COMPUTATIONAL DESIGN OF SMALL ORGANIC MOLECULES AS ENZYME
MIMICS: SPIROCYCLIC ORGANOCATALYSTS WITH HIGH-LEVEL
STRUCTURAL AND ELECTROSTATIC PREORGANIZATION FOR
TRANSESTERIFICATION REACTIONS

by
Zahide Merve Tanyeri

Submitted to Graduate School of Natural and Applied Sciences
in Partial Fulfillment of the Requirements
for the Degree of Master of Science in

Chemical Engineering

Yeditepe University
2019



COMPUTATIONAL DESIGN OF SMALL ORGANIC MOLECULES AS ENZYME
MIMICS: SPIROCYCLIC ORGANOCATALYSTS WITH HIGH-LEVEL
STRUCTURAL AND ELECTROSTATIC PREORGANIZATION FOR
TRANSESTERIFICATION REACTIONS

APPROVED BY:

Assoc. Prof, Nihan Celebi Olgiim
(Thesis Supervisor) '

(Yeditepe University)

Assoc. Prof. Tugba Davran Candan

(Yeditepe University)

Assist. Prof. Burcu Dedeoglu

(Gebze Technical University)

DATE OF APPROVAL: ..../..../2019



il

ACKNOWLEDGEMENTS

It is with immense gratitude that I acknowledge the support and help of my Professor
Nihan Celebi-Olgiim. Pursuing my thesis under her supervision has been an experience

which broadens the mind and presents an unlimited source of learning.

This study was supported by TUBITAK 1001 (116Z514). The calculations reported in this
thesis were completely performed at TUBITAK ULAKBIM, High Performance and Grid

Computing Center.

I would like to thank my lovely friends Sezen Alsancak and Yesim Camlisoy for their

support and warm friendship.

Finally, I would like to thank my family for their endless love and support, which makes

everything more beautiful.



v

ABSTRACT

COMPUTATIONAL DESIGN OF SMALL ORGANIC MOLECULES AS ENZYME
MIMICS: SPIROCYCLIC ORGANOCATALYSTS WITH HIGH-LEVEL
STRUCTURAL AND ELECTROSTATIC PREORGANIZATION FOR
TRANSESTERIFICATION REACTIONS

Natural enzymes are proficient catalysts. In the past few years, chemists have tried to
mimic enzymes and synthesized amino-acid based catalysts to optimize efficiency of many
different transformations. Recently, new transesterification catalysts were developed called
“spiroligozymes”, by placing the catalytic machinery of esterase enzymes onto modular
spiro-fused bispeptides with the help of quantum mechanical transition state calculations
using the “inside-out” approach. Molecular dynamics simulations showed that, in contrast
to the observed behavior in naturally evolved enzymes, the catalytic groups in
spiroligozymes sample numerous alternative conformations and the H-bond between the
nucleophilic dyad essential for catalysis is not maintained. These computational results
suggest that the activities of spiroligozymes can be significantly improved by providing a
high-level preorganization of the catalytic functional groups. For this purpose, the
structural modifications that eliminate non-reactive conformations of spiroligozymes and
fix the active conformation of catalytic groups were identified. Medchem transformations
were used to obtain spiroligozyme derivatives. Conformational library for each
spirologozyme derivative was generated with the MMFF force field using lowmodeMD
sampling procedure. The conformers of selected derivatives were evaluated by quantum
mechanical calculations. Molecular dynamics (MD) simulations were performed to
evaluate whether the designed catalytic contacts were maintained in a dynamic
environment in the presence of explicit solvent molecules. This work constitutes an
important step towards the computational design of organocatalysts with preorganized
functional groups as well as reaching an enzyme-like activity with small organic

molecules.



OZET

ENZIMLERI MiMiK EDEN KUCUK ORGANIK MOLEKULLERIN HESAPSAL

TASARIMI: TRANSESTERIFIKASYON TEPKIMELERI ICIN YUKSEK SEVIYE

YAPISAL VE ELEKTROSTATIK ON ORGANIZASYONA SAHIP SPIROSIKLIK
ORGANOKATALIZORLER

Doganin usta katalizorleri olan enzimlerin katalitik giiclinii tasiyan yeni yesil katalizorlerin
gelistirilmesi son yillarda iizerinde en c¢ok calisilan konulardan biridir. Yakin ge¢miste,
esteraz enzimlerinin katalitik mekanizmasi “igten-digsa” tasarim yaklagimi kullanarak,
kuantum mekaniksel ge¢is konumu modelleri yardimiyla modiiler spiro-birlesik
bispeptidlerin iizerine yerlestirerek “spiroligozim” adi verilen yeni transesterifikasyon
katalizorleri gelistirildi. Ancak molekiiler dinamik simiilasyonlari, dogal olarak evrimlesen
enzimlerde gozlenenin  aksine, spiroligozimlerdeki katalitik  gruplarin  aktif
konformasyonun yaninda bir¢ok alternatif konformasyonu da 6rnekledigini ve alkol-piridil
ikilisi arasindaki hidrojen baginin korunmadigini ortaya koymustur. Bu hesapsal sonuglar,
spiroligozimlerin aktivitelerinin, katalitik fonksiyonel gruplarin O6n-organizasyonlarinin
saglanmasi yoluyla biiylik 6l¢iide artirilabilecegini gostermektedir. Bu amagla, hesapsal
modeller kullanilarak, spiroligozmlerin reaktif olmayan konformasyonlar1 saf dis1 ederek
katalitik gruplarin aktif konformasyonlarinin molekiil i¢in hidrojen baglari yardimiyla
sabitlenmesi i¢in gerekli yapisal degisiklikler belirlenmistir. Boylece transesterifikasyon
spiroligozimlerinin katalitik etkilerinin artiritlmasi hedeflenmistir. Spiroligozim tiirevlerini
elde etmek icin Medchem doniisiimleri kullanilmistir. MMFF kuvvet alani ile her bir
spirologozim tiirevi i¢in konformasyon kiitiiphanesi olusturulmustur. Secilen konformerler
kuantum mekaniksel hesaplamalar ile degerlendirilmistir. Molekiiler dinamik (MD)
simiilasyonlar1 ile tasarlanan katalitik ikili arasindaki bagin agik bir ¢dziicli molekiilii
varliginda dinamik bir ortamda muhafaza edilip edilmedigi degerlendirilmistir. Bu ¢aligma,
gerek On-organizasyona sahip organokatalizorlerin hesapsal tasariminda gerekse kiigiik

organik molekiiller ile enzim benzeri aktiviteye ulasilmasinda 6nemli bir adimdir.
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1. INTRODUCTION

Enzymes are biological catalysts that are used in many reactions of living organisms [1].
There are more than 5000 biological processes catalyzed by enzymes. They have excellent
activity in aqueous media under ambient conditions [2]. Enzymes are also preferred in
industrial applications instead of the synthetic catalysts because they are environmentally
friendly. There are many different large scale industrial applications of enzymes such as;

production of drugs, detergents, drinks and sugars [1], [3].

Enzymes are good catalyst alternatives to eliminate problems of acid or base catalyzed
transesterification processes. For example, acid catalysts used in the transesterification
reactions can be inhibited by water but enzymes are not adversely affected by the presence
of water. Moreover, enzymes can convert free fatty acids (FFA) to fatty acid alkyl esters
completely, which makes it possible to use low cost raw materials such as waste oil or lard.
Immobilization of enzymes leads to facilitation of the seperation process. As such,
products can be seperated easily and it is possible to obtain high quality glycerol.
Additionally, immobilization enables the reuse of catalyst [1], [4], [5].

Some advantages of using enzymes instead of acid and alkali catalysts are [1], [6], [7], [8];

* Prevention of soap formation.

* Esterification of FFA's and triglycerides in one step and no requirement for a washing
process.

* Increase in the quality of glycerol.

* Toleration to the raw material with different quality like waste oils, animal fat.
Different types of waste oils and animal fat with high FFA and water content can be
catalyzed successfully using enzymes.

* (atalysis with less energy consumption.

* Lower alcohol to oil ratio requirement.
There are several disadvantages in enzymatic transesterification [1], [5], [8];

* Reaction time is longer than the reaction with acid or alkali catalyst.

* Higher catalyst concentration is required.



* Enzymes are more expensive compared to alkali catalyst. For example, usage of lipase
in a process has higher cost compared to sodium hydroxide.

* Reuse of enzyme is possible but after 100 days of application it loses activity.

Hydrolytic enzymes (hydrolases) such as, esterases, proteases and lipases are used to
catalyze hydrolysis reactions to maintain our metabolism [9], [10]. Esterases and proteases
are proficient enzymes that catalyze the hydrolysis of carboxyl esters and amides,
respectively [10]. For example, serine protease is a natural well-understood enzyme, which
plays a vital role in living organisms. This enzyme accelerates peptide hydrolysis
approximately 10'°- fold compared to the uncatalyzed reaction [11], [12]. Lipases are
naturally evolved catalysts efficient in catalysis of transesterification reactions [13]. They
also help to resolve problems resourced from chemical catalysts for both esterification and

transesterification reactions [14], [15], [16].

Hydrolases function via formation of a covalent bond between enzyme and substrate
through nucleophilic catalysis mechanism. Figure 1.1 represents the catalytic mechanism
of hydrolase enzymes. After the formation of enzyme-substrate complex, in order to
initiate catalysis, a nucleophile must be activated in the enzyme active site. This is
achieved via proton shuttle mechanism in a so-called “catalytic triad” or alternatively
“nucleophilic triad”. A catalytic triad is composed of three amino-acid residues interacting
with each other via a well-maintained H-bond network. The most common catalytic triads
occurring in natural proteins are Ser-His-Asp, Ser-His-Glu, Cys-His-Asp, Ser-His-His, and
Ser-Glu-Asp [9]. As a specific example, serine proteases use Ser-His-Asp triad as the

nucleophile [17], [18], [19].

The presence of aspartate increases the basicity of histidine, and in turn histidine activates
serine as a nucleophile by abstracting the proton from the hydroxyl group [9], [20], [21].
The activated serine through this proton shuttle mechanism attacks ester or peptide bond of
the substrate forming a tetrahedral oxyanionic intermediate. This intermediate is stabilized
by a number of H-bonding interactions in a region called the “oxyanion hole” [22], [23].
These key catalytic elements of hydrolase enzymes are shown in Figure 1.2. As such,
protein binds the substrate covalently and formation of this acyl-enzyme intermediate is
known as the acylation step. Now protonated histidine acts as the acid and activates the C

terminal fragment of ester on peptide as a leaving group. A water (for esterases or



proteases) or an alcohol (for lipases) bound in the active site attacks the ester bond between
serine and the substrate breaking the covalent bond. As a result, product is released and

free enzyme is regenerated. This process is called the deacylation step in the catalytic cycle
[24].
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Figure 1.2. Key catalytic elements of acetylcholine esterase as taken form the crystal

structure with PDB ID: 1SOM

Even though H-bond is weaker than a covalent bond [25], it is primarily essential
underlying many kinds of chemical processes. Especially, preorganized H-bond networks
in a catalytic active site enable catalysis. Hydrolases have high-level structural and
electrostatic preorganization through a well-maintained H-bond network in their active site
and this provides high proficiency in hydrolysis during multiple chemical steps [10].
Indeed, molecular dynamics (MD) simulations showed that hydrogen bonds between the
catalytic triad, which are essential for the proton shuttle mechanism, were tightly

maintained in a solvated dynamic environment [26].
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Figure 1.3. MD results of natural enzyme Cathepsin K - angle vs. distance graph of the

relation between catalytic triad [26]



MD population is a term that is used to define cumulation of MD snapshots in the H-bond
region (1.2 <d < 3.2 ;90 <8 < 180) in the H-bond angle (8) - distance (d) plot. Figure 1.3
shows the H-bond distance-angle graphs of the catalytic triad of Cathepsin K, a naturally
evolved enzyme, obtained by molecular dynamics simulations [26]. This figure shows that
the hydrogen bond lengths between cysteine-histidine and histidine-asparagine are densely
cumulated in the moderate H-bond region (1.5 <d <2.2 ; 8 > 130). In this respect, H-bond

plays an important role in the design of new enzymes and catalytic active sites [27].

Chemical modification of a natural enzyme enables the design of new enzymes for
different reactions [28]. However, the number of parameters to be handled and controlled
to develop new enzymes is exceedingly high and design of such a structurally complex
molecule is still a challenging task. Development of small molecule catalysts that mimic
the catalytic properties of enzymes is a field of study that has emerged with the concept of
biomimetic chemistry [29], [7]. Biomimetic chemistry is a term that is used to describe the
imitation of natural biological processes and reactions by creating new processes or
molecules [30]. In biomimetic catalysis, excellence in enzyme-substrate active site
relationship, high turnover rate at catalytic reactions and significant increase in reaction

rate relative to the background reaction are targeted [31], [32].

In recent years, much effort has been devoted to the identification and development of
small molecule organic catalyst for transesterification reactions that mimic the functional

group richness of enzyme active sites [33].



Miller has identified oligopeptides that perform acyl transfer reactions enantioselectively
by screening small peptide libraries. The oligopeptide shown in Figure 1.4 is the most
reactive catalyst, which displayed a 51-fold increase in the reaction rate compared to the

control catalyst with no secondary structure [34].

N
NH---__ =
o O NH BOCHNYgO
'FPr e =N
HN i-Pr o \=N
O------- HN
Nb‘ II-Pr
N NH---_____
Q\N\ BOC °" ome
krel= 51 k = 1

Figure 1.4. Oligopeptide developed by Miller for catalysis of acyl transfer reactions [34]



Sakai and coworkers have developed trifuctional organocatalysts that mimic serine esterase
catalytic active site. The catalyst shown in Figure 1.5 accelerated acyl-transfer reactions

from vinyl trifluoroacetate to alcohol up to 1.9x10°-fold [35].

general base

OH nucleophile

0 XZON
F3C” i “CF,

ki'kun= 190,000
ki kun= 8300
kun=11.6 x 107

Figure 1.5. Trifunctional organocatalyst developed by Sakai et al. for catalysis of acyl

transfer reactions [35]



Matsumoto et al. have analyzed histidine containing [B-hairpin libraries to develop
strategies to accelerate acyl- and phosphonyl-transfer reactions. In their work, rate

accelerations in organic solvents of up to 2.4 x 10® were observed for the oligopeptide
g p gopep

shown in Figure 1.6 [36].

kpo=2.4x10%

Figure 1.6. Oligopeptide developed by Matsumoto et al. for catalysis of acyl- and

phosphonyl- transfer reactions [36]



Matsui and co-workers assembled oligopeptides with protease/esterase (CP4) activity with
hydrophobic pockets to mimic the tertiary structures of enzyme active sites. The fused
oligopeptide (CP4)-Ap assembly accelerated the hydrolysis of p-nitrophenyl acetate 4-fold
compared to CP4 (Figure 1.7) [37].

catalytic sequence

amyloid B-like
assembly sequence

self-assembly of anti-parallel B-sheet

active site

Figure 1.7. Polypeptide designed by Matsui et al. for hydrolysis of p-nitrophenyl acetate
[37]
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Goyal et al. have designed a B-hairpin polypeptide consisting of twenty L- and D- a-
amino-acid residues that mimics hydrolase enzyme. The designed enzymes were used in
the hydrolysis reaction of p-nitrophenyl acetate [38], [39]. The designed polypeptide has a
kear of (20.04+0.21)x10” s (Figure 1.8). This catalyst showed modest activity but it is

found structurally promising for the future designs of artificial enzymes.

kear=(20.0410.21)x107 s

Figure 1.8. The polypeptide designed by Goyal et al. for catalysis of p-nitrophenyl acetate
[39]
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Horng and co-workers designed an oligopeptide based on a polyproline scaffold for
hydrolysis of p-nitrophenyl acetate. Figure 1.9 shows the designed -catalyst and
representation of the catalytic active site of protease with a k., of (1.76+0.16) x107 s™ and

kea/K,y of 1.2340.20 M's™" [40].

Polyproline-Il helix

i-3 Nucleophile OR;

T

d} i i Base.,," /[ i
N
H

o IIllllll

i+3  Acid “‘\\\ﬂ/

o

keawr= (1.7610.16) 107 s™!

Figure 1.9. Polyproline II helix developed by Horng et al. for catalysis of p- nitrophenyl
acetate [40]
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Connal and co-workers designed a catalyst immobilized on Merrifield resin, based on the
catalytic triad of hydrolases which, hydrolyzed p-nitrophenyl butyrate with a k.o, of 98 hr’!
and k../K,» of 136.1 min" M. Figure 1.10 shows the designed catalyst. These results
showed that better arrangement of functional groups could significantly enhance the

catalytic activity [41].

ot
P ~
¢ Multiple artificial
o active sites .
L}
1
1
'
!
(0] O
Enzyme inspired catalyst N O‘%
‘ ’ ()
7 " Fo,
Ne)

Kear = 98 hr!

Figure 1.10. Merrifield resin designed by Connal et al. for catalysis of p-nitrophenyl
butyrate [41]
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Liang and coworkers developed a nanofiber with catalytic centers consisting of histidine
and arginine residues to catalyze hydrolysis of p-nitrophenyl acetate (Figure 1.11). Value
of the k., of this nanofiber catalyst was calculated as 2.64 x 102 s and also k../K,, was

found as 0.15 M™'s™ [42].

o 4T §- 8 4o

O;N

Kewr =2.64 x 107 71

Figure 1.11. Nanofiber developed by Liang et al. for catalysis of p-nitrophenyl acetate
hydrolysis [42]
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Zhang et al. developed an artificial hydrolase by attaching short peptides and actives sites
onto carbon nanotubes. The catalyst shown in Figure 1.12 has a k. of 1.67x 107 s and

kea/Kn of 0.58 M's7! [43].

carbon nanotube

kewt =1.67x 107 71

. serine-glutamic acid-histidine

‘ self-assembly polypeptide

Figure 1.12. The hydrophobic carbon nanotube designed by Zhang et al. for catalysis of
p-nitrophenyl acetate [43]
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All this effort for the design of small molecule mimics of hydrolase enzymes is based on
experimental findings and chemical intuition and largely relies on a costly experimental
trial and error process [44]. A rational in-silico design approach based on the
computational insights on key catalytic elements would significantly accelerate this

process.

Approximately 50 years ago, it was not possible to use computational methods to simulate
a chemical before synthesis. Release of minicomputers and development of density
functional theory (DFT) enabled computational design processes of new molecules and
reactions. Quantum mechanical (QM) calculations allow many predictions and the
selected predictions can be supported by experimental work. This helps the researches to

save time and money. [45].

A computational design strategy, known as “inside-out” approach and has successfully
used in the de-novo design of artificial enyzmes [46], [47], [48], [49]. The same strategy
was applied to the design of new transesterification catalysts, which are -called
“spiroligozymes”, mimicking the catalytic machinery of hydrolase enzymes [10]. The
catalytic triad of esterase enzymes is mimicked with a catalytic dyad consisting of pyridine
and alcohol. The oxyanion hole is mimicked by urea. Figure 1.13 represents the catalytic

active sites of esterase and spiroligozyme.

GIu/Asp}_ S}
0
(o] I:' Spr\
i N
\N His [ /)
Y -
(N (;
-' y
3 Spr=0y
Ser—O_) F.C o
T \=
Fi€C—<—0, o
7/ \— H,‘ \
0 Spr—N}_ H
Gly~ H ! N
N H
A °
/
o” @y
Esterase catalytic active site Spiroligozyme catalytic active site

Figure 1.13. Catalytic active sites of esterase and spiroligozyme [10]
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The “inside-out” design strategy, summarized in Figure 1.14, is based on a theoretical
active site model (theozyme), which gives optimal positions of catalytic functional groups
(pyridine, alcohol and urea) around the transition state. A theozyme describes the three-
dimensional (3-D) layouts of catalytic functional groups that could best stabilize the
transition state of the target reaction identified using quantum mechanical calculations

[45], [50].

In the next step, a chiral skeleton, which could provide the stereochemically 3-D
arrangement of the catalytic groups determined in QM-theozyme, is generated by
combining the appropriate bis-amino acid building blocks with peptide bond pairs. The
process of the placement of predicted geometry of the functional groups, which are carried
by bis-amino acid building blocks, in the QM-theozyme is called “molecular lego” (Figure

1.15).

HO,C, H\/R HN{_R / ipf
(i HO,C (Q
H,N O N"~COH Spr\O,HI

vo.c. N R Ho,c HUR & FaC 5)0
20 N 2 N~ g)ﬁb

Spr—N'H H
H’N “COH N OO 0 N‘CH3
Building blocks Rs. QM-theozyme
OYN>¢O

3

Spiroligozyme

Figure 1.14. Inside-out approach of spiroligozymes [10]
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connect
rigid

No 0
H (R H R Ry
HO,C_ N~/ HO.C( N~/
. N o
6 O\ O’j N together
yN T, N~ YCO,H \—Rp direct
CO,H H R/N functional
' CoH 1) groups

building blocks

molecular lego

Figure 1.15. Molecular lego for design of spiroligozyme [10]

Bifunctional (pyridine—alcohol) and trifunctional (pyridine-alcohol-urea) spiroligozymes
designed using this approach catalyzed the transesterification reaction of carboxyl esters.
The bifunctional spiroligozyme BF3 accelerated the reaction between vinyl trifluoroacetate
and methanol 2700 fold compared to the background reaction with a benzyl alcohol.
However, product formation was slow. For faster product formation, urea was attached to
BF3 spiroligozyme as an oxyanion hole motif and a trifunctional spiroligozyme TF3 was
obtained [10]. Trifunctional catalysts are known to perform in a more complex catalytic

environment [51].

This trifunctional spiroligozyme accelerated first step of the reaction 2200-fold than the
background reaction, and accelerated the second step of the reaction 130-fold than the
background reaction. However, molecular dynamics simulations showed that, H-bond
interaction between pyridine and alcohol was not maintained during the reaction unlike

their naturally evolved counterparts [10].

Here we suggest a new computational protocol that will allow identification of structural
changes in TF3 that will maintain the required preorganized H-bond network essential for

catalysis.
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2. METHODOLOGY

2.1. COMPUTATIONAL EVALUATION PROTOCOL

The computational protocol applied to identify structural modifications that will increase
the occupancy of H-bond network in an organocatalytic framework is summarized in

Figure 2.1. Details of each step are explained in the following subsections.

Derivatization

Quantum
Mechanical (QM)
Evaluation

Figure 2.1. The computational protocol and selection criteria applied to TF3 spiroligozyme

2.1.1. Derivatization

Medchem Transformations is an approach that applies transformation rules to existing
ligands to obtain new chemical structures. The transformations can switch functional
groups or change just one or all parts of a ring while keeping remaining parts of ligand the
same. These transformations can be applied iteratively, which results in cumulative
changes in the initial structures. Individual transformations form minor modifications on
the chemical structure of ligand. There are three types of transformation in the library.
These are; atom transform, ring transform and ring creation. Transformation rules are

applied by a match and replace algorithm [52];

* A substructure search is executed to pair the query of every transformation rule to the
input molecule. Each resulting match is considered for further steps.

* The paired atoms are changed with those of the result.



* The remaining atoms of the ligand are connected again properly. Transformations,

which end up with unconnected heavy-atoms, are eliminated. Duplicates are deleted

once 3-D coordinates have been produced [52].

175 transformation reactions are defined in this tool. Figure 2.2 shows the Medchem

transformation tool box [52].

Ligand: Ligand Atoms v ?

Receptor: None v ?
Operation: MedChem Transformations

Iterations: 1

No atoms selected.

Descriptor Filter:
Model File:

Pharmacophore:
Check Filters

Output Database: medchem.mdb
v Open Database Viewer

Scoring:
Ready
Search Batch...

v Configure...

Transformations: $MOE/lib/medchem_rxn.mdb

Selected transformations only

Keep molecules with prediction

Minimize generated structures

Isolate

0.5

To restrict transformations, select a ligand atom subset.

Browse...

Open...

v  Save..

Browse...

Browse...

Editor...

Browse...

Close

Figure 2.2. Medchem transformation tool [52]

In this study, Medchem transformation tool of MOE was used to generate derivatives of

the parent molecule (TF3).

2.1.2. Molecular Mechanics (MM) Evaluation

Molecular mechanics (MM) depends on a basic model of the interactions in a system with
the help of processes like opening and closing of angles and stretching or rotations of

bonds. Some known functions, such as Hooke's law, are used to define these contributions,

forming a satisfactory force field.
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Molecular modelling force fields can be described by a four-component equation of the
intramolecular and intermolecular interactions in a system as shown in equation 2.1 The
equation includes the energetic penalties associated with the deviation of bonds/angles
away from their “equilibrium” positions and rotation around bonds, and also describes the
non-bonded interactions using the Lennard-Jones potential for Van-der-Waals forces and

Coulomb potential for electrostatic forces.

k; 2 k; 2 Va
PE(rN) = Z E(li — li’o) + Z ?(91- —Qi,o) + Z ?(1 + cos (nw —v))

bonds angles torsions

SN Oij 12 Oij ° qiq;
+z Z <4sij [(?j) —<?’> ]+—4n80’ri.) (2.1)

i=1 j=i+1

PE(rN) represents the potential energy as a function of positions (r) of N particles

(generally atoms) [53].

Conformational search generates a discrete sampling of the space limited to local minima
of the potential energy function. It is a tool to produce energetically reasonable 3-D atomic
configurations of molecular systems with or without geometric constraints [54]. Figure 2.3

shows conformational search tool box in MOE.
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Conformational Search b

Output Database: csearch.mdb Browse...
s/Open Database Viewer
Input Data: MOE v
Field:

V' Calculate forcefield partial charges
Rigid Body
Fixed OH Bond Length Rigid Water Molecules

Method: LowModeMD v

Rejection Limit: 100000 Iteration Limit: 100000 ¥
RMS Gradient: 0.005 Y MM lteration Limit: 500 v
v/ Enforce chair conformations ?
Refine with QM

RMSD Limit: 0.25 v Hydrogens Waters lons
Energy Window: 7 vV Separate strain energy by stereo class
Conformation Limit: 10000 v Exclude fixed atoms from shape descriptors

OK Cancel

Figure 2.3. Conformational search tool [54]

The conformational search tool of MOE comprises three methods to produce conformers,

the output of each exposed to energy minimization.

Systematic Search: This method creates molecular conformers by rotating non-ring bonds

in a molecule with increasing discrete dihedral [54].

Stochastic Search: This method produces conformers by rotating all bonds includes ring
bonds and inverting tetrahedral centers randomly followed by energy minimization of all

atoms [55].

LowModeMD Search: This method produces conformers by a short ~ 1 ps run of
Molecular Dynamics (MD) at constant temperature followed by energy minimization of all

atoms. LowModeMD Search is very efficient in the analysis of small molecules [56], [57],
[58].
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Fine discrete conformational samples, of the rotatable bonds, are impractical and
systematically generating such "coverage collections" for large complex systems is an
unsolved problem. For many properties, a collection of low energy local minima is often a
good representative of the entire conformation space [56], [57]. A conformational search
was carried out for each derivative with the MMFF94x force field using lowmode MD
sampling procedure as implemented in MOE. MMFF94x is specifically parametrized for
small organic molecules [59], [60], [61].

2.1.3. Quantum Mechanical (QM) Evaluation

Schrédinger equation is the fundamental of quantum mechanics. Schrédinger equation can
be solved exactly for only a few systems, such as the particle on a sphere and hydrogen

atom.

Time-independent Schrédinger equation can be defined as;

Hy = Ey (2.2)

where H is Hamiltonian operator, including kinetic and potential energy, v is the wave

function and E is the electronic energy.

For systems that do not have the exact solution of the Schrodinger equation several
electronic structure methods were developed that depend on the approximate / alternative
solutions (like ab-initio, semi-empirical and density functional theory). Among these,
density functional theory has become a widely employed method to study complex systems

with chemical accuracy [53].

In this thesis, all quantum mechanical calculations were done using Gaussian 16 [62]. In
the quantum mechanical calculations, all geometry optimizations were accomplished at the
MO06-2X/ 6-31G (d) level of theory [63]. Chloroform was used as the solvent. Solvent and
medium effects were taken into account in the optimizations using the integral-equation-
formalism polarizable continuum model (IEF-PCM). In the QM evaluation of conformer
libraries, energies were determined by single-point calculations with the M06-2X/6-31G(d)

using IEF-PCM with radii and nonelectrostatic terms for the SMD solvation model as
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implemented in Gaussian 16 [63], [64], [65], [66], [67].

Populations of conformers of each derivative for both MM and QM evaluations were

determined using the Boltzmann distribution;

o~ rr
Population = —————<x100 (2.3)
D (e AE/RT)

2.1.4. Molecular Dynamics (MD) Simulations

Molecular dynamics is a method that can predict state of the system at any future from the
current state of the system. Newton's equations of motion are applied to derive sets of
atomic positions in sequence. As such, the real dynamics of the system is explored, from

which time averages of properties can be obtained.

Nature of the realistic potentials requires continuous monitoring, therefore, the equations
of motion is integrated in a series of short time steps. This time interval usually changes
between 1 femtosecond (fs) to 10 fs. This corresponds to 10™"° s to 10™* s. To produce new
positions and velocities for a short time ahead, the forces on the atoms are calculated and
combined with the current positions and velocities for each step. The force acting on each
atom is considered as constant during the time interval. As such, MD simulation creates a
trajectory, which defines the changes in dynamic variables with time. Thermodynamic
averages are calculated as time averages using numerical integration of the following

equation [53];

M
1
Ay =23 A", ) (2.4)
i=1

In the evaluation of preorganization of spiroligozymes, the MD simulation protocol, which
successfully predicted the activities of the computationally designed enzymes, were used.

MD simulations were carried out using AMBER 12 to assess whether the designed
catalytic contacts were maintained in a dynamic environment in the presence of explicit

solvent molecules [68]. TF3 spiroligozyme parameters were obtained with the
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antechamber module of AMBER 12 by the general AMBER force field (GAFF), with
partial charges set to fit the electrostatic potential generated at HF/6-31G(d) by RESP [68],
[69]. Charges were determined using Gaussian 16 according to the Merz-Singh-Kollman
scheme [70], [71]. The spiroligozymes were placed in a chloroform box taking care that
there is at least 10 A solvent layer around them [72]. A two-step minimization approach
were applied. Firstly the positions of solvent molecules were minimized followed by
unrestrained minimization of all atoms. The system was heated from 0 to 300 K by
applying the constant volume periodic boundary conditions in six 50 K steps. A harmonic
limit of 10 kcal/mol were applied to the spiroligozyme and the Langevin equilibration
scheme was utilized to control and equalize the temperature. During heating 1 fs time step
was applied. The heated system was brought to equilibrium at a fixed volume for 2 ns and
then at a constant pressure of 1 atm for 2 ns using a 2 fs time step. The 20 ns production
molecular dynamics simulation was performed using the isothermal-isobaric ensemble

(NPT). Post-MD data analysis was done with the ptraj module of AMBER 12.

MD population is a term that is used to define cumulation of MD snapshots in the H-bond
region (1.2 <d < 3.2 ; 90 < 8 < 180) in the H-bond distance-angle plot. This region is
indicated in the blue rectangle on the corresponding plots in the results and discussion

section.

2.1.5. Selection Criteria

All derivatives except the ones, in which transformation has altered the catalytic functional
groups are evaluated using MM calculations. All derivatives with an MM population above
10 percent are evaluated using QM calculations. All derivatives with a QM population

above 50 percent are evaluated using MD simulations.

Figure 2.1 shows the flowchart of selection criteria that is applied to TF3 spiroligozyme.
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3. RESULTS AND DISCUSSION

TF3 is a trifunctional spiroligozyme (Figure 3.1) developed using the “inside-out” design
strategy. TF3 accelerated the rate of transesterification reaction between methanol and
vinyl trifluoroacetate 2200 -fold for the acylation step and 130-fold for the deacylation step
[10]. In Figure 3.1, the catalytic groups are highlighted within the square. The conformer
with the hydrogen bond between pyridine-alcohol catalytic dyad is defined as the active

conformer.

Figure 3.1. TF3 spiroligozyme [10]

The conformational search for TF3 spiroligozyme generated 44 conformers. Table 3.1
shows all conformers with MM population above 1 percent and all the active conformers
regardless of their population. The lowest energy conformer shown in Figure 3.2 does not
show a H-bond between the alcohol-pyridine catalytic dyad and has 82 percent MM
population. The required H-bond interaction is displayed in conformers 12, 19, 24, 27 and
38. Yet, all these active conformers are at least 4.1 kcal/mol higher in energy than the

lowest energy conformer and total MM population of the active conformers sum up to 0
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percent. QM analysis showed similar results in terms of the total population of the active
conformers and inactive conformers. The lowest energy conformer is found to be
conformer 2, with 87 percent population. The lowest energy active conformer is conformer
24, which is 5 kcal/mol higher in energy with O percent population. Figure 3.2 shows

conformer 24 of TF3 spiroligozyme.

AE = 5.7 kecal/mol (MM)

AE = 5.0 kecal/mol (QM)

Figure 3.2. TF3 spiroligozyme - conformer 24

Table 3.1. MM and QM evaluation of TF3 spiroligozyme

TF3
AE (kcal/mol) AE (kcal/mol)
Conformer Molecular Mechanics MM Population Quantum Mechanics QM Population
Number (MM) (%) QM) (%)
MMFF94x M06-2X/6-31G(d)

1 0.0 82 5.7 0

2 1.0 15 0.0 87

3 2.0 3 6.8 0

4 3.0 1 1.1 13
12 ACTIVE 4.1 0 8.8 0
19 ACTIVE 5.2 0 10.4 0
24 ACTIVE 5.7 0 5.0 0
27 ACTIVE 6.0 0 10.3 0
38 ACTIVE 6.7 0 9.0 0
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Table 3.2 shows relative energies of active and inactive conformer clusters TF3
spiroligozyme. The relative energy of active conformers with respect to the conformers

with no H-bond is 5.0 kcal/mol.

Table 3.2. Populations and relative energies of active and inactive conformer clusters of

TF3
. AE (kcal/mol)
TF3 oM P("(,B‘;lat“’“ Quantum Mechanics (QM)
¢ M062X-6-31G(d)
Total Active Conformers 0 AE=5.0
Total Conformers with no
H-bond 100 0.0

Figure 3.3 shows the MD results of TF3. The cumulation of snapshots with an of H-bond
between the catalytic dyad is shown within the rectangle in Figure 3.3.(a). MD population

of TF3 is calculated as 0 percent.
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Figure 3.3. MD results of TF3 spiroligozyme (a) Pyridine-alcohol interaction - angle vs.

distance, (b) Pyridine-alcohol interaction - distance vs. time
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These results show that catalytic performance of TF3 can be improved by further
stabilization of the H-bond network between the catalytic functional groups. For this
purpose structural modifications were evaluated. TF3 spiroligozyme is taken as the parent

catalyst and used in derivatization.

Derivatization: TF3 spiroligozyme was derivatized using Medchem transformation tool of
MOE [52]. In the first iteration, 258 derivatives of TF3 spiroligozyme were obtained.
Transformation and populations for all 258 derivatives are given in Appendix A. When the
number of iterations for TF3 spiroligozyme was increased to 2, over eight thousand
derivatives were obtained. However, increasing number of the iterations affects
synthesizability of the derivatives in a negative way so, the derivatives of iteration 1 were
evaluated in this thesis. If the transformation alters the catalytic groups, (alcohol, pyridine,
urea) which are involved in catalysis, these derivatives were not taken into account. That
18, 65 derivatives of 258 derivatives were not considered for further evaluation and 193

derivatives were analyzed.

Molecular Mechanics (MM) Evaluation: Conformational analysis of each derivative
was performed, except for the derivatives, in which the transformation occurred in

catalytic functional groups; alcohol, pyridine and urea.

After conformational search, conformers of these 193 derivatives were examined one-by-
one to observe the preorganization of the catalytic groups. MM analysis showed that 23 out
of 193 derivatives have MM population of active conformers above 10 percent. These

derivatives were selected for QM evaluation.

Quantum Mechanical (QM) Evaluation: Selected 23 derivatives with MM population
more than 10 percent were evaluated using single point energy calculations with density
functional theory. For each selected derivative, single-point energies of all conformers with
MM population higher than 1 percent and all active conformers regardless of their

population were calculated using density functional theory at the M06-2X/6-31G(d) level.

The energy difference between the active conformer and the lowest energy conformer was
examined. Derivatives with QM population above 50 percent were considered as potential
active spiroligozymes. After QM calculations 11 derivatives, which have QM population

greater than 50 percent were selected for MD evaluations.
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Molecular Dynamics (MD) Evaluation: It is desired to observe a strong H-bond between
alcohol-pyridine in a dynamic solvent environment such as in the example of Cathepsin
K’s MD results [26], [27]. None of derivatives had a populaion above the 10 percent

selection criterion.

Figure 3.4 shows the computational protocol results applied to TF3 spiroligozyme. The

results for these derivatives are discussed in the following sections.

Derivatization MM Population QM Population MD Population
258 derivatives 10% 50 % 10 %

Figure 3.4. The computational protocol results applied to TF3 spiroligozyme

According to the computational protocol results, 11 of 258 derivatives will be discussed in
the following sections of this thesis. These derivatives are; DER1, DER6, DER15, DER41,
DER64, DER72, DER77, DER112, DER135, DER146 and DER162. These derivatives are

summarized in Table 3.3.

Table 3.3 shows data about the derivatives consisting of transformation reactions,
synthesizability score, number of conformers in library and where the modifications
occurred in their structure. “Backbone” represents the structural changes in the backbone
of the spiroligozme and “remote” corresponds to the structural changes away from the

catalytic active functional groups.
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Table 3.3. TF3 spiroligozyme derivatives satisfying the MM and QM selection criteria

MM oM MD
Derivative Transformation Synthesizability Number of
Modification | Population | Population | Population
Name Reaction Score Conformers
10 % 50 % 10 %
DER1 =0t C=§ 0.6774 53 Backbone 67 99 4
reaction
DER6 =0t C=§ 0.6774 106 Backbone 10 97 1
reaction
DERI15 c=0 tO_ SO, 0.7447 91 Backbone 16 92 0
reaction
DER41 C[NOSFCIBRI]. to 0.6702 88 Remote 27 99 0
C(cyano) reaction
DER64 Cyclo56 reaction 0.6596 94 Backbone 19 95 1
DER72 | NN14substraction 0.6667 83 Backbone 92 97 0
reaction
Amide to amine
DER77 . 0.6739 97 Backbone 65 100 0
reaction
DER112 Benzene to 0.6667 114 Remote 24 50 0
pyridine reaction
DERI135 hom [NOSICH; 0.6702 89 Remote 83 94 0
reaction
DER146 | Methylate [OS] 0.6630 65 Remote 12 100 2
mversion reaction
DERI162 Phenyl to indole 0.5833 62 Remote 21 100 0

reaction
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3.1. DERI1

DERI is formed by the transformation of C = O bond to C = S bond. Figure 3.5 shows this

transformation. Figure 3.6 shows the transformed part of DER1 in the blue ring.

MedChem Transformation o
Rule: C=0_to_C=S.rxn

02 S?
1 ; WZ

Figure 3.5. Transformation rule applied to DER1
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@ AE = 0.0 kcal/mol (MM) b) AE = 1.4 kcal/mol (MM)
a
AE = 2.9 kcal/mol (QM) AE = 0.0 kcal/mol (QM)

Figure 3.6. Lowest energy conformers of DER1 (a) Conformer 1 (b) Conformer 4
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The conformational search for DER1 generated 53 conformers. Table 3.4 shows the results
of DER1according to MM and QM evaluation. Conformers 1, 4, 9, 38, 40 and 50 show the
required H-bond between alcohol and pyridine. So, these conformers are described as

active conformers. Figure 3.6 shows conformers, 1 and 4.

According to the calculations based on MMFF94x force field for DER1, conformer 1 is the
lowest energy active conformer. The results obtained by M06-2X / 6-31G (d), showed that
conformer 4 is the lowest energy active conformer and conformer 1 is 2.9 kcal/mol higher
in energy. For conformer 1, MM population is 60 percent whereas the QM population is 1

percent. However, conformer 4 has a QM population of 97 percent.

Table 3.4. MM and QM evaluation of DER1

DER1
AE (kcal/mol) AE (kcal/mol)
Conformer Molecular Mechanics MM Population Quantum Mechanics QM Population
Number (MM) (%) QM) (%)
MMPFF9%4x M06-2X/6-31G(d)
1 ACTIVE 0.0 60 2.9 1
2 0.8 14 53 0
3 1.0 11 4.0 0
4 ACTIVE 1.4 6 0.0 97
5 1.6 4 7.9 0
6 2.2 1 9.3 0
7 23 1 7.7 0
8 2.5 1 2.9 1
9 ACTIVE 2.6 1 2.6 1
10 2.6 1 9.9 0
11 3.5 0 7.3 0
38 ACTIVE 6.3 0 4.9 0
40 ACTIVE 6.4 0 6.5 0
50 ACTIVE 3.5 0 6.9 0

In order to test the agreement between MM and QM optimized geometries and the

energetic trends, all conformers in Table 3.4 were subjected to geometry optimization at

the M06-2X/6-31G(d) level of theory.

Figure 3.7 shows the MM and QM optimized geometry of conformer 4. Length of the H-
bond between catalytic dyad is slightly increased after optimization. Also after QM
optimization linearity of this bond is decreased. Even though it is very difficult to
accurately quantify the strength of H-bonds, the linearity and shorter distance between the

atoms, which comprises the H-bond, is known to be a good indicator of trends in H-bond



34

strength. That is, MM slightly overestimates the strength of the H-bond between the
catalytic dyad. After optimization, the 2.9 kcal/mol energy difference between conformer
4 and conformer 1 has dropped to 0.8 kcal/mol. Despite lower energy differences, the
conformer energies followed the same trend showing that the cost-effective single point
energy calculations are safe to describe the energetic trends in QM evaluation of

conformers rather than computational demanding geometry optimizations.

(a) (b)

Figure 3.7. Optimization of DERI1 - conformer 4 (a) MM optimization, (b) QM

optimization

Cumulative QM population of 99 percent for active conformers versus 1 percent
cumulative QM population for inactive conformers corresponds to an energy difference,

AE, of 2.7 kcal/mol (Table 3.5).
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Table 3.5. Populations and relative energies of active and inactive conformer clusters of

DERI1
. AE (kcal/mol)
DERI1 oM P?(Bl;latwn Quantum Mechanics (QM)
¢ M062X-6-31G(d)
Total Active Conformers 99 0.0

Total Conformers with no

Hobond 1 AE=27

With a total MM population of 67 percent and QM population of 99 percent active
conformer, DERI is subjected to MD evaluation. Figure 3.8.(a) shows, distance versus
angle plot for the H-bond between pyridine and alcohol of DER1. Figure 3.8.(a) shows that
distance and angle relationship of the H-bond between alcohol and pyridine are cumulated
in the 6A < d < 8A and 60° < @ < 120° region rather than the H-bond region indicated with
the blue box. MD population of DER1 is 4 percent. Fluctuation of distance between
pyridine and alcohol shown in Figure 3.8.(b) indicates that the H-bond between the
catalytic dyad formed from time to time, but was not maintained for long. Instead, an
alternative strong H-bond between backbone oxygen and benzyl alcohol is established

tightly (Figure 3.8 (c) and (d)). This interaction will be examined in detail section 3.12.
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3.2. DERG6

DERG6 is obtained by the same transformation shown in Figure 3.5. The conformers 1, 57
of DER6 and the transformed part in the blue ring are shown in Figure 3.9. The lowest
energy conformer of MM evaluation is not active (Figure 3.9). Table 3.6 shows analysis of

DERG.

@ AE = 0.0 kcal/mol (MM) b) AE = 6.0 kcal/mol (MM)
a
AE = 5.4 kecal/mol (QM) AE = 0.0 kcal/mol (QM)

Figure 3.9. Lowest energy conformers of DER6 (a) Conformer 1 (b) Conformer 57
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Table 3.6. MM and QM evaluation of DER6

DERG6
AE (kcal/mol) AE (kcal/mol)
Conformer Molecular MM Population Quantum QM Population
Number Mechanics (MM) (%) Mechanics (QM) (%)
MMFF94x MO06-2X/6-31G(d)

1 0.0 71 54 0

2 ACTIVE 1.2 10 2.19 2
3 14 6 2.23 2

4 1.6 5 5.0 0

5 1.7 4 5.8 0

6 2.0 2 54 0

7 2.2 2 6.1 0

8 32 0 53 0

9 34 0 3.1 1

10 ACTIVE 4.1 0 6.2 0
33 ACTIVE 5.1 0 12.1 0
36 ACTIVE 5.2 0 4.5 0
57 ACTIVE 6.0 0 0.0 95
61 ACTIVE 6.2 0 9.3 0
64 ACTIVE 6.3 0 3.8 0
66 ACTIVE 6.3 0 7.6 0
74 ACTIVE 6.5 0 8.1 0
77 ACTIVE 6.5 0 4.8 0
80 ACTIVE 6.6 0 13.4 0
102 ACTIVE 7.0 0 8.8 0

As shown in Table 3.7, the 94 percent difference in the cumulative QM populations
between active conformers and inactive conformers indicates an energy difference of 2.1

kcal/mol between these two.

Table 3.7. Populations and relative energies of active and inactive conformer clusters of

DERG6
. AE (kcal/mol)
DERG6 oM P(O(Bl;latwn Quantum Mechanics (QM)
¢ M062X-6-31G(d)
Total Active Conformers 97 0.0

Total Conformers with no

Hobond 3 AE=2.1
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DERG6 with a total MM population of 10 percent and QM population of 97 percent active
conformer, is subjected to MD evaluation. Figure 3.10.(a) shows, distance versus angle
plot for the H-bond between pyridine and alcohol of DER6. The distance and the angle
between alcohol and pyridine is cumulated in the 6A < d < 8A and 0 < 8 < 120" region
rather than the H-bond region indicated with the blue box. MD population of DER6 was
calculated as 1 percent. Figure 3.10.(b) shows the fluctuation of distance between pyridine
and alcohol. H-bond between the catalytic dyad is disrupted at the beginning of the

simulation and is not reformed throughout the simulated 20 ns.
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distance, (b) Pyridine-alcohol H-bond interaction - distance vs. time
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3.3. DERIS

DERIS5 is formed by the transformation of C=O to SO,. Figure 3.11 shows the
transformation used in the design of DER15. Figure 3.12 shows conformers 1 and 5 of

DERI1S. The transformed part of DER15 in the blue ring can be seen from this figure.

Rule: C=0_to_S02.rxn
(o)
a: NOT [H,S] 1 ”2
b: [0,S](s=1) 2 — A—S—A3
1 I
(0)

Figure 3.11. Transformation rule applied to DER15

AE = 0.0 kcal/mol (MM) AE = 1.6 kcal/mol (MM)

(a) (b)
AE =12.8 kcal/mol (QM) AE = 0.0 kecal/mol (QM)

Figure 3.12. Lowest energy conformers of DER15 (a) Conformer 1, (b) Conformer 5
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The conformational search for DER15 generated 91 conformers. Table 3.8 shows the
results of DER15. Conformer 5 is the lowest energy active conformer according to the QM
calculations. QM population of conformer 5 is 84 percent while it has 3 percent MM
population. Conformer 1, which is the lowest energy conformer according to MM
evaluation is not active. Although conformer 1 has 42 percent MM population, its QM

population is 0 percent.

Table 3.8. MM and QM evaluation of DER15

DERI15
AE (kcal/mol) AE (kcal/mol)
Conformer Molecular MM Population Quantum QM Population
Number Mechanics (MM) (%) Mechanics (QM) (%)
MMFF94x Mo06-2X/6-31G(d)

1 0.0 42 12.8 0

2 0.1 34 5.0 0
3 ACTIVE 0.7 13 5.7 0

4 1.2 5 2.5 1
5 ACTIVE 1.6 3 0.0 84

6 1.9 2 1.5 6

7 2.3 1 13.6 0

8 2.6 1 4.2 0
9 ACTIVE 3.0 0 1.4 8
10 ACTIVE 3.1 0 4.0 0
14 ACTIVE 3.7 0 6.3 0
27 ACTIVE 5.1 0 4.8 0
73 ACTIVE 6.1 0 9.7 0
75 ACTIVE 7.1 0 5.2 0
76 ACTIVE 8.1 0 12.3 0
87 ACTIVE 9.1 0 11.0 0

Table 3.9. Populations and relative energies of active and inactive conformer clusters of

DER15
. AE (kcal/mol)
DERI15 oM P(o(;)l;latlon Quantum Mechanics (QM)
’ MO062X-6-31G(d)
Total Active Conformers 92 0.0
Total Conformers with no _
H-bond 8 AE=15
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Table 3.9 shows the relative energy calculation of DER15. Cumulative active conformer
population is 92 percent. These results showed that, inactive conformers are 1.5 kcal/mol
higher in energy than the active conformers. DER15, which has total MM population of 16
percent and QM population of 92 percent active conformer is subjected to MD evaluation.
However, MD simulations of DER15 showed that the H-bond between alcohol and

pyridine was never formed.
3.4. DER41

DERA41 is formed by transformation of a C-F bond in TF3 spiroligozymes to C-Cyano.
Figure 3.13 shows this transformation. In Figure 3.14, the transformed part of the molecule

can be observed in the blue ring.

MedChem Transformation ey
Rule: C[NOSFCIBrI]_to_C(cyano).rxn

a: [N,O,S,F,CLBrI] (S-1) /az E— %
1 1 A

Figure 3.13. Transformation rule applied to DER41

Figure 3.14 shows the lowest energy conformers of DER41 for MM and QM evaluation,
respectively. The conformational search for DER41 generated 88 conformers. The results
in Table 3.10 show 12 conformers of DER41 are active. The calculations based on
MMFF94x force field show that the lowest energy conformer is conformer 1 with no H-
bond. QM calculations reveal the lowest energy conformer is active conformer 12 and its

population is 97 percent.
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AE = 0.0 kcal/mol (MM)
AE = 8.2 kcal/mol (QM)

(a)

(b)

AE = 3.0 kcal/mol (MM)
AE = 0.0 kcal/mol (QM)

Figure 3.14. Lowest energy conformers of DER41 (a) Conformer 1, (b) Conformer 12

Table 3.10. MM and QM evaluation of DER41

DER41
AE (kcal/mol) AE (kcal/mol)
Conformer Molecular MM Population Quantum QM Population
Number Mechanics (MM) (%) Mechanics (QM) (%)
MMFF94x MO06-2X/6-31G(d)

1 0.0 61 8.2 0
2 ACTIVE 0.9 13 3.7 0
3 ACTIVE 1.0 11 3.5 0
4 ACTIVE 1.8 3 7.9 0

5 1.9 2 33 0

6 2.0 2 12.8 0

7 2.0 2 4.5 0

8 2.0 2 6.0 0

9 2.1 2 4.0 0

10 24 1 16.6 0

11 2.6 1 14.4 0
12 ACTIVE 3.0 0 0.0 97
19 ACTIVE 4.2 0 11.9 0
23 ACTIVE 4.7 0 4.0 0
37 ACTIVE 5.6 0 4.7 0
46 ACTIVE 6.1 0 3.5 0
50 ACTIVE 6.2 0 59 0
63 ACTIVE 6.5 0 14.9 0
67 ACTIVE 6.6 0 2.4 2
79 ACTIVE 6.8 0 16.4 0
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Table 3.11. Populations and relative energies of active and inactive conformer clusters of

DER41
. AE (kcal/mol)
DER41 oM P("(,B‘;lat“’“ Quantum Mechanics (QM)
¢ M062X-6-31G(d)
Total Active Conformers 99 0.0
Total Corg(_)ig:le(;'s with no 1 AE=27

Table 3.11 shows cumulative populations of DER41. The cumulative population difference
between the active and inactive conformers is 98 percent. This difference corresponds to an

energy difference, AE, of 2.7 kcal/mol.
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DERA41 with a total MM population of 27 percent and QM population of 99 percent active
conformer, is subjected to MD evaluation. From Figure 3.15.(a) the distance and the angle
between alcohol and pyridine is cumulated in the 6A < d < 8A and 0 < 8 < 120" region
rather than the H-bond region indicated with the blue box. MD population of DER41 was
calculated as 0 percent, in accordance with the fluctuation of distance between pyridine

and alcohol in Figure 3.15.(b).
3.5. DERé4

DERG64 is obtained by ring expansion in the backbone of TF3 spiroligozyme. Figure 3.16
shows the transformation rule. The transformed part in the blue ring and the lowest energy

conformers of DER64 for both MM and QM evaluation can be seen from Figure 3.17.

MedChem Transformation o
Rule: Cyclo56.rxn

Figure 3.16. Transformation rule applied to DER64
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AE = 0.0 kcal/mol (MM)
AE =17.5 keal/mol (QM)

(a)

(b)

AE = 6.0 kcal/mol (MM)
AE = 0.0 kcal/mol (QM)

Figure 3.17. Lowest energy conformers of DER64 (a) Conformer 1, (b) Conformer 53

Table 3.12. MM and QM evaluation of DER64

DER64
AE (kcal/mol) AE (kcal/mol)
Conformer Molecular MM Population Quantum QM Population
Number Mechanics (MM) (%) Mechanics (QM) (%)
MMFF94x MO06-2X/6-31G(d)

1 0.0 69 7.5 0
2 ACTIVE 0.8 19 5.8 0

3 1.4 6 4.1 0

4 2.1 2 0.8 19

5 23 1 7.2 0

6 24 1 2.2 2

7 2.5 1 4.2 0

8 2.7 1 7.5 0

9 2.9 0 12.2 0
10 ACTIVE 3.2 0 6.7 0
35 ACTIVE 4.7 0 0.8 20
53 ACTIVE 6.0 0 0.0 74
66 ACTIVE 6.4 0 2.1 1
68 ACTIVE 6.4 0 7.1 0
89 ACTIVE 6.9 0 6.5 0
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The conformational search for DER64 generated 94 conformers. Lowest energy conformer
of DER64 according to MM has a population of 69 percent while it has a population of 0
percent according to QM calculations (Table 3.12). The lowest energy active conformer
according to QM evaluation is conformer 53. It has 74 percent QM population while has 0

percent MM population.

Table 3.13 shows relative energy calculations of DER64. Cumulative population of 95
percent for active conformers versus 5 percent cumulative population of inactive

conformers corresponds to an energy difference, AE, of 1.7 kcal/mol.

Table 3.13. Populations and relative energies of active and inactive conformer clusters of

DER64
: AE (kcal/mol)
DERG64 oM P("(,B‘;lat“’“ Quantum Mechanics (QM)
. M062X-6-31G(d)
Total Active Conformers 95 0.0
Total Corg(_)lr)':)r;le(;'s with no 5 AE=17

DERG64 with a total MM population of 19 percent and QM population of 95 percent active
conformer, is subjected to MD evaluation. Figure 3.18.(a) shows, distance versus angle
plot for the H-bond between pyridine and alcohol of DER6. The distance and the angle
between alcohol and pyridine is cumulated in the 3A < d < 8A and 0° < 8 < 180" region
rather than the H-bond region indicated with the blue box. Figure 3.18.(b) shows the
fluctuation of distance between pyridine and alcohol. MD population of DER64 is
calculated as 1 percent. MD results of DER64 showed that, H-bond between the catalytic

dyad does not form.
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3.6. DER?72

DER?72 has a ring transformation in the backbone. Figure 3.19 shows the transformation
used in the design of DER72. Figure 3.20 shows the transformed part in the blue ring and
the lowest energy conformers of DER72 for both MM and QM calculations (Table 3.14).

MedChem Transformation

Rule: N14Subtraction.rxn

a
4 6 4A/\A6
a: N(R=2) N I |
3 7 3A A7
Sa \Az/

Figure 3.19. Transformation rule applied to DER72

@ AE = 0.0 kcal/mol (MM) ) AE = 1.9 kcal/mol (MM)
a
AE = 6.2 kcal/mol (QM) AE = 0.0 kcal/mol (QM)

Figure 3.20. Lowest energy conformers of DER72 (a) Conformer 1, (b) Conformer 2



Table 3.14. MM and QM evaluation of DER72

53

DER72
AE (kcal/mol) AE (kcal/mol)
Conformer Molecular MM Population Quantum QM Population
Number Mechanics (MM) (%) Mechanics (QM) (%)
MMFF94x MO06-2X/6-31G(d)
1 ACTIVE 0.0 88 6.2 0
2 ACTIVE 1.9 3 0.0 97
3 1.9 3 11.3 0
4 2.0 3 10.5 0
5 3.2 0 9.6 0
6 2.7 1 6.6 0
7 2.8 1 2.0 3
12 ACTIVE 3.8 0 16.2 0
13 ACTIVE 3.8 0 10.1 0
25 ACTIVE 4.9 0 9.3 0
26 ACTIVE 5.0 0 15.8 0
33 ACTIVE 53 0 14.6 0

Table 3.15. Populations and relative energies of active and inactive conformer clusters of

H-bond

DER72
. AE (kcal/mol)
DER72 oM P("(,B‘;l“t“’“ Quantum Mechanics (QM)
¢ M062X-6-31G(d)
Total Active Conformers 97 0.0
Total Conformers with no 3 AE=2.1

DER?72 has total MM population of 91 percent and QM population of 97 percent active

conformers. Table 3.15 shows relative energy calculations of DER72. These results

showed that, inactive conformers are 2.1 kcal/mol higher in energy than the active

conformers. Figure 3.21.(a) shows distance versus angle plot for the H-bond between

pyridine and alcohol of DER72. The distance and the angle between alcohol and pyridine

is cumulated in the 10A < d < 12A and 40° < 8 < 100° region rather than the H-bond

region indicated with the blue box. Figure 3.21.(b) shows the fluctuation of distance

between pyridine and alcohol. The H-bond between the catalytic dyad is not formed. MD

population of DER72 was calculated as 0 percent.
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3.7. DERT77

This derivative is formed by amide to amine reaction. Figure 3.22 shows the

transformation. The transformed part of DER77 is shown in Figure 3.23 in the blue ring.

MedChem Transformation B
Rule: amide_to_amine.rxn

Figure 3.22. Transformation rule applied to DER77

AE = 0.0 kcal/mol (MM) AE = 5.9 kcal/mol (MM)

(@) (b)
AE = 1.0 kcal/mol (QM) AE = 0.0 kcal/mol (QM)

Figure 3.23. Lowest energy conformers of DER77 (a) Conformer 1, (b) Conformer 59
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The conformational search for DER77 generated 97 conformers. Table 3.16 shows
evaluation of DER77 for both MM and QM calculations. According to these results, 7
conformers of DER77 are active. Conformer 1 and 59 are the lowest energy active

conformers of DER77 according to MM and QM evaluation, respectively (Figure 3.23).

QM evaluation shows that, conformer 1, which is the lowest energy conformer according
to MM is 1 kcal/mol higher in energy than conformer 59, which is the lowest energy
conformer according to QM calculation. Conformer 1 has 42 percent MM and 14 percent

QM population while conformer 59 has 0 percent MM and 76 percent QM population.

Table 3.16. MM and QM evaluation of DER77

DER77
AE (kcal/mol) AE (kcal/mol)
Conformer Molecular Mechanics MM Population Quantum Mechanics QM Population
Number (MM) (%) QM) (%)
MMFF94x M06-2X/6-31G(d)
1 ACTIVE 0.0 42 1.0 14
2 ACTIVE 0.4 21 1.3 9
3 0.7 12 3.7 0
4 0.8 11 3.6 0
5 1.5 3 7.5 0
6 1.7 3 8.6 0
7 ACTIVE 1.7 2 2.7 1
8 1.8 2 14.4 0
9 1.9 2 12.0 0
10 2.4 1 5.3 0
11 2.6 1 11.2 0
12 2.9 0 10.5 0
14 ACTIVE 34 0 4.4 0
55 ACTIVE 5.8 0 9.1 0
59 ACTIVE 5.9 0 0.0 76
75 ACTIVE 5.4 0 9.3 0

Table 3.17 shows relative energy calculation of DER77. Cumulative population of 100
percent for active conformers versus 0 percent cumulative population of inactive

conformers corresponds to an energy difference, AE, of 4.0 kcal/mol.
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Table 3.17. Populations and relative energies of active and inactive conformer clusters of

DER77
. AE (kcal/mol)
DER77 oM P("(,B‘;lat“’“ Quantum Mechanics (QM)
¢ M062X-6-31G(d)
Total Active Conformers 100 0.0
Total Conformers with no _
H-bond 0 AE=40

The distance and the angle between alcohol and pyridine is cumulated in the 6A < d < 8A
and 0° < 6 < 60° region rather than the H-bond region indicated with the blue box. MD
population of DER77 was calculated as 0 percent. Figure 3.24.(b) shows the fluctuation of
distance between pyridine and alcohol. H-bond between the catalytic dyad is disrupted at

the beginning of the simulation and it is not reformed.
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3.8. DERI112

DER112 is formed by the conversion of a benzene ring to pyridine. Figure 3.25 shows the
transformation used in the design of DER112. The transformed part of DER112 in the blue

ring is shown in Figure 3.26.

MedChem Transformation )
Rule: benzene_to_pyridine.rxn

1.~ N1 1A/ \N3
a C(s=2 | _ | |
6 6 4
N 4 A\A /A
5

Figure 3.25. Transformation rule applied to DER112

AE = 0.0 kcal/mol (MM) AE = 0.4 kcal/mol (MM)

(a) (b)
AE = 0.0 kcal/mol (QM) AE = 0.2 kcal/mol (QM)

Figure 3.26. Lowest energy conformers of DER112 (a) Conformer 1, (b) Conformer 2
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The conformational search for DER112 generated 114 conformers. The results obtained
from the conformational analysis of DER112 are shown in Table 3.18. The inactive
conformer 1 is the lowest energy conformer for both MM and QM evaluation. Conformer
2 is the lowest energy conformer between the active conformers. However, conformer 2 is
only 0.2 kcal/mol higher in energy than the lowest energy conformer 1. Conformer 1 has
45 percent MM population and 42 percent QM population while conformer 2 has 24
percent MM population and 30 percent QM population.

Table 3.18. MM and QM evaluation of DER112

DER112
AE (kcal/mol) AE (kcal/mol)
Conformer Molecular MM Population Quantum QM Population
Number Mechanics (MM) (%) Mechanics (QM) (%)
MMFF94x MO06-2X/6-31G(d)
1 0.0 45 0.0 42
2 ACTIVE 0.4 24 0.2 30
3 0.6 17 3.7 0
4 1.6 3 3.9 0
5 1.6 3 2.7 0
6 2.0 2 6.4 0
7 2.0 2 8.6 0
8 2.1 1 11.8 0
9 24 1 3.9 0
10 2.5 1 8.5 0
11 2.6 1 1.0 7
12 2.7 1 13.5 0
13 2.8 0 7.6 0
14 2.9 0 6.4 0
15 2.9 0 6.3 0
30 ACTIVE 4.3 0 10.6 0
32 ACTIVE 4.4 0 6.4 0
50 ACTIVE 53 0 9.5 0
75 ACTIVE 6.1 0 0.5 17
86 ACTIVE 6.3 0 1.7 2
89 ACTIVE 6.3 0 6.3 0
101 ACTIVE 6.6 0 7.8 0

Table 3.19 shows that DER112 consists of 50 percent active and 50 percent inactive

cumulative conformer population indicating no energetic preference.




61

Table 3.19. Populations and relative energies of active and inactive conformer clusters of

DER112
. AE (kcal/mol)
DER112 oM P?(Bl;latwn Quantum Mechanics (QM)
¢ M062X-6-31G(d)
Total Active Conformers 50 0.0
Total Conformers with no
H-bond >0 0.0

DER112 with a total MM population of 24 percent and QM population of 50 percent
active conformer, is subjected to MD evaluation. Figure 3.27 shows the MD results of
DER112. The distance and the angle between alcohol and pyridine is cumulated in the 6A
<d < 8A and 0° < 8 < 100° region rather than the H-bond region indicated with the blue
box. MD population of DER112 was calculated as 0 percent. These results show that H-

bond between the catalytic dyad is not formed during the simulation.
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Figure 3.27. MD results of DER112 (a) Pyridine-alcohol H-bond interaction - angle vs.

distance, (b) Pyridine-alcohol H-bond interaction - distance vs. time
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3.9. DER135

DERI135 is obtained by placing O-CH-CHj3 chain instead of O-CHj3, which is linked to one
of the benzene rings in the TF3 spiroligozyme. Figure 3.28 shows the transformation used

in the design of DER135. The transformed part is shown in Figure 3.29 in the blue ring.

MedChem Transformation ool
Rule: hom_[NOS]CH2.rxn

@ INOSI H

b:  chain H — 1A/\A2
15 b ZS/

Figure 3.28. Transformation rule applied to DER135

Table 3.20. MM and QM evaluation of DER135

DER135
AE (kcal/mol) AE (kcal/mol)
Conformer Molecular MM Population Quantum QM Population
Number Mechanics (MM) (%) Mechanics (QM) (%)
MMFF9%4x MO06-2X/6-31G(d)
1 ACTIVE 0.0 40 4.2 0
2 ACTIVE 0.3 26 3.7 0
3 ACTIVE 0.6 14 3.1 0
4 0.8 11 5.8 0
5 ACTIVE 1.5 3 1.3 9
6 1.7 2 3.5 0
7 1.9 2 3.8 0
8 2.1 1 8.5 0
9 2.5 1 2.4 1
10 2.9 0 1.7 5
11 3.0 0 7.1 0
26 ACTIVE 4.0 0 2.9 1
28 ACTIVE 4.2 0 6.5 0
36 ACTIVE 5.1 0 10.7 0
39 ACTIVE 5.2 0 0.0 83
43 ACTIVE 53 0 5.8 0
44 ACTIVE 5.5 0 11.2 0
48 ACTIVE 5.7 0 10.6 0
52 ACTIVE 5.8 0 53 0
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The conformational search for DER135 generated 89 conformers. Table 3.20 shows the
results obtained from the conformational analysis of DERI135. Figure 3.29 shows
conformers 1 and 39 of DERI135. Conformer 1 is the lowest energy active conformer
according to MM evaluation and conformer 39 is the lowest energy active conformer
according to QM evaluation. However, conformer 1 is 4.2 kcal/mol higher in energy than
conformer 39 according to QM calculations. Moreover, conformer 39 is 5.2 kcal/mol
higher in energy than conformer 1 according to MM calculations. Although, conformer 39

has 83 percent QM population, it has 0 percent MM population.

AE = 0.0 kcal/mol (MM) AE = 5.2 kcal/mol (MM)

(a) (b)
AE = 4.2 kcal/mol (QM) AE = 0.0 kcal/mol (QM)

Figure 3.29. Lowest energy conformers of DER135 (a) Conformer 1, (b) Conformer 39

Table 3.21 shows the relative energy calculation of DER135. The 88 percent difference in
the cumulative QM populations between active and inactive conformers indicates an

energy difference of 1.6 kcal/mol between these two.
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Table 3.21. Populations and relative energies of active and inactive conformer clusters of

DER135
. AE (kcal/mol)
DERI135 oM P("(,B‘;lat“’“ Quantum Mechanics (QM)
¢ M062X-6-31G(d)
Total Active Conformers 94 0.0
Total Conformers with no _
H-bond 6 AE=1.6

DERI135 with a total MM population of 83 percent and QM population of 94 percent active
conformer, is subjected to MD evaluation. The distance and the angle between alcohol and
pyridine is cumulated in the 6A < d < 8A and 20° < 8 < 120° region rather than the H-bond
region indicated with the blue box (Figure 3.30(a)). Figure 3.30.(b) shows the fluctuation
of distance between pyridine and alcohol. MD population of DER135 was calculated as 0

percent.
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Figure 3.30. MD results of DER135 (a) Pyridine-alcohol H-bond interaction - angle vs.

distance, (b) Pyridine-alcohol H-bond interaction - distance vs. time
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3.10. DERI146

DERI146 is created by methylate inversion reaction. Figure 3.31 shows the transformation
used in the design of DER146. The transformed part and the lowest energy conformers of
DER146 can be seen from Figure 3.32.

MedChem Transformation »
Rule: methylate_[0S]_inv.rxn

a: C(S=3pi 2 b
b: [0,S](S=2) C
¢ C(s=1 1 / 1 /

Figure 3.31. Transformation rule applied to DER146

AE = 0.0 kcal/mol (MM) AE = 0.9 kcal/mol (MM)

(a) (b)
AE = 4.4 kcal/mol (QM) AE = 0.0 kcal/mol (QM)

Figure 3.32. Lowest energy conformers of DER146 (a) Conformer 1, (b) Conformer 3
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Table 3.22. MM and QM evaluation of DER146

DER146
AE (kcal/mol) AE (kcal/mol)
Conformer Molecular Mechanics MM Population Quantum Mechanics QM Population
Number (MM) (%) QM) (%)
MMFF94x M06-2X/6-31G(d)
1 0.0 39 4.4 0
2 0.5 17 5.7 0
3 ACTIVE 0.9 9 0.0 100
4 1.0 8 9.9 0
5 1.0 8 8.6 0
6 1.1 6 11.6 0
7 1.2 5 9.3 0
8 ACTIVE 1.8 2 9.9 0
9 1.9 2 9.7 0
10 ACTIVE 1.9 1 9.3 0
11 2.0 1 13.9 0
12 23 1 10.7 0
13 2.7 0 53 0
14 2.8 0 11.6 0
15 33 0 4.8 0
58 ACTIVE 13.8 0 8.8 0

The conformational search for DER146 generated 65 conformers. Table 3.22 shows
conformational analysis of DER146. The results showed that, active conformer 3 is the
lowest energy conformer of DER146 obtained by QM calculations with 100 percent
population. The lowest energy conformer based on MM evaluation (conformer 1) is 4.4

kcal/mol higher in energy than conformer 3 according to QM calculations.

Table 3.23. Populations and relative energies of active and inactive conformer clusters of

DER146
. AE (kcal/mol)
DER146 v P(O(Bl;latwn Quantum Mechanics (QM)
’ MO062X-6-31G(d)
Total Active Conformers 100 0.0
Total Conformers with no _
H-bond 0 AE=4.0

QM population of 100 percent for active conformer corresponds to an energy difference of

4.0 kcal/mol between active and inactive conformers (Table 3.23).
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DER146 with a total MM population of 12 percent and QM population of 100 percent
active conformer, is subjected to MD evaluation. Figure 3.33 shows MD simulation results
of DER146. The distance and the angle between alcohol and pyridine is cumulated in the
6A < d < 8A and 0° < 8 < 100° region rather than the H-bond region indicated with the
blue box. Figure 3.33.(b) shows the fluctuation of distance between pyridine and alcohol.
H-bond between the catalytic dyad is disrupted after 2 ns of the simulation and is not

reformed. MD population of DER146 was calculated as 2 percent.
3.11. DERI62

DERI162 is obtained by the transformation of phenyl to indole as shown in Figure 3.34.

The transformed part and conformers of DER162 can be seen from Figure 3.35.

MedChem Transformation -
Rule: phenyl_ to_indole.rxn

bs
4 / \ 4
a  [CN] i l:ie BA/N A\S\
b: CRr=2) 3k L7 — \\2 / A6
\Zb/ /A
| A A=

Al

Figure 3.34. Transformation rule applied to DER162

The conformational search for DER162 generated 62 conformers. Table 3.24 shows
conformational analysis of DER162. The active conformer 9 is the lowest energy active
conformer of DER162 by DFT calculations with 100 percent population. The lowest

energy conformer according to MM evaluation is not active (Figure 3.35).
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(a)

AE = 0.0 kcal/mol (MM)
AE =17.8 keal/mol (QM)

(b)

AE = 2.3 keal/mol (MM)
AE = 0.0 kcal/mol (QM)

Figure 3.35. Lowest energy conformers of DER162 (a) Conformer 1, (b) Conformer 9

Table 3.24. MM and QM evaluation of DER162

DER162
AE (kcal/mol) AE (kcal/mol)
Conformer Molecular Mechanics MM Population Quantum Mechanics QM Population
Number (MM) (%) QM) (%)
MMFF94x M06-2X/6-31G(d)
1 0.0 58 7.8 0
2 ACTIVE 0.6 20 4.8 0
3 1.3 7 11.2 0
4 1.6 4 9.8 0
5 1.7 3 13.7 0
6 1.8 3 8.3 0
7 1.9 2 5.2 0
8 2.0 2 6.6 0
9 ACTIVE 23 1 0.0 100
10 2.8 0 9.1 0
11 2.9 0 8.0 0
40 ACTIVE 5.6 0 10.4 0
42 ACTIVE 5.2 0 7.7 0
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Table 3.25. Populations and relative energies of active and inactive conformer clusters of

DER162
. AE (kcal/mol)
DER162 oM P?(Bl;latwn Quantum Mechanics (QM)
¢ M062X-6-31G(d)
Total Active Conformers 100 0.0
Total Conformers with no _
H-bond 0 AE=50

Table 3.25 shows the relative energy calculations of DER162. Inactive conformers of

DER162 are 5.0 kcal/mol higher in energy than the active conformers.

With a total MM population of 21 percent and QM population of 100 percent active
conformer, DER162 is subjected to MD evaluation. MD simulations of DER162 shows
that the H-bond between alcohol and pyridine could not maintained and MD population of
DER162 was calculated as 0 percent.

3.12. DERS

MD results of DER1 showed that benzyl alcohol of the catalytic dyad mostly established a
strong alternative H-bond with one of the backbone oxygens instead of pyridine (Figure
3.8.(c)). In order to investigate the possibility of eliminating this alternative interaction,
DERS is selected for further evaluation by MD simulations even though its QM and MM
populations are below the selection criteria. DERS is obtained by the same C=0 to C=S
transformation applied towards DER1, but the transformation occurred on the oxygen that
alternatively interacts with the benzyl alcohol of the catalytic dyad. Figure 3.36 shows
lowest energy conformers of DERS. The blue ring shows the transformed part of DERS.

DERS was analyzed by MM and QM calculations (Table 3.26). The conformational search
for DERS generated 77 conformers. The lowest energy conformer of DERS according to

QM evaluation is the inactive conformer 5 (Figure 3.36.(b)).
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AE = 0.0 kcal/mol (MM)
AE =19.4 kcal/mol (QM)

(a)

(b)

AE = 1.8 kcal/mol (MM)
AE = 0.0 kcal/mol (QM)

Figure 3.36. Lowest energy conformers of DERS (a) Conformer 1, (b) Conformer 5

Table 3.26. MM and QM evaluation of DERS5

DERS
AE (kcal/mol) AE (kcal/mol)
Conformer Molecular MM Population Quantum QM Population
Number Mechanics (MM) (%) Mechanics (QM) (%)
MMFF94x MO06-2X/6-31G(d)
1 ACTIVE 0.0 72 19.4 0
2 1.1 11 6.9 0
3 1.6 5 10.1 0
4 1.6 5 8.4 0
5 1.8 3 0.0 100
6 2.4 1 6.3 0
7 2.7 1 10.7 0
8 2.8 1 9.2 0
9 2.8 1 12.1 0
10 2.9 1 8.6 0
11 ACTIVE 2.9 1 9.6 0
15 ACTIVE 34 0 3.8 0
20 ACTIVE 4.0 0 9.1 0
51 ACTIVE 5.7 0 11.2 0

Total of 100 percent inactive conformer population is indicative of 4.0 kcal/mol energy

difference disfavoring the active conformer population (Table 3.27).
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Table 3.27. Populations and relative energies of active and inactive conformer clusters of

DER5
. AE (kcal/mol)
DERS5 oM P("(,B‘;lat“’“ Quantum Mechanics (QM)
¢ M062X-6-31G(d)
Total Active Conformers 0 AE=4.0
Total Conformers with no
H-bond 100 0.0

Figure 3.37 shows the results of MD simulations for DERS5. From Figure 3.37.(a) the
distance and the angle between alcohol and pyridine is cumulated in the 4A < d < 8A and
40" < @ < 120° region rather than the H-bond region indicated with the blue box. MD
population of Figure 3.37.(b) shows the fluctuation of distance between pyridine and

alcohol. DERS was calculated as 1 percent lower than the MD population for DERI.

Interestingly, benzyl alcohol in DERS mostly interacted with the backbone oxygen, which
was transformed in DER1 (Figure 3.37.(c),(d), Figure 3.38 (b)). All of these results showed
that, DERS5 cannot be an alternative to DER1.
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4. CONCLUSION

TF3 spiroligozyme was derivatized to obtain a catalyst with preorganized catalytic active
site. 258 derivatives of TF3 were obtained by first iteration. 65 derivatives have
transformation in their catalytic site. Conformation libraries were created for 193

derivatives of TF3.

Table 4.1. Comparison of populations

MM POPULATION | QM POPULATION | MD POPULATION
N CULE 10 %) (50 %) 10 %)

TF3 0% 0% 0%
DERI 67 % 99 % 4%
DERS 0% 0% 1%
DER6 10 % 97 % 1%
DERIS 16 % 92 % 0%
DER41 27 % 99 % 0%
DERG4 19 % 95 % 1%
DER72 92 % 97 % 0%
DER77 65 % 100 % 0%
DER112 24 % 50 % 0%
DER135 83 % 94 % 0%
DER146 12 % 100 % 2%
DER162 21% 100 % 0%
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MM calculations were applied to derivatives, which contains active conformers in their
libraries. According to MM calculations, 23 derivatives have active conformer population
above 10 percent. QM calculations were applied to these 23 derivatives. 11 of these
derivatives have at least 50 percent active conformer population. DERS was also evaluated
to compare with DERI1. These 11 derivatives, TF3 and DERS were evaluated with MD

simulations.

Table 4.1 summarizes the populations of 11 derivatives, TF3 and DERS. According to the
results shown in Table 4.1, DER72 has the highest active conformer population by MM
evaluation. DER77, DER146 and DER162 have 100 percent active conformer population
according to DFT calculations. It was expected to obtain a derivative has MD population
above 10 percent. Although the satisfactory results of both MM and QM calculations, MD
simulations showed that the evaluated derivatives cannot maintain the H-bond between

pyridine and alcohol.

DER72 and DER77 are the most promising derivatives according to the both MM and QM
calculations results. However, they have 0 percent MD populations. When MD populations
of all these derivatives compared, DER1 has better results than the others. DER1 has 4
percent MD population. In the further work, energy profile of the derivatives is going to be
evaluated. The promising derivatives will be examined experimentally. This study is going
to be beneficial in the development of preorganization in the catalytic active site of

organocatalysts.
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Table A.1. Transformation database of 258 derivatives of TF3 spiroligozyme by iteration

(pages 89-140)

MM population | QM population | MD population
Number of | Transformation Number of
Modification of active of active of active
Derivative Reaction Conformers
conformers conformers conformers
Backbone
'— — 0, 0, 0,
1 C=0 to C=S change of C to S 67 % 99 % 4% 53
at 4.ring of BB
Backbone
= — 0 0 _
2 C=0to C=S change of C to S 60 % 1% 26
at 4.ring of BB
Backbone
Near Active
3 C=0to C=S Site (pyridine) 2% 16 % 0% 73

change of Cto S
at 6.ring of BB
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C=0to C=S

Backbone

Near Active

Site (pyridine)

change of Cto S
at 6.ring of BB

1%

94 %

4%

82

C=0to C=S

Backbone

Near Active
Site (alcohol)

change of Cto S
at 2.ring of BB

0%

0%

1%

77

C=0to C=S

Backbone

Near Active
Site (alcohol)

change of Cto S
at 2.ring of BB

10 %

97 %

1%

106

C=0to C=S

Remote

change of Cto S
near 1.ring of

BB

There is no
active

conformer

There is no
active

conformer

There is no
active

conformer

171

C=0to C=S

UREA
CHANGED

UREA
CHANGED

UREA
CHANGED

UREA
CHANGED

UREA
CHANGED
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C=0to C=S

Remote

change of Cto S
near 1.ring of

BB

0%

0%

80

10

C=0 to SO2

Backbone

change of Cto S
at 4.ring of BB

45 %

0%

71

11

C=0 to SO2

Backbone

change of Cto S
at 4.ring of BB

0%

0%

64

12

C=0 to SO2

Backbone

Near Active

Site (pyridine)

change of CO to
SO, at 6.ring of
BB

0%

93 %

0%

105

13

C=0 to SO2

Backbone

Near Active

Site (pyridine)

change of CO to
SO, at 6.ring of
BB

There is no
active

conformer

There is no
active

conformer

There is no
active

conformer

172
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Backbone

Near Active

There is no There is no There is no
Site (alcohol)
14 C=0 to SO2 active active active 174
change of CO to conformer conformer conformer
SO, at 2.ring of
BB
Backbone
Near Active
Site (alcohol)
15 C=0 to SO2 16 % 92 % 0% 91
change of CO to
SO, at 2.ring of
BB
Remote
There is no There is no There is no
16 C=0 to SO2 change of CO to active active active 162
SO; near 1.ring conformer conformer conformer
of BB
UREA UREA UREA UREA UREA
17 C=0 to SO2
CHANGED CHANGED CHANGED CHANGED CHANGED
Remote
18 C=0to SO, change of CO to 6% 0% - 68

SO, near l.ring

of BB
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Near Active

CF;TO Site There is no There is no There is no
19 CARBOXYLAT active active active 115
E change of CF; to conformer conformer conformer
carboxylate
Near Active
Site There is no There is no There is no
CF; TO . . .
20 active active active 153
CHLORINE
change of CF; to conformer conformer conformer
chlorine
Near Active
Site
21 CF; TO CYANO 0% - - 41
change of CF; to
cyano
Near Active
Site There is no There is no There is no
CF; TO ) ) )
22 active active active 190
METHOXY
change of CF; to conformer conformer conformer
O(CHy)
Near Active
it
CF; TO Site
23 0% 0% - 28
METHOXY

change of CF; to
NH(CH,)
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Near Active

CF, TO Site
24 METHOXY 0% 1% - 178
o change of CF; to
S(CHs)
Near Active
C[NOSFCIBt] to Site
25 M 0% - - 27
C(OMe) change of F to
O(CHs)
Near Active
C[NOSFCIBt] to Sitg
26 » 8% - - 47
COM change of F to
NH(CH,)
Near Active
Site There is no There is no There is no
C[NOSFCIBr] to )
27 active active active 152
C(OMe)
change of F to conformer conformer conformer
S(CHs)
Remote
NOSFCIBr] t
28 CINOSFCIBr] to change of OH to 29, - - 27
C(OMe) OCHj; near

l.ring of BB
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Remote
There is no There is no There is no
C[NOSFCIBr] to
29 COM) change of OH to active active active 180
e
NH(CH;) near conformer conformer conformer
l.ring of BB
Remote
30 C[NOSFCIBr] to change of OH to 10% 0% ) s
C(OMe) S(CHs;) near
l.ring of BB
3 C[NOSFCIBr] to ALCOHOL ALCOHOL ALCOHOL ALCOHOL ALCOHOL
C(OMe) CHANGED CHANGED CHANGED CHANGED CHANGED
2 C[NOSFCIBr] to ALCOHOL ALCOHOL ALCOHOL ALCOHOL ALCOHOL
C(OMe) CHANGED CHANGED CHANGED CHANGED CHANGED
3 C[NOSFCIBr] to ALCOHOL ALCOHOL ALCOHOL ALCOHOL ALCOHOL
C(OMe) CHANGED CHANGED CHANGED CHANGED CHANGED
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Near Active

Site There is no There is no There is no
C[CNSFCIBrI]
34 active active active 205
to C(O).rxn
change of F to conformer conformer conformer
OH
Near Active
it
C[COSFCIBRI] Site
35 N 28 % 0% - 172
to C(N).rxn change of F to
NH,
Remote
There is no There is no There is no
C[COSFCIBRI] ) ) )
36 change of OH active active active 187
to C(N).rxn
to NH, near conformer conformer conformer
1.ring of BB
. C[COSFCIBRI] ALCOHOL ALCOHOL ALCOHOL ALCOHOL ALCOHOL
to C(N).rxn CHANGED CHANGED CHANGED CHANGED CHANGED
Near Active
Site There is no There is no There is no
C[NOSFCIBRI]
38 active active active 174
to C(C).rxn
change of F to conformer conformer conformer

CH;
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Remote
There is no There is no There is no
C[NOSFCIBRI]
39 change of OH to active active active 201
to C(C).rxn .
CH;near 1.ring conformer conformer conformer
of BB
40 C[NOSFCIBRI] ALCOHOL ALCOHOL ALCOHOL ALCOHOL ALCOHOL
to C(C).rxn CHANGED CHANGED CHANGED CHANGED CHANGED
Near Active
C[NOSFCIBRI] Sitg
41 27 % 99 % 0% 88
to C(cyano).rxn Gl O£ F 1o
cyano
Remote
There is no There is no There is no
C[NOSFCIBRI]
42 change of OH active active active 195
to C(cyano).rxn
to Cyano near conformer conformer conformer
l.ring of BB
3 C[NOSFCIBRI] ALCOHOL ALCOHOL ALCOHOL ALCOHOL ALCOHOL
to C(cyano).rxn CHANGED CHANGED CHANGED CHANGED CHANGED
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44 C[NOS]C to UREA UREA UREA UREA UREA
C(C=0)C.rxn CHANGED CHANGED CHANGED CHANGED CHANGED
45 C[NOS]C to UREA UREA UREA UREA UREA
C(C=0)C.rxn CHANGED CHANGED CHANGED CHANGED CHANGED
Remote
C[NOS]C to
46 . 0% 97% 0% 24
C(C=0)C.rxn near 2.ring of
BB
Remote There is no There is no There is no
C[NOS]C to
47 . active active active 162
C(C=0)C.rxn near 2.ring of
conformer conformer conformer
BB
48 C[NOS]C to UREA UREA UREA UREA UREA
C(S=0)C.rxn CHANGED CHANGED CHANGED CHANGED CHANGED
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49 C[NOS]C to UREA UREA UREA UREA UREA
C(S=0)C.rxn CHANGED CHANGED CHANGED CHANGED CHANGED
Remote
C[NOS]C
50 (NOSIC o change of OCH; 42 % 6% - 252
C(8=0)C.rxn to SO(CH3;) near
2.ring of BB
Remote
CI[NOS]C
51 IO change of OCH; 0% 30 % - 271
CE=QiEe to SO(CH3;) near
2.ring of BB
5 C[NOS]C to UREA UREA UREA UREA UREA
C(SO2)C.rxn CHANGED CHANGED CHANGED CHANGED CHANGED
53 C[NOS]C to UREA UREA UREA UREA UREA
C(SO2)C.rxn CHANGED CHANGED CHANGED CHANGED CHANGED
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Remote
CINOSIC to change of OCH; There is no There is no There is no
54 active active active 162
C(SO2)C.rxn to SO»(CH3)
. conformer conformer conformer
near 2.ring of
BB
Remote
CINOSIC to change of OCH, There is no There is no There is no
55 active active active 57
C(SO2)C.rxn to SO»(CH3)
. conformer conformer conformer
near 2.ring of
BB
56 C[NO]C to UREA UREA UREA UREA UREA
CSC.rxn CHANGED CHANGED CHANGED CHANGED CHANGED
57 C[NO]C to UREA UREA UREA UREA UREA
CSC.rxn CHANGED CHANGED CHANGED CHANGED CHANGED
s C[NO]C to UREA UREA UREA UREA UREA
CSC.rxn CHANGED CHANGED CHANGED CHANGED CHANGED
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59 C[NO]C to UREA UREA UREA UREA UREA
CSC.rxn CHANGED CHANGED CHANGED CHANGED CHANGED
Remote
60 CINOIC to change of OCH; 0% - - 31
CSC.rxn to SCH; near
2.ring of BB
Remote
C[NO]C to
61 (NOI change of OCH; 0% 1% - 110
S to NHCH; near
2.ring of BB
Remote
N t
62 CINOIC to change of OCH; 0% - - 31
CSC.rxn to SCH; near
2.ring of BB
Remote
CINOIC There is no There is no There is no
to
63 change of OCH; active active active 148
CSC.rxn
to NHCH; near conformer conformer conformer

2.ring of BB
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Backbone
4 . ) 0 o 0
6 Cyclo56.rxn change of 5.ring 19 % 95 % 1% 94
of BB
Backbone There is no There is no There is no
65 Cyclo56.rxn . active active active 22
change of 3.ring
of BB conformer conformer conformer
Back] . . .
ackbog There is no There is no There is no
66 Cyclo56.rxn . active active active 137
change of 5.ring
of BB conformer conformer conformer
Backbone
Near Active There is no There is no There is no
67 Cyclo56.rxn Site (pyridine) active active active 154
conformer conformer conformer
change of 6.ring
of BB
Back] . . .
ackbone There is no There is no There is no
1056. . i i
68 Cyclo56.rxn change of 3.ring active active active 48
conformer conformer conformer

of BB




103

69

Cyclo56.rxn

Backbone

change of 1.ring
of BB

There is no
active

conformer

There is no
active

conformer

There is no
active

conformer

67

70

Cyclo56.rxn

Backbone

change of 1.ring

of BB

0%

100 %

0%

73

71

N14Substraction.

xXn

Backbone

Near Active
Site (alcohol)

2.ring of BB

0%

144

72

N14Substraction.

xn

Backbone

Near Active
Site (alcohol)

2.ring of BB

92%

97%

0%

83

73

ace [NOS].rxn

Remote

change of OH
to O(COCHj;)
near 1.ring of

BB

0%

50
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ALCOHOL ALCOHOL ALCOHOL ALCOHOL ALCOHOL
74 ace [NOS].rxn
CHANGED CHANGED CHANGED CHANGED CHANGED
Backbone
amide to
75 change of CO to 29 0% - 118
amine.rxn CH, at 4. ring
of BB
Backbone
amide to
76 change of CO to 39, 0% - 22
amie R CH, at 5. ring of
BB
Backbone
Near Active
amide to Site (pyridine)
77 ) 65 % 100 % 0% 97
amine.rxn
change of CO to
CH, at 6.ring of
BB
Backbone
Near Active
There is no There is no There is no
amide to Site (alcohol)
78 ) active active active 161
amine.rxn
change of CO to conformer conformer conformer

CH, at 2.ring of
BB
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Backbone

Near Active

amide to Site (alcohol)
79 1% 0% - 43
amine.rxn
change of CO to
CH, at 2.ring of
BB
Remote There is no There is no There is no
80 amide to . . . 8
28 28 active
amine.rxn O attached near active active
. conformer conformer conformer
l.ring of BB
Remote
. There is no There is no There is no
amide to
81 change of CO to active active active 157
amine.rxn .
CH;near 1.ring conformer conformer conformer
of BB
Backbone
There is no There is no There is no
amide to . . .
82 hvdr vl change of N to active active active 337
oxyethyl.rxn .
v Y Cat 3. ring of conformer conformer conformer
BB
Backbone
There is no There is no There is no
amide to . .
83 vdr vl change of N to active active active 246
oxyethyl.rxn .
v Y Cat5. ring of conformer conformer conformer

BB
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Backbone

Near Active

. There is no There is no There is no
amide to Site (pyridine) ) ) )
84 active active active 343
hydroxyethyl.rxn
change of N to conformer conformer conformer
C at 6.ring of
BB
Backbone
Near Active
amide to Site (alcohol)
85 0% 0% 0% 163
hydroxyethyl.rxn
change of N to
C at 2.ring of
BB
Backbone
Near Active ) . .
There is no There is no There is no
amide to Site (alcohol) ) . .
86 active active active 342
hydroxyethyl.rxn
change of N to conformer conformer conformer
C at 2.ring of
BB
Backbone
There is no There is no There is no
amide to . .
87 vdr vl change of N to active active active 368
oxyethyl.rxn .
Y e Cat 1. ring of conformer conformer conformer
BB
Backbone
There is no There is no There is no
amide to ketone . .
88 change of N to active active active 228
.rxn .
Cat 3. ring of conformer conformer conformer

BB
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Backbone
. There is no There is no There is no
amide to ketone . . .
89 change of N to active active active 191
.rxn .
Cat5. ring of conformer conformer conformer
BB
Backbone
Near Active ) . .
There is no There is no There is no
amide to ketone Site (pyridine) ) . .
90 active active active 104
.rxn
change of N to conformer conformer conformer
C at 6.ring of
BB
Backbone
Near Active ) . .
There is no There is no There is no
amide to ketone Site (pyridine) ) . .
91 active active active 256
.rxn
change of N to conformer conformer conformer
C at 6.ring of
BB
Backbone
There is no There is no There is no
amide to ketone . . .
92 change of N to active active active 268
.rxn .
Cat 1. ring of conformer conformer conformer
BB
amide to ketone UREA UREA UREA UREA UREA
93
.rxn CHANGED CHANGED CHANGED CHANGED CHANGED
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amide to ketone UREA UREA UREA UREA UREA
94
.rxn CHANGED CHANGED CHANGED CHANGED CHANGED
Backbone There is no There is no There is no
9 amine to . . . 157
1 1 1
5 amide.rxn Oxygen attached active active active
. conformer conformer conformer
to 3.ring of BB
Backboyl There is no There is no There is no
amine to . .
96 active active active 193
amide.rxn oxygen attached
» conformer conformer conformer
to 5.ring of BB
Near Active
Site
There is no There is no There is no
amine to . . .
97 i oxygen attached active active active 168
amide.rxn
between conformer conformer conformer
pyridine and
6.ring of BB
Near Active
Site There is no There is no There is no
amine to . . .
98 active active active 177
amide.rxn oxygen attached
conformer conformer conformer

between alcohol

and 2.ring of BB
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Remote
amine to
99 oxygen attached 0% - - 89
amide.rxn .
near 2.ring of
BB
Backbone
amine to
100 5% 90 % 0% 71
amide.rxn Oxygen attached
to 1.ring of BB
101 amine to ALCOHOL ALCOHOL ALCOHOL ALCOHOL ALCOHOL
amide.rxn CHANGED CHANGED CHANGED CHANGED CHANGED
102 aro6 N 12 PYRIDINE PYRIDINE PYRIDINE PYRIDINE PYRIDINE
switch.rxn CHANGED CHANGED CHANGED CHANGED CHANGED
103 aro6 N 13 PYRIDINE PYRIDINE PYRIDINE PYRIDINE PYRIDINE
switch.rxn CHANGED CHANGED CHANGED CHANGED CHANGED
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Remote
benzene to
104 o change of the 100 % 11% _ 40
pyridine.nxn benzene near 6.
ring of BB
Remote
There is no There is no There is no
benzene to ‘ ‘ ‘
105 o change of the active active active 94
pyridine.rxn
benzene near 6. conformer conformer conformer
ring of BB
Remote
benzene to
106 o change of the 0% 29, 0% 141
Pyrici benzene near 6.
ring of BB
Near Active
Site
benzene to
107 . 0% - B 106
pyridine.rxn Change of
benzene near
urea
Near Active
Site
benzene to
108 . 5% - B 162
pyridine.rxn Change of

benzene near

urea
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Near Active

Site
benzene to
109 = 73 % 0% 0% 139
pyridine.rxn Change of
benzene near
urea
Near Active
Site
benzene to
110 = 3% 0% - 250
pyridine.rxn Change of
benzene near
urea
Near Active
Site There is no There is no There is no
benzene to ) ) )
111 i active active active 54
pyridine.rxn
Change of the conformer conformer conformer
ring near urea
Near Active
Site
benzene to
112 i 24 % 50 % 0% 114
pyridine.rxn Change of the
ring near urea
Remote
There is no There is no There is no
benzene to ) ) )
113 o change of the active active active 184
pyridine.rxn . .
ring near 2. Ring conformer conformer conformer

of BB
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Remote
benzene to
114 change of the 0% - - 26
pyridine.rxn ring near 2. Ring
of BB
Remote
benzene to
115 o change of the 100 % 39 % 0% 97
pyridine.rxn ring near 2. Ring
of BB
116 benzene to ALCOHOL ALCOHOL ALCOHOL ALCOHOL ALCOHOL
pyridine.rxn CHANGED CHANGED CHANGED CHANGED CHANGED
; benzene to ALCOHOL ALCOHOL ALCOHOL ALCOHOL ALCOHOL
11
pyridine.rxn CHANGED CHANGED CHANGED CHANGED CHANGED
g benzene to ALCOHOL ALCOHOL ALCOHOL ALCOHOL ALCOHOL
11
pyridine.rxn CHANGED CHANGED CHANGED CHANGED CHANGED
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benzene to ALCOHOL ALCOHOL ALCOHOL ALCOHOL ALCOHOL
119
pyridine.rxn CHANGED CHANGED CHANGED CHANGED CHANGED
Remote
carbonyl to
120 . 4% - - 47
cyclooxime.rxn ring attached to
ring 1 of BB
Remote
carbonyl to
121 . 3% 10 % 0% 155
cyclooxime.rxn ring attached to
1. ring of BB
Remote
There is no There is no There is no
carbonyl to . . . .
122 . ring with S active active active 97
cyclooxime.rxn
attached to 1. conformer conformer conformer
ring of BB
Remote
There is no There is no There is no
carbonyl to . . ) ) .
123 . ring with O active active active 131
isooxazole3.rxn
attached to 1. conformer conformer conformer

ring of BB
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Remote
There is no There is no There is no
carbonyl to . . ) ) )
124 . ring with O active active active 102
isooxazole3.rxn
attached to 1. conformer conformer conformer
ring of BB
Remote
There is no There is no There is no
carboxylate to CO(OH) ) ] i
125 active active active 193
CF3.rxn changed to CF;
. conformer conformer conformer
near 1. ring of
BB
Remote
carboxylate to CO(OH)
126 acylsulfonamide. changed to 1% - - 165
rxn acylsufonamide
near 1. ring of
BB
Remote
carboxylate to
127 onamid change of 1% 0% 0% 149
sulfonamide.rxn CO(OH) near
ring 1 of BB
Remote There is no There is no There is no
carboxylate to
128 . active active active 168
tetrazole.rxn ring attached to
conformer conformer conformer

ring 1 of BB
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Backbone There is no There is no There is no
ester to . . .
129 . active active active 171
oxadiazole.rxn ring attached to
. conformer conformer conformer
ring 1 of BB
Backbone There is no There is no There is no
ester to oxazole. . . .
130 . active active active 180
xn ring attached to
ring 1 of BB conformer conformer conformer
Backbone
Near Active
. 4 There is no There is no There is no
hom Site (pyridine)
131 active active active 159
[NOS]CH2.rxn
CH, attached conformer conformer conformer
between
pyridine and 6.
ring of BB
Backbone
Near Active
There is no There is no There is no
hom Site (alcohol)
132 active active active 171
[NOS]CH2.rxn
CH, attached conformer conformer conformer
between alcohol
and 2. ring of
BB
Remote
hom
133 0 % 49 % 0% 62
[NOS]CH2.rxn CH, attached 2. ° ‘ ?

ring of BB
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Remote
hom
134 CH, attached to 0% 100 % _ 60
[NOS]CH2.rxn .
the ring near
2.ring of BB
Remote
hom
135 CHaattached to 83 % 94 % 0% 89
[NOS]CH2.rxn .
the ring near
2.ring of BB
136 hom ALCOHOL ALCOHOL ALCOHOL ALCOHOL ALCOHOL
[NOS]CH2.rxn CHANGED CHANGED CHANGED CHANGED CHANGED
Remote
There is no There is no There is no
137 hydroxy to change of ) ) ) 196
active active active
chlorine.rxn C(OH) to CCl1
. conformer conformer conformer
near ring 1 of
BB
Remote
There is no There is no There is no
methoxy to change of OCHj;
138 active active active 23
CF3.rxn to CF; at the
conformer conformer conformer

ring near ring 2

of BB
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Remote
There is no There is no There is no
methoxy to change of OCHj;
139 active active active 182
CF3.rxn to CF; at the
. . conformer conformer conformer
ring near ring 2
of BB
Remote
methoxy to change of OCHj;
140 . 29 % 40 % 0% 98
chlorine.rxn to Cl at the ring
near ring 2 of
BB
Remote
There is no There is no There is no
methoxy to change of OCHj;
141 . active active active 176
chlorine.rxn to Cl at the ring
. conformer conformer conformer
near ring 2 of
BB
Remote
methoxy to change of OCHj;
142 78 % 27 % 0% 145
cyano.rxn to cyano at the
ring near ring 2
of BB
Remote
There is no There is no There is no
methoxy to change of OCHj;
143 active active active 177
chlorine.rxn to cyano at the
conformer conformer conformer

ring near ring 2

of BB
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UREA UREA UREA UREA UREA
144 methylate N.rxn
CHANGED CHANGED CHANGED CHANGED CHANGED
UREA UREA UREA UREA UREA
145 methylate N.rxn
CHANGED CHANGED CHANGED CHANGED CHANGED
Remote
146 methylate [OS] change of OCH; . ) .
inv.rxn to OH at the ring & 100% 2% 65
near ring 2 of
BB
Remote
methylate [0S] | change of OCH;
0, 0, -
147 inv.rxn to OH at the ring 0% 0% o4
near ring 2 of
BB
Remote
phenyl to a ring attached
148 ) 0% 10 % 1% 92
indole.rxn to the benzene

near the ring 6

of BB
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Remote
. There is no There is no There is no
phenyl to a ring attached
149 active active active 203
indole.rxn to the benzene
. conformer conformer conformer
near the ring 6
of BB
Remote
. . There is no There is no There is no
phenyl to aring with S
150 active active active 178
indole.rxn attached to the
conformer conformer conformer
benzene near the
ring 6 of BB
Near active site
There is no There is no There is no
phenyl to . . . .
151 . aring attached active active active 43
indole.rxn
to the benzene conformer conformer conformer
near urea
Near active site
There is no There is no There is no
phenyl to . ) ) )
152 ) aring attached active active active 167
indole.rxn
to the benzene conformer conformer conformer
near urea
Near active site
There is no There is no There is no
phenyl to . ) ) )
153 ) aring attached active active active 160
indole.rxn
to the benzene conformer conformer conformer

near urca
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Near active site

phenyl t a ring with O There is no There is no There is no
yl to
154 activ i ;
indole.rxn attached to the ctive active active 179
benzene near conformer conformer conformer
urea
Near active site
henvl t aring with S There is no There is no There is no
phenyl to
155 activ i ;
indole.rxn attached to the ctive active active 175
benzene near conformer conformer conformer
urea
Near active site
henvl t There is no There is no There is no
phenyl to . i
156 ol a ring attached rive active active 17
indole.rxn
to the benzene Eonforme conformer conformer
near urea
Near active site
henvl t a ring with O There is no There is no There is no
phenyl to
157 : . .
indole.rxn attached to the active active active 167
benzene near conformer conformer conformer
urea
Near active site
henvl t aring with S There is no There is no There is no
phenyl to
158 activ i ;
indole.rxn attached to the ctive active active 182
conformer conformer conformer

benzene near

urea
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Near active site

henvl There is no There is no There is no
phenyl to . . . .
159 a ring attached active active active 54
indole.rxn
to the benzene conformer conformer conformer
near urea
Near active site
There is no There is no There is no
henyl to .
160 Preny a ring attached active active active 36
indole.rxn
to the benzene conformer conformer conformer
near urea
Near active site
There is no There is no There is no
henyl to .
161 phe a ring attached active active active 43
indole.rxn
to the benzene conformer conformer conformer
near urea
Remote
henyl to .
162 pheny the ring changed 21 % 100 % 0% 62
indole.rxn .
near 2. ring of
BB
Remote
henyl t .
163 phenytto the ring changed 0% 0% - 41
indole.rxn

near 2. ring of

BB
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Remote
There is no There is no There is no
phenyl to . ) ) .
164 the ring changed active active active 172
indole.rxn .
near 2. ring of conformer conformer conformer
BB
Remote
henyl to .
165 pheny the ring changed 60 % 0% 0% 127
indole.rxn .
near 2. ring of
BB
Remote
There is no There is no There is no
phenyl to . . . .
166 the ring changed active active active 165
indole.rxn ]
near 2. ring of conformer conformer conformer
BB
Remote
There is no There is no There is no
phenyl to . ) ) .
167 the ring changed active active active 165
indole.rxn .
near 2. ring of conformer conformer conformer
BB
Remote
There is no There is no There is no
phenyl to . ) ) .
168 the ring changed active active active 167
indole.rxn .
near 2. ring of conformer conformer conformer

BB
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Remote
There is no There is no There is no
phenyl to . ) ) .
169 the ring changed active active active 162
indole.rxn .
near 2. ring of conformer conformer conformer
BB
Remote
henv There is no There is no There is no
enyl to .
170 Preny the ring changed active active active 152
indole.rxn .
near 2. ring of conformer conformer conformer
BB
Remote
There is no There is no There is no
phenyl to . . . .
171 the ring changed active active active 167
indole.rxn ]
near 2. ring of conformer conformer conformer
BB
Remote
henyl to .
172 pheny the ring changed 0% 100 % - 35
indole.rxn .
near 2. ring of
BB
Remote
henyl t .
173 phenytto the ring changed 0% - - 34
indole.rxn

near 2. ring of

BB
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Remote
174 phenyl to the ring changed 50, 50, - 36
indole.rxn .
near 2. ring of
BB
Remote
henyl to .
175 preny the ring changed 10 % 2% - 16
indole.rxn .
near 2. ring of
BB
176 phenyl to ALCOHOL ALCOHOL ALCOHOL ALCOHOL ALCOHOL
indole.rxn CHANGED CHANGED CHANGED CHANGED CHANGED
177 phenyl to ALCOHOL ALCOHOL ALCOHOL ALCOHOL ALCOHOL
indole.rxn CHANGED CHANGED CHANGED CHANGED CHANGED
178 phenyl to ALCOHOL ALCOHOL ALCOHOL ALCOHOL ALCOHOL
indole.rxn CHANGED CHANGED CHANGED CHANGED CHANGED
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179 phenyl to ALCOHOL ALCOHOL ALCOHOL ALCOHOL ALCOHOL
indole.rxn CHANGED CHANGED CHANGED CHANGED CHANGED
180 phenyl to ALCOHOL ALCOHOL ALCOHOL ALCOHOL ALCOHOL
indole.rxn CHANGED CHANGED CHANGED CHANGED CHANGED
181 phenyl to ALCOHOL ALCOHOL ALCOHOL ALCOHOL ALCOHOL
indole.rxn CHANGED CHANGED CHANGED CHANGED CHANGED
182 phenyl to ALCOHOL ALCOHOL ALCOHOL ALCOHOL ALCOHOL
indole.rxn CHANGED CHANGED CHANGED CHANGED CHANGED
183 phenyl to ALCOHOL ALCOHOL ALCOHOL ALCOHOL ALCOHOL
indole.rxn CHANGED CHANGED CHANGED CHANGED CHANGED
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184 phenyl to ALCOHOL ALCOHOL ALCOHOL ALCOHOL ALCOHOL
indole.rxn CHANGED CHANGED CHANGED CHANGED CHANGED
185 phenyl to ALCOHOL ALCOHOL ALCOHOL ALCOHOL ALCOHOL
indole.rxn CHANGED CHANGED CHANGED CHANGED CHANGED
186 phenyl to ALCOHOL ALCOHOL ALCOHOL ALCOHOL ALCOHOL
indole.rxn CHANGED CHANGED CHANGED CHANGED CHANGED
187 phenyl to ALCOHOL ALCOHOL ALCOHOL ALCOHOL ALCOHOL
indole.rxn CHANGED CHANGED CHANGED CHANGED CHANGED
Near active site
There is no There is no There is no
phenyl to oxime )
188 benzene active active active 25
1.rxn
changed near conformer conformer conformer

urea
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Near active site

. There is no There is no There is no
phenyl to oxime ) ) )
189 benzene active active active 43
1.rxn
changed near conformer conformer conformer
urea
Near active site
There is no There is no There is no
phenyl to oxime . . .
190 benzene active active active 29
1.rxn
changed near conformer conformer conformer
urea
Remote
There is no There is no There is no
phenyl to : . .
191 benzene active active active 20
thiophene 2.rxn
changed near 6. conformer conformer conformer
ring of BB
Remote
phenyl to oxime
192 benzene 1% 100 % 0% 75
2. changed near 6.
ring of BB
Remote
193 phenyl to oxime benzene 0% ) ) 34

2.rxn

changed near 6.

ring of BB
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Remote
. There is no There is no There is no
phenyl to oxime ) ) )
194 benzene active active active 55
2.rxn
changed near 6. conformer conformer conformer
ring of BB
Remote
) There is no There is no There is no
phenyl to oxime . . .
195 benzene active active active 27
2.rxn
changed near 6. conformer conformer conformer
ring of BB
Remote
) There is no There is no There is no
phenyl to oxime . . .
196 benzene active active active 33
2.rxn
changed near 6. conformer conformer conformer
ring of BB
Near active site
) There is no There is no There is no
phenyl to oxime ) ) )
197 benzene active active active 24
2.rxn
changed near conformer conformer conformer
urea
Near active site
) There is no There is no There is no
phenyl to oxime ) ) )
198 benzene active active active 35
2.rxn
changed near conformer conformer conformer

urea
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phenyl to oxime

Near active site

199 benzene 3% - - 31
2.rxn
changed near
urea
Near active site
) There is no There is no There is no
phenyl to oxime . . .
200 benzene active active active 25
2.rxn
changed near conformer conformer conformer
urea
Near active site
) There is no There is no There is no
phenyl to oxime . . .
201 benzene active active active 70
2.rxn
changed near conformer conformer conformer
urea
Near active site
) There is no There is no There is no
phenyl to oxime ) ) )
202 benzene active active active 29
2.rxn
changed near conformer conformer conformer
urea
Remote
henyl to oxime .
203 pheny the ring changed 0% - - 45

2.rxn

near 2. ring of

BB
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Remote
. There is no There is no There is no
phenyl to oxime .
204 the ring changed active active active 57
2.rxn .
near 2. ring of conformer conformer conformer
BB
Remote
There is no There is no There is no
phenyl to oxime . ) ) )
205 the ring changed active active active 24
2.rxn .
near 2. ring of conformer conformer conformer
BB
206 phenyl to oxime ALCOHOL ALCOHOL ALCOHOL ALCOHOL ALCOHOL
2.rxn CHANGED CHANGED CHANGED CHANGED CHANGED
phenyl to oxime ALCOHOL ALCOHOL ALCOHOL ALCOHOL ALCOHOL
207
2.rxn CHANGED CHANGED CHANGED CHANGED CHANGED
phenyl to oxime ALCOHOL ALCOHOL ALCOHOL ALCOHOL ALCOHOL
208
2.rxn CHANGED CHANGED CHANGED CHANGED CHANGED
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209 phenyl to oxime ALCOHOL ALCOHOL ALCOHOL ALCOHOL ALCOHOL
2.rxn CHANGED CHANGED CHANGED CHANGED CHANGED
210 phenyl to oxime ALCOHOL ALCOHOL ALCOHOL ALCOHOL ALCOHOL
2.rxn CHANGED CHANGED CHANGED CHANGED CHANGED
"1 phenyl to oxime ALCOHOL ALCOHOL ALCOHOL ALCOHOL ALCOHOL
2.rxn CHANGED CHANGED CHANGED CHANGED CHANGED
2 phenyl to oxime ALCOHOL ALCOHOL ALCOHOL ALCOHOL ALCOHOL
2.rxn CHANGED CHANGED CHANGED CHANGED CHANGED
213 phenyl to oxime ALCOHOL ALCOHOL ALCOHOL ALCOHOL ALCOHOL
2.rxn CHANGED CHANGED CHANGED CHANGED CHANGED
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14 phenyl to oxime ALCOHOL ALCOHOL ALCOHOL ALCOHOL ALCOHOL
2.rxn CHANGED CHANGED CHANGED CHANGED CHANGED
Near active site
There is no There is no There is no
phenyl to . . .
215 benzene active active active 81
thiophene 3.rxn
changed near conformer conformer conformer
urea
Near active site
henyl to
216 pPrert benzene 0% 1% 0% 165
thiophene 3.rxn
changed near
urea
Near active site
There is no There is no There is no
phenyl to
217 . benzene active active active 86
thiophene 3.rxn
changed near conformer conformer conformer
urea
Near active site
There is no There is no There is no
phenyl to
218 . benzene active active active 103
thiophene 3.rxn
changed near conformer conformer conformer

urea
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Near active site

There is no There is no There is no
phenyl to . . .
219 ) benzene active active active 42
thiophene 3.rxn
changed near conformer conformer conformer
urea
Near active site
phenyl to
220 _ benzene 4% 5% 0% 69
thiophene 3.rxn
changed near
urea
Near active site
There is no There is no There is no
phenyl to : . .
221 ) benzene active active active 18
thiophene 3.rxn
changed near conformer conformer conformer
urea
Near active site
There is no There is no There is no
phenyl to . . .
222 . benzene active active active 74
thiophene 3.rxn
changed near conformer conformer conformer
urea
Near active site
There is no There is no There is no
phenyl to . . .
223 . benzene active active active 49
thiophene 3.rxn
changed near conformer conformer conformer

urea
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Near active site

There is no There is no There is no
phenyl to
224 . active active active 16
thiophene 3.rxn | the ring changed
conformer conformer conformer
near urea
Near active site There is no There is no There is no
phenyl to
225 . active active active 14
thiophene 3.rxn | the ring changed
conformer conformer conformer
near urea
proar activglyg There is no There is no There is no
phenyl to
226 . active active active 41
thiophene 3.rxn | the ring changed
conformer conformer conformer
near urea
Near active site There is no There is no There is no
phenyl to
227 . active active active 72
thiophene 3.rxn | the ring changed
conformer conformer conformer
near urea
Near active site There is no There is no There is no
phenyl to
228 ) . active active active 31
thiophene 3.rxn | the ring changed
conformer conformer conformer

near urca
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Near active site

There is no There is no There is no
phenyl to
229 . active active active 20
thiophene 3.rxn | the ring changed
conformer conformer conformer
near urea
Near active site There is no There is no There is no
phenyl to . .
230 . active active active 107
thiophene 3.rxn | the ring changed
conformer conformer conformer
near urea
proar activglyg There is no There is no There is no
phenyl to : . .
231 . active active active 13
thiophene 3.rxn | the ring changed
conformer conformer conformer
near urea
Near active site There is no There is no There is no
phenyl to
232 . active active active 16
thiophene 3.rxn | the ring changed
conformer conformer conformer
near urea
Remote
henvl There is no There is no There is no
enyl to .
233 peny the ring changed active active active 17
thiophene 3.rxn .
near 2. ring of conformer conformer conformer

BB
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Remote
There is no There is no There is no
phenyl to . ) ) .
234 the ring changed active active active 19
thiophene 3.rxn .
near 2. ring of conformer conformer conformer
BB
Remote
henv There is no There is no There is no
enyl to .
235 pheny the ring changed active active active 167
thiophene 3.rxn .
near 2. ring of conformer conformer conformer
BB
Remote
There is no There is no There is no
phenyl to . . . .
236 the ring changed active active active 17
thiophene 3.rxn ]
near 2. ring of conformer conformer conformer
BB
Remote
There is no There is no There is no
phenyl to . ) ) .
237 the ring changed active active active 177
thiophene 3.rxn .
near 2. ring of conformer conformer conformer
BB
Remote
There is no There is no There is no
phenyl to . ) ) .
238 the ring changed active active active 52
thiophene 3.rxn .
near 2. ring of conformer conformer conformer

BB
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Near active site

There is no There is no There is no
phenyl to . . .
239 ) benzene active active active 37
thiophene 4.rxn
changed near conformer conformer conformer
urea
Near active site
There is no There is no There is no
phenyl to . . .
240 ) benzene active active active 20
thiophene 4.rxn
changed near conformer conformer conformer
urea
Near active site
There is no There is no There is no
phenyl to : . .
241 ) benzene active active active 170
thiophene 4.rxn
changed near conformer conformer conformer
urea
Remote
There is no There is no There is no
phenyl to . ) ) .
242 ) the ring changed active active active 177
thiophene 4.rxn .
near 2. ring of conformer conformer conformer
BB
Remote
There is no There is no There is no
phenyl to . ) ) .
243 ) the ring changed active active active 176
thiophene 4.rxn .
near 2. ring of conformer conformer conformer

BB
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Remote
There is no There is no There is no
phenyl to .
244 the ring changed active active active 172
thiophene 4.rxn .
near 2. ring of conformer conformer conformer
BB
245 pyridine to PYRIDINE PYRIDINE PYRIDINE PYRIDINE PYRIDINE
benzene.rxn CHANGED CHANGED CHANGED CHANGED CHANGED
PYRIDINE PYRIDINE PYRIDINE PYRIDINE PYRIDINE
246 urea close 5.rxn
CHANGED CHANGED CHANGED CHANGED CHANGED
247 urea to UREA UREA UREA UREA UREA
guanidine.rxn CHANGED CHANGED CHANGED CHANGED CHANGED
248 urea to UREA UREA UREA UREA UREA
guanidine.rxn CHANGED CHANGED CHANGED CHANGED CHANGED
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Backbone

Near Active

There is no There is no There is no
urea to Site (pyridine) . .
249 active active active 43
guanidine.rxn
change of CO to conformer conformer conformer
CNH at 6.ring of
BB
250 urea to UREA UREA UREA UREA UREA
guanidine.rxn CHANGED CHANGED CHANGED CHANGED CHANGED
251 urea to UREA UREA UREA UREA UREA
guanidine.rxn CHANGED CHANGED CHANGED CHANGED CHANGED
urea to UREA UREA UREA UREA UREA
252
guanidine.rxn CHANGED CHANGED CHANGED CHANGED CHANGED
urea to UREA UREA UREA UREA UREA
253
guanidine.rxn CHANGED CHANGED CHANGED CHANGED CHANGED
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urea to UREA UREA UREA UREA UREA
254
guanidine.rxn CHANGED CHANGED CHANGED CHANGED CHANGED
255 urea to UREA UREA UREA UREA UREA
guanidine.rxn CHANGED CHANGED CHANGED CHANGED CHANGED
256 urea to UREA UREA UREA UREA UREA
guanidine.rxn CHANGED CHANGED CHANGED CHANGED CHANGED
urea to UREA UREA UREA UREA UREA
257
guanidine.rxn CHANGED CHANGED CHANGED CHANGED CHANGED
urea to UREA UREA UREA UREA UREA
258
guanidine.rxn CHANGED CHANGED CHANGED CHANGED CHANGED




Table A.2. Database of 258 derivatives of TF3 spiroligozyme by iteration 1

(pages 141- 152)

Dlsrivative Transformation Reaction RMSD Synthesizability
umber
1 C=0to C=S 0.2285 0.6774
2 C=0to C=S 0.2340 0.6774
3 C=0to C=S 0.2220 0.6774
4 C=0to C=S 0.2433 0.6667
5 C=0to C=S 0.2533 0.6774
6 C=0to C=S 0.2373 0.6774
7 C=0to C=S 0.2301 0.6667
8 C=0to C=S 0.2687 0.6667
9 C=0to C=S 0.2213 0.6774
10 C=0 to SO2 0.2514 0.6702
11 C=0 to SO2 0.2064 0.6702
12 C=0 to SO2 0.2410 0.7766
13 C=0 to SO2 0.2347 0.6702
14 C=0 to SO2 0.2647 0.7553
15 C=0 to SO2 0.2794 0.7447
16 C=0 to SO2 0.2675 0.6702
17 C=0 to SO2 0.2643 0.6702
18 C=0 to SO2 0.2195 0.7128
19 CF3 TO CARBOXYL 0.2342 0.6630
20 CF3 TO CHLORINE 0.2323 0.6556
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21 CF3 TO CYANO 0.2167 0.5275
22 CF3 TO METHOXY 0.2119 0.6593
23 CF3 TO METHOXY 0.2273 0.5385
24 CF3 TO METHOXY 0.2414 0.5385
25 C[NOSFCIBr] to C(OMe) 0.2197 0.6702
26 C[NOSFCIBr] to C(OMe) 0.2284 0.6702
27 C[NOSFCIBr] to C(OMe) 0.2330 0.6702
28 C[NOSFCIBr] to C(OMe) 0.2256 0.6809
29 C[NOSFCIBr] to C(OMe) 0.2279 0.6809
30 C[NOSFCIBr] to C(OMe) 0.2317 0.6809
31 C[NOSFCIBr] to C(OMe) 0.2476 0.6702
32 C[NOSFCIBr] to C(OMe) 0.2703 0.6702
33 C[NOSFCIBr] to C(OMe) 0.2612 0.6702
34 C[CNSFCIB1I] to C(O).rxn 0.2260 0.6667
35 C[COSFCIBRI] to C(N).rxn 0.2196 0.6667
36 C[COSFCIBRI] to C(N).rxn 0.2048 0.6774
37 C[COSFCIBRI] to C(N).rxn 0.2456 0.6667
38 C[NOSFCIBRI] to C(C).rxn 02113 0.6667
39 C[NOSFCIBRI] to C(C).rxn 0.2039 0.6667
40 C[NOSFCIBRI] to C(C).rxn 0.2736 0.6667
41 C[NOSFCIBRI] to C(cyano).rxn 0.2124 0.6702
42 C[NOSFCIBRI] to C(cyano).rxn 0.2020 0.6596
43 C[NOSFCIBRI] to C(cyano).rxn 0.2632 0.6702
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44 C[NOS]C to C(C=0)C.rxn 0.2112 0.6702
45 C[NOS]C to C(C=0)C.rxn 0.2409 0.6702
46 C[NOS]C to C(C=0)C.rxn 0.2137 0.6702
47 C[NOS]C to C(C=0)C.rxn 0.2400 0.5532
48 C[NOS]C to C(S=0)C.rxn 0.2817 0.6702
49 C[NOS]C to C(S=0)C.rxn 0.2712 0.6702
50 C[NOS]C to C(S=0)C.rxn 0.2389 0.6702
51 C[NOS]C to C(S=0O)C.rxn 0.2682 0.6702
52 C[NOS]C to C(SO2)C.rxn 0.2950 0.6737
53 C[NOS]C to C(SO2)C.rxn 0.2742 0.6737
54 C[NOS]C to C(SO2)C.rxn 0.2446 0.5474
55 C[NOS]C to C(SO2)C.rxn 0.2673 0.5474
56 C[NO]C to CSC.rxn 0.2517 0.6667
57 C[NO]C to CSC.rxn 0.2199 0.6667
58 C[NO]C to CSC.rxn 0.2528 0.6667
59 C[NO]C to CSC.rxn 0.2495 0.6667
60 C[NO]C to CSC.rxn 0.2434 0.5699
61 C[NO]C to CSC.rxn 0.2244 0.6667
62 C[NO]C to CSC.rxn 0.2505 0.5699
63 C[NO]C to CSC.rxn 0.2256 0.5699
64 Cyclo56.rxn 0.2803 0.6596
65 Cyclo56.rxn 0.2715 0.6596
66 Cyclo56.rxn 0.2795 0.6596
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67 Cyclo56.rxn 0.2897 0.7766
68 Cyclo56.rxn 0.3031 0.6596
69 Cyclo56.rxn 0.2936 0.6596
70 Cyclo56.rxn 0.2750 0.6596
71 N14Substraction.rxn 0.2211 0.5806
72 N14Substraction.rxn 0.2357 0.6667
73 ace [NOS].rxn 0.2331 0.6875
74 ace [NOS].rxn 0.2672 0.6771
75 amide to amine.rxn 0.2197 0.6739
76 amide to amine.rxn 0.2315 0.6739
77 amide to amine.rxn 0.2303 0.6739
78 amide to amine.rxn 0.1871 0.6739
79 amide to amine.rxn 0.2255 0.6739
80 amide to amine.rxn 0.2233 0.6630
81 amide to amine.rxn 0.2138 0.6848
82 amide to hydroxyethyl.rxn 0.2518 0.6774
83 amide to hydroxyethyl.rxn 0.2382 0.6774
84 amide to hydroxyethyl.rxn 0.2431 0.6667
85 amide to hydroxyethyl.rxn 0.2417 0.5806
86 amide to hydroxyethyl.rxn 0.2752 0.6559
87 amide to hydroxyethyl.rxn 0.2243 0.5914
88 amide to ketone .rxn 0.2209 0.6667
89 amide to ketone .rxn 0.2071 0.6667
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90 amide to ketone .rxn 0.2518 0.6667
91 amide to ketone .rxn 0.2288 0.6237
92 amide to ketone .rxn 0.2036 0.5806
93 amide to ketone .rxn 0.2400 0.6667
94 amide to ketone .rxn 0.2417 0.6667
95 amine to amide.rxn 0.2124 0.7766
96 amine to amide.rxn 0.2280 0.7766
97 amine to amide.rxn 0.2319 0.6809
98 amine to amide.rxn 0.2459 0.6809
99 amine to amide.rxn 0.2253 0.6809
100 amine to amide.rxn 0.2472 0.7872
101 amine to amide.rxn 0.2355 0.6702
102 aro6 N 12 switch.rxn 0.2253 0.6667
103 aro6 N 13 switch.rxn 0.2217 0.6667
104 benzene to pyridine.rxn 0.2231 0.6667
105 benzene to pyridine.rxn 0.2200 0.6667
106 benzene to pyridine.rxn 0.2177 0.6667
107 benzene to pyridine.rxn 0.2221 0.6667
108 benzene to pyridine.rxn 0.2210 0.6667
109 benzene to pyridine.rxn 0.2063 0.6667
110 benzene to pyridine.rxn 0.2281 0.6667
111 benzene to pyridine.rxn 0.2229 0.6667
112 benzene to pyridine.rxn 0.2096 0.6667
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113 benzene to pyridine.rxn 0.2117 0.6667
114 benzene to pyridine.rxn 0.2222 0.6667
115 benzene to pyridine.rxn 0.2087 0.6667
116 benzene to pyridine.rxn 0.1993 0.6667
117 benzene to pyridine.rxn 0.2022 0.6667
118 benzene to pyridine.rxn 0.2174 0.6667
119 benzene to pyridine.rxn 0.2209 0.6667
120 carbonyl to cyclooxime.rxn 0.2929 0.6915
121 carbonyl to cyclooxime.rxn 0.2947 0.6915
122 carbonyl to cyclooxime.rxn 0.2924 0.6915
123 carbonyl to isooxazole3.rxn 0.3356 0.7872
124 carbonyl to isooxazole3.rxn 0.2776 0.7872
125 carboxylate to CF3.rxn 0.2298 0.6596
127 carboxylate to sufonamide.rxn 0.2386 0.7128
128 carboxylate to tetrazole.rxn 0.2396 0.7158
129 ester to oxadiazole.rxn 0.3979 0.7872
130 ester to oxazole. rxn 0.3890 0.7872
131 hom [NOS]CH2.rxn 0.3232 0.6702
132 hom [NOS]CH2.rxn 0.3067 0.5745
133 hom [NOS]CH2.rxn 0.2946 0.5638
134 hom [NOS]CH2.rxn 0.2745 0.6702
135 hom [NOS]CH2.rxn 0.2730 0.6702
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136 hom [NOS]CH2.rxn 0.2702 0.6702
137 hydroxy to chlorine.rxn 0.2136 0.6774
138 methoxy to CF3.rxn 0.2481 0.5474
139 methoxy to CF3.rxn 0.2514 0.5474
140 methoxy to chlorine.rxn 0.2229 0.6630
141 methoxy to chlorine.rxn 0.2275 0.6630
142 methoxy to cyano.rxn 0.2491 0.5591
143 methoxy to chlorine.rxn 0.2453 0.5591
144 methylate N.rxn 0.2125 0.6702
145 methylate N.rxn 0.2607 0.6702
146 methylate [OS] inv.rxn 0.2175 0.6630
147 methylate [OS] inv.rxn 0.2204 0.6630
148 phenyl to indole.rxn 0.3069 0.6771
149 phenyl to indole.rxn 0.3136 0.6771
150 phenyl to indole.rxn 0.3137 0.6771
151 phenyl to indole.rxn 0.3336 0.6771
152 phenyl to indole.rxn 0.3269 0.6771
153 phenyl to indole.rxn 0.3940 0.6771
154 phenyl to indole.rxn 0.3961 0.6771
155 phenyl to indole.rxn 0.4014 0.6771
156 phenyl to indole.rxn 0.3925 0.6771
157 phenyl to indole.rxn 0.3937 0.6771
158 phenyl to indole.rxn 0.4046 0.6771
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159 phenyl to indole.rxn 0.3888 0.6771
160 phenyl to indole.rxn 0.3954 0.6771
161 phenyl to indole.rxn 0.4028 0.6771
162 phenyl to indole.rxn 0.3513 0.5833
163 phenyl to indole.rxn 0.3363 0.6771
164 phenyl to indole.rxn 0.3277 0.6771
165 phenyl to indole.rxn 0.3468 0.5729
166 phenyl to indole.rxn 0.3359 0.6771
167 phenyl to indole.rxn 0.3745 0.6771
168 phenyl to indole.rxn 0.3704 0.6771
169 phenyl to indole.rxn 0.3868 0.6771
170 phenyl to indole.rxn 0.3703 0.6771
171 phenyl to indole.rxn 0.3748 0.6771
172 phenyl to indole.rxn 0.3767 0.5833
173 phenyl to indole.rxn 0.3401 0.5625
174 phenyl to indole.rxn 0.3374 0.5625
175 phenyl to indole.rxn 0.3508 0.5625
176 phenyl to indole.rxn 0.3410 0.5729
177 phenyl to indole.rxn 0.3359 0.5729
178 phenyl to indole.rxn 0.3475 0.5729
179 phenyl to indole.rxn 0.3351 0.6771
180 phenyl to indole.rxn 0.3317 0.6771
181 phenyl to indole.rxn 0.3424 0.6771
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182 phenyl to indole.rxn 0.3270 0.6771
183 phenyl to indole.rxn 0.3176 0.6771
184 phenyl to indole.rxn 0.3435 0.6771
185 phenyl to indole.rxn 0.3302 0.5729
186 phenyl to indole.rxn 0.3292 0.5729
187 phenyl to indole.rxn 0.3408 0.5729
188 phenyl to oxime 1.rxn 0.2402 0.6556
189 phenyl to oxime 1.rxn 0.2553 0.6556
190 phenyl to oxime 1.rxn 0.2157 0.6556
191 phenyl to thiophene 2.rxn 0.2332 0.6630
192 phenyl to oxime 2.rxn 0.2380 0.6630
193 phenyl to oxime 2.rxn 0.2403 0.6630
194 phenyl to oxime 2.rxn 0.2275 0.6630
195 phenyl to oxime 2.rxn 0.2273 0.6630
196 phenyl to oxime 2.rxn 0.2518 0.6630
197 phenyl to oxime 2.rxn 0.2495 0.6630
198 phenyl to oxime 2.rxn 0.2615 0.6630
199 phenyl to oxime 2.rxn 0.2593 0.6630
200 phenyl to oxime 2.rxn 0.2489 0.6630
201 phenyl to oxime 2.rxn 0.2434 0.6630
202 phenyl to oxime 2.rxn 0.2671 0.6630
203 phenyl to oxime 2.rxn 0.2768 0.6630
204 phenyl to oxime 2.rxn 0.2993 0.6630
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205 phenyl to oxime 2.rxn 0.3105 0.6630
206 phenyl to oxime 2.rxn 0.2298 0.6630
207 phenyl to oxime 2.rxn 0.2042 0.6630
208 phenyl to oxime 2.rxn 0.2310 0.6630
209 phenyl to oxime 2.rxn 0.2323 0.6630
210 phenyl to oxime 2.rxn 0.2199 0.6630
211 phenyl to oxime 2.rxn 0.2232 0.6630
212 phenyl to oxime 2.rxn 0.2320 0.6630
213 phenyl to oxime 2.rxn 0.2466 0.6630
214 phenyl to oxime 2.rxn 0.2008 0.6630
215 phenyl to thiophene 3.rxn 0.2563 0.6630
216 phenyl to thiophene 3.rxn 0.2508 0.6630
217 phenyl to thiophene 3.rxn 0.2594 0.6630
218 phenyl to thiophene 3.rxn 0.3528 0.6630
219 phenyl to thiophene 3.rxn 0.3488 0.6630
220 phenyl to thiophene 3.rxn 0.3466 0.6630
221 phenyl to thiophene 3.rxn 0.3615 0.6630
222 phenyl to thiophene 3.rxn 0.3518 0.6630
223 phenyl to thiophene 3.rxn 0.3374 0.6630
224 phenyl to thiophene 3.rxn 0.3212 0.5326
225 phenyl to thiophene 3.rxn 0.3204 0.5326
226 phenyl to thiophene 3.rxn 0.3280 0.5326
227 phenyl to thiophene 3.rxn 0.3483 0.5326
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228 phenyl to thiophene 3.rxn 0.3268 0.5326
229 phenyl to thiophene 3.rxn 0.3217 0.5326
230 phenyl to thiophene 3.rxn 0.3242 0.5326
231 phenyl to thiophene 3.rxn 0.3112 0.5326
232 phenyl to thiophene 3.rxn 0.3062 0.5326
233 phenyl to thiophene 3.rxn 0.2931 0.6630
234 phenyl to thiophene 3.rxn 0.2774 0.6630
235 phenyl to thiophene 3.rxn 0.2656 0.6630
236 phenyl to thiophene 3.rxn 0.3181 0.5870
237 phenyl to thiophene 3.rxn 0.2990 0.5870
238 phenyl to thiophene 3.rxn 0.2864 0.5870
239 phenyl to thiophene 4.rxn 0.3561 0.6630
240 phenyl to thiophene 4.rxn 0.3367 0.6630
241 phenyl to thiophene 4.rxn 0.3470 0.6630
242 phenyl to thiophene 4.rxn 0.2995 0.6630
243 phenyl to thiophene 4.rxn 0.2930 0.6630
244 phenyl to thiophene 4.rxn 0.2971 0.6630
245 pyridine to benzene.rxn 0.2058 0.6667
246 urea close 5.rxn 0.2138 0.6667
247 urea to guanidine.rxn 0.2879 0.6737
248 urea to guanidine.rxn 0.2769 0.6771
249 urea to guanidine.rxn 0.2266 0.6667
250 urea to guanidine.rxn 0.2216 0.6667
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251 urea to guanidine.rxn 0.2423 0.6667
252 urea to guanidine.rxn 0.2639 0.6667
253 urea to guanidine.rxn 0.2347 0.6667
254 urea to guanidine.rxn 0.2454 0.6667
255 urea to guanidine.rxn 0.2714 0.6667
256 urea to guanidine.rxn 0.2624 0.6667
257 urea to guanidine.rxn 0.2625 0.6667
258 urea to guanidine.rxn 0.3056 0.6667
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e O O - [N Database Viewer : 5DESKTOP/TFBSPIRQLICOZIM__ITFRATION2.mdb —
File Edit Display Compute Window Help SVL DBV MOE £X¥ Cancel
outmol rule inmol mseq # trans RMSD rsynth A
1 |1Sb.pdb C=0_to_C=S.rxn |15b.pdb 1 1 0.2285 0.6774
2 |15b.pdb C=0_to_C=S.rxn |15b.pdb 2 1 0.2340 0.6774
3 | 1Sb.pdb C=0_to_C=S.rxn |15b.pdb 3 1 0.2220 0.6774
4 |15b.pdb C=0_to_C=S.rxn |1Sb.pdb 4 1 0.2433 0.6667
5 |15b.pdb C=0_to_C=S.rxn |15b.pdb 5 1 0.2553 0.6774
6 |1Sb.pdb C=0_to_C=S.rxn |15b.pdb 6 1 0.2373 0.6774
7 | 15b.pdb C=0_to_C=S.rxn |15b.pdb 7 1 0.2301 0.6667
8 |15b.pdb C=0_to_C=S.rxn |15b.pdb 8 1 0.2687 0.6667
9 |15b.pdb C=0_to_C=S.rxn |15b.pdb 9 1 0.2213 0.6774
10 | 15b.pdb C=0_to_S02.rxn |15b.pdb 10 1 0.1584 0.6702
11 | 15b.pdb C=0_to_S02.rxn |15b.pdb 11 1 0.1526 0.6702
12 | 15b.pdb C=0_to_S02.rxn |15b.pdb 12 1 0.1768 0.7766
13 | 15b.pdb C=0_to_S02.rxn |15b.pdb 13 1 0.1630 0.6702
14 | 15b.pdb C=0_to_S02.rxn |1Sb.pdb 14 1 0.2255 0.7553
15 | 15b.pdb C=0_to_S02.rxn |15b.pdb 15 1 0.2165 0.7447
16 | 15b.pdb C=0_to_S02.rxn |15b.pdb 16 1 0.1843 0.6702
17 | 15b.pdb C=0_to_S02.rxn |15b.pdb 17 1 0.1739 0.6702
18 | 15b.pdb C=0_to_S02.rxn |1Sb.pdb 18 1 0.1508 0.7128
19 | 15b.pdb CF3_to_carboxyl | 15b.pdb 19 1 0.2342 0.6630
20 | 15b.pdb CF3_to_chlorine | 15b.pdb 20 1 0.0499 0.6556
21 | 15b.pdb CF3_to_cyano.rx | 15b.pdb 21 1 0.1362 0.5275
22 | 15b.pdb CF3_to_methoxy. | 15b.pdb 22 1 0.0904 0.6593
23 | 15b.pdb CF3_to_methoxy. | 15b.pdb 23 1 0.0908 0.5385
24 | 15b.pdb CF3_to_methoxy. | 15b.pdb 24 1 0.1483 0.5385
25 | 15b.pdb C[CNOSFCIBrI]_t | 15b.pdb 25 1 0.1093 0.6702
26 | 15b.pdb C[CNOSFCI1BrI]_t | 15b.pdb 26 1 0.0920 0.6702
27 | 15Sb.pdb C[CNOSFC1BrI]_t | 15b.pdb 27 1 0.1522 0.6702
28 | 15b.pdb C[CNOSFC1BrI]_t | 15b.pdb 28 1 0.1062 0.6809
29 | 15Sb.pdb C[CNOSFC1BrI]_t | 15b.pdb 29 1 0.1265 0.6809
30 | 15b.pdb C[CNOSFC1BrI]_t | 15b.pdb 30 1 0.1843 0.6809
31 | 1Sb.pdb C[CNOSFC1BrI]_t | 15b.pdb 31 1 0.0699 0.6702
32 | 15b.pdb C[CNOSFCI1BrI]_t | 15b.pdb 32 1 0.0859 0.6702
33 | 15b.pdb C[CNOSFCI1BrI]_t | 15b.pdb 33 1 0.1706 0.6702
34 | 15b.pdb C[CNSFC1BrI]_to | 15b.pdb 34 1 0.2260 0.6667 -
e PA— A [P, — - PR, ~ ,-,‘_.

8411 entries, 0 selected, all visible. 7 fields, 0 selected, all visible.

Figure A.1. Database of 8411 derivatives of TF3 spiroligozyme obtained by iteration 2




