown, ex-

pressed, and purified as previously reported [39]. For bioconversions used in selectivity analysis of

RebH variants, large-scale cultures (750 mL) of MBP-RebF and smaller cultures (50 mL) of RebH

variants were grown, expressed, and purified as previously reported [39, 40].

3.7.6 Specific experimental procedures

Bioconversions with 10S variants

10S variants (0.05 equiv., 25 µM final concentration) were arrayed into a 96-well microtiter plate

in triplicate. MBP-RebF (0.005 equiv., 2.5 µM final concentration) and glucose dehydrogenase

(9 U/mL final concentration) were added as solutions (25 mM HEPES, pH 7.4) to the 10S vari-

ants. A solution containing 5-deutero-tryptamine (1 equiv., 0.5 mM final concentration),6 NAD

(0.2 equiv., 100 µM final concentration), FAD (0.2 equiv., 100 µM final concentration), NaCl (200

equiv., 100 mM final concentration), phenol (internal standard, 1 equiv., 0.5 mM final concentra-

tion) and glucose (40 equiv., 20 mM final concentration) were added via multichannel pipette to

simultaneously initiate the reactions (final reaction volume of 75 µL).

Bioconversions with 8F variants

Bioconversions with 8F variants were conducted similarly to those with 10S variants, except 20

equiv. NaCl (10 mM final concentration) was added to 8F reactions instead of 200 equiv. NaCl

(100 mM final concentration). Reactions for all variants were mixed at 650 rpm on top of an

Eppendorf air bath and were quenched with 1 volume (75 µL) methanol after 16 hours. The

precipitated protein was removed by centrifugation and the reactions were filtered and analyzed

by LC-MS using the method described in General Procedures. Yield and selectivity of all variants

were determined following a previously published protocol [40].
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3.7.7 Crystallization and structure determination

Following standard Ni-NTA protein purification described previously [39, 40], RebH variants were

further purified by gel filtration chromatography using a HiLoad 16/600 Superdex 200 column (GE

Healthcare Life Sciences) into a buffer of 20 mM HEPES (pH 7.4) for crystallography. Protein

concentration was determined using A280 and extinction coefficients calculated based on amino

acid composition (Protein Calculator v3.3, http://www.scripps.edu/cdputnam/protcalc.html). Puri-

fied protein was concentrated to 8-11 mg/mL, and crystals were grown at 20 ◦C using the hanging

drop vapor diffusion method with a reservoir solution of 1.2-1.3 M Na/K phosphate buffer (pH 6.8)

[41, 42] . Single 0S and 10S crystals grew in 1-3 weeks under these conditions. Microcyrstalline

showers were observed with 8F. 8F microcrystals were used to seed new drops, which produced

large, single crystals. Single crystals for 0S, 10S, and 8F were soaked in a solution containing

10 mM tryptamine, 30 mM NaCl, and 5 mM FAD for 5-15 minutes and were subsequently flash

frozen in liquid nitrogen following cryoprotection with the reservoir solution supplemented with

16% glycerol. Data were collected at NE-CAT beamline 24-ID-C at the Advanced Photon Source

at Argonne National Laboratory using the Pilatus detector. Data were processed using HKL2000

[43]. Phases were determined via molecular replacement using Phaser [44] and wild-type RebH

(PDB ID: 2OA1) [45] as the search model. Manual model building was performed in Coot [46]

and the structures were refined with PHENIx [47]. The models were validated using composite

omit maps for each structure. In the 10S model, residues 451-455 were omitted in both chains

because no electron density was observed in this region. In the 8F model, residues 447-456 were

omitted in both chains because no electron density was observed in this region. Several 8F struc-

tures were solved in attempts to obtain one with this region ordered, since P448 - located distal

to the active site, at the end of a flexible, alpha-helical loop - is of particular interest due to its

large effect on activity, but all structures contained considerable disorder in this loop region. In all

structures, electron density for the adenine base and phosphate moieties of FAD was observed, but

the isoalloxazine ring showed very little density. FAD was modeled into the structures based on the
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observed density for the base and phosphates, and homology to other FAD-containing structures

(PDB ID: 2OA1).

3.7.8 Density functional theory calculations

Conformations of each species were generated using Maestro with the OPLS3 force field. All DFT

calculations were performed with Gaussian09 [48] using XSEDE resources [49]. Intrinsic reaction

coordinate, geometry optimizations and frequency calculations were performed at the B3LYP-

D3/6-31G(d) level of theory [50, 51, 52, 53, 54] using an ultrafine grid and the SMD solvation

model [55] for water. Single point energy calculations were performed at the ωB97xD/def2TZVP

level of theory [56] using an ultrafine grid and the SMD solvation model for water. Free energies

were corrected using the Goodvibes package [57] with Truhlar’s rigid-rotor harmonic oscillator

treatment [58, 59] for frequencies under 100 wavenumbers.

3.7.9 pKa calculations

All pKa calculations were performed using propka3.1 [60, 61, 62, 63].

3.7.10 Docking calculations

All docking calculations were performed using AutoDock Vina [64]. Crystal structures of each

protein (RebH, PDB ID: 2OA1; 10S, PDB ID: 6P2V; and 8F, PDB ID: 6P00) were used as rigid

receptors. Chain A was used in every case, and crystallographic Tryptophan was removed from

2OA1 before docking. DFT optimized structures of the substrate were docked into each protein

using 20 Å x 20 Å x 20 Å grid boxes centered on the NZ of K79.

3.7.11 Molecular dynamics simulations

Molecular dynamics simulations were performed using the GPU code (pmemd) [65] of the AM-

BER 16 software package [66]. Parameters for the substrates and noncanonical amino acid K79-Cl
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were generated using the antechamber module using the general AMBER force field (GAFF) [67].

Partial charges were set to fit the electrostatic potential generated at the HF/6-31G(d) level of the-

ory by the RESP model [68]. Charges were calculated using the Merz-Singh-Kollman scheme

[69, 70] using Gausian 09. Missing residues in 10S and 8F were built in using the Modeler plugin

of UCSF Chimera [71]. Reactant complexes of K79-Cl and K79-HOCl were covalently docked

into position using flexible sidechain simulations in AutoDock 4.2.6 [72]. The system was im-

mersed in a pre-equilibrated octahedral box with a 10 Å buffer of TIP3P [73] water molecules

using the tleap module. Explicit Na+ and Cl- ions were added to neutralize the total charge of

the system. All subsequent calculations were performed using the AMBER 14 force field (ff14sb)

[74]. Two minimization steps were conducted in serial, each consisting of 2,500 steepest descent

steps and 2,500 conjugate gradient steps. In the first equilibration step, the system was heated from

0-300 K over 100 ps using constant-volume and periodic-boundary conditions and a 1 fs time step.

The SHAKE algorithm was used to constrain bonds involving hydrogens. Long-range electrostatic

effects were modeled using the particle-mesh-Ewald method [75] and an 8 Å cutoff was applied

to the Lennard-Jones and electrostatic interactions. A second equilibration was then conducted for

10 ns using a 2 fs time step at constant volume. For runs involving HOCl, DISANG restraints

were used to keep the HOCl near K79. The distance between the O of HOCl and NZ of K79

were restrained with distances r1= 1.30, r2= 1.80, r3= 3, r4= 3.50, and force constants rk2=32.0,

rk3=32.0. Additionally, the angle between CE of K79, NZ of K79 and O of HOCl were restrained

using angles r1= 80, r2= 100, r3= 120, r4= 140, and force constants rk2=25.0, rk3=25.0. These

restraints were chosen so that the system would sample conformations only relevant to a reactant

complex based on DFT results. Production trajectories were then run in pentaplicate for 500 ns

using the same conditions as the second equilibration. Simulations were analyzed using the cpp-

traj module [76] to extract relevant information, including pdb files for visualization. Plots were

generated using in-house python scripts, and pdb files were visualized using open source PyMOL

[77].
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Figure 3.1: Substrate positioning within flavin-dependent halogenases allows for site-selective
halogenation

(A) Substrate positioning within FDHs controls selectivity. (B) An electron-rich aromatic ring,
shown with an electron-donating group (EDG), undergoes electrophilic aromatic substitution (EAS).
Selective EAS catalysis requires an active site lysine residue thought to form a reactive chloramine
intermediate or activate HOCl. (C) Directed evolution was used to engineer RebH variants that
halogenate tryptamine at C5, C6, or C7 with high site selectivity.

113



Figure 3.2: Summary of reversion mutations

The locations of the 11 sites mutated during the evolutionary campaign to alter site selectivity
are shown as spheres within the RebH crystal structure (PDB: 2OA1).14 Dark gray residues were
found to have no effect on yield or selectivity. Black residues were found to affect yield and/or
selectivity. FAD and L-Trp are shown as sticks. The magnified inset of the active site is shown in
the boxed panel to the right. Graphs indicate yield and selectivity of reversion mutations. Starred
residues were found to alter site selectivity. n = 3.
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Figure 3.3: Comparison of crystal structures between variants

Crystal structures of variants 0S (red), 10S (blue), and 8F (green) overlaid with RebH (gray, PDB:
2OA1). (A) Tryptamine bound in the active site of 0S. (B) H52 in 10S clashes with L-Trp in RebH.
(C) Mutations affecting 8F selectivity are shown as darker green spheres. Mutations affecting only
8F yields are shown as light green spheres. (D) 8F mutation P110 alters 8F selectivity and yield,
perhaps by adding rigidity to neighboring aromatic residues.
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Figure 3.4: MD simulations of possible chlorinating species

(A) RebH (blue, PDB: 2OA1) with a chlorine covalently bound to K79. Different C-Cl dis-
tances are shown (right) over the course of a representative 500-ns simulation. Long distances
are observed for each carbon, and these distances vary between replicas. (B) RebH with a HOCl
docked into the active site and loosely constrained to K79. Much shorter distances are observed,
and these are consistent across replicas. See also Figures S3.1 and S3.2.
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Figure 3.5: Transition state structures for the acid-catalyzed chlorination of indole

DFT-calculated transition state structures are shown for acid-catalyzed chlorination at the 5-, 6-,
and 7-positions of indole. Geometric similarities and energetic differences between structures are
highlighted. Chlorination at C6 is most favorable, while C7 is least favorable, according to the
calculated activation energy.
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Figure 3.6: Substrate binding poses

Substrate binding poses obtained from crystal structures and docking calculations are shown over-
laid with the crystal structure of RebH bound to tryptophan (2OA1). Overlays of (A) 0S, (B) 10S,
and (C) 8F binding poses.
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Figure 3.7: Comparison of substrate binding in variants

Docked binding orientations in 10S (blue) and 8F (green). Tryptamine positioning is affected by
residue 52. H52 in 10S projects C5 toward K79, and M52 in 8F projects C6 toward K79.
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Table 3.1: Kinetic parameters of RebH and variants

Enzyme Km (µM) kcat (min)−1 kcat/Km (min µM)−1 No. of Mutations
RebH 9 0.023 2.6× 10−3 0
0S 10.6 0.135 1.3× 10−2 1
8F 1747 0.037 2.1× 10−5 11
8F 160 0.028 1.8× 10−4 6

Data adapted from Andorfer et al. [11]
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Table 3.2: Thermodynamic parameters for electrophilic attack of different Cl+ donors on
indole

Scheme 1. Electrophilic attack of different halenium donors on the 7-position of indole

Entry Donor-Cl Donor− ∆G
◦

Whel (kcal/mol)
1 CH3NHCl CH3NH− 72.4
2 HOCl HO− 21.2
3 CH3NH2Cl+ CH3NH2 1.7
4 H2OCl+ H2O -57.8
5 HOCl + CH3NH+

3 H2O + CH3NH2 -3.3

ωB97X-D/def2TZVP-SMD(water)//B3LYP-D3/6-31G(d)-SMD(water)
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Table 3.3: Substrate (∆G‡TS) vs catalyst (∆G◦N) control over site selectivity of tryptamine in
RebH and variants

FDH Cn ∆G‡aTS
(kcal/mol)

∆G◦bN
(kcal/mol)

∆∆G‡TS
(kcal/mol)

∆∆G◦N
(kcal/mol)

Obs.c (%)

5 19.0 – 0.8 – 0
RebH 6 18.2 2.2 0.0 1.9 0

7 20.1 0.3 1.9 0.0 99
5 19.0 4.2 0.8 3.5 0

0S 6 18.2 2.8 0.0 2.1 0
7 20.1 0.7 1.9 0.0 99
5 19.0 2.2 0.8 0.0 11

8F 6 18.2 2.3 0.0 0.1 89
7 20.1 4.0 1.9 1.8 0
5 19.0 4.2 0.8 0.0 94

10S 6 18.2 4.2 0.0 0.1 6
7 20.1 – 1.9 – 0

a Transition state free energy barrier for chlorination in solution calculated by DFT.
b Free energy of NAC formation in enzyme estimated by MD simulations. Empty values indicate
no NAC is formed at this site.
c Observed (Obs.) percetage of different isomers as determined by 1H NMR spectroscopy.
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Table 3.4: Substrate (∆∆Gwhel) vs catalyst (∆∆G◦N) control over site selectivity of non-native
substrates in RebH

Entry Compound Cn ∆∆Ga
whel

(kcal/mol)
∆∆G◦bN
(kcal/mol)

Obs. (%)

1
1 5.8 – 0
2 20.9 2.4 0
3 0.0 0.0 100

2
1 0.0 – 100
3 0.4 0.0 0
4 29.1 4.1 0

3

1 0.0 – 100
3 – 2.4 0
5 – 0.0 0
6 1.6 0.0 0
8 – 0.0 0
10 – 0.0 0

4

1 0.0 0.3 100
3 18.7 0.0 0
4 26.6 2.3 0
7 20.6 – 0
8 29.7 – 0
9 15.2 – 0
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5

1 25.2 – 0
5 26.0 – 0
7 0.0 – 0
9 6.2 – 100

6
1 0.0 0.0 93
3 0.7 – 7
6 20.8 2.5 0

7
1 1.7 – 6
3 0.0 0.0 94
4 35.4 – 0

a Relative free energy of Wheland intermediate formation at the given site calculated by DFT.
b Relative free energy of NAC formation in RebH estimated by MD simulations. Empty values
indicate that no NAC is formed at this site.
c Observed (Obs.) percetage of different isomers as determined by 1H NMR spectroscopy.
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Figure S3.1: Molecular dynamics simulations of RebH

C-Cl distances from molecular dynamics comparing K79-Cl and K79-HOCl in wild-type RebH.
Each plot represents one replica of a MD simulation using the described condition.
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Figure S3.2: Molecular dynamics simulations of 0S

C-Cl distances from molecular dynamics comparing K79-Cl and K79-HOCl in 0S. Each plot rep-
resents one replica of a MD simulation using the described condition.
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Figure S3.3: Comparison of substrate binding poses in variants with other natural haloge-
nases

(A) Overlay of 5-selective enzymes 10S and PyrH (2WEU). (B) Overlay of 6-selective enzymes
8F, BorH (6UL2), and ThaI (6H44)

127

https://www.rcsb.org/structure/2WEU
https://www.rcsb.org/structure/6UL2
https://www.rcsb.org/structure/6H44


Figure S3.4: Molecular dynamics simulations of variants 10S and 8F

Each plot represents one replica of a MD simulation using K79-HOCl as a chlorine source.
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Figure S3.5: Calculated ∆∆Gwhel for different sites on the indole ring

ωB97X-D/def2TZVP-SMD(water)//B3LYP-D3/6-31G(d)-SMD(water)
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Figure S3.6: Calculated docking poses for substrate 1

Affinity energies calculated by AutoDock Vina are shown with each docking pose
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Figure S3.7: Calculated docking poses for substrate 2

Affinity energies calculated by AutoDock Vina are shown with each docking pose
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Figure S3.8: Calculated docking poses for substrate 3

Affinity energies calculated by AutoDock Vina are shown with each docking pose
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Figure S3.9: Calculated docking poses for substrate 4

Affinity energies calculated by AutoDock Vina are shown with each docking pose
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Figure S3.10: Calculated docking poses for substrate 5

Affinity energies calculated by AutoDock Vina are shown with each docking pose
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Figure S3.11: Calculated docking poses for substrate 6

Affinity energies calculated by AutoDock Vina are shown with each docking pose
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Figure S3.12: Calculated docking poses for substrate 7

Affinity energies calculated by AutoDock Vina are shown with each docking pose
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Figure S3.13: Full carbon numbering for each nonnative substrate used in this study

Full carbon numbering for each nonnative substrate used in this study
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Figure S3.14: Dynamics of a hydrogen bond triad

Comparison of the hydrogen bond triad in RebH (top) and 0S (bottom) in simulations of the K79-
336 HOCl complex. The bond between H109 and N470 is more persistent than the bond be-
tween337 H109 and S470 (right) but the H109-E357 interaction is unaffected (left).
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Figure S3.15: Dynamics of substrate pi stacking

Comparison of pi-stacking residues H109 and F111 in 10S (blue) and 8F (green). While H109
is relatively unaffected, F111 has lower RMSD in 8F, indicating rigidification by the neighboring
P110.
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Figure S3.16: Comparison of methods

Comparison between ∆∆Gwhel values used in this study with previously reported metrics HalA
and RegioSQM. All three methods agree well when comparing the relative reactivity of each site.
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3.8 Computational Models
Table S4.1: Computed Energies of Computational Models (Hartree)

Structure Electronic
Energy

Zero Point
Energy

Enthalpy Free Energy

Reactant Com-
plex

-996.17861 0.221778 -995.94114 -995.997464

NAC5 -996.17076 0.221113 -995.93611 -995.9937
TS5 -996.14381 0.216471 -995.91225 -995.967078
NAC6 -996.17077 0.22101 -995.93611 -995.99385
TS6 -996.143661 0.216713 -995.91189 -995.968527
NAC7 -996.172 0.221115 -995.93751 -995.99517
TS7 -996.142862 0.21693 -995.91101 -995.965437

Cartesian Coordinates

Reactant Complex
C -1.93209 -0.43153 -1.44280
C -1.03318 -0.88727 0.77806
C -1.00364 -1.10555 -0.62935
C -1.95257 -0.02373 1.38460
C -2.84831 0.42992 -0.84506
C -2.85610 0.63340 0.55534
Cl 3.10263 0.20399 0.20867
H -1.94893 0.13267 2.45905
H -3.58030 1.31617 0.98982
H 0.15044 3.07620 -1.21751
H -3.57077 0.95736 -1.46125
C 0.08596 -2.01457 -0.88397
C 0.64764 -2.31526 0.34172
N -0.02371 -1.64625 1.33466
H 0.22545 -1.65888 2.31508
H -1.92735 -0.57801 -2.51921
H 0.36818 -2.44486 -1.83600
H 1.47497 -2.96728 0.58380
H 1.49747 -0.58966 -1.04492
N 0.07899 2.26198 -0.59908
H -0.86279 1.86223 -0.70786
H 0.76098 1.54572 -0.91457
C 0.33659 2.63909 0.82447
H 0.30696 1.73368 1.42846

H 1.31811 3.10823 0.88583
H -0.43775 3.33440 1.14688
O 2.05349 0.23087 -1.16277

NAC5
C -1.12271200 -1.33602900 1.20752200
C -1.80182400 0.18780300 -0.56920100
C -1.50457100 -0.04201000 0.80603700
C -1.73622500 -0.82750000 -1.53364100
C -1.05078600 -2.34912000 0.24921700
C -1.35902000 -2.09441000 -1.10850000
Cl 1.73558700 -1.33608400 0.29320700
H -1.97002900 -0.62361600 -2.57464300
H -1.29493100 -2.90480900 -1.82879200
H 3.78373900 -0.74112100 0.86782300
H -0.77058700 -3.35396000 0.55163700
C -1.66489300 1.21419000 1.48186200
C -2.04013700 2.13355600 0.53226100
N -2.13088500 1.51797000 -0.69993700
H -2.37656500 1.97826200 -1.56577800
H -0.89211400 -1.54411200 2.24857500
H -1.51663500 1.40927200 2.53538300
H -2.25830600 3.18797400 0.62916100
O 3.36623100 -0.75282500 -0.01805000
H 3.08457100 1.03013200 -0.41906000
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N 2.74619800 1.99899900 -0.58872700
H 2.84287800 2.20045900 -1.58957300
H 3.36256900 2.64402000 -0.08340900
C 1.32530200 2.15644100 -0.14380000
H 1.01472700 3.18469200 -0.32485300
H 0.70783700 1.46608500 -0.71477900
H 1.27004000 1.92643000 0.91828800

TS5
C -0.68342000 -0.98231900 1.37088700
C -1.92068600 -0.23485800 -0.57388900
C -1.53929000 -0.07216700 0.80963300
C -1.48010600 -1.31381900 -1.38416900
C -0.09930800 -2.02134300 0.53681100
C -0.60823000 -2.19887700 -0.82340500
Cl 1.74856700 -1.13621100 0.23280500
H -1.82950700 -1.41228000 -2.40632800
H -0.22294400 -3.03521300 -1.39653100
H 3.97625700 0.02459800 0.78017200
H 0.20828800 -2.92876300 1.05167400
C -2.18362900 1.13445500 1.27940300
C -2.88477400 1.63552900 0.22755400
N -2.72152600 0.79626000 -0.88419800
H -3.14904600 0.94871700 -1.79151200
H -0.36504800 -0.90397500 2.40525600
H -2.11019400 1.55833300 2.27051600
H -3.49971600 2.51937300 0.14249600
O 3.69226700 -0.02865300 -0.14968400
H 3.07319100 1.14870500 -0.33322400
N 2.52434500 2.19524600 -0.52280700
H 2.60667600 2.42797500 -1.51531400
H 3.02908600 2.92282500 -0.01131400
C 1.09304000 2.18724300 -0.11845400
H 0.64821500 3.17414300 -0.26582900
H 0.56268700 1.44995700 -0.72031700
H 1.02696800 1.90681800 0.93286100

NAC6
C -1.68589200 -0.69970400 1.62527500
C -1.53323300 -0.07144000 -0.72755100
C -1.77384300 0.29312600 0.62898400
C -1.20851600 -1.38003100 -1.10523600
C -1.36438800 -1.99990800 1.25889900
C -1.12461800 -2.33959400 -0.09288700
Cl 1.68669100 -1.32855200 -0.39760700

H -1.03423800 -1.63795500 -2.14544200
H -0.88376400 -3.36622100 -0.35243700
H 3.65625500 -1.20820200 0.58688900
H -1.29121500 -2.77254200 2.01901300
C -2.05299300 1.70117200 0.63662500
C -1.97428400 2.13136200 -0.66615400
N -1.67082900 1.06711400 -1.48993000
H -1.53528900 1.12281400 -2.49034600
H -1.86587200 -0.44619300 2.66676600
H -2.28120300 2.31429800 1.49794300
H -2.11549900 3.11812000 -1.08477000
O 3.34747400 -0.77452300 -0.23536900
H 3.10074200 0.99232600 0.23144000
N 2.80295200 1.96471600 0.45035000
H 3.22396500 2.23173300 1.34606100
H 3.19276500 2.58231300 -0.26917400
C 1.31033200 2.08192200 0.50331800
H 0.93770000 1.40704300 1.27130000
H 1.05371500 3.11274500 0.74412600
H 0.90816000 1.80706500 -0.46966900

TS6
C 1.22772300 -0.88493500 -1.68528700
C 1.62598200 -0.32883300 0.69843100
C 1.85326400 -0.05820100 -0.70177400
C 0.80632600 -1.32386100 1.13751000
C 0.38399700 -1.87108900 -1.27350200
C 0.05553200 -2.06912700 0.13983800
Cl -1.76952200 -1.09859100 0.34068200
H 0.64159500 -1.51966300 2.19170100
H -0.23918900 -3.07610400 0.42562900
H -4.04245100 -0.17381400 -0.41358700
H -0.11971800 -2.50730500 -1.99357900
C 2.70495000 1.04989100 -0.77204800
C 2.99178000 1.42590400 0.54667500
N 2.36239400 0.60802900 1.41498500
H 2.39225500 0.68418500 2.42520300
H 1.43090700 -0.71723700 -2.73793700
H 3.08515900 1.53396600 -1.66020000
H 3.61445500 2.23419100 0.90550000
O -3.68092400 0.12799200 0.43836600
H -3.00963500 1.27331000 0.06946100
N -2.45397600 2.26480500 -0.23293500
H -2.92197900 2.64954600 -1.05715300
H -2.58412300 2.94553200 0.51938400
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C -1.00307900 2.08140900 -0.50996700
H -0.88625100 1.35718900 -1.31584200
H -0.55087600 3.03290800 -0.79845400
H -0.51865100 1.69862400 0.38775500

NAC7
C -1.78839300 0.33895000 1.57466000
C -1.14315100 0.88557300 -0.71309600
C -1.03042700 1.12558800 0.68595800
C -1.96469400 -0.11973900 -1.23742100
C -2.61034500 -0.65571300 1.06112100
C -2.69246200 -0.89012400 -0.33067500
Cl 0.25946300 -2.10646600 -0.41872900
H -2.02636700 -0.29225100 -2.30780200
H -3.34060500 -1.67839200 -0.70270300
H 2.38157100 -0.80214600 0.70412000
H -3.19625700 -1.27289600 1.73649000
C -0.06816800 2.18335700 0.84771100
C 0.35142700 2.53849700 -0.41564500
N -0.29777900 1.76638300 -1.35258600
H -0.13846400 1.80472800 -2.35048400
H -1.72222000 0.50653200 2.64647400
H 0.24949700 2.64007900 1.77571000
H 1.05971900 3.29278400 -0.72794100
H 1.75908500 -3.02844700 0.89530800
N 2.56274800 0.20606300 0.86366900
H 1.65790000 0.69530100 0.96175900
H 3.07151000 0.30582900 1.74788500
C 3.33853500 0.78570500 -0.27415000
H 3.51480100 1.84213600 -0.07415000
H 4.28344100 0.24938600 -0.35667900
H 2.75169700 0.66555300 -1.18409200
O 1.88438900 -2.50974400 0.07326800

TS7
C -2.52850800 -0.16292800 1.17111600
C -1.09677900 0.26617100 -0.73298600
C -1.84484200 0.75002300 0.38047400
C -0.92184400 -1.14795400 -1.00588500
C -2.47774100 -1.55435600 0.87895600
C -1.74107900 -2.02905300 -0.17581600
Cl 0.97079200 -1.50248700 -0.32566600
H -0.80676300 -1.43920300 -2.04810300
H 3.13829100 -0.14386100 0.16882400
C -1.68469400 2.18383900 0.39915100

C -0.87710900 2.49830700 -0.65335900
N -0.53769900 1.32463700 -1.33678900
H 0.09942800 1.27699100 -2.12530500
H -3.10726600 0.18140500 2.02359400
H -2.12280100 2.87310900 1.10673000
H -0.50961000 3.44967100 -1.00845200
H 2.98909200 -1.58771200 1.28866800
N 2.96369800 1.00944600 0.00725100
H 3.85126700 1.50639600 -0.09143700
H 2.45075500 1.12058500 -0.87056000
C 2.17032900 1.56691400 1.13343200
H 1.95101500 2.62298200 0.96501100
H 1.23828300 1.00611000 1.21353500
H 2.74450600 1.45051700 2.05417200
O 3.16909000 -1.50083700 0.33569400
H -1.70475200 -3.09073000 -0.39473600
H -3.03601900 -2.24163800 1.50511000

MD starting position for K79-HOCl in RebH
(2OA1) Chain A
C -25.46500 15.41800 0.28100
C -25.36000 16.90300 0.70700
C -26.32200 17.78500 -0.02500
C -25.69900 19.05500 -0.45900
C -25.99800 20.11600 0.56200
N -26.90400 21.13300 0.01500
H -26.74200 21.23000 -0.97700
H -26.73300 22.01800 0.47200
H -27.86100 20.85200 0.17300
H -26.54800 15.42600 0.40800
H -25.56600 16.97400 1.77500
H -24.34500 17.25400 0.51800
H -27.16000 18.01300 0.63400
H -26.69400 17.25400 -0.90200
H -26.10700 19.35100 -1.42500
H -24.62000 18.92300 -0.54300
H -26.46600 19.65300 1.43100
H -25.06600 20.59200 0.86800
O -26.13800 21.34000 -2.31100
H -25.79900 20.61700 -2.84400
Cl -24.88300 22.10700 -1.56200

MD starting position for K79-KCl in RebH
(2OA1) Chain A
C -25.46500 15.41800 0.28100
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C -25.36000 16.90300 0.70700
C -26.13400 17.81900 -0.18900
C -25.82300 19.24300 0.06300
C -26.32700 20.06100 -1.09300
N -25.89700 21.46000 -0.97500
H -26.50600 15.09600 0.28600
H -25.74400 17.00200 1.72200
H -24.31100 17.20100 0.69600
H -25.89000 17.58500 -1.22500
H -27.20000 17.65500 -0.02900
H -26.31200 19.56700 0.98200
H -24.74500 19.37000 0.15800
H -25.93500 19.64500 -2.02100
H -27.41600 20.02100 -1.11300
Cl -25.69500 22.11900 -2.51800
H -25.02100 21.50200 -0.47300
H -26.59800 21.98700 -0.47400

MD starting position for K79-HOCl in 0S
(7JU0) Chain A
C -25.56800 103.92000 -16.32700
C -25.17300 105.30600 -16.82300
C -23.83000 105.71700 -16.29700
C -23.84600 107.11800 -15.78900
C -24.23700 108.04900 -16.89700
N -23.82200 109.42000 -16.58300
H -24.68700 103.27900 -16.34400
H -26.06800 105.92300 -16.90000
H -24.71600 105.21600 -17.80800
H -23.10800 105.63900 -17.08300
H -23.55100 105.06000 -15.50000
H -22.87200 107.37900 -15.43700
H -24.55200 107.19900 -14.98900
H -25.29900 108.02100 -17.02300
H -23.76500 107.73600 -17.80500
H -23.00900 109.66000 -17.13100
H -23.59700 109.48700 -15.60000
H -24.57500 110.05700 -16.80000
O -23.51000 109.69100 -13.86400
H -24.20300 110.22300 -13.46600
Cl -23.44600 108.25700 -12.90400

MD starting position for K79-Cl in 0S (7JU0)
Chain A
C -25.56800 103.92000 -16.32700

C -25.17300 105.30600 -16.82300
C -24.20300 105.96900 -15.89000
C -24.00500 107.40500 -16.23600
C -23.26400 108.09100 -15.12900
N -23.27300 109.54300 -15.33100
H -24.68700 103.27900 -16.34400
H -24.71100 105.21200 -17.80600
H -26.06700 105.92400 -16.90700
H -23.24400 105.45500 -15.95200
H -24.58200 105.89600 -14.87000
H -24.97500 107.88200 -16.37300
H -23.43000 107.48000 -17.15900
H -22.23300 107.73700 -15.11400
H -23.74000 107.85600 -14.17700
Cl -23.40500 110.31900 -13.83600
H -22.41500 109.82600 -15.78200
H -24.05900 109.79700 -15.91200

MD starting position for K79-HOCl in 10S
(6PV2) Chain A
C 25.61700 -104.19400 -13.77100
C 25.24000 -105.60500 -14.23300
C 23.83700 -106.03900 -13.78900
C 23.85500 -107.44200 -13.22600
C 24.38000 -108.42700 -14.22500
N 23.82100 -109.77300 -13.90700
H 22.96900 -109.91600 -14.43000
H 24.49300 -110.48400 -14.15600
H 23.62200 -109.83000 -12.91800
H 26.64000 -104.52400 -13.59300
H 25.28200 -105.63400 -15.32200
H 25.96800 -106.31100 -13.83500
H 23.47800 -105.35200 -13.02200
H 23.16300 -106.00500 -14.64500
H 24.49200 -107.46100 -12.34200
H 22.84200 -107.72600 -12.94200
H 24.07400 -108.13000 -15.22800
H 25.46800 -108.46000 -14.16900
O 23.26900 -109.93100 -11.16500
H 22.36800 -110.23800 -11.03700
Cl 23.44600 -108.44100 -10.48200

MD starting position for K79-HOCl in 8F
(6P00) Chain A
C -20.03500 25.86700 -13.98200
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C -21.44000 25.46900 -14.43200
C -22.48600 25.65100 -13.36600
C -23.61200 24.65300 -13.53300
C -24.55900 25.13800 -14.64400
N -25.77800 25.77300 -14.07800
H -25.69400 26.77800 -14.13800
H -25.88100 25.50100 -13.11100
H -26.58800 25.47100 -14.60100
H -20.25900 26.91600 -14.17700
H -21.71300 26.08100 -15.29100
H -21.42800 24.42200 -14.73700
H -22.02600 25.50900 -12.38800
H -22.89000 26.66100 -13.42900
H -23.20000 23.68100 -13.80400
H -24.16300 24.56600 -12.59700
H -24.03500 25.86600 -15.26400
H -24.85200 24.28800 -15.26100
O -26.06300 25.02000 -11.39700
H -26.81000 25.48500 -11.01100
Cl -24.68900 25.40300 -10.56800

Tryptamine docked into active site of 10S
(6PV2) Chain A
C 26.07500 -113.48100 -6.98300
C 26.48900 -112.74100 -5.90000
C 25.06000 -112.70400 -7.64800
C 24.91100 -111.49600 -6.90800
C 24.27000 -112.90100 -8.79500
N 25.79400 -111.55300 -5.85100
C 24.00300 -110.49800 -7.28200
C 23.36700 -111.91300 -9.16900
C 23.23400 -110.72500 -8.41900
H 25.93400 -110.82500 -5.16400
C 26.55100 -114.84700 -7.38000
C 27.98500 -114.78700 -7.90800
N 28.88300 -115.71800 -7.12400
H 29.38000 -116.36800 -7.74500
H 29.59500 -115.19600 -6.59800
H 28.35100 -116.28000 -6.44900

Tryptamine docked into active site of 8F
(6P00) Chain A
C -27.47400 21.06300 -6.69900
C -26.48800 21.49300 -5.84100
C -27.63800 22.09700 -7.68900

C -26.71200 23.13000 -7.36700
C -28.46500 22.25100 -8.81600
N -26.03100 22.73000 -6.23800
C -26.59800 24.29600 -8.13300
C -28.35500 23.40800 -9.57900
C -27.43200 24.42000 -9.23900
H -25.28900 23.24700 -5.78700
C -28.25800 19.78800 -6.60700
C -27.34700 18.57600 -6.81100
N -26.58100 18.69500 -8.11000
H -26.96100 19.44500 -8.70000
H -25.59100 18.91200 -7.94300
H -26.61800 17.82400 -8.65400

Substrate 1 docked into active site of RebH
(2OA1) Chain A
N -22.90600 24.49300 -5.97300
C -21.65200 24.30600 -6.49200
N -20.83100 25.37500 -6.73900
C -19.68200 24.83000 -7.24300
H -21.03400 26.35600 -6.58100
N -21.04500 23.17800 -6.82300
N -19.77800 23.52900 -7.30500
H -23.16100 25.45800 -5.79600
C -24.17500 22.42700 -6.46100
C -25.16700 21.52700 -6.06200
C -25.87400 21.70900 -4.87300
C -25.57900 22.81800 -4.07300
C -24.59500 23.72500 -4.45500
C -23.88200 23.53800 -5.65500

Substrate 2 docked into active site of RebH
(2OA1) Chain A
C -24.36500 23.48800 -5.05300
C -25.01000 22.36500 -5.58600
C -24.44200 21.67900 -6.66700
C -23.22900 22.11600 -7.21700
C -22.58100 23.24000 -6.68700
C -23.15200 23.92800 -5.60000
N -26.16700 21.94600 -5.06200
H -26.62700 21.14300 -5.44300
H -26.57300 22.43500 -4.29000
C -21.36500 23.66600 -7.25200
C -22.45300 25.16500 -5.00500
C -20.93600 25.02100 -5.18900
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C -20.63100 24.89700 -6.68900
O -20.85600 23.01400 -8.25700
H -24.80300 24.01600 -4.21900
H -24.93900 20.81200 -7.07700
H -22.79300 21.58600 -8.05100
H -22.68200 25.23900 -3.96200
H -20.43300 25.89900 -4.78400
H -20.58800 24.12800 -4.67000
H -19.55700 24.78000 -6.83500
H -20.97300 25.79400 -7.20600
H -22.79300 26.04500 -5.50900

Substrate 3 docked into active site of RebH
(2OA1) Chain A
C -25.90300 22.56100 -4.07400
C -25.30300 22.23000 -5.30500
C -24.21400 23.00300 -5.75300
C -23.76900 24.06900 -4.98300
C -24.35700 24.41300 -3.76600
C -25.43000 23.63500 -3.32300
N -25.73000 21.12400 -6.03500
H -26.53800 21.29800 -6.62400
H -25.85400 20.28300 -5.48100
O -22.73800 24.85500 -5.51800
C -21.95800 24.35500 -6.53200
C -20.94000 25.08700 -7.15800
C -22.20900 23.02300 -6.89000
C -20.18100 24.48300 -8.15300
C -21.44900 22.42100 -7.88100
C -20.43000 23.15100 -8.52400
C -19.65000 22.53800 -9.55000
N -19.01100 22.03800 -10.38800

Substrate 4 docked into active site of RebH
(2OA1) Chain A
C -23.39500 23.11000 -6.19000
C -24.08700 23.79300 -5.18000
C -23.53300 24.94700 -4.61000
C -22.28800 25.41900 -5.04900
C -21.59600 24.73700 -6.05900
C -22.15200 23.58400 -6.62800
N -25.27500 23.34300 -4.76200
H -25.76800 23.83000 -4.04100
H -25.67000 22.52000 -5.16900
C -21.45600 22.91100 -7.63400

C -20.21900 23.41100 -8.04500
C -19.71000 24.56900 -7.44200
N -20.40300 25.19500 -6.47500
H -23.82000 22.22000 -6.63000
H -24.06600 25.47300 -3.83200
H -21.86200 26.30800 -4.60900
H -21.86700 22.02000 -8.08600
H -19.65900 22.91000 -8.82100
H -18.75400 24.96100 -7.75600

Substrate 5 docked into active site of RebH
(2OA1) Chain A
C -20.58100 24.71300 -5.40300
C -20.28200 24.64500 -6.77100
C -21.21700 24.11300 -7.66700
C -22.45300 23.64800 -7.19600
C -22.75200 23.71500 -5.82900
C -21.81700 24.24700 -4.93200
N -23.93200 23.27100 -5.38000
C -24.61600 23.79400 -4.34400
C -24.61900 22.23500 -5.89300
C -25.79600 23.06300 -4.17900
C -25.79900 22.07600 -5.16000
O -19.02100 25.11900 -7.25000
H -18.44700 24.37200 -7.43400

Substrate 6 docked into active site of RebH
(2OA1) Chain A
C -24.50500 24.23400 -4.49000
C -24.88100 23.04600 -5.14100
C -24.07400 22.53000 -6.16400
C -22.90600 23.21300 -6.51200
C -22.70800 24.51300 -6.08300
C -23.41200 24.97500 -4.96600
N -25.99700 22.40400 -4.77700
H -26.26000 21.55800 -5.23900
H -26.56900 22.77300 -4.04500
C -21.77700 25.49800 -6.85200
C -21.83100 22.53700 -7.33800
C -20.27400 25.29300 -6.62900
C -20.34500 22.72400 -6.92700
C -19.71900 24.04300 -7.38800
O -22.13500 21.79600 -8.30900

Substrate 7 docked into active site of RebH
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(2OA1) Chain A
C -24.49200 21.95600 -6.28800
C -25.29100 22.33400 -5.21000
C -25.01800 23.50000 -4.48000
C -23.90700 24.27200 -4.85300
C -23.10400 23.90000 -5.93100
C -23.40200 22.74400 -6.64500
N -26.41900 21.46600 -4.83800
H -27.05300 21.75200 -4.12100

H -26.54900 20.59000 -5.30200
O -22.57900 22.35900 -7.75100
H -21.95900 21.68400 -7.46900
C -21.89500 24.76700 -6.32800
O -21.65500 25.35800 -7.38000
O -20.98000 24.86400 -5.33100
C -20.14500 23.70300 -5.30000
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[5] Ajda Podgoršek, Marko Zupan, and Jernej Iskra. Oxidative halogenation with “green”
oxidants: Oxygen and hydrogen peroxide. Angewandte Chemie International Edition,
48(45):8424–8450, 2009.

[6] Jonathan Latham, Eileen Brandenburger, Sarah A. Shepherd, Binuraj R. K. Menon, and Jason
Micklefield. Development of halogenase enzymes for use in synthesis. Chemical Reviews,
118(1):232–269, 2018. PMID: 28466644.

[7] Veit Weichold, Daniela Milbredt, and Karl-Heinz van Pée. Specific enzymatic halogena-
tion—from the discovery of halogenated enzymes to their applications in vitro and in vivo.
Angewandte Chemie International Edition, 55(22):6374–6389, 2016.

[8] Mary C. Andorfer, Jonathan E. Grob, Christine E. Hajdin, Julia R. Chael, Piro Siuti, Jeremiah
Lilly, Kian L. Tan, and Jared C. Lewis. Understanding flavin-dependent halogenase reactivity
via substrate activity profiling. ACS Catalysis, 7(3):1897–1904, 2017. PMID: 28989809.

[9] Brian F. Fisher, Harrison M. Snodgrass, Krysten A. Jones, Mary C. Andorfer, and Jared C.
Lewis. Site-selective c–h halogenation using flavin-dependent halogenases identified via
family-wide activity profiling. ACS Central Science, 5(11):1844–1856, 2019. PMID:
31807686.

[10] Mary C. Andorfer and Jared C. Lewis. Understanding and improving the activity of flavin-
dependent halogenases via random and targeted mutagenesis. Annual Review of Biochem-
istry, 87(1):159–185, 2018. PMID: 29589959.

[11] Mary C. Andorfer, Hyun June Park, Jaylie Vergara-Coll, and Jared C. Lewis. Directed evo-
lution of rebh for catalyst-controlled halogenation of indole c–h bonds. Chem. Sci., 7:3720–
3729, 2016.

148



[12] Tatyana G. Karabencheva-Christova, Juan Torras, Adrian J. Mulholland, Alessio Lodola, and
Christo Z. Christov. Mechanistic insights into the reaction of chlorination of tryptophan
catalyzed by tryptophan 7-halogenase. Scientific Reports, 7(1):17395, Dec 2017.

[13] Jon Ainsley, Adrian J. Mulholland, Gary W. Black, Olivier Sparagano, Christo Z. Christov,
and Tatyana G. Karabencheva-Christova. Structural insights from molecular dynamics sim-
ulations of tryptophan 7-halogenase and tryptophan 5-halogenase. ACS Omega, 3(5):4847–
4859, 2018. PMID: 31458701.

[14] Eduard Bitto, Yu Huang, Craig A. Bingman, Shanteri Singh, Jon S. Thorson, and George N.
Phillips Jr. The structure of flavin-dependent tryptophan 7-halogenase rebh. Proteins: Struc-
ture, Function, and Bioinformatics, 70(1):289–293, 2008.

[15] Lizbeth Hedstrom. Serine protease mechanism and specificity. Chemical Reviews,
102(12):4501–4524, 2002. PMID: 12475199.

[16] Magnus Liljenberg, Tore Brinck, Björn Herschend, Tobias Rein, Glen Rockwell, and Mats
Svensson. Validation of a computational model for predicting the site for electrophilic sub-
stitution in aromatic systems. The Journal of Organic Chemistry, 75(14):4696–4705, 2010.
PMID: 20552984.

[17] Xiaofeng Zhu, Walter De Laurentis, Khim Leang, Julia Herrmann, Katja Ihlefeld, Karl-Heinz
van Pée, and James H. Naismith. Structural insights into regioselectivity in the enzymatic
chlorination of tryptophan. Journal of Molecular Biology, 391(1):74–85, 2009.

[18] Ann-Christin Moritzer, Hannah Minges, Tina Prior, Marcel Frese, Norbert Sewald, and Hart-
mut H. Niemann. Structure-based switch of regioselectivity in the flavin-dependent trypto-
phan 6-halogenase thal. Journal of Biological Chemistry, 294(7):2529–2542, 2019.

[19] Kazi Lingkon and John J. Bellizzi III. Structure and activity of the thermophilic tryptophan-6
halogenase borh. ChemBioChem, 21(8):1121–1128, 2020.

[20] Thomas C. Bruice and Felice C. Lightstone. Ground state and transition state contributions
to the rates of intramolecular and enzymatic reactions. Accounts of Chemical Research,
32(2):127–136, 1999.

[21] Hsiao-Lin Lee, Chih-Kang Chang, Wen-Yih Jeng, Andrew H.-J. Wang, and Po-Huang Liang.
Mutations in the substrate entrance region of β-glucosidase from Trichoderma reesei improve
enzyme activity and thermostability. Protein Engineering, Design and Selection, 25(11):733–
740, 10 2012.

[22] Susanne Zehner, Alexander Kotzsch, Bojan Bister, Roderich D. Süssmuth, Carmen Méndez,
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4.2 Abstract

De novo enzyme design has sought to introduce active sites and substrate binding pockets

predicted to catalyze a reaction of interest into geometrically compatible native scaffolds [1, 2],

but has been limited by a lack of suitable protein structures and the complexity of native protein

sequence-structure relationships. Here we describe a deep-learning based “family-wide halluci-
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nation” approach that generates large numbers of idealized protein structures containing diverse

pocket shapes and designed sequences that encode them. We use these scaffolds to design artifi-

cial luciferases that selectively catalyze the oxidative chemiluminescence of the synthetic luciferin

substrates diphenylterazine (DTZ) [3] and 2-deoxycoelenterazine (h-CTZ) through the placement

of an arginine guanidinium group adjacent to an anion species that develops during the reaction in

a high shape complementarity binding pocket. For both luciferin substrates, we obtain designed

luciferases with high selectivity; the most active of these is a small (13.9 kDa) and thermostable

(TM > 95◦C) enzyme with a catalytic efficiency on DTZ (kcat/KM = 106 M−1s−1) comparable

to native luciferases but with much higher substrate specificity. The design of highly active and

specific biocatalysts from scratch with broad applications in biomedicine is an important milestone

for computational enzyme design, and our approach should enable the design of a wide range of

novel luciferases and other enzymes.

4.3 Main

Bioluminescent light produced by the enzymatic oxidation of a luciferin substrate by luciferases

is widely used for bioassays and imaging in biomedical research. Because no excitation light

source is needed, luminescent photons are produced in the dark which results in higher sensitivity

than fluorescence imaging in live animal models and in biological samples where autofluorescence

or phototoxicity is a concern [4, 5]. However, the development of luciferases as molecular probes

has lagged behind that of well-developed fluorescent protein toolkits for a number of reasons: (i)

very few native luciferases have been identified [6, 7]; (ii) many of those that have been identified

require multiple disulfide bonds to stabilize the structure and are therefore prone to misfolding in

mammalian cells [8]; (iii) most native luciferases do not recognize synthetic luciferins with more

desirable photophysical properties [9]; and (iv) multiplexed imaging to follow multiple processes

in parallel using mutually orthogonal luciferase-luciferin pairs has been limited by the low sub-

strate specificity of native luciferases [10, 11].
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We sought to use de novo protein design to create new luciferases that are small, highly stable,

well-expressed in cells, specific for one substrate, and need no cofactors to function. We chose

a synthetic luciferin, diphenylterazine (DTZ) as the target substrate because of its high quantum

yield, red-shifted emission [3], favorable in vivo pharmacokinetics [12, 13], and lack of required

cofactors for light emission. Previous computational enzyme design studies have primarily repur-

posed native protein scaffolds in the PDB [1, 2], but there are few native structures with binding

pockets appropriate for DTZ, and the effects of sequence changes on native proteins can be un-

predictable (designed helical bundles have also been used as enzyme scaffolds [14, 15, 16], but

these are limited in number and most do not have pockets appropriate for DTZ binding). To cir-

cumvent these limitations, we set out to generate large numbers of ideal protein scaffolds with

pockets of the appropriate size and shape for DTZ, and with clear sequence-structure relationships

to facilitate subsequent active site incorporation. To identify protein folds capable of hosting such

pockets, we first docked DTZ into 4000 native small molecule binding proteins. We found that

many NTF2 (nuclear transport factor 2)-like folds have binding pockets with appropriate shape-

complementary and size for DTZ placement (red labels in Figure 4.1e), and hence selected the

NTF2-like superfamily as the target topology.

4.3.1 Family-wide hallucination

Native NTF2 structures have a range of pocket sizes and shapes but also contain non-ideal fea-

tures such as long loops which compromise stability. To create large numbers of ideal NTF2-like

structures, we developed a deep-learning based “family-wide hallucination” approach that inte-

grates unconstrained de novo design [17, 18] and fixed backbone sequence design approaches [19]

to enable the generation of an essentially unlimited number of proteins having a desired fold (Fig-

ure 4.1a). The family-wide hallucination approach utilizes the de novo sequence and structure

discovery capability of unconstrained protein hallucination [17, 18] for loop and variable regions,

and structure-guided sequence optimization for core regions. We employed the trRosetta structure

prediction neural network [20], which is effective in identifying experimentally successful de novo
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designed proteins and hallucinating new globular proteins of diverse topologies. Starting from

sequences and predicted structures of 2,000 naturally occurring NTF2s, we used trRosetta to op-

timize the amino sequence of conserved core and variable loop regions. Protein core idealization

was carried out with a topology-specific loss function over core residue pair geometries (see Meth-

ods) and variable loop optimization, by optimizing sequence length and identity to maximize the

confidence of the neural network in the predicted structure. To further encode structural specificity,

we incorporated buried, long-range hydrogen-bonding networks. The resulting 1615 family-wide

hallucinated NTF2 scaffolds provided more shape complementary binding pockets for DTZ than

native small-molecule protein binding proteins (Figure 4.1e). This approach samples protein back-

bones closer to native NTF2-like proteins (Figure 4.1e) and with better scaffold quality metrics

than a previous non deep-learning approach [21] (Figure 4.1e).

4.3.2 De novo design of luciferases for DTZ

Computational enzyme design generally starts from an ideal active site or theozyme consist-

ing of protein functional groups surrounding the reaction transition state that is then matched into

a set of existing scaffolds [1, 2]. However, the detailed catalytic geometry of marine luciferases

is not well defined as only a handful of apo-structures and no holo-structures with luciferin sub-

strates have been solved [22, 23, 24] (excluding calcium-regulated photoproteins). Both quantum

chemistry calculations [25, 26] and experimental data [27, 28] suggest that the chemiluminescent

reaction proceeds through an anionic species and that the polarity of the surroundings can sub-

stantially alter the free energy of the subsequent single electron transfer (SET) process with triplet

molecular oxygen (3O2). Guided by these data (Figure E4.1), we sought to design a shape comple-

mentary catalytic site that stabilizes the anionic state of DTZ and lowers the SET energy barrier,

assuming that the downstream dioxetane light emitter thermolysis steps are spontaneous. To stabi-

lize the anionic state, we focused on the placement of the positively charged guanidinium group of

an arginine residue to stabilize the developing negative charge on the imidazopyrazinone group.

To computationally design such active sites into large numbers of hallucinated NTF2 scaffolds,
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we first generated an ensemble of anionic DTZ conformers (Figure 4.1b). Next, around each con-

former, we used the RIFgen method [29, 30] to enumerate Rotamer Interaction Fields (RIFs) on

3D grids consisting of millions of placements of amino acid sidechains making hydrogen bonding

and nonpolar interactions with DTZ (Figure 4.1c). An arginine guanidinium group was placed ad-

jacent to the N1 atom of the imidazopyrazinone group to stabilize the developing negative charge.

RIFdock was then used to dock each DTZ conformer and associated RIF in the central cavity of

each scaffold to maximize protein-DTZ interactions. An average of eight sidechain rotamers in-

cluding an arginine to stabilize the anionic imidazopyrazinone core were positioned in each pocket

(Figure S4.1a). For the top 50,000 docks with the most favorable sidechain-DTZ interactions, we

optimized the remainder of the sequence using RosettaDesign (Figure 4.1d) for high-affinity bind-

ing to DTZ with a bias towards the naturally observed sequence variation to ensure foldability.

During the design process, pre-defined hydrogen bond networks (HBNets) in the scaffolds were

kept intact for structural specificity and stability, and interactions of these HBNet side chains with

DTZ were explicitly required in the RIFdock step to ensure preorganization of residues essential

for catalysis. In a first sequence design step, the identities of all RIF and HBNet residues were

kept fixed, and the surrounding residues were optimized to hold the sidechain-DTZ interactions in

place and maintain structural specificity. In a second sequence design step, the RIF residue iden-

tities (except the arginine) were also allowed to vary, as Rosetta can identify apolar and aromatic

packing interactions missed in the RIF due to binning effects. During sequence design, the scaf-

fold backbone, sidechains, and DTZ substrate were allowed to relax in cartesian space. Following

sequence optimization, the designs were filtered based on ligand-binding energy, protein-ligand

hydrogen bonds, shape complementarity, and contact molecular surface, and 7648 designs were

selected and ordered as pooled oligos for experimental screening.

4.3.3 Identification of active luciferases

Oligonucleotides encoding the two halves of each design were assembled into full-length genes

and cloned into an E. coli expression vector (see Methods). A colony-based screening method was
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used to directly image active luciferase colonies from the library and the activities of selected

clones were confirmed using a 96-well plate expression (Figure E4.2). Three active designs were

identified; we refer to the most active of these as LuxSit (Latin: let light exist) which at 117

residues (13.9 kDa) is smaller than any previously described luciferase. Biochemical analysis,

including SDS-PAGE and size exclusion chromatography (Figure 4.2ab and E4.3), indicated that

LuxSit is highly expressed in E coli and soluble and monomeric. Circular dichroism (CD) spec-

troscopy showed a strong far UV CD signature, suggesting an organized α − β structure. CD

melting experiments showed that the protein is not fully unfolded at 95◦C, and the full structure

is regained when the temperature is dropped (Figure 4.2c). Incubation of LuxSit with DTZ re-

sulted in luminescence with an emission peak at roughly 480 nm (Figure 4.2d), consistent with the

DTZ chemiluminescence spectrum. While we were not able to determine the crystal structure of

LuxSit, the AlphaFold2 [31] predicted structure is very close to the design model at the backbone

level (RMSD = 1.3 Å) and over the side chains interacting with the substrate (Figure 4.2e). The

designed LuxSit active site contains Tyr14-His98 and Asp18-Arg65 dyads; with the imidazole ni-

trogen atoms of His98 making hydrogen bond interactions with Tyr14 and the O1 atom of DTZ

(Figure 4.2f). The center of the Arg65 guanidinium cation is 4.2 Å from the N1 atom of DTZ and

Asp18 forms a bidentate hydrogen bond to the guanidinium group and backbone N-H of Arg65

(Figure 4.2g).

4.3.4 De novo design of luciferases for h-CTZ

We next sought to apply the knowledge gained from designing LuxSit to design 2-deoxycoelenterazine

(h-CTZ) specific luciferases. Since the molecular shape of h-CTZ is different from that of DTZ,

we created an additional set of NTF2 superfamily scaffolds (see Methods) with matching pocket

shapes and high model confidence (AlphaFold2 predicted local distance difference test, pLDDT

> 92). We then installed catalytic sites in these scaffolds and designed the first shell protein

sidechain-h-CTZ interactions using the histidine and arginine substrate interaction geometries that

were most successful in the first round for DTZ. To design the remainder of the sequence, we used
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ProteinMPNN [32], which can result in better stability, solubility, and accuracy than RosettaDe-

sign. Following filtering based on the AlphaFold2 predicted pLDDT, Cα RMSD, contact molecu-

lar surface, and Rosetta computed binding energies (see Methods), we selected and experimentally

expressed 46 designs in E. coli and identified two (HTZ3-D2 and HTZ3-G4) with luciferase ac-

tivity with the h-CTZ luciferin substrate. Both designs were highly soluble, monodisperse, and

monomeric; the luciferase activities were of the same order of magnitude as LuxSit (Figure E4.4).

The success rate increased from 3/7648 to 2/46 sequences in the second round likely due to the

more optimal active site geometry and the increased robustness of ProteinMPPN sequence design.

4.3.5 Luciferase activity optimization

To better understand the contributions to the catalysis of LuxSit, the most active of our designs,

we constructed a site saturation mutagenesis (SSM) library in which each residue in the substrate

binding pocket was mutated to every other amino acid one at a time (see Methods), and determined

the effect of each mutation to luciferase activity. Figure 4.2f-i illustrate the amino-acid preferences

at key positions. Arg65 is highly conserved, and its dyad partner Asp18 can only be mutated to

Glu (which reduces activity), suggesting the carboxylate-Arg65 hydrogen bond is important for lu-

ciferase activity. In the Tyr14-His98 dyad, Tyr14 can be substituted with Asp and Glu, while His98

can be replaced with Asn. As all active variants had hydrogen bond donors and acceptors at these

positions, the dyads may help mediate the electron and proton transfer required for luminescence.

Hydrophobic (Figure 4.2h) and π-stacking (Figure 4.2i) residues at the binding interface tolerate

other aromatic or aliphatic substitutions and generally prefer the amino acid in the original design

consistent with model-based affinity predictions of mutational effects (Figure E4.5). The A96M

and M110V mutants (highlighted in pink) increase activity by 16-fold and 19-fold over LuxSit re-

spectively (Table ??). Optimization guided by these results yielded LuxSit-f (A96M/M110V) with

strong initial flash emission and LuxSit-i (R60S/A96L/M110V) with more than 100-fold higher

photon flux over LuxSit (Figure E4.6). Overall, the active site saturation mutagenesis results sup-

port the design model, with the Tyr14-His98 and Asp18-Arg65 dyads playing key roles in catalysis
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and the substrate-binding pocket largely conserved.

The most active catalysts, LuxSit-i (Figure E4.3beh) and LuxSit-f (Figure E4.3cfi) were both

expressed solubly in E. coli at high levels and are monomeric (some dimerization was observed at

the high protein concentration, (Figure E4.3l) and thermostable (Figure E4.3j-k). Similar to native

CTZ-utilizing luciferases, the apparent Michaelis constants KM of both LuxSit-i and LuxSit-f are

in the low µM range (Figure 4.3a) and the luminescent signal decays over time due to fast catalytic

turnover (Figure E4.7a). LuxSit-i is a very efficient enzyme with a kcat/KM of 106 M−1s−1. The

luminescence signal is readily visible to the naked eye (Figure 4.3b), and the photon flux (photon

s−1) is 38% greater than the native Renilla reniformis luciferase (RLuc) (Table S2). The DTZ

luminescent reaction catalyzed by LuxSit-i is pH-dependent (Extended Data Fig. 7b), consistent

with the proposed mechanism. We used a combination of density functional theory (DFT) calcula-

tions and molecular dynamics (MD) simulations to investigate the basis for LuxSit activity in more

detail; the results support the anion stabilization mechanism (Figure E4.8a and S4.2a) and suggest

that LuxSit-i provides better DTZ transition state charge stabilization than LuxSit (Figure E4.8b).

4.3.6 Cell imaging and multiplexed bioassay

As luciferases are commonly used genetic tags and reporters for cell biological studies, we

evaluated the expression and function of LuxSit-i in live mammalian cells. LuxSit-i-mTagBFP2-

expressing HEK293T cells showed DTZ-specific luminescence (Figure 4.3c), which was main-

tained following targeting of LuxSit-i to the nucleus, membrane, and mitochondria (Figure E4.9).

Native and previously engineered luciferases are quite promiscuous with activity on many luciferin

substrates (Figure 4.4ac and Figure S4.3), possibly due to their large and open pockets (a luciferase

with high specificity to one luciferin substrate has been difficult to control even with extensive di-

rected evolution [33, 34]). In contrast, LuxSit-i exhibited exquisite specificity to its target luciferin

with 50-fold selectivity for DTZ over bis-CTZ (which differs only in one benzylic carbon; MD

simulations suggest this arises from greater transition state shape complementarity (Figure E4.8bc

and S4.2bc)), 28-fold selectivity over 8pyDTZ (differing only in one nitrogen atom), and more
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than 100-fold selectivity over other luciferin substrates (Figure 4.4b). Our most active design for

h-CTZ (HTZ3-G4) was also highly specific for its target substrate (Figure 4.4c and E4.4d). Over-

all, the specificity of our designed luciferases is much greater than native luciferases [35, 36] or

previously engineered luciferases [37] (Table ??).

The high substrate specificity of LuxSit-i might allow the multiplexing of luminescent reporters

through substrate-specific or spectrally resolved luminescent signals (Figure 4.4d and E4.10ab). To

explore this possibility, we tracked two independent signaling pathways (cAMP/PKA and NF-κB)

by placing the expression of either RLuc or LuxSit-i downstream of the NF-κB or cAMP response

element promoters, respectively (Figure 4.4e). Imaging in the presence of the substrates for the

two luciferases (PP-CTZ for RLuc and DTZ for LuxSit-i) one at a time (Figure 4.4f) can clearly

distinguish known activators of the two pathways. The luminescence of the two reactions occurs at

different wavelengths, and hence we were able to simultaneously assess the activation of the two

signaling pathways in the same sample with either cell lysates (Figure 4.4g) or intact HEK293T

cells (Figure E4.10c-e) by providing both substrates together and monitoring luminescence at dif-

ferent wavelengths.

4.4 Conclusion

Computational enzyme design to date has been constrained by the number of available scaf-

folds, which limits the extent to which catalytic configurations and enzyme-substrate shape com-

plementarity can be achieved [14, 15, 16]. The use of deep learning to generate large numbers

of de novo designed scaffolds here eliminates this restriction; moving forward, the more accurate

RoseTTAfold [38] and AlphaFold2 [31] should enable still more effective protein scaffold gener-

ation [18, 39] through family-wide hallucination and other generative approaches. The diversity

of scaffold pocket shapes and sizes enabled the exploration of a range of catalytic geometries and

the maximization of substrate-enzyme shape complementarity; to our knowledge, no native lu-

ciferases have folds similar to LuxSit, and the enzyme has high specificity for a fully synthetic
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luciferin substrate that does not exist in nature. With the incorporation of 2-3 substitutions that

provide a more complementary pocket to stabilize the transition state, LuxSit-i has higher activ-

ity than any previously de novo designed enzyme; the kcat/KM of 106 M−1s−1 is in the range of

native luciferases. This is a notable advance for computational enzyme design, as tens of rounds

of directed evolution were required to obtain catalytic proficiencies in this range for a designed

retroaldolase, and the structure was remodeled considerably [40]; in contrast, the predicted differ-

ences in ligand-sidechain interactions between LuxSit and LuxSit-i are very subtle (Figure S4.1b;

achieving such high activities directly from the computer remains an outstanding goal for com-

putational enzyme design). The small size of LuxSit-i makes it well-suited as a genetic tag for

capacity-limited viral vectors, biosensor development, and fusions to proteins of interest. On the

basic science side, the small size, simplicity, and high activity make LuxSit-i an excellent model

system for computational and experimental studies aimed at improving understanding of the lu-

ciferase catalytic mechanism. Extension of the approach used here to create similarly specific

new luciferases for synthetic luciferin substrates beyond DTZ and h-CTZ would considerably ex-

tend the multiplexing opportunities illustrated in Figure 4.4 (particularly with the recent advances

in microscopy) [41], leading to multiplexed luminescent toolkits. More generally, our family-

wide hallucination method opens up an almost unlimited number of new scaffold possibilities for

substrate binding and catalytic residue placement, which is particularly important in cases where

the reaction mechanism and how to promote it are not completely understood – many structural

and catalytic hypotheses can be readily enumerated with different catalytic residue placements in

shape and chemically complementary binding pockets. While luciferases are unique in catalyzing

the emission of light, the chemical transformation of substrates into products is common to all en-

zymes, and the approach developed here should be readily extendable to a wide variety of chemical

reactions.
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4.5 Methods

4.5.1 Materials and general methods

Synthetic genes and oligonucleotides were purchased from Integrated DNA Technologies or Gen-

Script. The synthetic gene was inserted into modified pET29b+ vectors, containing N- or C-

terminal hexahistidine tag. Restriction endonucleases, Q5 PCR polymerase, USER enzyme, NEB-

Next end repair module, and T4 ligase were purchased from NEB. Plasmid DNA, PCR prod-

ucts, or digested fragments were purified by Qiagen DNA purification kits. DNA sequences

were analyzed by Genewiz. Coelenterazine (CTZ) was purchased from Gold Biotechnology.

Diphenylterazine (DTZ), pyridyl diphenylterazine (8pyDTZ), and Furimazine (FRZ) were pur-

chased from MedChemExpress. All other coelenterazine analogs (bis-CTZ: bisdeoxycoelenter-

azine; f-CTZ: f-Coelenterazine; e-CTZ: e-Coelenterazine-F; PP-CTZ: methoxy e-Coelenterazine;

v-CTZ: v-Coelenterazine; h-CTZ: 2-deoxycoelenterazine) were ordered from NanoLight. All

other chemicals were purchased from Sigma-Aldrich or Fisher Scientific and used without further

purification. To identify the molecular mass of each protein, intact mass spectra were obtained via

reverse-phase LC/MS on an Agilent 6230B TOF on an AdvanceBio RP-Desalting column and sub-

sequently deconvoluted by Bioconfirm software (B.07.00) using a total entropy algorithm. ÄKTA

pure M with UNICORN 6.3.2 Workstation control (GE Healthcare) coupled with a Superdex 75

Increase 10/300 GL column was used for size exclusion chromatography. DNA and protein con-

centrations were determined by an 8-channel NanoDrop UV/vis spectrometer. CD spectra and

CD melting experiments were performed by default setting on a J-1500 Circular Dichroism Spec-

tropolarimeter (Jasco). All luminescence measurements were acquired by a Biotek Synergy Neo2

Multi-Mode Plate Reader. To convert relative arbitrary unit (RLU) to the number of photons, Neo2

plate reader was calibrated by determining the chemiluminescence of luminol with known quan-

tum yield in the presence of horseradish peroxidase and hydrogen peroxide in K2CO3 aqueous

solution as previously described [42]. SDS PAGE and luminescence images were captured by a
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Bio-Rad ChemiDoc XRS+. HEK293T (CRL-11268) and HeLa (CCL-2) cells were obtained from

ATCC. Images were analyzed using the Fiji image analysis software.

4.5.2 General procedures for protein production and purification

Lemo21(DE3) strain was used for transformation with the pET29b+ plasmid encoding the gene

of interest. Transformed cells were grown for 12 h in LB medium supplemented with kanamycin.

Cells were inoculated at 1:50 ratio in 100 mL fresh TB medium, grown at 37 ◦C for 4 h, and

then induced by IPTG for an additional 18 h at 16 ◦C. Cells were harvested by centrifugation at

4,000g for 10 min and resuspended in 30 mL lysis buffer (20 mM Tris-HCl pH 8.0, 300 mM NaCl,

30 mM imidazole, and PierceTM Protease Inhibitor Tablets). Cell resuspensions were lysed by

sonication for 5 min (10 s per cycle). Lysates were clarified by centrifugation at 24,000g at 12

◦C for 40 min and pre-equilibrated with 1 mL of Ni-NTA nickel agarose at 4 ◦C for 1 h. The

resin was washed twice with 10 mL wash buffer and then eluted in 1 mL elution buffer (20 mM

Tris-HCl pH 8.0, 300 mM NaCl, 300 mM imidazole). The eluted proteins were purified by size

exclusion chromatography in PBS. Fractions were collected based on A280 trace, snap-frozen in

liquid nitrogen, and stored at -80 ◦C.

4.5.3 Computational design of idealized scaffolds

Our generation of idealized NTF2-scaffolds can be divided into four parts: Generation of seed-

structures, optimization of backbone geometries using trRosetta-based hallucination, generation

of structure-conditioned sequence models to bias design, and design and filtering.

Generation of seed structures

We thought to increase the set of NTF2 structures by complementing experimentally resolved

structures from the PDB with highly accurate models generated by trRosetta [43]. To achieve

this, we first collected 85 NTF2-like protein structures from the PDB based on SCOPe anno-

tation (d. 17.4 SCOPe v2.05). Corresponding sequences were then used as queries to collect
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sequence homologs from UniProt by performing 8 iterations of hhblits at 1e-20 e-value cutoff

against uniclust30 2018 08 database; default filtering cutoffs were relieved (-maxfilt 100000000

-neffmax 20 -nodiff -realign max 10000000) to maximize the number of the output hits. All the

hits were redundancy reduced using cd-hit [44] with a sequence identity cutoff of 60% yielding a

set of 7,573 candidates for modeling.

To generate inputs for structure modeling with trRosetta, we built multiple sequence alignments

(MSAs) for each of the 7,573 selected sequences with hhblits using a more conservative e-value

cutoff of 1e-50; the resulting MSAs were also complemented by hits from hmmsearch against

uniref100 (release-2019 11) with the bit-score threshold of 115 (i.e. 1bit per position). After

joining the above two sets of alignments and filtering them at 90% sequence identity and 75%

coverage cutoffs, only sequences with more than 50 homologs in the corresponding MSAs were

retained for modeling (2,005 sequences). The filtered MSAs along with information on the top 25

putative structural homologs as identified by hhsearch against the PDB100 database of templates

were used as inputs to the template-aware version of trRosetta [45] to predict residue pair distances

and orientations. Network predictions were then used to reconstruct full atom 3D structure models

using a Rosetta-based folding protocol described previously [20].

Hallucination of idealized NTF2s

Seeking to idealize the native structure seeds, we reasoned that trRosetta, a convolutional residual

neural network, which predicts residue-residue orientations and distances from sequence, could

serve as a key component in a protein idealizer. Previously, this network has been used to generate

diverse proteins that resemble the “ideal” structures of de novo designed proteins by changing the

protein sequence to optimize the contrast (KL-divergence) between the predicted geometry and

that of randomly generated sequences [17].

For our purpose, the desired fold-space is not diverse but instead focused on the NTF2-like topol-
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ogy. To guarantee generation of ideal structures within this fold-space, we implemented a new

fold-specific loss-function, which biased hallucinations based on observed geometries in native

crystal structures. As many experimentally characterized NTF2s contain non-ideal regions, we

began by creating a set (χ) of trimmed but ideal NTF2s by manually removing non-ideal structural

elements such as kinked helices, and long or rarely observed loops. For each seed structure, we

then used a structure-based sequence alignment method to find equivalent positions between the

seed structure and χ. Residue pairs were considered to be in a conserved tertiary motif (TERM)

if there were 5 or more equivalent positions in χ. The smooth probability distributions based on

observed geometries in χ were then computed. For distances we used a Gaussian distribution with

mean equal to the true distance denoted by D and standard deviation denoted by σ equal to 0.5 Å.

The probability density function for distances d is given by:

f(d;D, σ) =
1√

(2πσ2)exp
(
− (d−D)2

2σ2

)
Using this density function one can construct a categorical distribution for binned distances by

evaluating this function at the centers of the bins and then normalizing by a sum of all values in

different bins. Similarly, a von Mises distribution was used for omega angle smoothing with prob-

ability density function given by (ω − Ω) where N(κ) is a normalizing constant, Ω is the crystal

value, κ is the inverse variance chosen to be 100, and ω is the smoothed angle. For phi and theta

angles a von Mises-Fisher blur is given by f(x;µ, κ) = N(κ)exp[κµTx] where N(κ) is a normal-

izing constant, µ is a unit vector on a 3D sphere corresponding to the phi and theta angles from the

crystal structure, x is a smoothed unit vector, and κ is the inverse variance chosen to be 100.

Next, we converted those probability distributions to energy landscapes (i.e. - negative log like-

lihoods) and sought to minimize the expected energy. This soft restraint encouraged the network

to seek out the consensus structure, while still allowing deviations where needed. Specifically, we

formulated the fold-specific loss as:
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Lfold =
∑

x∈{d,ω,θ,φ}

[
L∑

i,j=1

Nx∑
k=1

−mijpx,ijkln(sx,ijk)

]
/

L∑
i,j=1

mij

mij = {1 if i and j are in a TERM ; else 0}

where p is the network prediction and s is the smoothed probability distribution of the conserved

residue pairs. For the second part of the loss function and similar to previous work [46], we sought

to maximize the Kullback–Leibler (KL) divergence between the predicted probability distribution

and a background distribution for all i,j residue pairs not in a TERM.

Lhall = −
∑

x∈{d,ω,θ,φ}

[
L∑

i,j=1

Nx∑
k=1

(1−mij)px,ijkln(px,ijk/bx,ijk)

]
/

L∑
i,j=1

(1−mij)

where b is the background distribution andNx is the number of bins in each probability distribution

(Nd = 37, Nω,θ, = 25, Nφ = 13). Briefly, b is calculated by a network of similar architecture to

trRosetta trained on the same training data, except it is never given sequence information as an

input. The final loss is given by:

L = Lfold + Lhall

We used a Markov Chain Monte Carlo (MCMC) procedure to search for sequences that trRosetta

predicted to fold into structures that minimize this loss function. We allowed four types of moves

with different sampling probabilities: mutations (p=0.55), insertions (p=0.15), deletions (p=0.15),

and moving segments (p=0.15). Mutations randomly changed one amino acid to another, with an

equal transition probability for all 20 amino acids. Insertions inserted a new amino acid (all equally

likely) into a random location subject to the KL-divergence loss. Deletions deleted a random

residue from the same locations. Finally, we also allowed “segments” to move, cutting and pasting

themselves from one part of the sequence to another, while maintaining the same overall segment

order. Here, a “segment” is a continuous stretch of amino acids all subject to fold specific loss,

often composed of a single strand or helix. Starting from a random sequence of an initial length
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(typically 120 amino acids), we used the standard Metropolis criteria to accept or reject moves:

Ai = min[1, exp(−(Li − Li−1)/T )]

where Ai is the chance of accepting the move at step i, Li is the loss at the current step, Li−1 is the

loss at the previous step and T is the temperature. The temperature started at 0.2 and was reduced

by half every 5k steps. Generally, it took 30k steps to converge.

Structure-conditioned multiple sequence alignment

Given the complexity of the NTF2-like protein fold, we hypothesized that it was necessary to im-

pose sequence design rules to disfavor alternative states (negative design). Towards this end, we

computed a structure-conditioned multiple sequence alignment based on native NTF2-like pro-

teins. Specifically, we used TMalign [47] to superimpose each of the 2005 predicted native struc-

tures onto each hallucinated backbone. Next, to find structurally corresponding positions, we im-

plemented a structure-based dynamic programming algorithm, similar to the Needleman-Wunsch

algorithm [48]. However, instead of using the amino acid similarity as the scoring metric, we used

a tunable structure-based score function. After aligning the two structures, we scored the structural

similarity of any two residues by empirically weighting several metrics: (1) Distance between Ca

atoms, (2) differences between backbone torsion angles (phi and psi) backbone torsion angles, and

(3) the angle (degrees) between the vectors pointing from Ca to Cb in each residue. To calculate

the unweighted score for each component, we normalized each by a maximum possible value (180

degrees for angles and 10Å for distances) and included a “set point” that was approximately de-

lineated when we judged a metric to indicate two residues to be more similar than not. Values

above this setpoint are positive, indicating two residues are similar and values below the set point

indicated two residues are dissimilar.

Scoreunweighted = (setpoint − value)/maxvalue
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Each value was scaled by its normalized weight and summed to give an overall similarity score

between any two amino acids.

Score Component Weight Setpoint Max value

Phi 1.0 45◦ 180◦

Psi 1.0 45◦ 180◦

CaCb angle 2.0 30◦ 180◦

CaCa distance 2.5 3Å 10Å

These similarity scores were used as the similarity metric in our dynamic programming algorithm,

in place of the typical BLOSUM62 similarity metric. We used a gap penalty of 0.1 and an exten-

sion penalty of 0.0. Finally, after concatenating all the structure-conditioned aligned sequences,

we used PSI-BLAST-exB [49, 50] to compute sequence redundancy weighted log-odds scores for

each amino acid at each position (position-specific scoring matrices, PSSMs).

Sequence design

To design the resulting backbones, we sought, in addition to the sequence patterns captured in the

PSSM, to further specify the backbone conformation and functionalize the pocket, by installing

entire hydrogen bonding networks from native NTF2-like proteins. We compiled two sets of hy-

drogen bonding networks: a set for the cavity containing 85 networks and another set of networks

connecting the C-terminal region of the first helix with the third beta-strand containing 25 net-

works. In 20 independent attempts for each backbone, we randomly grafted a network from each

set, fixed the identities of hydrogen bonding residues, and designed the sequences for all other po-

sitions under PSSM constraints. The resulting models were filtered for various backbone quality

metrics and for maintenance of hydrogen bonding networks in the absence of constraints, resulting

in a total of 1615 idealized scaffolds.

172



4.5.4 RIFdock tuning files

The hierarchical search framework of RifDock is a powerful way to search through 6-dimensional

rigid body orientations. While originally designed to work with physics-based forcefields, the scor-

ing machinery can easily be modified to do other things. A system was added called “Tuning Files”

that allows one to tune the energetics of rifdock by “requiring” specific interactions. Specified in-

teractions can range from specific hydrogen bonds, to specific bidentates, and even to specific

hydrophobic interactions. The specifics are that during the RifGen stage, each stored rotamer is

compared against a list of definitions in the Tuning File. If the rotamer satisfies a definition, it

is stored into the RIF with a “Requirement Number”. Later during RifDock, these Requirement

Numbers are available during scoring and the presence or absence of certain rotameric interac-

tions may be used to penalize or even completely discard dock solutions. In this work, the Tuning

Files were used to require the specific hydrogen bond interactions between the arginine and the

secondary amine in the pyrazine ring of the colenterazine-like substrate. The documentation for

RifDock tuning files can be found at the link here.

4.5.5 Designing theozyme architectures into de novo NTF2 scaffolds

De novo design of luciferases can be divided into three main steps – scaffold construction, sub-

strate placement with required interactions, and sequence design. With the idealized NTF2-like

scaffolds in hand, we manually selected 5 diverse anionic DTZ conformers and used the Rotamer

Interaction Field (RIF) docking method [29] to exhaustively search a large space of interacting

side chains to the anionic form of DTZ. Chemically, deprotonation of N1 hydrogen is the first step

to forming an anionic species (Figure E4.1). We first generated RIF using Rifgen [29] to sample

the placement of amino acid sidechains around DTZ. We required the placement of a positively

charged Arginine sidechain by a tuning file (see below) to stabilize the formation of negatively

charged N1 atom where the deprotonation initially occurs and enumerated large numbers of pos-

sible sidechain interactions with the rest of DTZ. As a comparison, we also placed tryptophan or
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histidine next to the N1 atom in another tuning file.

HBOND DEFINITION

N1 1 ARG

END HBOND DEFINITION

REQUIREMENT DEFINITION

1 HBOND N1 1

END REQUIREMENT DEFINITION

Rifdock was then used to hierarchically search for the best combination of RIF to place on the

input backbone. Although the negative charge can move to another electronegative atom O1 via

resonance of the imidazopyrazinone core, it is unclear which anionic species is more critical for

the luciferase-catalyzed luminescence emission. Thus, we let RIFdock place the polar rotamers

on the basis of hydrogen-bond geometry to O1 and apolar rotamers to DTZ without specific re-

quirements. In the next docking step, we parsed the -scaffold res argument with a list of residue

numbers as scaffold backbone positions that were annotated as pocket residues to allow a hierar-

chical search of RIF placement. We allowed the RIF placements in the pocket residues including

or excluding pre-defined hydrogen bond networks. After RIFdock, we continued for Rosetta se-

quence design where the score function was reweighted for higher buried unsat penalty [51], and

the amino acid selection was biased by giving a pre-generated PSSM file via SeqprofConsensus

task operation. This would minimize buried unsatisfied residues and increase pre-organized ar-

chitectures in the core that are known to be beneficial for a catalytic pocket [52]. Two rounds of

Rosetta FastDesign calculation were included: we restricted the RIF residues and core HBNets to

repacking in the first round while we allowed the re-design of other residues based on PSSM during

the Monte Carlo simulated annealing procedure. After the surrounding residues were optimized

to retain the RIF interactions, we enabled the re-design of RIF residues, giving Rosetta a chance

174



to find efficient aromatic and hydrophobic packing around DTZ while catalytic residues (the N1

requirement) were still limited to only repacking. The final set of designs was obtained after filter-

ing by Rosetta ligand-binding interface energy, shape complementarity, contact molecular surface,

number of HbondsToResidue, and the presence of N1 hydrogen bond.

4.5.6 Structure prediction of LuxSit with AlphaFold2 and comparison to

design model

To computationally assess the accuracy of our LuxSit design model, we performed single sequence

structure prediction using AlphaFold2. All models were run with 12 recycles and generated models

were relaxed using AMBER13. The model with the highest pLDDT was used for comparison to the

Rosetta design model and structural superpositions were performed using the Theseus alignment

tool to determine backbone RMSD between the design model and AlphaFold2 model [31].

4.5.7 Computational design and characterization of de novo luciferases for

h-CTZ

To customize a shape complementarity catalytic pocket that can accommodate and catalyze chemi-

luminescence of another structurally distinct luciferin substrate (2-deoxycoelenterazine, h-CTZ),

we sought to use a more diverse set of scaffolds. We first used a deep-learning based protein se-

quence design method, ProteinMPNN [32] to redesign the whole sequences of the hallucinated

NTF2 scaffolds described earlier and the de novo NTF2-like superfamily reported previously [53].

Next, the protein structures of all resulting ProteinMPNN sequences were predicted by AlphaFold2

[31]. 6234 scaffolds with diverse pocket geometries were obtained by filtering the pLDDT score

greater than 92. With these scaffolds in hand, we selected three different h-CTZ conformers and

used the RIFdock design strategy described above to search for the sidechain rotamer placements

in these scaffolds. Since we’ve learned from LuxSit design that the N1-Arg and O1-His interac-

tions are critical for catalyzing luminescence emission, both interactions were set as requirements
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in a tuning file (see an example below) to ensure all Rifdock outputs have N1-Arg and O1-His

interactions.

HBOND DEFINITION

N1 1 ARG

O1 1 HIS

END HBOND DEFINITION

REQUIREMENT DEFINITION

1 HBOND N1 1

2 HBOND O1 1

END REQUIREMENT DEFINITION

At this stage, we generated 215k RIFdock outputs in which we subsequently fixed the N1-Arg and

O1-His interactions (by applying atom constraints) and allowed Rosetta to redesign all residues

within 4 Å of the ligand. The resulting Rosetta designs were prefiltered by contact molecular sur-

face (> 350), Rosetta ddG (< −50), and the presence of N1-Arg and O1-His interactions. The

prefiltered Rosetta sequences ( 30k) were then optimized by ProteinMPNN while all amino acid

identities within 4 Å of the ligand were kept fixed. All ProteinMPNN sequences were predicted by

AlphaFold2 to obtain predicted 3D protein models where we evaluated the pLDDT score (> 85),

Ca RMSD (< 1.2 Å) to the corresponding Rosetta model, and the numbers of hydrogen bonds

to both hypothetical catalytic Arg (> 2) and His (> 1) residues for preorganization. Finally, 46

sequences passed the filters, and we ordered them as eBlocks gene fragments for experimental

characterizations.

Each synthetic gene was inserted into a modified pET29b vector between two BsaI sites (Golden

gate assembly) and transformed into BL21 competent E. coli. The cells were inoculated in LB
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and grew in a 96-deep well plate with 1mM IPTG at 37 ◦C for 16h. For the luciferase activity

screening, the cells were harvested by centrifugation at 3,800g for 5 min and the pellets were

lysed by the BugBuster reagent. Cell lysates were collected by centrifugation at 4000g for 20 min.

The His-tag proteins were captured by nickel magnetic beads from cell lysates and bound pro-

teins were eluted in elution buffer (20 mM Tris-HCl pH 8.0, 300 mM NaCl, 300 mM imidazole).

The protein concentrations were determined by Bradford assay and the activity of each luciferase

was evaluated individually in the presence of 1 µM purified protein and 25 µM h-CTZ in PBS.

Through this process, we identified two designs (HTZ3-D2 and HTZ3-G4) that showed luciferase

activity and substrate selectivity to h-CTZ. We scaled up the protein expression by the general

procedure described above and the purified proteins were used for the characterization shown in

Figure E4.4. Serially diluted h-CTZ was mixed with 500 nM HTZ3-D2 or HTZ3-G4 in PBS and

the concentration-dependent luminescence was recorded for 30 mins (0.1 s integration and mea-

surements were taken every 1 min). All data points were plotted as the average of the first 10 mins

light output and fitted to Michaelis-Menten equation.

4.5.8 Computational SSM to estimate mutation binding free energy

Rosetta cartesian ddg application [53, 54] was used to computationally estimate enzyme and sub-

strate binding free energy. The LuxSit design model was relaxed beforehand in cartesian space

with the substrate-bound. For the 21 positions that were experimentally screened for single muta-

tion effects on luciferase activity, each residue was computationally mutated into other amino acid

types. Packing and cartesian relaxation were subsequently performed to evaluate the final score in

REU. This procedure was applied three times in parallel for both substrate-bound and apo-states.

The average of the three calculation results was used to calculate the relative binding free energy

(ddGbind) by subtracting the total score of the apo-state from the complex state. The change of

binding free energy upon mutation was plotted against experimental activity for every position in

Figure ??. The wild-type system shown in red dots underwent the same amount of computation by

keeping the residue type but applying sidechain repacking and relaxation. The ddGbind rank of the
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wild type among the mutations is shown with a colored heat map in Figure ??.

4.5.9 Construction and screening of designed luciferase libraries

The construction of assembled gene libraries was described previously in detail [46]. In brief, the

amino acid sequences of all designed luciferases were first reverse-translated into E. coli codon-

optimized DNA sequences. All DNA sequences were categorized into multiple sub-pools by the

gene length ( 500 designs per sub-pool). Each gene was subsequently split into two fragments

(fragment A and fragment B) and added outer and inner primer sequences to the 5′ and 3′ end

(e.g., Outer oligoA 5primer + design half A + Inner oligoA 3primer and Inner oligoB 5primer +

design half B + Outer oligoB 3primer). All oligos were ordered in one Twist 250nt Oligo Pool. To

construct the library of each sub-pool, polymerase chain reaction (PCR) with oligoA 5primer/oligoA 3primer

or oligoB 5primer/oligoB 3primer oligonucleotide pairs was used to amplify the individual frag-

ment A or fragment B from each sub-pool. The pool-specific sequences were removed with Uracil

Specific Excision Reagent (USER) followed by NEB End Repair kit. Outer primers (oligoA 5primer

and oligoB 3primer) were then used for fragment A and fragment B assembly and amplification.

The assembled full-length fragment was digested with XhoI/HindIII and ligated into a predigested

pBAD/His B vector. All ligation products were used to transform ElectroMAXTM DH10B Cells,

which were next plated on 150 mm x 15 mm LB agar plates supplemented with carbenicillin and

L-arabinose. We sequenced 30 random colonies and 11 of the sequences were in our designed

library. The plates ( 2000 colonies per plate) were incubated at 37 ◦C overnight to form bacterial

colonies and left at 4 ◦C for another 24 h. To directly image luminescence activity from bacterial

colonies, we sprayed the PBS solution containing 30 µM DTZ to each agar plate, waited for 2

min, and the luminescence images were acquired and processed with Bio-Rad ChemiDoc XRS+.

After screening 15 plates, active colonies were collected for sequencing, protein expression, and

other downstream characterization where LuxSit was selected from three active designs showing

catalytic signals above the background.
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4.5.10 Construction and evaluation of LuxSit site saturation mutagenesis

libraries

To create libraries of each single amino acid substitution at residues 13, 14, 17, 18, 35, 37, 38, 49,

52, 53, 56, 60, 65, 81, 83, 94, 96, 98, 100, 110, and 112, forward oligos mixture with degenerate

codons (NDT, VHG, and TGG = 1:1:0.1 ratio) and an overlapped reverse oligo were used to am-

plify the plasmid of LuxSit. The resulting PCR products were circularized by Gibson Assembly

protocol and were subsequently used to transform ElectroMAXTM DH10B Cells. The cells were

plated on 150 mm x 15 mm LB agar plates supplemented with carbenicillin and L-arabinose, in-

cubated at 37 ◦C overnight, and left at 4 ◦C for another 24 h. As described in the screening of

luciferase libraries, colony-based screening by spraying DTZ solution was used to identify active

colonies. Inactive colonies were also randomly picked. As a result, a total of 32 colonies were

picked for each residue library. 32 x 21 individual colonies were grown in 1 mL of TB supple-

mented with carbenicillin and L-arabinose in 96-well deep-well culture plates. The plates were

shaken at 37 ◦C overnight ( 16-18 h) on 96-well plate shakers at 1,100 rpm. Cells were pelleted

by centrifugation at 3,800g for 15 min in a tabletop centrifuge. Media was discarded and the cell

pellets were resuspended in 0.2 mL BugBuster HT Protein Extraction buffer. The plates were trans-

ferred back to 96-well plate shakers and incubated at 1,100 rpm for an additional 30 min. Cellular

debris was pelleted again by centrifugation at 4,000g for 15 min, soluble lysates were transferred to

a new semi-deep 96-well plate, and incubated with 10 µL of magnetic Ni-NTA beads for 30 min to

allow binding. The magnetic extractor was used to first transfer the beads from the binding plates

to wash plates with 200 µL IMAC wash buffer in each well, and then transfer the beads to elusion

plates containing 30 µL IMAC elution buffer in each well. The concentrations of all proteins in

each well were determined by the Bradford assay directly. The elution solution in each well was

used to make a 25 µL protein solution at indicated concentration and mixed with 25 µL of 50 µM

DTZ PBS solution. The luminescence signals were acquired over a course of 15 min while the

actual point mutation was identified by sequencing. Thus, the mutation-to-activity relationship can
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be mapped. To evaluate whether these beneficial mutations are synergistic, we ordered individual

mutants with combinatorial mutations at residue 14, 60, 96, 98, and 110, expressed, and purified

these LuxSit variants for kinetic, emission spectra, and luminescence intensity. We identified four

mutants that can produce 47 to 77-fold more photons than the parent LuxSit. We assigned one

of which, LuxSit-f (A96M/M110V), for its strong initial flash emission. Since the mutations at

residue 96 and 110 are robust and mutations at residue 60 are versatile, we generated a fully ran-

domized library at 60, 96, and 110 positions to exhaustively screen all possible combinations. After

the colony-based screening, we identified many colonies with strong luciferase activities with DTZ

(Figure E4.6). Among all selected mutants, Arg60 is confirmed to be mutable, Ala96 prefers larger

hydrophobic sidechains (Leu, Ile, Met, and Cys), and Met110 favors hydrophobic residues (Val,

Ile, and Ala). A newly discovered mutant R60S/A96L/M110V with more than 100-fold higher

photon flux over LuxSit was assigned LuxSit-i for its high brightness.

4.5.11 In vitro characterization of photoluminescence properties

For Michaelis–Menten kinetics measurements, 25 µL of serial diluted DTZ substrate in Tris pH

8.0 buffer was added into the wells of a white 96-well half-area microplate containing 25 µL of

purified luciferases (final enzyme concentration: 100 nM; substrate concentration: 0.78 to 50 µM).

Measurements were taken every 1 min (0.1 s integration and 10 s shaking between each interval)

for a total of 20 min. Initial velocities were estimated as the average of the light intensities from

the first three data points to fit the Michaelis-Menten equation. All relative arbitrary unit (RLU)

per second values were converted to photon/s by the luminol-H2O2-HRP calibration method [42].

Following the equation: Imax = LQY x kcat x [E], Imax is the maximal photon flux (photon s-1),

[E] is the total enzyme concentration, and Vmax is the maximum photon flux per molecule (photon

s-1 molecule-1) from the fitting of the Michaelis-Menten equation. To determine the luminescent

quantum yields, 125 pmol of individual substrate in 25 µL PBS was injected into 25 µL PBS

containing 100 nM corresponding luciferase. DTZ was used for all LuxSit variants while CTZ

was used as the substrate of native RLuc. The luminescence signals were monitored until the

180



reactions were completed (0.1 s integration and measurements were taken every 5 s for a total of

40 min). The sum of luminescence photon counts was normalized to the total photon counts of

RLuc/CTZ pair (LQY = 5.3 ± 0.1%)20 to derive relative luminescent quantum yields of LuxSit

variants (Figure E4.7c). kcat values for each individual enzyme were calculated using the equation:

kcat = vmax / LQY. To record emission spectra, 25 µL of 50 µM DTZ in PBS was injected into 25

µL of 200 nM pure luciferases and the emission spectra were collected with 0.1 s integration and

2 nm increments from 300 to 700 nm. In vitro luminescence activity measurements of LuxSit-i

expressing HEK293T or HeLa cells were done similarly as 15,000 intact cells or lysates were used

in the assay instead of purified luciferases. To evaluate the substrate specificity, 25 µL of 50 µM

substrate analogs in PBS was added to 25 µL of 200 nM indicated luciferases, and the signals were

recorded over 20 min. Data were shown as the total luminescence signal over the first 10 min. We

normalized the data by setting the highest emission substrate at 100%. The unnormalized plot of

Figure 4.4c was attached as Figure S4.3.

4.5.12 Circular dichroism (CD)

Purified protein samples were prepared at 15 µM in pH 7.4 10 mM phosphate buffer. Spectra from

190 nm to 260 nm were recorded at 25 ◦C, 50 ◦C, 75 ◦C, 95 ◦C, and after cooling back to 25 ◦C.

Thermal denaturation was monitored at 220 nm from 25 ◦C to 95 ◦C (1 ◦C per min increments).

Tm values were not reported because no obvious inflection points of the melting curves.

4.5.13 Mammalian cell culture and transfection

HEK293T and HeLa cell lines were maintained at 37 ◦C with humidified 5% CO2 atmosphere and

cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, GIBDO) supplemented with 10% fetal

bovine serum (FBS, Sigma). Cells were transfected with Turbofectin 8.0 (Origene) with 500 µg of

plasmid DNA. After 24 h at 37 ◦C in a CO2 incubator, the medium was removed, and cells were

collected and resuspended in Dulbecco’s phosphate-buffered saline (DPBS).
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4.5.14 Fluorescence Microscopy and image analysis

Cells were washed twice with HBSS and subsequently imaged in HBSS in the dark at 37 ◦C. Right

before imaging, cells were incubated with 25 µM DTZ. Epifluorescence imaging was conducted

on a Yokogawa CSU-X1 microscope equipped with a Hamamatsu ORCA-Fusion scientific CMOS

camera and Lumencor Celesta light engine. Objectives used were: 10x, NA 0.45, WD 4.0 mm,

20x, NA 1.4, WD 0.13 mm, and 40x, NA 0.95, WD 0.17–0.25 mm with correction collar for cover

glass thickness (0.11 mm to 0.23 mm) (Plan Apochromat Lambda). Imaging for BFP utilized a 408

nm laser, 432/36 nm dichroic, and a 440/40 nm emission filter (Semrock). Exposure times were

200 ms for BFP and 10 s for luminescence. All epifluorescence experiments were subsequently

analyzed using NIS Elements 5.30 software.

4.5.15 Multiplex dual-luciferase reporter assay for the cAMP/PKA and NF-

κB pathways

HEK293T cells were grown in a tissue culture-grade white 96-well plate and transfected with

indicated CRE-RLuc, NFκB-LuxSit-i, and CMV-CyOFP plasmids. 24 h after transfection, the

medium was replaced by 2 µM of Forskolin (FSK) or 300 ng/mL human tumor necrosis factor

alpha (TNFα) in regular cell media. 23 h after stimulation, the cells were resuspended in DPBS by

pipette mixing. 25 µL of DPBS containing 30,000 intact cells was mixed with 25 µL of CelLytic

M for 15 min to make cell lysates. For intact cell assay, 25 µL of DPBS containing 15,000 intact

cells was mixed with 25 µL of PP-CTZ (2µM) or/and DTZ (10µM) in DPBS. For cell lysate

assay, 25 µL of cell lysate was added to 25 µL of PP-CTZ (2µM) or/and DTZ (10µM) to initiate

luminescence reactions. The signals were recorded every 1 min for a total of 10 min. The light

signals were collected in the substrate-resolved mode without filters and with 528/20 and 390/35

filters under the spectrally resolved mode. Area scanning of the CyOFP fluorescence intensity at

480 nm (excitation wavelength) and 580 nm (emission wavelength) was used to estimate the total

cell numbers and transfection efficiency. The reported unit was the average of the first 10 min
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luminescence (RLU) over the relative fluorescence units (a.u.). To derive fold-of-activation, all

values were normalized to the corresponding non-stimulated control.

4.5.16 Quantum mechanics calculation for the energy profile of DTZ lumi-

nescence

All calculations were carried out by using the Gaussian 16 Rev. A 03. Given the benchmark

study done by Martin Head-Gorden and co-workers recently [55], geometry optimizations and

frequency calculations were performed at the (u)ωB97X-D/6-31+G(d) level of theory [56, 57].

Frequency calculations were conducted at the same level of theory to confirm the presence of local

minima (no imaginary frequencies) and transition states (one imaginary frequency) on the PES.

Subsequent single-point energies were computed at the (u)ωB97X-D/def2TZVP level. Solvent

effect was modeled by employing the CPCM model. Conformational searches were conducted

using the CREST conformer-rotamer ensemble sampling tool version 2.10.2 with xtb version 6.3.3

to ensure the substrate showed are lowest energy conformers [58, 59]. Intrinsic reaction coordinate

(IRC) calculations were performed to verify that the saddle points found were true TSs connecting

the reactants and the products. TDDFT result were given by using the same level and method with

DFT part, setting nstates=10 to ensure the calculation accuracy. All thermodynamic quantities (1

mol/L, 298.15 K) were computed in the GoodVibes code [60] with quasiharmonic corrections [61].

3D renderings of stationary points were generated using open-source PyMOL.

4.5.17 Molecular dynamics simulations of proposed enzyme-ligand complexes

Molecular dynamics simulations were performed using the GPU code (pmemd) [62] of the AM-

BER 16 software package. Substrate structures were optimized at the B3LYP-D3/6-31G(d) level

of theory [63, 64, 65] using Gausian16, Revision A.03. Rosetta parameter files for the substrates

were generated using the provided molfile2params.py script on the optimized structures. Substrate

starting positions were determined using the ligand dock application [66, 67, 68] of the Rosetta3
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software package. Each substrate was docked using 500 trajectories starting from the original

design position. Docked structures with the lowest interface delta and ligand auto rms no super

were chosen for simulation starting coordinates. AMBER parameter files for the substrates were

generated using the general AMBER force field (GAFF) [69]. Partial charges were set to fit the

electrostatic potential generated at the previously mentioned level of theory using the RESP model

[70]. Charges were calculated using the Merz-Singh-Kollman scheme [71, 72] using Gausian16,

Revision A.03. The system was immersed in a pre-equilibrated octahedral box with a 10 Å buffer

of TIP3P water molecules [73] using the tleap module. Explicit Na+ and Cl- ions were added to

neutralize the total charge of the system. All subsequent calculations were performed using the

AMBER 14 force field (ff14sb) [74]. Two minimization steps were conducted in serial, each con-

sisting of 2,500 steepest descent steps and 2,500 conjugate gradient steps. Protein and substrate

atoms were restrained with a force constant of 500.0 kcal mol−1 Å−2 in the first minimization step,

allowing the solvent to minimize. Sidechain atoms were unrestrained in the second minimization,

but backbone and substrate atoms were restrained with a force constant of 50.0 kcal mol−1 Å−2.

Minimizations were followed by two equilibration steps where backbone and substrate atoms were

restrained with a force constant of 30.0 kcal mol−1 Å−2. In the first equilibration step, the system

was heated from 0-300 K over 300 ps using constant-volume and periodic-boundary conditions

and a 1 fs time step. The SHAKE algorithm was used to constrain bonds involving hydrogens.

Long-range electrostatic effects were modeled using the particle-mesh-Ewald method [75] and an

8 Å cutoff was applied to the Lennard-Jones and electrostatic interactions. A second equilibration

was then conducted for 50 ns using a 2 fs time step at constant pressure using isotropic position

scaling with the Monte Carlo barostat and a pressure relaxation time of 5.0 ps. Production trajec-

tories were conducted the same as equilibration 2, however, all atoms were unrestrained during

production. Production trajectories were propagated in pentaplicate from the ending of the sec-

ond equilibrium and each simulation ran for 500 ns. Simulations were analyzed using the cpptraj

module [76] to extract relevant information, including PDB files for visualization. Plots were gen-

erated using custom python scripts invoking matplotlib and seaborn. PDB files were visualized,
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and figures were created, using open-source PyMOL.

4.5.18 Statistical analysis and reproducibility

No statistical methods were used to pre-determine the sample size. No sample was excluded from

the data analysis. Results were reproduced using different batches of pure proteins on different

days. Coomassie-stained SDS PAGE gels were done at least twice for each experiment. Micro-

scopic fluorescence and luminescence images were repeated in biological triplicate with similar

results. Unless otherwise indicated, data are shown as mean ± s.d., and error bars in figures repre-

sent s.d. of technical triplicate. Data were analyzed and plotted using GraphPad Prism 8, seaborn,

and matplotlib.
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Figure 4.1: Generation of idealized scaffolds and computational design of de novo luciferases

(a) Family-wide hallucination. Sequences encoding proteins with the desired topology are op-
timized by Monte Carlo sampling with a multicomponent loss function. Structurally conserved
regions (peach) are evaluated based on consistency with input residue-residue distance and orien-
tation distributions obtained from 85 experimental structures of NTF2-like proteins, while variable
non-ideal regions (teal) are evaluated based on the confidence of predicted inter-residue geometries
calculated as the KL-divergence between network predictions and the background distribution. The
sequence-space MCMC sampling incorporates both sequence changes and insertions/deletions
(see Methods) to guide the hallucinated sequence toward encoding structures with the desired
folds. Hydrogen-bonding networks are incorporated into the designed structures to increase struc-
tural specificity. (b-d) The design of luciferase active sites. (b) Generation of DTZ conformers. (c)
Generation of a rotamer interaction field (RIF) to stabilize the anionic DTZ and form hydrophobic
packing interactions around the DTZ conformers. (d) Docking of the RIF into the hallucinated
scaffolds, and optimization of substrate-scaffold interactions using position-specific score matri-
ces (PSSM)-biased sequence design. (e) Selection of the NTF2 topology. The RIF was docked
into 4000 native small molecule binding proteins, excluding proteins that bind the luciferin sub-
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strate using more than 5 loop residues. Most of the top hits were from the NTF2-like protein
superfamily. Using the family-wide hallucination scaffold generation protocol, we generated 1615
scaffolds and found that these yielded better predicted RIF binding energies than the native pro-
teins. (f) Scaffolds generated with family-wide hallucination sample more within the space of the
native structures than previous Rosetta blueprint generated scaffolds, and (g) have the stronger se-
quence to structure relationships (more confident Alphafold2 structure predictions) than native or
blue-print de novo NTF2 scaffolds.
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Figure 4.2: Biophysical characterization of LuxSit

(a) Coomassie-stained SDS-PAGE of purified recombinant LuxSit from E. coli. (b) Size-exclusion
chromatography of purified LuxSit suggested monodispersed and monomeric properties. (c) Far-
ultraviolet CD spectra at 25◦C (black line), 95◦C (red line), and cooled back to 25◦C (green line).
Insert: CD melting curve of LuxSit at 220 nm. (d) Luminescence emission spectra of DTZ in the
presence (blue) and absence (green) of LuxSit. (e) Structural alignment of the design model (blue)
and AlphaFold2 predicted model (grey), which are in close agreement at both backbone (left) and
sidechain level (right). (f-i) Site saturation mutagenesis of substrate interacting residues. Zoomed-
in views (left) of designed (blue) and AlphaFold2 models (grey) at sidechain level illustrated the
designed enzyme-substrate interactions of (f), Tyr14-His98 core HBNets, (g) Asp18-Arg65 dyad,
(h) π-stacking, and (i) hydrophobic packing residues. Sequence profiles (right) are scaled by
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the activities of different sequence variants: (activity for the indicated amino acid) / (the sum of
activities over all tested amino acids at the indicated position). A96M and M110V substitutions
with increased activity are highlighted in pink.
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Figure 4.3: Characterization of de novo luciferase activity in vitro and in human cells

(a) Substrate concentration dependence of LuxSit, LuxSit-f, and LuxSit-i activity. Numbers indi-
cate the signal-to-background (S/N) ratio at Vmax. Data are presented as mean ± s.d. (n = 3). (b)
Luminescence images acquired by a BioRad Imager (top) or an Apple iPhone 8 (bottom). Tubes
from left to right: DTZ only, DTZ plus 100 nM purified LuxSit, and DTZ plus 100 nM purified
LuxSit-i, showing high efficiency of photon production. (c) Fluorescence and luminescence micro-
scopic images of live HEK293T cells transiently expressing LuxSit-i-mTagBFP2; LuxSit-i activity
can be detected at single-cell resolution. Left: fluorescence channel representing mTagBFP2 sig-
nal. Right: total luminescence photons were collected during a course of 10 s exposure without
excitation light, immediately after adding 25 µM DTZ. Inserts: negative control, untransfected
cells with DTZ. Scale bar: 20 µm. 40X.
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Figure 4.4: High substrate specificity of de novo luciferases allows multiplexed bioassay
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(a) Chemical structures of Coelenterazine substrate analogs. (b) Normalized activity of LuxSit-i on
selected luciferin substrates. Luminescence image (top) and signal quantification (bottom) of the
indicated substrate in the presence of 100 nM LuxSit-i. LuxSit-i has high specificity for the design
target substrate, DTZ. (c) Heatmap visualization of the substrate specificity of LuxSit-i, Renilla
luciferase (RLuc), Gaussia luciferase (GLuc), engineered NLuc from Oplophorus luciferase, and
the de novo luciferase (HTZ3-G4) designed for h-CTZ. The heatmap shows luminescence for each
enzyme on each substrate; values are normalized on a per-enzyme basis to the highest signal for
that enzyme over all substrates. (d) Luminescence emission spectrum of LuxSit-i/DTZ (green) and
RLuc/PP-CTZ (purple) can be spectrally resolved by 528/20 and 390/35 filters (shown in dashed
bars) and only recognize the cognate substrate. (e) Schematic of the multiplex luciferase assay.
HEK293T cells transiently transfected with CRE-RLuc, NFkB-LuxSit-i, and CMV-CyOFP plas-
mids were treated with either Forskolin or human tumor necrosis factor alpha (TNFα) to induce the
expression of labeled luciferases. (f-g) Luminescence signals from cells can be measured under
either substrate-resolved or spectrally resolved methods by a plate reader. (f) For the substrate-
resolved method, luminescence intensity was recorded without a filter after adding either PP-CTZ
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or DTZ. (g) For the spectrally resolved method, both PP-CTZ and DTZ were added, and the signals
were acquired using 528/20 and 390/35 filters simultaneously. In f and g, the lower panel indicates
the addition of Forskolin or TNFα. Luminescence signals were acquired from the lysate of 15,000
cells in CelLytic M reagent while CyOFP fluorescence signal was used to normalize cell num-
bers and transfection efficiencies. All data were normalized to the corresponding non-stimulated
control. Data are presented as mean ± s.d. (n = 3, biological triplicates).
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Figure E4.1: Proposed catalytic mechanism of coelenterazine-utilizing luciferases

Density-functional theory (DFT) calculation suggested that the formation of an anionic state is the
essential electron source for the activation of triplet oxygen (3O2). Supported by both theoretical
[25, 26] and experimental evidence [27? ], the next oxygenation process is likely through a single
electron transfer (SET) mechanism in which the surrounding reaction field could highly influence
the change of Gibbs free energy (δGSET). Finally, the thermolysis of a dioxetane light emitter inter-
mediate can produce photons via the mechanism of gradually reversible charge-transfer-induced
luminescence (GRCTIL), which is generally exergonic. As all the historical pieces of evidence
are based on calculations in the virtual solvents or chemiluminescence in ideal organic solvents,
the detailed mechanism of a luciferase-catalyzed luminescence reaction has remained unclear. We
proposed that the key step of the enzyme is to promote the formation of an anionic state and cre-
ate a suitable environment to facilitate efficient SET. Hence, the goal of this study is to design an
enzyme reaction field surrounding the substrate to stabilize the anionic substrate state and alter the
local proton activity, solvent polarity, and hydrophobicity for the efficient activation of 3O2.
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Figure E4.2: Schematic representative of colony-based luciferase screening

Computationally designed DNA sequences were purchased in an oligo array, where the fragments
were amplified by PCR, assembled, and ligated into a pBAD bacterial expression vector. The
plasmid library was used to transform DH10B cells. Each colony grown on the LB agar plate
represented one luciferase design. The plates were sprayed with DTZ solution and imaged to
identify active colonies using a ChemiDoc imager. All active colonies were inoculated in 96-well
plates, expressed, and purified to confirm individual luciferase activity. Selected plasmids can
then be sequenced to point out active design models that provide insights into the design principle
and enzyme functions or can be subjected to random mutagenesis for further evolution. Insert:
three luciferases were identified from this screening. We refer to the most active and DTZ-specific
luciferase as “LuxSit”.
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Figure E4.3: Expression, purification, and structural characterization of LuxSit variants

(a-c) The recombinant expression of (a) LuxSit, (b) LuxSit-i, and (c) LuxSit-f in E. coli. An-
notations for each lane are the following – 1: Pre-IPTG; 2: Post-IPTG; 3: Soluble lysate; 4:
Flow-through; 5: Wash; 6: Elusion; 7: Post-TEV cleavage; 8: Post-SEC. (d-f) Size-exclusion
chromatography of the purified (d) LuxSit; (e) LuxSit-i; and (f) LuxSit-f monomer. (g-i) Decon-
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voluted mass spectrum of (g) LuxSit, (h) LuxSit-i, and (i) LuxSit-f. (j-k) Far-ultraviolet circular
dichroism (CD) spectra (Left panel) of (j) LuxSit-i; and (k) LuxSit-f at 25◦C (black line), 95◦C
(red line) and cooled back to 25◦C (green line). CD melting curve at 220 nm (Right panel). (l)
Dimeric SEC peak was observed when LuxSit-i was concentrated to high concentration ( 50 µM)
in Tris pH 8.0 buffer. Both dimeric and monomeric SEC fractions showed the expected size on
SDS PAGE and both peaks were catalytically active to emit luminescence in the presence of 25
µM DTZ.
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Figure E4.4: Expression, purification, and activity measurement of selected de novo designed
luciferases for h-CTZ

(a) Coomassie-stained SDS PAGE of HTZ3-D2 and HTZ3-G4 purified from recombinant expres-
sion in E. coli. (b) Zoomed-in views of HTZ3-D2 (left panel) and HTZ3-G4 (right panel) illustrated
the sidechain preorganization of luciferase-h-CTZ interactions. (c-d) Size-exclusion chromatog-
raphy (left), deconvoluted mass spectrum (middle), and the normalized luciferase activities on
selected compounds (right) of (c) HTZ3-D2 and (d) HTZ3-G4, which suggested high specificity
for the design target substrate, h-CTZ. (e) Substrate concentration dependence of LuxSit (w/ DTZ),
HTZ3-D2 (w/ h-CTZ), and HTZ3-G4 (w/ h-CTZ) activity in PBS. All data points were fitted to
Michaelis-Menten equation. HTZ3-D2 and HTZ3-G4 showed KM values of 7.9 and 19.5 µM with
25% and 58% Imax of LuxSit, respectively. Data are presented as mean ± s.d. (n = 3).
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Figure E4.5: Predicted changes in substrate binding free energy from binding site

The calculated ddGbind of each mutation was plotted as a function of the relative average experi-
mental luciferase activity. The ddGbind of hypothetical catalytic residues – (a) Tyr14-His98 and (b)
Asp18-Arg65 dyads were generally not the lowest, which suggested that these designed catalytic
residues are not favorable for substrate binding. Red dots represent the wild-type (LuxSit) amino
acids. The rank of wild-type ddGbind for each position screened for activity is shown with a heat
map in (c) (d-f) The wild-type ddGbind of the residues designed for π–π stacking or hydropho-
bic interactions were the lowest compared to the mutation ddGbind values. This shows that the
sequence is near-optimal for substrate binding and the design model is reliable.
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Figure E4.6: Screening of a randomized NNK library at 60, 96, and 110 positions and se-
quence alignment between LuxSit and its variants

We generated a fully randomized library at 60, 96, and 110 positions to exhaustively screen all
possible combinations. After the colony-based screening, we identified many colonies with strong
luciferase activities with DTZ. Each colony was expressed individually in each well of 96-well
plates (1 mL culture) and purified accordingly (see Methods). (a) Individual luminescence activity
of each selected mutant was plotted and compared to the parent, LuxSit. Luminescence activities
were measured in the presence of 25 µM DTZ. Luminescence activity (RLU) was shown as the
integrated signal over the first 15 min. Statistical analysis of the amino acid frequency versus
the luciferase activity at residue (b) 60, (c) 96, and (d) 110. Data are presented as mean ± s.d.
(n varies across each bar as the mutants were selected from a randomized library). Among all
selected mutants, Arg60 is confirmed to be mutable as Arg60 may be structurally less well-defined
as it emanates from a loop and has no hydrogen-bonding partner. Ala96 prefers larger sidechain
(Leu, Ile, Met, and Cys), and Met110 favors hydrophobic residues (Val, Ile, and Ala). A newly
discovered variant (R60S/A96L/M110V) with more than 100-fold higher photon flux over LuxSit
was assigned LuxSit-i for its high brightness. In the sequence alignment, mutations are highlighted
in yellow fonts and gray backgrounds. The conserved catalytic dyads of Asp18-Arg65 and Tyr14-
His98 are in green and blue fonts.
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Figure E4.7: Additional characterization of LuxSit variants

(a) Normalized emission kinetics of 15,000 intact HeLa cells expressing LuxSit-i (red), 100 nM
purified LuxSit-i (green), or 100 nM purified LuxSit-f (blue) in the presence of 50 µM DTZ. The
more extended emission kinetics in HeLa cells is likely due to the diffusion rate of DTZ across cell
membranes. (b) Normalized luminescence decay curves of LuxSit-i in various pH buffers revealed
a pH-dependent catalytic mechanism. (c) Luminescent quantum yield was estimated from the
integrated luminescence signal until completely converting 125 pmol substrates to photons in the
presence of 50 nM corresponding luciferase (see Methods). Data are presented as mean (n = 3).
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Figure E4.8: Free energy profile of DTZ chemiluminescence and molecular dynamics simu-
lations of proposed protein-intermediate complexes

(a) The free energy profile calculated by density functional theory (DFT) shows triplet oxygen
can react directly with the anionic species of DTZ (Int1) through the reactant complex Int2 and
TS1. The dioxetane intermediate Int3 then cleaves in an open shell singlet transition state OSSTS2
to form excited intermediate Int4*, which rapidly converts extrudes CO2 and forms the emissive
product Int5. Note: either Int4* or Int5* emit in the observed region, but the lifetime of Int4* is
very short and likely completely converts to Int5* before emission. (b) Int2 and Int3 were docked
into both LuxSit and LuxSit-i and the bindings were evaluated by molecular dynamics (MD). The
distances between His98 to O1 (top row) and Arg65 to N1 (bottom row) of the substrate were
plotted throughout 500 ns MD simulations. LuxSit-i (blue trace) binds Int2′(middle) considerably
better than LuxSit does (red trace), suggesting that the mutations of LuxSit-i provide a binding
pocket more complimentary to TS1. This binding orientation brings N1 of the substrate much
closer to Arg65, providing better charge stabilization for the high energy transition state. (c) Dock-
ing of the peroxide anion form of bis-CTZ into the pocket of LuxSit-i; blue overlay represents
DTZ in the original design model. During MD simulation, the added benzylic carbon of bis-CTZ
(green trace) disrupts the shape complementarity between LuxSit-i and the transition states (TS1
and TS2), reducing the charge stabilization by Arg65. This charge stabilization is necessary for the
reaction to proceed, explaining the high substrate specificity of LuxSit-i for DTZ over bis-CTZ.
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Figure E4.9: Expression, localization, and luminescence activity of LuxSit-i in live HEK293T
and HeLa cells

(a-(b) Fluorescence imaging of live (a) HEK293T and b, HeLa cells expressing LuxSit-i-mTagBFP2,
which is untargeted or localized to the nucleus (Histone2B), plasma membrane (KRasCAAX), or
mitochondria (DAKAP) cellular compartments. Scale bar: 10 µm. (c-d) Luminescence signals
were measured with 15,000 intact (c) HEK293T or (d) HeLa cells in the presence of 25 µM DTZ
in DPBS. Transfection efficiencies range from 60-70% for HEK293T cells and 5-10% for HeLa
cells. (e) Luminescence emission spectra acquired from LuxSit-i expressing HEK293T cells is
consistent with the emission spectra of recombinant LuxSit-i purified from E. coli. (f-g) Lumi-
nescence signals were measured with 15,000 (f) intact LuxSit-i expressing HEK293T cells or (g)
cell lysate in the presence of 25 µM indicated substrate in DPBS. Luminescence intensities were
normalized to DTZ signal, showing high DTZ specificity over other substrates in cell-based as-
says. Data were shown as total luminescence signal over the first 20 min ± s.d. (n = 3, biological
triplicates). (h) Normalized luminescence intensity profile of lines traversing across different cells
(n=10) of main Figure 4.3c luminescence image; grey lines represent untransfected cells. Error
bars represent ± SEM.

202



Figure E4.10: Substrate specificity of LuxSit-i and spectrally resolved luciferase-luciferin
pairs allow multiplexed bioassay

(a) The orthogonality relationship between LuxSit-i-DTZ and RLuc-PP-CTZ (Prolume Purple,
methoxy e-Coelenterazine) luminescent pairs. Indicated percentages of each luciferase were mixed
at different ratios totaling 100%. After the addition of both 25 µM DTZ and PP-CTZ substrates,
filtered light from 528/20 and 390/35 channels were measured simultaneously. (b) Heatmap shows
the luminescence signal for individual luciferase (100 nM) or 1:1 mixture in the presence of the
cognate or non-cognate (DTZ or PP-CTZ or both) substrates. Response signals were acquired by a
Neo2 plate reader with 528/20 and 390/35 nm filters simultaneously. (c) Multiplex luciferase assay
in live HEK293T after co-transfection of CRE-RLuc, NFκB-LuxSit-i, and CMV-CyOFP plasmids
and stimulation by Forskolin (FSK) or human tumor necrosis factor alpha (TNFα). (d,e) 15,000
intact cells were assayed (see Methods) by either (d) substrate-resolved or (e) spectrally resolved
modes after adding DTZ, PP-CTZ, or both DTZ and PP-CTZ in DPBS without cell lysis. Area
scanning of the CyOFP fluorescence signal was used to estimate cell numbers and transfection ef-
ficiency. The reported unit was RLU/a.u.; relative light units/fluorescence intensity measurements
at Ex./Em.=480/580 nm. All data were normalized to the corresponding non-stimulated control.
Data are presented as mean ± s.d. (n = 3, biological triplicates).
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Figure S4.1: Additional computational analysis of designed luciferases

(a) Histogram plots of 7648 luciferase designs show the number of sidechains placed on each
scaffold by RIFdock (top, the red line indicates the average) and in silico scores, such as contact
molecular surface (middle) and Rosetta ddG (bottom). Three active DTZ designs we experimen-
tally identified (blue, green, and yellow arrows indicate 15078, 21093, and LuxSit designs, see
Figure E4.2) were located on the upper end of both distributions, suggesting that having substantial
packing and contact with the ligand is an important factor for active luciferases. (b) Superimposed
protein sidechain and DTZ interactions of LuxSit and Luxsit-i. Both models were generated by
Rosetta FastRelax protocol. Mutations (R60S, A96L, and M110V) of LuxSit-i were colored in
magenta. Full atom RMSD = 1.2 Å. For the ligand interactions of LuxSit, ten sidechains were
initially placed from RIFdock, and five of them were mutated during RosettaDesign. Both Tyr-His
and Asp-Arg dyads were from the pre-defined hydrogen bond networks.
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Figure S4.2: Additional QM and MM computational models used in this study

(a) Comparison of energies for the first proposed step indicates that deprotonation of N1 is critical
for the reaction to proceed. (b) Overlay of Int2′ and TS1 (top) and overlay of Int3 and OSSTS2
(bottom) highlighting the structural similarities between transition states and their analogs. While
Int2′ does not lie on the intrinsic reaction path connecting TS1 and Int3, its structural similarity to
TS1 makes it a useful transition state analog for ground state MD simulations. (c) Comparison of
TS1 (left) and OSSTS2 (right) for DTZ (top) and bis-CTZ (bottom) pathways. Computed transition
state energies are nearly identical, suggesting that the observed selectivity is entirely due to the
protein.
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Figure S4.3: The raw light outputs plot of Figure 4.4c

Indicated luciferin analogs (25 µM) were mixed with either LuxSit-i, RLuc, GLuc, or NLuc (100
nM). The total luminescence signal over the first 10 min was plotted (n=3). We normalized the
data by setting the highest emission substrate at 100% in each group to create Figure 4.4c.
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4.6 Computational Models
Table S4.1: Computed Energies of Computational Models (Hartree)

Structure Electronic
Energy

Zero Point
Energy

Enthalpy Free Energy

Reactant Complex -996.17861 0.221778 -995.94114 -995.997464
NAC5 -996.17076 0.221113 -995.93611 -995.9937
TS5 -996.14381 0.216471 -995.91225 -995.967078
NAC6 -996.17077 0.22101 -995.93611 -995.99385
TS6 -996.143661 0.216713 -995.91189 -995.968527
NAC7 -996.172 0.221115 -995.93751 -995.99517
TS7 -996.142862 0.21693 -995.91101 -995.965437

Cartesian Coordinates

1
C -1.246644 -1.594445 -0.567477
C -2.280262 -0.781826 -0.211328
N -2.122882 0.579101 -0.054370
C -0.941878 1.131896 -0.260803
C 0.183991 0.357002 -0.640116
N 1.457040 0.655089 -0.876585
C 2.066919 -0.520477 -1.188375
C 1.185188 -1.631482 -1.140727
O 1.325856 -2.871140 -1.326815
N -0.021815 -1.024792 -0.792547
C 3.533766 -0.612930 -1.486262
C 4.378398 -0.878566 -0.252662
C 4.185323 -2.053761 0.484072
C 4.941342 -2.309804 1.623110
C 5.903595 -1.392854 2.049017
C 6.100459 -0.220534 1.325358
C 5.341532 0.032288 0.182020
H 5.500781 0.951001 -0.377982
H 6.845119 0.501370 1.649192
H 6.493487 -1.592554 2.938940
H 4.780820 -3.227321 2.182805
H 3.426593 -2.758749 0.151339
H 3.869119 0.313021 -1.966342
H 3.692856 -1.427344 -2.204631
C -0.845936 2.604759 -0.057317

C 0.143600 3.381629 -0.672305
C 0.184212 4.759387 -0.473300
C -0.757273 5.382431 0.341829
C -1.745849 4.616543 0.958364
C -1.790566 3.241975 0.757583
H -2.560298 2.641400 1.230539
H -2.483280 5.091824 1.598819
H -0.721491 6.456797 0.497074
H 0.955864 5.348133 -0.961016
H 0.885331 2.898366 -1.296908
C -3.637491 -1.322901 0.053612
C -4.507006 -0.638525 0.911663
C -5.776457 -1.136928 1.186744
C -6.204863 -2.329412 0.606829
C -5.352607 -3.013932 -0.257069
C -4.084719 -2.512643 -0.535688
H -3.447066 -3.044192 -1.236363
H -5.679677 -3.936574 -0.727730
H -7.196162 -2.718090 0.820114
H -6.433221 -0.592274 1.859204
H -4.172497 0.290398 1.361721
H -1.293646 -2.671126 -0.672308

2
C -1.198752 -1.621041 -0.544589
C -2.234362 -0.802332 -0.210112
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N -2.072450 0.559212 -0.054816
C -0.886706 1.103336 -0.247013
C 0.241670 0.320035 -0.602661
N 1.520616 0.616171 -0.818495
C 2.129082 -0.556532 -1.122996
C 1.242379 -1.670323 -1.078283
O 1.387335 -2.907816 -1.249327
N 0.033743 -1.058924 -0.744130
C 3.597022 -0.655862 -1.409283
C 4.428561 -0.901521 -0.163015
C 4.236780 -2.070408 0.583704
C 4.979452 -2.306621 1.735769
C 5.926837 -1.375682 2.164311
C 6.122344 -0.209425 1.430449
C 5.376637 0.023673 0.274433
H 5.534354 0.937752 -0.293416
H 6.855657 0.523081 1.756252
H 6.506439 -1.559814 3.064271
H 4.820026 -3.219447 2.303304
H 3.489673 -2.786736 0.249158
H 3.936365 0.261891 -1.901659
H 3.758443 -1.482399 -2.112663
C -0.783117 2.576889 -0.064595
C 0.174635 3.343318 -0.739321
C 0.222900 4.723895 -0.564138
C -0.679114 5.358231 0.286412
C -1.636643 4.602147 0.961329
C -1.689729 3.224503 0.783763
H -2.435903 2.630649 1.301424
H -2.342974 5.087434 1.628667
H -0.637198 6.434857 0.423279
H 0.968290 5.306064 -1.098269
H 0.882685 2.850083 -1.394391
C -3.599457 -1.334843 0.029459
C -4.481245 -0.643579 0.869177
C -5.758328 -1.134634 1.121139
C -6.181994 -2.326071 0.535671
C -5.317352 -3.017049 -0.310590
C -4.041684 -2.523303 -0.566030
H -3.393790 -3.059835 -1.253370
H -5.640493 -3.938846 -0.785547
H -7.179228 -2.708964 0.730925
H -6.424816 -0.584973 1.779779
H -4.150608 0.284691 1.323329
H -1.249998 -2.697568 -0.648572

O 0.549982 -0.374891 -3.734206
O -0.199959 0.538438 -3.456816

TS1
C -0.793428 -1.493122 -0.373176
C -1.821085 -0.683578 -0.010039
N -1.631736 0.682890 0.163252
C -0.475672 1.231075 -0.061664
C 0.666119 0.443270 -0.497134
N 1.952039 0.754506 -0.564888
C 2.494257 -0.343053 -1.159296
C 1.626838 -1.536119 -0.981961
O 1.801825 -2.737403 -1.151949
N 0.436692 -0.934145 -0.564463
C 3.963743 -0.466054 -1.421918
C 4.749139 -0.719485 -0.152198
C 4.740616 -1.984482 0.444727
C 5.435575 -2.215598 1.628315
C 6.150537 -1.183356 2.234378
C 6.162373 0.080207 1.648952
C 5.464524 0.308564 0.464313
H 5.475800 1.297368 0.012486
H 6.716234 0.890947 2.113650
H 6.694793 -1.363637 3.156759
H 5.420428 -3.204184 2.078437
H 4.172339 -2.784627 -0.022633
H 4.303412 0.455455 -1.903731
H 4.114475 -1.288063 -2.129904
C -0.340285 2.697476 0.095498
C 0.469293 3.433025 -0.777384
C 0.557070 4.815569 -0.645528
C -0.151003 5.471896 0.359444
C -0.960985 4.742051 1.228722
C -1.060131 3.361715 1.093733
H -1.691290 2.785444 1.763283
H -1.514727 5.249474 2.012993
H -0.074158 6.550109 0.464475
H 1.178793 5.383242 -1.331586
H 1.002264 2.907376 -1.562297
C -3.190568 -1.194277 0.232584
C -4.059400 -0.489711 1.074680
C -5.342058 -0.963941 1.329787
C -5.782764 -2.149841 0.746055
C -4.930229 -2.852986 -0.102453
C -3.649149 -2.376813 -0.362333
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H -3.012097 -2.922147 -1.052840
H -5.267183 -3.770177 -0.576398
H -6.784543 -2.519005 0.943914
H -5.999352 -0.404873 1.989466
H -3.717060 0.434681 1.527915
H -0.848949 -2.568180 -0.492312
O 1.691797 -0.276226 -2.809036
O 0.644392 0.547987 -2.723222

3
C -0.692973 -1.488501 -0.897862
C -1.621249 -0.744577 -0.213042
N -1.347523 0.562596 0.078042
C -0.227287 1.141137 -0.268214
C 0.794176 0.390765 -1.000906
N 1.998818 0.755158 -1.343481
C 2.605392 -0.371690 -2.005004
C 1.642171 -1.617217 -1.959143
O 1.835322 -2.788971 -1.556661
N 0.434663 -0.899067 -1.310745
C 4.073509 -0.560694 -1.663970
C 4.351709 -0.499940 -0.179501
C 3.776441 -1.434448 0.689847
C 4.020849 -1.372297 2.058489
C 4.847381 -0.378687 2.582551
C 5.424899 0.554020 1.725416
C 5.175195 0.492243 0.355191
H 5.625750 1.227806 -0.307028
H 6.069525 1.333567 2.121729
H 5.038345 -0.332192 3.650823
H 3.564463 -2.103157 2.720621
H 3.122670 -2.199364 0.275986
H 4.647591 0.214360 -2.184907
H 4.385397 -1.529046 -2.072353
C -0.033532 2.558107 0.135172
C 0.946013 3.377971 -0.440821
C 1.071113 4.709483 -0.050071
C 0.230264 5.243345 0.921299
C -0.745765 4.433858 1.503072
C -0.876931 3.108055 1.112984
H -1.637274 2.479066 1.563044
H -1.405387 4.837737 2.265599
H 0.333924 6.280414 1.226582
H 1.833929 5.330852 -0.510358
H 1.613904 2.961904 -1.184454

C -2.910166 -1.296983 0.260959
C -3.576663 -0.696303 1.336614
C -4.780404 -1.211295 1.805538
C -5.343458 -2.338530 1.210248
C -4.693052 -2.940084 0.135136
C -3.492258 -2.421206 -0.339473
H -3.018117 -2.888106 -1.198146
H -5.127330 -3.811213 -0.346593
H -6.282887 -2.741053 1.576889
H -5.278807 -0.731912 2.643220
H -3.137701 0.179130 1.803989
H -0.779217 -2.544757 -1.129487
O 2.419304 -0.313308 -3.439322
O 1.476583 -1.434985 -3.439673

OSSTS2
C -0.743517 -1.502981 -0.758279
C -1.679100 -0.728214 -0.123280
N -1.393560 0.582700 0.147835
C -0.269341 1.141466 -0.210530
C 0.741249 0.372468 -0.944395
N 1.913622 0.746525 -1.356075
C 2.511513 -0.368023 -2.058751
C 1.616327 -1.740812 -1.700360
O 1.947081 -2.681906 -0.940676
N 0.400082 -0.940008 -1.176864
C 4.016410 -0.521822 -1.813801
C 4.423222 -0.509747 -0.360577
C 4.662326 -1.700740 0.329467
C 5.035745 -1.687699 1.671980
C 5.176925 -0.477914 2.347299
C 4.942919 0.717668 1.669322
C 4.571167 0.698810 0.328139
H 4.383442 1.632091 -0.194962
H 5.052924 1.667136 2.185900
H 5.469582 -0.465517 3.393318
H 5.217296 -2.625200 2.190281
H 4.538173 -2.645378 -0.190539
H 4.514703 0.298867 -2.344334
H 4.328257 -1.455874 -2.291781
C -0.051584 2.557501 0.186369
C 0.924744 3.368124 -0.407855
C 1.073793 4.696657 -0.015182
C 0.260203 5.236764 0.975725
C -0.713136 4.436888 1.574936
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C -0.867813 3.114060 1.183380
H -1.625304 2.492206 1.648005
H -1.351567 4.845575 2.352767
H 0.382864 6.271305 1.282576
H 1.833850 5.310712 -0.489609
H 1.569513 2.947183 -1.168860
C -2.989266 -1.250667 0.324741
C -3.667203 -0.630377 1.381978
C -4.892030 -1.117581 1.825171
C -5.465012 -2.235702 1.221949
C -4.803439 -2.855982 0.164517
C -3.581522 -2.364520 -0.284835
H -3.098669 -2.842911 -1.132332
H -5.245552 -3.719401 -0.323923
H -6.421121 -2.616210 1.568408
H -5.399508 -0.623711 2.648873
H -3.220428 0.238119 1.854971
H -0.847228 -2.565789 -0.946873
O 2.165548 -0.433470 -3.359592
O 1.399727 -2.134309 -3.031020

4
C -1.621756 -1.849065 -0.646394
C -2.467111 -0.970265 -0.038579
N -1.976823 0.220148 0.433052
C -0.749542 0.568320 0.182596
C 0.142749 -0.251830 -0.655107
N 1.264315 0.239495 -1.067371
C 2.042652 -0.245296 -2.081214
C 0.589390 -2.716807 -1.332995
O 1.744411 -2.624702 -0.919758
N -0.322539 -1.530680 -0.904114
C 3.547093 -0.247589 -1.811036
C 3.966728 0.261158 -0.456434
C 3.786301 -0.529828 0.683243
C 4.137097 -0.051278 1.941892
C 4.675936 1.227933 2.082693
C 4.861913 2.021290 0.953662
C 4.510672 1.537350 -0.305638
H 4.655756 2.164055 -1.182573
H 5.282228 3.018255 1.051943
H 4.948035 1.602658 3.065208
H 3.985930 -0.675496 2.818262
H 3.334513 -1.511075 0.569922
H 4.022257 0.329871 -2.612088

H 3.857989 -1.288805 -1.946347
C -0.282120 1.860782 0.754956
C 1.019467 2.043508 1.238930
C 1.382130 3.245316 1.839149
C 0.460970 4.284402 1.954129
C -0.834326 4.112106 1.470354
C -1.203363 2.907428 0.881420
H -2.213744 2.766219 0.511072
H -1.560047 4.916034 1.551191
H 0.750669 5.223534 2.416427
H 2.394135 3.364850 2.214968
H 1.752555 1.250948 1.146229
C -3.892782 -1.273055 0.219532
C -4.560190 -0.649091 1.280741
C -5.897027 -0.929889 1.541975
C -6.593339 -1.839616 0.748526
C -5.940910 -2.460147 -0.314595
C -4.605313 -2.174664 -0.581391
H -4.122606 -2.642456 -1.434995
H -6.477092 -3.159257 -0.949570
H -7.637518 -2.057226 0.951744
H -6.395714 -0.439208 2.372880
H -4.017498 0.056507 1.901043
H -1.895122 -2.854867 -0.936702
O 1.621667 -0.549094 -3.193355
O -0.019782 -3.574004 -1.969216

TS3
C -1.675115 -1.867084 -0.690085
C -2.524601 -0.977022 -0.062905
N -2.017644 0.178441 0.424594
C -0.754861 0.489197 0.222191
C 0.116305 -0.369105 -0.563005
N 1.362216 0.006433 -0.826872
C 2.060142 -0.421071 -1.895433
C 0.699085 -3.141291 -1.415998
O 1.692213 -3.059702 -0.763851
N -0.391837 -1.575475 -0.923166
C 3.584044 -0.265203 -1.765840
C 4.068027 0.325284 -0.468886
C 4.127369 -0.459791 0.686878
C 4.523967 0.086998 1.903038
C 4.877911 1.434044 1.983122
C 4.832594 2.223193 0.836787
C 4.430909 1.669778 -0.377844
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H 4.391025 2.294747 -1.267106
H 5.108571 3.272844 0.887097
H 5.189661 1.862766 2.931193
H 4.558688 -0.537924 2.791188
H 3.836769 -1.505727 0.629047
H 3.928260 0.329257 -2.620054
H 3.995939 -1.272052 -1.905522
C -0.288864 1.772043 0.823425
C 1.020270 1.966903 1.286215
C 1.378858 3.163264 1.901396
C 0.449243 4.188833 2.055150
C -0.853248 4.006812 1.593841
C -1.217698 2.808631 0.989791
H -2.234153 2.662604 0.638919
H -1.587485 4.799877 1.703179
H 0.737079 5.123845 2.527259
H 2.398431 3.289439 2.254411
H 1.761041 1.188801 1.147894
C -3.962727 -1.252972 0.159233
C -4.644323 -0.626794 1.210521
C -5.993053 -0.880810 1.434509
C -6.688085 -1.766574 0.612757
C -6.022041 -2.389537 -0.440170
C -4.673734 -2.131176 -0.668826
H -4.180009 -2.602685 -1.513829
H -6.555834 -3.071361 -1.095682
H -7.741064 -1.965324 0.788210
H -6.502927 -0.388002 2.257333
H -4.102187 0.060567 1.851677
H -1.993586 -2.855885 -1.007554
O 1.612224 -0.852707 -2.966685
O 0.007334 -3.742269 -2.178630

5
C -0.861297 -1.525589 0.043247
C -1.926050 -0.644281 0.203121
N -1.696670 0.677383 0.110472
C -0.472110 1.109536 -0.154493
C 0.627278 0.195283 -0.327153
N 1.886110 0.676211 -0.466332
C 2.805643 0.053458 -1.217284
N 0.382743 -1.129694 -0.212925
C 4.239158 0.542360 -0.935603
C 4.887579 -0.357950 0.089696
C 5.662164 -1.453276 -0.301932

C 6.217516 -2.311562 0.644935
C 6.002525 -2.088336 2.003086
C 5.226911 -1.001952 2.405609
C 4.673933 -0.147305 1.455947
H 4.062070 0.693928 1.771261
H 5.053156 -0.819380 3.462451
H 6.437127 -2.754380 2.742770
H 6.820317 -3.155277 0.320594
H 5.831069 -1.633356 -1.360689
H 4.211338 1.571845 -0.567736
H 4.806706 0.514850 -1.870937
C -0.315419 2.589124 -0.232599
C 0.531693 3.209531 -1.159219
C 0.608112 4.597589 -1.231615
C -0.150778 5.391701 -0.374340
C -0.997297 4.785384 0.551677
C -1.081711 3.398237 0.615852
H -1.747651 2.925174 1.331035
H -1.593143 5.393638 1.226279
H -0.083257 6.474451 -0.427663
H 1.264885 5.060659 -1.962662
H 1.133506 2.598083 -1.820354
C -3.308778 -1.088423 0.502165
C -4.193227 -0.226749 1.163985
C -5.490691 -0.628311 1.462200
C -5.932243 -1.901433 1.105065
C -5.064632 -2.764663 0.440114
C -3.767246 -2.361055 0.137268
H -3.116379 -3.039062 -0.407157
H -5.400702 -3.754434 0.144968
H -6.945004 -2.215868 1.338779
H -6.159050 0.053986 1.979696
H -3.848218 0.763604 1.443534
H -1.006669 -2.599096 0.155302
O 2.642924 -0.813409 -2.093467

TS3∗
C -1.576489 -1.810273 -0.649267
C -2.465556 -0.895093 -0.048638
N -2.061299 0.303853 0.392872
C -0.722722 0.621990 0.215504
C 0.107875 -0.219405 -0.611364
N 1.256257 0.242368 -1.072429
C 2.008682 -0.312123 -2.069227
C 0.856356 -3.092119 -1.375595
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O 1.898941 -2.867132 -0.851479
N -0.309100 -1.486672 -0.936547
C 3.519078 -0.305480 -1.830229
C 3.965881 0.239844 -0.498290
C 3.835711 -0.527896 0.663290
C 4.204172 -0.010890 1.901759
C 4.714595 1.282835 1.997975
C 4.856007 2.052519 0.845935
C 4.482704 1.532255 -0.391756
H 4.588339 2.141491 -1.286250
H 5.255419 3.060734 0.909601
H 5.001775 1.687313 2.964078
H 4.092007 -0.618770 2.795074
H 3.424156 -1.530404 0.590203
H 3.970231 0.258372 -2.654461
H 3.838116 -1.346102 -1.951771
C -0.272749 1.845496 0.838407
C 1.089304 2.186898 1.058595
C 1.437386 3.366929 1.695263
C 0.460826 4.255482 2.156542
C -0.884594 3.928380 1.975038
C -1.248101 2.751276 1.339554
H -2.294386 2.506645 1.198700
H -1.659340 4.602231 2.332773
H 0.743738 5.175914 2.659138
H 2.490996 3.586319 1.848918
H 1.870521 1.508868 0.742107
C -3.883875 -1.247369 0.147956
C -4.654164 -0.509850 1.061805
C -5.993413 -0.814583 1.274014
C -6.595370 -1.859054 0.574575
C -5.845411 -2.593441 -0.343854
C -4.506379 -2.290172 -0.558336
H -3.953239 -2.855733 -1.301209
H -6.308509 -3.400805 -0.903222
H -7.642019 -2.096894 0.739229
H -6.570130 -0.236092 1.989928
H -4.177289 0.297960 1.605542
H -1.878475 -2.814554 -0.925962
O 1.561178 -0.681970 -3.150782
O 0.115455 -3.786036 -1.990794

1H
C -1.235982 -1.608291 -0.565826
C -2.274867 -0.825811 -0.215789

N -2.078514 0.554126 -0.094690
C -0.873891 1.163547 -0.319676
C 0.185779 0.371923 -0.658255
N 1.488561 0.687140 -0.877945
C 2.096089 -0.443196 -1.174203
C 1.195216 -1.601491 -1.142990
O 1.398894 -2.806434 -1.342219
N -0.003864 -1.020884 -0.816077
C 3.563126 -0.551564 -1.451519
C 4.344761 -0.872686 -0.189530
C 4.299008 -2.157953 0.359610
C 4.990606 -2.451069 1.531235
C 5.736991 -1.462242 2.171069
C 5.783880 -0.179026 1.632393
C 5.089383 0.113008 0.459644
H 5.128726 1.116732 0.043841
H 6.362411 0.597858 2.123875
H 6.278565 -1.691526 3.084022
H 4.947873 -3.454139 1.945951
H 3.704422 -2.921826 -0.134709
H 3.914142 0.390780 -1.881428
H 3.720581 -1.342190 -2.193379
C -0.802017 2.625695 -0.149304
C -0.033663 3.410501 -1.017100
C 0.012972 4.789550 -0.849917
C -0.705731 5.397627 0.177697
C -1.472426 4.621073 1.043314
C -1.522779 3.240928 0.881964
H -2.102306 2.639319 1.576511
H -2.027976 5.088243 1.850073
H -0.668085 6.475172 0.303555
H 0.607031 5.392107 -1.529647
H 0.518391 2.936938 -1.820571
C -3.625144 -1.340680 0.085522
C -4.383632 -0.784464 1.122693
C -5.651625 -1.280263 1.409172
C -6.173907 -2.338548 0.669485
C -5.423613 -2.897000 -0.363442
C -4.160547 -2.397027 -0.660181
H -3.592848 -2.813550 -1.486786
H -5.828268 -3.715400 -0.950612
H -7.163214 -2.724497 0.894544
H -6.227991 -0.843023 2.218416
H -3.975108 0.021946 1.725709
H -1.283976 -2.686201 -0.632411
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H -2.899222 1.141918 -0.044011

3H
C -0.771889 -1.539748 -0.883525
C -1.730387 -0.807320 -0.229650
N -1.394676 0.507518 0.026432
C -0.246607 1.105779 -0.250831
C 0.753904 0.301380 -0.934292
N 1.967460 0.664958 -1.207876
C 2.596810 -0.451221 -1.860459
C 1.727303 -1.765063 -1.788091
O 1.883352 -2.860458 -1.233136
N 0.369509 -0.973091 -1.267304
C 4.087228 -0.549111 -1.586230
C 4.434791 -0.427423 -0.119832
C 3.957503 -1.360514 0.807681
C 4.270366 -1.238702 2.158371
C 5.068299 -0.185822 2.604541
C 5.548050 0.746444 1.688644
C 5.229877 0.625056 0.337068
H 5.604057 1.360106 -0.371391
H 6.169292 1.571864 2.024424
H 5.312870 -0.093009 3.658675
H 3.890036 -1.969483 2.866755
H 3.325302 -2.173938 0.459194
H 4.581947 0.245855 -2.155261
H 4.439626 -1.505084 -1.990371
C -0.037967 2.497728 0.150696
C 0.692959 3.364239 -0.674481
C 0.846626 4.695978 -0.312005
C 0.291857 5.170057 0.875188
C -0.419792 4.308336 1.707452
C -0.587098 2.977132 1.349577
H -1.107855 2.307827 2.028768
H -0.836307 4.669295 2.641757
H 0.421690 6.210069 1.156993
H 1.403197 5.365915 -0.958920
H 1.131898 2.990583 -1.591172
C -3.048386 -1.301716 0.198993
C -3.596880 -0.910228 1.426540
C -4.843025 -1.385937 1.820347
C -5.545652 -2.268642 1.003825
C -4.999507 -2.670578 -0.213411
C -3.762021 -2.184702 -0.620034
H -3.357028 -2.475274 -1.584788

H -5.544671 -3.353651 -0.856899
H -6.515575 -2.643012 1.315366
H -5.257201 -1.076404 2.774494
H -3.041720 -0.257888 2.095410
H -0.892678 -2.594266 -1.107106
O 2.330874 -0.439185 -3.289419
O 1.641045 -1.729585 -3.244741
H -2.120251 1.084269 0.447122

2′
C 1.45911 -0.74586 -0.72538
N 0.08997 -0.59510 -0.45079
C -0.87057 -1.57230 -0.44384
C -2.15690 -1.20439 -0.17602
N -2.48067 0.13109 0.01658
C -1.59414 1.09019 -0.00256
C -0.16917 0.77654 -0.22257
N 0.87094 1.53474 -0.25950
C 2.04575 0.66351 -0.50829
C -2.06544 2.47792 0.21974
C -1.26959 3.60425 -0.06195
C -1.77144 4.89123 0.13979
C -3.06483 5.07970 0.62889
C -3.86275 3.96607 0.91613
C -3.37069 2.68143 0.71241
C -3.27289 -2.17469 -0.10612
C -4.59582 -1.74127 -0.30121
C -5.65631 -2.64573 -0.25285
C -5.41869 -4.00034 -0.00649
C -4.10809 -4.44108 0.19886
C -3.04687 -3.53809 0.15575
O 1.98934 -1.79437 -1.03227
H -0.52300 -2.57342 -0.66497
H -0.26184 3.46489 -0.43120
H -1.14489 5.74948 -0.08729
H -3.44931 6.08331 0.78892
H -4.86915 4.10168 1.30268
H -3.98581 1.81677 0.93524
H -4.78131 -0.69020 -0.49402
H -6.67125 -2.29061 -0.41062
H -6.24539 -4.70415 0.03301
H -3.91126 -5.48929 0.40677
H -2.04013 -3.89580 0.35137
C 2.92061 0.69040 0.78037
H 2.28284 0.47228 1.64426
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H 3.24371 1.73321 0.82974
C 4.11059 -0.23293 0.73929
C 4.19296 -1.34777 1.58336
C 5.16121 0.02006 -0.15870
C 5.30348 -2.19571 1.54293
H 3.38175 -1.55420 2.27890
C 6.26986 -0.82693 -0.19815
H 5.06175 0.89090 -0.80710

C 6.34652 -1.93746 0.65014
H 5.35279 -3.05541 2.20685
H 7.08050 -0.62319 -0.89473
H 7.21151 -2.59536 0.61541
O 2.74532 0.99739 -1.66575
O 3.49177 2.25242 -1.47303
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Conclusion

Here, we presented several examples of engineered catalysts along with computational physical

models that enhance our mechanistic understanding of how these catalysts work. In Chapter 2, we

discussed a dirhodium catalyst developed for an enantioselective Si-H insertion and showed that

the chiral environment of the catalyst limited conformations of the transition state, only allowing

the observed product. In Chapter 3, we investigated a family of laboratory evolved enzymes and

showed that a catalytic lysine acts as a general acid to promote chlorination via HOCl. Mutations

in the active site altered substrate binding and ultimately led to the differences in site selectivity.

Finally, in Chapter 4, we investigated a set of computationally designed enzymes and showed that

the most active mutant was best at stabilizing the reaction intermediates. The mechanistic insight

gained from these is now being used to engineer a new generation of catalysts with improved

activity.

Dirhodium catalysts are among the most powerful and widely used in chemistry. They are used

extensively in C–H insertion [1], Si–H insertion [2] and cyclopropanation [3, 4]. Recent work from

Lewis and coworkers has also led to artificial metalloenzyme that contain a dirhodium cofactor

capable of catalyzing enantioselective cyclopropanation [5]. In Chapter 2, we saw that the power

in these catalysts arises from their ability to stabilize the highly reactive carbene. The rest of the

catalyst acted as a steric pocket to control the selectivity of the reaction. DFT calculations using

the tetraformate catalyst, which lacked any steric environment, showed that both enantiomeric

transition states were equal in energy. Electronic differences in the aryl rings of the substrate

limited the conformation of these transition states to favor the electron-rich aryl conjugated to
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the vacant p-orbital of the carbene. In the environment of (S)-C-1, these electronic and steric

constraints allowed only the transition state that led to the observed product.

Despite the power of these catalysts, they are difficult to scale for a several reasons; chemical

synthesis of the equatorial ligands can be challenging or expensive, and rhodium is a rare and

extremely expensive metal. Increasing efforts have been made to address these issues by use

of biocatalysis. The impressive heme-containing enzymes evolved by Arnold and coworkers [6]

demonstrate that the same reactivity is possible using only iron and the 20 canonical amino acids.

In theses enzymes, the iron heme acts as the dirhodium core to stabilize the carbene or nitrene,

and the rest of the enzyme imparts selectivity onto the reaction. No doubt, the field of chemical

catalysis will be dominated by enzymes in the near future.

Directed evolution is currently the state of the art in enzyme engineering and has resulted in the

most effective engineered enzymes to date. The relatively simple idea to imitate the natural process

of evolution does not rely on any structural or mechanistic understanding of the enzyme, bypassing

an enormous bottleneck of rational design. However, additional insight from experiments [7] or

machine learning [8] have been able to improve this process, indicating that mechanistic insight

can still be beneficial. In Chapter 3, we investigated a family of mutants evolved to have orthogonal

selectivity for the chlorination of tryptamine. Dramatic differences in selectivity arising from only

a handful of mutations made this an ideal system to understand the role of individual mutations.

Ultimately, it was clear that differences in selectivity were due to differences in substrate bind-

ing. DFT calculations showed the intrinsic differences in substrate reactivity, and MD simulations

showed how each enzyme was able to influence the reaction through substrate binding.

The physical model we developed in Chapter 3 was used to predict selectivity on nonnative

substrates with high accuracy. DFT-computed transition state and Wheland intermediate energies

were the best predictor of site selectivity, indicating that the enzymes have little catalyst control

over the substrates they were not evolved for. In these cases where substrate binding is low, se-

lectivity is dominated by substrate control. On this principle, new enzymes can be engineered

that optimize substrate binding in a desired orientation. New protein design methods that predict
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mutations to stabilize a desired protein fold [9, 10] will likely be increasingly used to this end. As

the success rate of these computational designs increases, rational design will become increasingly

popular.

Computational protein design has benefited greatly from recent advancements in machine

learning. Rapid, accurate predictions of protein structure enable high throughput computational

design methods. Some of these networks have also been reversed to design novel stable protein

backbones [11, 12, 13]. In Chapter 4, we investigate a set of proteins that were generated using

the family-wide hallucination approach. This method uses the trRosetta network [14] to generate

protein sequences that contain a given fold topology. Theozymes that bind to and stabilize the

forming anion were then docked into each of these scaffolds using the RIFdock [15] algorithm

before a final sequence optimization.

Following an initial round of computational designs, the most active enzymes were generated

using site-saturation mutagenesis. The most active enzyme, LuxSit-i, contained only 3 mutations

relative to the initial design and resulted in over 100-fold improvement. Again, we benefited from

having a set of proteins that were all structurally similar, yet with a small number of mutations

displayed a wide range of activity. DFT calculations confirmed that stabilization of the forming

anion was necessary for the reaction, and MD simulations showed that the most active enzyme was

the best at facilitating this stabilization. Additionally, we showed that the binding pocket of the

most active enzyme was unable to accept substrates with benzylic substituents at R8, explaining

the selectivity differences of this enzyme.

Importantly, we also showed that the most active enzyme was the best at stabilizing the tran-

sition state rather than the ground state. Changing the design target to bind 2′ rather than 1 will

likely lead to higher success rates in the future. Incorporation of transition state models into en-

zyme design will likely have an enormous impact on the success rates in general. This, in addition

to improved structure prediction networks and networks that accommodate protein-ligand interac-

tions, should make enzyme design somewhat commonplace in the coming years.

It seems inevitable at this point that enzyme engineering, particularly enzyme design, will

224



dominate chemical catalysis in the foreseeable future. Statistical models in the form of machine

learning are the driving force behind this revolution, but physical models will still be critical for

successful designs. For example, protein inpainting [16], which uses a structure prediction neural

network to design proteins with a functional site still requires an accurate physical model of the

target as an input. DFT calculations are still needed to determine the ideal arrangements of active

sites. Molecular mechanics will also be needed in places where DFT is impractical, however

the role of these calculations will diminish as computing power improves. Nevertheless, MD

simulations are still critical for understanding the subtle differences between similar enzymes, as

we noted here. In total, no one method can be used to reliably engineer a functional catalyst and it

requires extensive knowledge of each process to arrive at the desired product. Catalyst engineering

has far to go before it is routinely adopted in labs across the world, however the potential impact

of this field is enormous and could change the way chemistry and biology are conducted.
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